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Abstract

Endocrine disrupting compounds (EDCSs) including bisphenol A (BPA) and genistein are thought to
induce oestrogeniceffects in developing organism&enistein is a naturally occurring substance
found in many plants but particularly in soy products. BPA is a chemical used extensively in the
production of plastics and resins. Given the widespread environmental presence of both
compounds, exposure to theand their mixtures is conceivable.

This study aimed to investigate the effects of BPA and genistein, individually and in mixtures, on
the early development of zebrafish. It is generally understood that vertebrates are the most
vulnerable to chemical expore during early developmental stages

Zebrafish is a widely used model for developmental biolagg toxicology as it has many
conserved developmental programs and processes that are also foumdmmals.

In the present study high concentrations BPAor/and genistein were tested for their toxic and
teratogenic potential. These tests were based on the observations of survival, hatching, heart rate
and morphology of the embryos and larvae up to 120 hpf (hours post fertilisation). Lower
concentrations, inluding environmentally relevantioses, were tested for their potential to
disturb the ultrastructure of thedevelopingliver andtheir effect onvitellogenin 1 mRNAvtgl)
expression

The present study demonstrated that BP@/and genisteinclearly inflence the early
development of zebrafishSurvival, heart ra, hatching success and morphology of the embryos
and larvae were affected by the high concentrations of these compounds, individually and in
mixtures. [2creased head size, heart oedema, enlargetk sac/yolk extension and changes in
the skin pigmentation levelere often observedMost of the mixtures showed enhanced toxicity
when compared to the corresponding treatments with individual compounds indicating atiditiv

of BPA and genistein. Soméservationsrevealed that synergistic and antagonistic interactions
between these compoundsnay also occuwhen acting onzebrafish during the early stages of
development.

Previous studies have demonstrated cytopathological alterations in the hepatocytdisho
exposed to xenobiotics. There was no study to date, however, investigating the effects of
environmentaloestrogens, and particularly their mixtures, on the fine structure of the liver. In
this study, the ultrastructural alterations in the hepatocytef the developing zebrafish treated
with BPA or/and genistein were investigated. Stereological methods were used to objectively
describe the phenotype of therganand enable quantitative and statistical analysis of the data.
Several cytological alteratns were observed following exposure to either BPA or genisteth
included the alterations in thevolume of hepatocytes, mitochondria, as well glycogen.
Particularly affected were the size or/and shape of individual mitochondria. Considerably fewer
morphological changes were seen in the hepatocytes of the larvae treated with the mixtures than
in the corresponding treatment groups with individual EDCs. Such observations may indicate
antagonistic interactions between BPA and genistein when actineliver of zebrafish larvae.

The synergistitmteractions of these EDCs could however also be inferred based on the significant
alterations in the amount of RER.



Vitellogenin is a yolk precursor protein produced in the liver of oviparous vertebrates ionssp

to the activation ofoestrogen receptor§ERs)Many environmental compoundsre able to bind
ERs and thusiduce vitellogenesidn thiswork the expression level oftgl in the larvae treated
with BPA or/and genisteinas been investigated. Genistein showed visibly higher potential to
inducevtgl expression than BPA. Thstrogenidty of the mixtures was enhanced, although not
significantly, when compared to the treatments with individual EDCs.

This study was the firdio investigate the effects of BPA and genistein mixtures on the early
development of zebrafishThe present study has identified a number pdssible chemical
interactions, namely additivity, antagonism and synergism between these EDCs depending on
their concentrations stage ofdevelopment andhe observed endpoints.

The multidisciplinary approacldopted in the present studyrovides a toolset to help unravel
the complex interactions encountered when studying complex chemical exposure to sensitive
devebpmental processes.
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1 General Introduction

1.1 Endocrine disrupting compounds

Humans arghought to be exposed to dozens if not hundredé compounds with hormonal
activity which can disturthormonalhomeostasis. Endocrine disruptors were the main subject
of the Wingspread conference held in Wisconsin in 1@darkeyet al, 2002 Vandenberget

al., 2009 wherealarming reports regardintie disturbances in the morphology and physiology

of wildlife were discussed. Reyied observationsncludedthe alterations inthe reproductive
abilities and development of animals living in the areas contaminated by some industrial and
agricultural substances. These alterations were correlated with noadiifins in the endocrine
sysem and as a result of the discussion the term of endocrine disruptor was coined. This
conference could be described as the beginning of the big scientific debate on the risk posed by
substances with hormonaéctivity for wildlife and human beingsPublic #ention to the
problem of endocrine disruptors was drawn Iolbornet al. (1999 who publishedtheir
famous boolentittedd h dzNJ &G 2f Sy Fdzli dzNB ¢ @

There are many definitons F K S G SNIY & Sy R2 ONMJ y GefinRidnghbisizeéih 2 NE & h
given by the USEnvironmental Protectiodgency andit says that endocrine disruptors are
6SE23Sy2dza +F3Syidia GKIFIG AYyGSNFSNB 6AGK GKS aeéy
elimination of natural hormones in the body that are responsible for the maintenance of
homeostasis, reproduction, develomnt, and/or behavioué (Markey et al, 2003. A

somewhat complementary definitiowas established athe European Workshop on the

Impact of Endocrine Disrupters on Human Health and the Environfi8oR, 1997which

adlisSa GKFEG aly SyR2ONAYS RA addssiadetde henlthl y SE
SFFSOha Ay +y AyaGrOG 2NBEFYAAYZI 2N AGa. LNP3ISyes

Currently there are hundreds of substances, which have been shown to disrupt hormonal
balance of both living organisms aind vitro systems There are many sources of endocrine
disrupting substances in our environment but the main and biggest one is haotaity. The

rapid development of industry and technology in the last centuries has catseappearance

of hundreds of new chemicals maof which havdeen observed to havendocrine disrupting
potential. Although an increasing body of national and international regulations has
considerably reduced the amount of chemicals released th® environment, at least in
developed countries, concealed but insidious contaminatibfow doses of a vast number of
environmental contaminants still pose a threat to living organisms. As Braunbeck noticed, in
the light ofthe fact that most environmentapollutantsare low in concentration but chronic in
character, a shift from the relatively crude methods used for tedermination of acute
toxicity to the development of more refined methodsnecessaryBraunbeck, 1998



Endocrine disruptors are structurally heterogeneouggroup ofcompounds andonsequently
it is difficult to estimate hormonal activity of a given substance based solelitsoohemical
structure. Some of thgee compoundsmay share literally no similarity apart fromaving
relatively small molecular mas®t exceeding 1000 Daltor{fBiamantiKandaraki®t al., 2009.
Some structural featuref the compounds, however, may increase suspiaidrendocrine
disrupting potential.The presence of phenolic moietyq the feature characteristic for the
structure ofthe natural steroid hormonesandthe presence of halogen group substitutioase
good examples of such characterist{BdamantiKandarakiset al., 2009 Santodonato, 1997
In order tofind whether a given substance possess endocrine disrupting potgtiialever,
more complicated and sophisticated methods, includimgitro and in vivohormonal assays,
are required(Markey et al, 2002. The process of risk assessmastparticularly difficult as
several factors constitute an additional load afwither complicate such tasksh& existence
of multiple receptorsthrough whichendocrine disrupting chemica(&DCkcan act different
outcome of9 5 / a&ti@n dependenton the receptors, ex and stage of developmenof the
organisms differential plasma protein binding and the influenagf other oestrogenic
compoundsare just examples of the factors making the process of establishipcrine
regulationsparticularly hardDegen and Bolt, 2000

Endocrine disruptors can interfere withny known natural hormone. Because thie great
influence ofoestrogens and androgens on normal sex development, compounds which disrupt
the balanceof sex hormonegonstitute a particular hazardor living organismsnd have been

of great interest. Michattention hasparticularlybeen paid tothe substances with potential to
RAaildz2ND A @dstyogeni@didEdstgsmbivh®ave been defined agnoestrogens.

1.2 Xenoestrogens

Xenoestrogens are a group of chemicals including both-made and naturallyoccurring
substancesMost of the scientific statements to date agree that xenoestrogens in high doses
can evoke developmental and reproductive disturbanddsch discussion has been devoted

to the question of whether xenoestrogens at realistid,e. envionmentally relevant
concentrationscan pose risk for living organisms. While some scientists claim that there is no
threat, others seem to be convinced that xenoestrogens pose gtaagerfor living organisms,
includinghumans. Thdack of unanimity intis mattermay result from the fact that there are

no methods which, with a hundred percent certainty, would allow assessing the interactions of
environmentaloestrogers with the endocrine systeifbegen and Big 2000).

Some observationssuggestthat there is a real problem concerning excessoastrogenic

exposure A somewhatdrastic example of endocrine disruption resulting from the exposure to
xenoestrogens ighe case curiously entitedd ¢ KS Y2 NI AOAFYyQa YeailiSNeRY
NEOSNEAOGE S KelLl23I2y Il R2 (GNP LA(Enkdsteind? al, 2988. RMitisY Ay |
study a 56year old manvaspresentedwith a progressive loss of libido, a decrease in testicular
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size and beard growth, and marked breast development. When the presenoestifogen
producingtumour was excluded, the existence @n external source of disturbing factor was
concluded.Further study revealed thad hormonally active substance which was contained in
0 KS LJsérinRguld @ffectively displace radiabelled oestradiol from its receptorThe
source of this substance was identified as the embalming cream ustx ipatientin his work

In addition, after removing of the source of environmendalstrogena significant restoration
of libido, testes size and sperm count, as well as reduction in breast size was observed.

The disturbancesin male reproductive systenassociated with the exposure to hormonally
disrupting substancefave also been reported elsehere (Main et al, 201Q Petrelli and
Mantovani, 2002Rozatiet al,, 2002 Toppariet al, 199. The most common of the reported
disorders ncluded testicular cancer, cryptorchidism (maldescent of the testes) and
hypospadias (the defect of the urethra that involves an@bmally placed urinaryneatus). The
opinion that a substantiadlecrease irthe male fertility occurredin the last half a century has
alsobeen expressedCarlsenet al, 1992 Carlsenet al,, 1993 Swanet al, 1997. Moreover,

the drop in the semen volume and sperm coumias recognized to be associatedth foetal
exposure to EDC&arlsen et al, 1992 Giwercman, 1997 Foetal development has been
suggestedo bethe period of particular importance in the genesis of male tract malformations
(Giwercman, 199) This observationvas confirmed bysharpeet al. (1993 who havereported
similar anomalies in the sons of women treated with diethidsttrol (DEBduring pregnancy

as well as in animals exposed to EDCs ddioetl life.

Health adverse effects related to the exposureo&strogenicenvironmental compounsihave
been also reported in womerThe exposure to hormonally active environmental compounds
has been suggested as the reason behind increased occurrence of breast cancer. Both
epidemiologic and experimental observations support this hypoth@gidies and Dees, 1998
Daviset al, 1993 Nikaidoet al., 2004. Similar} to the situation observed in malefoetal
exposureto EDCs has beeobservedto result in the adverse effects othe reproduction
related organs. For instance, the development of vaginal adenocarcihasieen reportedn
socalled DESlaughters,.e. daughters of women exposed to DES while pregifeetbstet al.,
1999. The detrimental influence dbetal exposure to xenoestrogeran the development of
the reproductive tract andthe mammary gland in femagehas been repeatedly proved
experimentally(Cabatonret al,, 201Q Markeyet al., 2005 Newboldet al., 2007a Nikaidoet al,,
2004).

1.3 Xenoestrogens angestrogernreceptors

Substances with endocrine disruptiveotpntial, including xenoestrogengan exert their
deteriorating effect on living organisms through a few identified pathw&¥se of the modes

of action is mimickingf endogenous hormones and evokiogstrogentypical responsesand

this pathway is desdred as agonistic action of EDCs. Another way to influence the endocrine
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systemis by antagonizing natural hormoneshich takes place when EDCs bind to the
K2N)XY2ySaQ andIp 8oidi BolpiEvent endogenoushormonal action Moreover,
hormonally active compounds can altgehe pattern of synthesis and metabolism of
endogenous hormoneshereby affecting thelevek of natural hormones in the bloodin
addition, EDCsanmodify thelevels of mtural hormone§Xeceptors and thus &ct the action

of hormones(Markeyet al,, 2002 Sotoet al, 1995. EDCsnay alsainterfere with the binding
proteinsand, subsequently, havan effect on the transport of endogenous hormones to their
destination

Environmental oestrogers have received relatively more attention than other EDCs and
consequently themechanism of action otenoestrogens is one of the bettenderstood In
general, xenoestrogens are able to mimic the activity of natural hormdreoéstradiol) and
depending on their action can be classified as eithestrogenicor oestrogenlike compounds
(Gillesby and Zacharewski, 1998'he compoundswhich, due to binding to the specific
proteins definedas oestrogen receptor{ER), are able to initiate cellular and tissue effects
similar to those evoked byestradiol are defined a®estrogenic Oestrogenlike substances, in
turn, evoke responses similar to thoseasstrogenbut without binding to ERGrayet al., 1997

but through other, very diversesignalling pathways which makeshe study of EDCs a
particularlychallenging and complexactice

ER belong to the group ofuclear proteinswhich share someatructural similarities andire
called the nuclear receptor sup&amily. Nuclear receptors (NRs) may act as ligdegendent

and ligandindependent transcription factors and are highly conserved in the animal world,
ranging from invertebrates to higher ganisms(Margolis and Chstakos, 201D It has been
widely studied that nuclear receptors contralwide variety of developmental, physiological
and metabolic processes. That is why exploration of the knowledge on the modulation of the
activity of these important transcriptiofactors is of considerable importance. The fact that
chemically distinct natural ligands interact with the structurally related receptors underpins the
ability of xenohormones to elicit physiological responses.

Depending orihe kind of activating molecuke several subfamilies can be discerngthin the

NR superfamilySteroid receptorgesponding tothe steroid hormones make up one of NR
subfamilies and are represented BR progesterone receptor (PR), androgen receptor (AR),
glucocorticoid receptor (GR thyroid receptor (TR), vitamin D receptor (VDR) and
mineralocorticoid receptor (MR)Another groupwithin NRs is constituted by peroxisomes
proliferator activated receptors (PPARS), the bile acid recept¥iRjFand oxysterol receptor
(LXR). These recaps are activated by well and less well characterized natural ligands to
which very oftenbelong endogenous metabolites derived from nutrients, xenobiotics and
lipids (Margolis and Christakos, 201@rphan nuclear receptors (ONRgpresentanother
subfamily of NRs for which theatural ligand are not known. fiesereceptors however, play
important roles in a variety of developmental and metabolic actions and can be also involved in
diseasgHorard and Vanacker, 20D3



Asalready mentioned nuclear reeptors act as transcription factors activated, in most cases,
by their ligand. Ata molecular level, the action of NRs is carried outtly binding of the
receptorligand complexes tahe specific DNA fragments calletthe hormone response
elements (HREs)nd affecting the expression of downstream gendsiclear receptors may
alsobind to DNA even in the absencetbt ligandand sometimes function asuppressorof

the gene expressianThe hormon& action is further complicated by the conformational
changes inthe hormone/receptor complex®which canform homo or heterodimers and
engage in their actiodifferent coregulatory proteins and RNKargolis and Christakos, 20110

Thediagrammatic representation dhe structure of anuclear eceptoris presentedn Figure
1.1. The N terminal region (A/B domajmeferred alsoto asa modulator domain,is highly
variable andusuallycontainsa transcriptional activation functiofAF1). The most conserved
region ofthe NRis DNA binding domai(DBD C domain). DBBontainstwo highly conserved
zinc fingerseach fingehavingfour cysteires chelating one zinc ion. Zinc fingers angaged in
recognizing and bindintp the specific response elements dhe DNA strands. In the case of
the ER, thesespecific chromatin fragmentsre calledthe oestrogenresponse elements (ERES).
Response elements are short palindromic sequences in DNA locatedheetarget genes
DBD is also involved ite dimerization of NRsThe rext region in theb wsQtructure - D
domain, is less conserved andonstitutes aflexible hingein the NR structure. The hinge
containsa nuclear localization signal (NL8hich can overlap with the C domaitts main
function is to serve as a hingetween DBD and LBbence its nme. LBD (ligand binding
domain E domaih is located in the @erminal half of the receptor. Iis a moderately
conserved domairand the largest region in the NRBD poss&sa specific property of ligand
recognition and upon bindingf the ligandit shifts the receptor to a transcriptionally active
state. A ligand dependent transactivationsi dependent on the presence of thactivation
function 2 (AR2) which is a highly conserved motif localized in the carltexyinal end of the
LBD.AFR2 playsthe obligatory role in the recruitment of coactivators required tbe ligand
dependenttransactivation.Ligand binding domainnsures both specificity and selectivity of
the physiologial responses. LBD @soemployed in the change of conformatipdimerization,
the recruitment of coactivatorsnuclear loalizationand often in a repression functiofGiguere,
1999 Mangelsdorfet al, 1995 Margolis and Christakos, 201RobinsonRechavet al., 2003.
The last domain in the structure ¢fie NR is named F domaand it constitutes a variable -C
terminalregion.
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Figurel.1 Nuclear recepr structure/function domains.A/B ¢ N terminal region, C¢ DNA binding
domain D ¢ a flexible hinge and E ligand binding domainAdapted from Gillesby and

Zaclarewski (1998
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ERsare classical nuclear receptors and follow all the structural characteristics typical for the
superfamily Due to a whole genome duplication event earlyttie vertebrate evolution, ERs

are present in mammals as a duplicate gene pad are termed alpha and beta9 w h

YR 9wi 0

Further gene duplication has taken place in the evolutionbohy fishesand resulted in
additional ER gene isoform&he data concerning this issue is, however, not consisi&fhile

some authors report the INS & Sy O S
ISy S (Raukibsat @l IDAQMyLachlan, 2001 the existence of four different

9 wi

27
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receptor isoforms is mentioned elsewhe(®eyer and Schartl, 199Nagleret al., 2007%.
Regardless of the classifications, BRs belong to the steroid receptor subfamily and are
engaged in the regulation of many biological processes such as developmebat/iourand
reproduction. Because ofthe oestrogeniccharacter ofthe biological responses evoked by
xenoestrogens, molecular pathways including ERs are of the likelst mechanismsf action

for this group of EDCs.

ER are ligand inducedtranscription factorsand elicit their cellular effects by working in a
characteristidashion.Figurel.2 depictsthe schematic presentation of thERaction upon the
ligand binding.n this modelERis kept in an inacte conformationthrough the interaction
with other proteins, primarily heat shock proteinssuch as Hsp9, 70, 90Ligand,in this case
oestradiolwhichis produced by the ovarieandtransportedin the blood, is passivelyaken up
by the cell.Next, oestradiolcrosses thenuclearmembrane and binds t&R causing heat shock
proteins to dssociate This leads to the change in the &formationfrom an inactive toan
active form. Once activatedigandbound receptors form homodimess whichin turn bind to
the chromatin at the specific DNA sequencthe oestrogenresponse element (EREs a
consequence of the homodimer bindinthe chromatin undergoesearrangementand next,
the transcription of target,oestrogendependent genes, occur&Gilesby and Zacharewski,

6



1998). The following steps involve transport tfe transcribedmRNA tahe cellcytoplasm and
translation tothe specific protein, such a$or instanceyitellogenin inthe liver cellsIn general,
the transcription resulting rbm the binding of a given compound to the ER may affect
numerous functionsand havepleiotropic responsesin the cells.The possibility of binding
different chemical substances such as xenoestrodgerthe ERfurther increases the range of
possible biologal effects.

cytoplasm

nucleus

altered cell function

‘g ?protein (EI translation

‘ ligand
O hsp

ER

Figure1.2 The ERdependent mechanism of action @estrogeniccompounds. Ligand
bound ERs form a homodimer which binds to ERE and initiatesatiecriptionof a target
gene.Adapted fromGillesby and Zacharewski (1998

Closely related to ERand thus suspected of mediating the action of xenoestrogens, EiRe
related receptors (ERRERRbelong tothe orphan nuclear receptor subfamignd sharethe
sequence similarity andlentical domain organization with other nuclear receptd@guere,
1999. The action of some xenoestrogerier examplebisphenol A(BPA)and genisteinmay
alsobe mediated by these receptars

1.4 Nongenomicmechanism®f xenoestrogenscion

For many yearshe prevailig dogma was that ERs are present in the cytosol and/or nucleus
and function asthe transcription factors upon binding aheir ligands. Subsequently, he
estimation ofoestrogenicproperties of exogenous compounds wasinlybased on theability

of xenoestrogens to bind tthe ERs andto act as thetranscription factorghrough bingingto

ERE (Nilssonet al, 200). The observations afestrogeniceffects of exogenous substances,
while experimental systems testing the classical nuclear transcriptional activity showed weak
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or no actvity, led tothe conjecture thatother molecular mechanisms are activated by these
compoundsMoreover,the observatiors of the fast cellular responsesxcluded themore time
consuming processes related to genompathway (of the order of hoursland stimulated the
search for new, nofgenomic cellular mechanisntsggered byoestrogenicstimuli (Szego and
Davis, 196) Thishasled to the understanding thatER® can be associated with the plasma
membrane (Levin, 2009 Pietras and Szego917). With time, a variety of approaches has
shown that the plasmamembrane ERs(pmERs)Might contribute greatly to the actions of
oestradiolin both traditional and nontraditional target celland that mechanisms other than
transcriptional may bénvolved in exerting cellular actions general, steroid action on the cell
surface includes the activation of second messengjgnallingsystens inside the cell. For
instance, tiggering an intracellular spike of calciyifesarik and Mendoza, 1995timulating
adenyyl cyclasg/Aronicaet al, 1994 Zivadinovicet al,, 2009, the activation ofphospholipase
C(LeMellayet al., 1997 and mitogenractivated protein kinase(Zivadinovic and Watson, 2005
have been identified as rapid (within a few seconds to minutes), nongenomic effects of
oestradiol exerted via pmER.Moreover, membrane receptorslike classical ERmay also be
engaged in thepositive or negativetranscriptional modulationcaused byoestradiol The
modification of cytosolic signal transduction pathwaggolving the activation of kinasesuch

as the ERKextracellularsignalregulated kinase) oMAPK(mitogenactivated protein kinase)
have been identifiedo take part inconducing the genomic actios of ligandbound pmERS
(Pages=t al, 1993 Watters et al, 1997. These and other signals lead to the phosphorylation
of many proteins and affect biagical responses such as cell migration, survival and
proliferation.

Membrane associate&Rs, which seem tglay a crucial role in transmitting molecular signals

from the ligands that do not penetrate the cell, show structural diverditgpending on the

similarity of the structure of pmERs tbe classical nuclear ERSERSs) Nadalet al. (2001) ,

have classified pmERs into three groups, namely 1) a pmER identited hER 2) a pmER

sharing some of the domaird the nER, particularly the ligand binding domain, and 3) a pmER
unrelated to the nERElsewhere, howeverhe classification othe membranereceptors is

limited to membrane versions of dzOf S NJ NSOSLJi2NB 9wh FyR 9wi |
receptor GIR30(Watsonet al, 20073. In general, tiis speculated that a podtandational

modification of nERs is an important way of produgngeR (Levin, 199%

Asalreadymentioned, he vast majority ofthe research hadveen devoted to the problem of
ESy2SaiNR3ISyaQ LRGESYOASa Ay ydzOf S NI GNI y&aONR
shown that oestrogenicmimics are capable of exerting cellular reactions in doses much lower

than thoserequired to affect nuclear transcription responsedloreover, the obtained data

indicate that xenoestrogens appear to be selectimeERModulators(Watsonet al,, 2010. The

selectivity ofthe effects could result frontissueselective profiles depereht on partnering

with different signallingproteins in diffeent tissues(Watsonet al, 20070. In addition, the

possibility of binding difirent oestrogenic mimics to the ERs increases the diversity of

LR GSYGALFE AydNI OSt f dzf I Nbof ERsD dcapting Soambny dlieiséd & LINE



ligands may be explained by their status as the most evolutionary primitive versiahe of
ligandactivated regulatory proteingBaker, 2004 This occurred probably as a result of
NBALRZYRAY3 (2 | RAGSNRBS &SiG 2 TontNbRtédSodhkifata Ay
that so many different, exogenous substances can serveoesrogenic ligands in an
inappropriate wayWatsonet al., 2007b).

The evidence that arange of environmental compoundsan evoke nofgenomic cellular
response has been given in a series of studies carriedbguthe Watson group irthe
University of Texasln this researchseveral environmental compounds which have been
previously reported as weaiestrogeni¢ such asisphenolA, have been shown to be quite
robust in evoking nomenomic responses. The observeinallingpathways includecthe
activation ofextracellular signategulated kinaseBulayeveet al., 2004 Bulayeva and Watson,
2004) andthe influx of calcium and secretion and release of prolactituyour pituitary cells
(Watsonet al,, 2007 Wozniaket al, 2005. The @apid signallingactionsdue to exposure to
some oestrogenicpesticides andnanifested by changes in the intracellular calcium content
were also reported for other cell types such exsdocrine(Wu et al, 200§ and endothelial
(Younglaiet al, 2009. Another studywhich hasconfirmed thenon-genomic, rapid effectsf
xenoestrogenswas carried out byThomas and Dong2006). In their study, several
xenoestrogensncluding bisphenol Aand genisteinand already known to exerbestrogenic
activities throughnER, were found to bind to anovel oestrogen membrane receptor GPR30
and, consequently have potential to interfere withoestrogensignalling Up-regulation of
adenylyl cyclase activity constituteal molecular effect exerted byhe studied oestrogen
mimics. These results suggested that despitesiderabledifferences in the structures dhe
classicaER and GPR30, there are substantial similarities in the ligand binding domains of
these two ER classeall of these examplesshow that xenoestrogens are able to evdiest,
non-genomic responsesvith the use of membrane associated receptofs is important
however,to remember thaf apart from havingan impact on the second messenger system,
liganded membrane receptors may ultimately activate nuclegnallingpathway via post
translational mdlifications of transcription factors including nuclear receptors themselves
(Watsonet al., 20071.

The wide variety of possible structural combination$ ERs and especially the existence of
novel, unrelated tonER, membrane receptorsseems tounderpinthe diversity of action of
estrogens Repeating after Watsoret al. (2007b, it can be stated thatt { § SNRPAR | Ol A
regardless of where in the cell it takes place, is likely to result from a very complex sequence of
events that can assemble a different repertoireprbteins to function in different cell types,

and under different circumstance§ he job is unlikely to be carried out by a simple protein
making all response decisions. The existence of multiple types of stairaithg proteins
(receptors, enzymes, traporters, blood and cellular binding globulins and their receptors) and
multiple examples okach type, contribute to the diversity of situations to which cells can
NB a LI2Thekdiversity of the effects evoked bythe oestrogenic chemicals § further
complicatedby the possibility of activatingat once many parallelsignallingpathways while



acting selectively with respect to timing and predominant use of diffemghballingavenues
(Bulayeva and Watson, 20pP4Moreover, vwhen the abundance okenoestrogens lale to
interfere with the pathways of the natural estrogeistaken under consideration, the diversity
of biologcal responses is further increased.

1.5 Nonmonotonicdose response patterns

Important factors for the explanatiohow xenoestrogensnay disruptoestrogenicresponses

are the broad tissue distribution of multiple types of ERs and the existence of different
molecular pathways following ligand binding (i.e. transcriptional vs. membraneinitiated
second messengers and kinase cascadalitionalaspecs, however, need to be taken under
consideration when the effects of estrogens andstrogenicmimics are studied, namely
nonconventional/noamonotonic dose response patterns.

Looking for the effects af KS O 2 Y LJ2 dzy R & QigherahArths yiaximidiniitdle2ayed

dose, or, in other worddhigher thanthe lowest observed adverse effect level (LOAEL) is often

a characteristic of toxicological studies. It is so becalisK S @A Sg SELINBaaSR
higher the exposure the greatethe K I NJ Q s t& pré&vxil in toxicology This paradigm,
however, is very often misleading asnobiotic estrogens havieeenrepeatedy observedto

evoke actions with nomonotonic course, a featurgypical for endogenous hormone$he
stimulation of response by low doses ofendogenoushormones, wilie inhibiting a given
response byhe higher dosesis aphenomenonwell knownto endocrinologists and very often

used in clinical endocrinology to treat diseagégelshonset al., 2003.

Nonconventional doseesponses are those effects which do not follow typtbaéshold dose
response modein which the low-dose effects rise from a threshold and plateau at higher
concentrations. A non-monotonic dose response curve has a bimodal character and its shape
reverses as the level of the contaminant increasas simply presented on Figute3. Large
effects from small exposurasmn be explained bgon-monotonic dose response modelvhich

can be presented as-thaped or inverted $haped curves. {dhaped curve reflects the
situation whena stimulation of a given performance @bserved at low and at high doses of
contaminant, while inverted $haped curve shows that the greatest responsews at the
intermediate doses of an investigated substance. The result of such a couttse reEponse
curve is somewhat puzzlingecause itindicates that greater impacts are observed at lower
doses of contaminanthan at the higher onesinterference with an increasing number of
endocrineresponse systems as dose increases (e.g., due to binding or cross talk of an EDC with
other nuclear receptorsjWeltje et al., 2009, activation or inhibition of different genes at
different dosegCoseret al., 2003 and reaching toxic levels by a givesstrogen(Welshonset

al., 2003 may underpin high dose inhibition observed for xenoestrogens.
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Non-monotonic dose response

response increases

doseincreases =————

Figure 1.3 Diagram presenting idealized forms of nmmonotonic dose
response curvesihe shape of nomonotonic dose response curves reverses
as the level of contaminant increases.Adapted from the
www.ourstolenfuture.orgwebsite (OSH-

A good exampleof non-monotonic way of action of xenoestrogerfs the effect of foetal
exposure to someestrogenicsubstancegincludingbisphenol A on the size of prostate later
in life. The studie®iave shown thatvhile low dosesof oestrogenmimicscause enlargementf
the gland higher doses do not cause suaherations (Gupta, 2000 Welshonset al., 1997.
Moreover, high doses were observetd lead to the decrease ithe size of prostatein
comparisonto the controls. An attempt to explain thisend has been made bWelshoneset
al. (2003 who suggested that high doses of contaminantdme overly toxic and lead to the
poisoning of the system manifestéd the shrinkage of the gland.

Taking into account that xenoestrogens may evoke Rmonotonic responses it seems
important to realize that linear extrapolation from experiments using onigh doses ofhe
hormonemimicking chemicals cannot be used to predict effects at low dfaetshonset al,,
2003. That is whystudiesought not to be limitedonly to the high doses of EDCs and the
effects exerted by lower dosesncluding thosebelow no observed effect concentrations
(NOEG; should be explored

1.6 Mixturesof endocrine disruptors

Very lowoestrogenigootency of most ofthe so far identified hormonally active compoundsis
somewhat problematic factor in the assessment of the health risk posed by these substances.
Although there isan evidence thatsome ofthe xenoestrogens can cause adverse effects in
wildlife, the question whether it would be possible filrese weak estrogent lead to such
serious adverse effects as breast cancer or male reproductive probkithisremains
unresolved.
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Some attenpts to unravel this issue have been undertak®me of theviewsis the possibility
of interaction between individual environmental hormones whaduld potentially lead tothe
enhancedeffects The likelihood of interactions between E€@ems quite plausible especially
when thefact of the ubiquitous existence of EDCs (water, air, food) is takenconsideration.
This and the copiouguantity of the compounds classified as endocrine disruptarake it
reasonable tahink that the orgarismst A @A y 3 A Y aié 2XRdsed ke mix@igolR
endocrine disruptorsrather than tothe individualEDCs

The idea that the effect of a given substance may be modified (enhanced or diminished) in the
presence of another compound is not strangespecially inthe pharmacologicaland
toxicological fields of studiesThe existence of such interactions betwe#dre compounds
makes the assessment of thesults difficult, as it is not simply the sum of individual

& dzo a i Iy OsSS BoR instfcd, Smaklistudies have shown that individualestrogenic
substances, both natural and exogenous, differ in their potencies and terpesponse
patterns. As a consequence, wheexposure toseveral oestrogenicligands with different
temporal, oscillating time courspatternstakes place sustainedoestrogenicresponses could

be observed in the cell/organism.

The subject of xenoestrogen mixturesdgelatively new and there are comparably fewer
reports onthe effects exerted byhe combined EDCs than dhe influences of thendividual
oestrogenic xenobiotics One of the debated issues is the character tbé interactions
occurring between xenoestrogens anghether they lead to antagonistic, additive or
synergistic (above additivity)combinational effects. Synergistic interactionsbetween
oestrogenicEDCgresentthe worst case scenariwhen the effects of individual compounds
are enhanced when applied simultaneousGould synergistic interactions betweeBDCf
weak oestrogenicpotential lead tothe adverse effects in human and wildlifdhis question
although undoubtedly of great importance, seems to remain unresolved as repotts
proving and disproving synergistic interactions betwemstrogenicxenoestrogens can be
found in the literature. Synergistieffects forthe binary combination®f xenoestrogens have
been reported byArnold et al. (19969. As an explanatiorfior synergistic relationbetween
compoundsthe authors siggesed that two chemicals could combine in tlestrogenbinding
site on theERand mimicone molecule of natural hormone. Consequenthg transcription of
oestrogenrelated genes would be increased. Another possibfiityposedby the proponents
of a synergistic action of environmental hormones is the presence of at leasbegtrogen
binding sites inthe ER which, when both occupied by ligands, would leathésynergistic
transcriptional activity(Arnold et al, 1996l). Thistheory of synegistic relations between
oestrogenicEDCs hashowever, been debunked as a result ofnsuccessful attempt to
replicatetheseresultsby others(Ashbyet al., 1997 Ramamoorthyet al,, 1997, as well as by
the authors themselvesand consequentlythe study has been withdmwn (McLachlan, 1997
This, however, does not preclude the possibility of synergistic interactions between
xenoestrogens sithey have been reported elsewhei@anBirgelenet al, 1999. To further
complicate the ase of synergistic interactions,omflicting results and subsequerty,
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contradictoryconclusionshave been obtained bBergeronet al. (1994 who found synergistic
effects and Arcaroet al. (1998 who did not, using amixture of several weaklpestrogenic
compounds The lack of conformity in the matter of synergistic interactions between
oestrogenicEDCs warrants further researdm addition, the exploration ofthe additive and
antagonistic effect®f the mixturesis of no leserimportance.

Not only interactions between xenoestrogens balso the reciprocal actions between the
exogenous compounds and thendogenous estrogenare possible.There isa riskthat the
environmental estroges action could be additive with that of the endogenous estrogenand
leadto the increasedbestrogeniceffects Consistent with this view ihe study ofRajapakset
al.(2006 K2 dzaAy3 I &SI aid NBLRobsbréedihah® ¢ffectaf ra I @ 6 Kdz
oestradiolwas more than doubled when combined with a mixéuof xenoestrogens, each at
the below noobservedeffect concentration This report has confirmed that the
responsiveness of a system to endogenagstrogencan be dramaticallyncreasedin the
presence of a mixture of environmental estrogens at very loencentrations. Such a
phenomenoncould underpin the inappropriateoestrogenicactivities and, consequently, lead
to the adverse health effeci@@atsonet al, 2007H.

In their review on human health and chemical mixtur€grpenteret al. (1998 concludethat
although people are rarely exposed to individual chemicals, rab#te available information
on adverse human effectggards single compounds. As the authors further notice, for two or
more chemicals additive, antagonistic or synergistic interactiomay occur. Chemical
compoundsmay also act on different systems and thus not interaéth each other.In
addition, even a single compound may evokearious effects on different organs
simultaneously Moreover, thechemicalseffects mayvary with age (Cagnter et al., 1998).
Following this reasoningone might say that Here are still many gaps in the knowledge
regarding the effects exerted by EDCs in mixtufest is why new studies, scrutinizing effects
of not previouslyexplored mixtureshould be undertakenConsidering the amount of existing
oestrogenicEDCs and evethe greater amount of their possible combinations, there is still
much toinvestigatein the field of xenoestrogen mixtures

1.7 6 { Sy a A (i A @She @xX¥posiretdendoicre disruptors

Another important biological issue when studying the effects of xenoestrogens is the matter of
exposure during different developmental windowkhe possibility of the combad effects of
xenoestrogensand endogenousestrogens already presenn the livingorganismshould be
especiallyconsidered when developmental vdows of particularsensitivity to hormonal
imbalanceare taken into accountFoetal period belongs to thesesensitivewindows in the
development of the living organism®uring this time endogenous hormonesegulate
important processes such as cell proliferatjatifferentiation and growth, involving complex
patterns of cellsignallingand cell migration, which are exquisitely sensitivethie changes in
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hormone concentrationsDue to such sensitivity duringthe foetal life, small fluctuations in
endogenous hormone signals may lead to permanent changes in the course of differentiation
of cells.These cellular alterations may leadttee permanent changes ithe gene activity and,
consequently, in organ functiohis phenomenon has become the basis of the relatively new
scientific view called epigenetics which seeks the sourc¢hefinter-individual variety in
signals that cells are exposed to, rather than due to a fixed gepetigram. The alterations
occurring during developmental stagighrough the interfering with organogenesis and
histogenesisare considered as organizational and irreversififieLachlan, 2001Vandenberg

et al,, 2009. Therefore, exposure toestrogenicchemicals, as well as to other EDCs, poses a
particular threat whenintroduced during foetal and neonatal stages of th& NH I Yy A a YQa
developmaent. In contrast,postdevelopmental changes are considered to haeévationaland
reversible character, although, adaffini et al. (200§ notice, it cannot be excluded that
exposure to deleterious factotater in life does not cause additional negative effects.

An unfortunateexample ofthe unique sensitivity ofhe developingfoetusto the disturbance
by compounds with hormondike activityis adverse health effects observed in the offsprivfg
women treated with diethylstilbestrolES) during pregnancRES is a synthetimestrogen
which wasprescribed to more than five million women the late 1948-1970sto prevent
abortions and pregnancy complicatiorfslewbold, 2004 Palmlundet al, 1993. Whereas
women exposed to DES remained without obvious health problems, their exposeigro
daughters showed significant increase in uterine, cervical and vaginal malformations, such as,
for instance, clear cell adenocarcinoma very rare cancer of the vagifiderbst and Anderson,
1990 Herbstet al, 1971)). It was mly whenthe so calledPES daughte€seachedpuberty, or
when they attempted to become pregnanhat thosesevere abnormalities in the reproductive
organswere observedSoon the cause of adverkealth effects was identified as the exposure
to DES duringfoetal development ad subsequentlythe administration of drugduring
pregnancywas bannedToppariet al, 1996. The importance othe time of exposure ¢ the
generation of disordexywas further revealed whelESdaughters exposed during the first 7
weeks of gestation were compared with thosgposed atweek 15 or later. This comparison
showed that women exposed earlierin the foetal development had a higher risk of
reproductive organ malformation@atchet al,, 2007).

The sensitivity othe foetusto endocrine disruptors was also revealed in the casthefPES

son Structural anomalies of the reproductive organs such as hypospabaidymal cysts,
testicular abnormalities, cryptorchidisnand pathological semen were significantly more
frequent in DES exposed men than in cont{@él et al, 1977 Gillet al, 1979. Asin the case

of women, the importance of the timing of exposure (time of organogenesis) was indicated
when men exposed to DES before week 11 of gestation showed twice as high frequency of
genital anomalies than those who were exposed lategorenatal life(Wilcoxet al, 1995.

¢tKS NBflIGAGSte yS¢g KelLRIKSaAa SyiaArAdt SRIaiKS
around unique sensitivity to theurrounding environment durinfpetal development.Foetal
developmental plasticity which allows tHeetusto respond to poor conditions ithe uterus is
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the basis for this hypothesis 2 F (i Sy r] BINIX¥aS R dikdalideks oirfdatiéns were
laid by Baker (De Boo and Harding, 2006This theory states that adversenvironmental
influences early in development, and particularly during intrauterine life, can rdsult
permanent alterations irorgan structure angbhysiology leading tthe increasedsusceptibility
to diseasen adulthood(Barker, 2004#b).

The ewvironmental compounds with hormonrlke activity can interfere wittthe programming

of endocrinesignallingpathways which are established during prenatal life and lead to adverse
health effects that may not be apparent until much later in lfaisnew insight intathe foetal
origin of adult diseaseds prompted scientists to reason that prenatal exposuredstrogen

like chemicals may underpin the increased incidence of breast cancer in the last 50 years.
Severalanimal experimentsn which rodents were exposedin utero to low doses ofEDC
(includingbisphenol A, have revealed alteredevelopmentand morphdogy ofthe mammary
gland, and thus gave scientiBapportof this assumption(Markeyet al., 200X Munozde-Toro

et al, 2005 Soto et al, 200§. Foetal exposure to xenoestrogens may also underpin the
development of obesityand obesityassociated diseases adult life, as have beesuggested
elsewhere(Newboldet al, 2008 Newboldet al, 20078. This assumption was supported by
the experimental studies in which mice exposearly in developmento diethylstilbestrol(DES)
showed ircreasel body weightresulting from anincrease in the percentage of body fédter

in life. Foetalexposure to xenoestrogens fialsobeen correlated with the alteration in the
histoarchitecture (in the periductal stromal compartment)tbé prostate in ats (Ramoset al.,
2001). This observation isignificantin the light of the data on human prostate cancers which
shows that changes in the stroma compartment may lead to the invasive and/or malignant
potential of the nascentumour. Increasedprostate size in adult mice was also observed
following foetal exposue to environmentally relevant doses of xenobiotic estrogensluding
BPA(Welshonst al.,, 1999.

To summarizewhenall the above mentioned factors such@ifferent ligands and theidiverse
doses different times of exposure,the types of ER, and different molecular pathways
involving activation of diverse repertoires of proteins.e; co-regulators in the case of
transcription factors, andgignallingmolecules in the case of the membrane steroid receptors)
which are different in each cell tyg#vatsonet al., 20073 are taken into consideratigrit may

be concluded that eachestrogen as well asan oestrogenic mimic, will have a differeneffect

in the different tissues.
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1.8 Bisphenol A

CH3

CH3

Figurel.4 The nolecular structure of bisphenol Adapted fromGillesby
and Zacharewski (1998).

1.8.1 Introduction

Bisphenol A(BPA)is2 Yy S 2F (GKS Y2aild dzo A lg@eflintedzl, 28§ R2 ONR y ¢
This compound has received a great amount of attention mainly because of widespread human
exposure and public concern for possible health effects caused bgstsogeniccharacter. It

is encountered by an average person of the developed worlch regudr basis since it has
been found in the air, water and foo®PA is a monomer that is polymerized to produce
polycarbonate plastic and resins used to line metal cans, consequémigaurces of BPA
include water and baby bottle€ao and Corriveau, 200Bubwaboet al., 2009 and food and
beverages can@homson and Grounds, 200BPA is also used as an additive in other $ypie
plastic such as polyvinyl chloride (PVC) usededical tubing, toysand water pipes the latter
leading to concersabout transdermaBPAexposurethrough bathing in BPAontaining water
(Welshonset al,, 200§. S me polymers used as dental materialso contain BP£&-leisch et al.,
2010. Human exposure to BPtkes placemostly through oral route as result ofdrinking
liquidsand eating food contaminated with (Chapinet al,, 2008. In addition BPA may also
contaminate organismithroughrespiratory system because it has been found in thgRiirdel

et al, 200)).

Human exposure to BPA takes place due to hydrolysis of ester bonds by which BPA molecules
are held together in plastic polymers. The process of hydrolysis is acceleratedighy h
temperature and physical contact with acidic and basic substances and can take place during
heating plastic containers and metal cans containing fi@rdtonset al., 1995 Howdeshellet

al., 2003 Krishnaret al,, 1993. For instance, whereas the amount of Blgfean + SDeleased
FTNRY ySg LRfaOlINb2yl (S 06 I dishwaghidg) liolling and briisiingn ®H o
simulation liberated much higher amounts of BRvamelyy ®n 5 (Bredeetzhk, R003.

High temperature treatment jshowever, not necessary to cause plastic to release BPA
molecules. The study @arwileet al. (2009 demonstrated that drinking cold beverages from
polycarbonate bottles increased urinary BPA concentrations bythivds compared toBPA
concentrations detected in the urine after a washout phase of one wddle study by
Goodsonet al. (2002 who examinedthe BPA contents in 62 different canned foods (fish in
aqueous media, vegetables, \®rages, soups, desserts, fruit, infant formulas, pasta, and meat
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products) in the UKletected BPAIn the 38 samplesMoreover, in37 out of 38canned foods
this xenoestrogen was preseat levelsaboveT /kgZandone sample oimeat had amean
level ofBPA equal t@ y n /kgx 3

Based on thén vitro studies in whictoestrogenigotential of BPA was compared é@stradiol
BPA was characterized as a weak environmeogsitrogen This opinion was based on low
affinity of BPA for thenER relative to oestradol controls with EC50equal to2-7 x 10" M
versus1-6 x 10™ M for oestradiol (Andersenet al, 1999 Fanget al, 2000Q. This view,
however, has changed in the light of studies showtlmgt BPA mayalso act via mechasms
independent onER.

Hundreds of studies have been conducted to unravelteehanismsand effects of BPA action.
Even today, however, there g®ntroversybetween scientists as to whether BPA ppaehealth
risk for human and animal health. The phaim is crucial not only froma scientific, but also
from anindustrial point of view. BPAroduction exceeds$ billion pounds(2.7 x 18 kg) per
year which renders it one of the highest volume chemicals produced worldMaedenberg
et al, 2009.

1.8.2 Mechanisms of BPAction

The molecular mechanisntirough whichendocrine disrupting compoundsct as hormone
mimics are still only partially resolvedBPA can exert its action through both traditional
genomic pathwag as well as throughhe non-genomic ways with much faster than genomic
cellular responsefiVelshonset al., 2006. The first mode of action involves binding of BPA to
NERE 020K F2NXY h | yR ttiag the ffaRsTriptide of gaSiduldz&syfagdne >
related genes. A 2 OKSYAOIf Faaleéea KIF@S akKz2gy GKI G
9 w(Gouldet al,, 1998 Kuiperet al,, 1998. Moreover, different ceactivators can be recruited
GKSY . t! A& 02 dzy R whicB may 2ointkbut® te the dorgpiex ti@swgecific
responses to BPA exposuf@/etherill et al, 2007. In the second mechanisrBPAexerts it
action through the membrane bound receptors and in this case wall changes can be
observedmuch soonerand atthe clearly lowerconcentrations than those required to act
through the classical nucleareceptors The eceptorsinvolved inthe non-genomicaction of
BPAinclude membraneé 2 dzy R T 2 NJY a teafsmeémbrandERcdlIRd G proteircoupled
receptor 30(GPR30Watsonet al., 2007h Welshonset al,, 2009. The binding of BPA to GPR30
has been found to be-B0O times higher than its affinity to the ER$1omas and Dong, 2006

The complexy of the possible BPA molecular pathways arising from existence of different
receptors, their diverse localization dependent the cell type, tissue, orgarand different
expression at individual stages of developmenty underpindiverse effects of lovdoses of
BPA(Welshonset al., 2006. The lowdose effects of BPA majsobe caused by the additivity

of BPAwith other endogenous or exogenous estrogens already present in the living organism
as discussed in more detail Section 1.6The hypothesis that many BPA studies missed its
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effects simply by choosing too high doses of the compobad been presented bgome
scientists(vom Saal and Hughes, 2Q0bany studies have reported a wide range of adverse

effects at doses of BA below the current reference do®¥ pn > @om| SBal Brid &

Hughes, 2006 This reference dose has been set bg tJ.S. Environmental Protection Agency

(EPA as the daily dose which is safe for humans over the lifetiaged on the threshold dose

response modelNon¢monotonic dose responstieory is able to explaithe effects of BPA at

the concentrations lower than a reference doseKS G SNY W 2¢ ®2dosE® NBTSN
within the range of typical human exposuf@m Saakt al., 2007 which is detailed in Section

1.8.3.

1.8.3 BPA human exposure levels

Thepresence of BPA in the adult humassues has been well documentedl.large scale test
involving 394 people in the Ueitl States demonstrated the presence of BPA in 95% of the
urine samples testedCalafatet al, 2005. A smilar study was carried out on human
population of several Asian countries (296 people) and revealed that 94.3% of analyzed urine
samples demonstrated the content of BPA at concentrations ranging from < 0.1 to 30.1 ng/ml
(Zhanget al, 2011h. Takeuchi and Tsutsumi (200Bave shown thathe concentratiors of

.t 1 AY | R(@uaban & SEMIré NGSz¥ 0.11 ng/ml in men and 0.64 + 0.10 ng/ml in
women. Considerablhigher concentrations of BPranging from 0.79 to 7.12 ng/ml (mean %
SDequal t02.91 £ 1.74 ng/mlyere detectedby Cobelliset al. (2009 in the blood serum of
endometriotic women This widely demonstrated presence of BPA in human tissuasause

for concernwhen potential health damage is taken undeonsideration especiallyasthere are
studies which presentraassociatiorbetween BPA content and some diseadest example,

the study ofWanget al. (2012 who examined over 3300 middkged and elderly Chinese
people demonstrated that BPA was positivadgrrelatedwith gereralized obesity, abdominal
obesity and insulin resistancEurthermore, crossectional analysis of BPA concentrations and
health status in the general adult population of the United Sates carried outabpget al.

(2008 revealed that higher urinary BPA concentrations were associated with cardiovascular
RAlI 3y2asSaz RAIFIoSGSa FYR Of AyAOIlffe oy 2 NI €
glutamyltransferase and alkaline phosphatase.

In the light of these facts it is not unexpected that BPA was also foureiplasma of
pregnant women as well as the foetal plasma and ithe placental tissuglkezukiet al., 2002
Schonfelderet al,, 20023. lkezukiet al. (2002 detected 8.3+ 8.7 ng/ml BPA in the amniotic
fluid at 1518 weeks gest#on, whereas concentrations of BPA in other studied fluids (serum,
ovarian follicular fluid) wereabout 5-fold lower. In this study BPA in thfoetal serum was
estimatedto reach 2.2+ 1.8 ng/ml.Yamada eal. (2003, who also studied the content dPA

in the amniotic fluid observed 2.8@ 5.62 ng/mIBPAconcentrations irseveral women in the
early second trimesteof pregnancyA study ofBPA exposura Korean pregnant women and
their foetusesreveded concentrationsrom nondetectable to 66.48 3 BRPAIn the pregnant
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% 2 Y $#lédd and from nordetectable to 8.86> AL BPAIn the umbilical cordgLeeet al,
2008. These facts indicate that it is possible to be born vild®Aalready present in the blood.
This exposw may be further increased when babies are fed with the use of bdtias which
BPAis leaching In addition, BPA wadetected in the milk of nursing mothei® the mean
concentrationof 0.61+ 0.20 ng/ml(Sunet al, 2004. In special casesuch as in premature
infants from neonatal intensive care unitwho were exposed to phenols in association with
the use of specific polyvinyl chloride plastic medical deviogorted BPA geometric mean
dzNRAYS O2yOSYdNr GA2Yy 4gModrs et @, 260%. 1K thesed examplebo > I K |
demonstrate thathuman exposure to BP#ay begirbefore birthand continuethroughout life.
Early exposure to BPA may be particularly dangerous as animal studies have shown that
organisms at penatal stages of development are subject & much higher degreef
deleterious effects than adult@ichteret al,, 2007). This isn accordance witlthe opinion of
vom Saaekt al. (2007 who stated thatsensitivity to endocrine disruptors, including BPA, varies
extensivelywith life stagewhich points to existence apecific windows of increased sdingty

at multiple life stagesin the light of these facts it seems thakposure toxenoestrogens
includingBPA early in lifeis of particularinterest and takes a special place in the fieldtioé
endocrine disruption Particularly that some gtliesrevealed thatperinatal exposure to low
doses of BPA may increasasceptibilityto mammary gland neoplasia in adlifie, as it was
observed irrats (Durandoet al., 2007 Murray et al., 2007 Soto and Sonnenschein, 20Q1The
ban ofthe production of baby bottles containing BRACanadan 2008followed by asimilar
banin the European UnioEC, 2010could be interpreted as the expressions of this concern.

Whether low doses of BPA are harmless for human and animal health has been the subject of
hot debate in the last few years. The review of the existing literature clearly shows that there is
controversy over the threat posed by BPA for living organisms. On one side there are those
who claim that BPA in the amounts available in the environment pose no risk for human
development and health in general. On the other side there are scientists whessxprgreat
concern in relation to human exposure to BPA. Interesting fact concerning different opinions
about BPA has been noticed bpm Saal and Hughes (2003n their review of available
studies on BPA, authors report that one of the predictors of the results was the source of
funding. While the majority of studies funded by government showed signifidaleterious
influence of low doses of BPA, the research financed from industrial soshoceged lack of

such effects The question asked by the authors was whether any of these two groups of
scientists is under pressure to find data showing only negatifexts of BPA or their lack.

l f 6K2dzZAK GKS RSO6IFGS 2@0SNJ . t! Qathddpie&anderof f F 2 N
reports on significant effects evoked by low desef BPAattracts special attention.

Noteworthy, for instance, is the report ofi¢ group of the world leading experts on BRAo in

their consensus in 2003tated that concentratiors of unconjugated BPA detected in tissues

and fluids in someoetuses children and adults (partper billion) are higher than levels

observed in the bloodf animals exposed to current reference dose of B¥An Saakt al,
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2007). In addition, in the study ofNVelshonset al. (1999 an enlarged prostate was found in

male offspring of nie exposed during pregnancy to 2 or2@ k { 3k Rl & . t ! g KAOK
0KS OdZNNByid NBFSNBYyOS R2aS 27F pn coffpiltaiyk RIF & @
tumour cellswere observed under the influence of BPA at very low concentration of ,1i.pM

0.33 pg/ml of cell culture mediurWozniaket al,, 2005. The number of studies which show

no deleterious effects of BPA is, however, equally substartiaisthere is no consensus on

the influence ofBPA on human health, and as long as the reports on the deleterious effects of
this compound appear, the isswé BPAremairs one of those requiring further investigation.

1.9 Genistein

OH

OH O O
I (@)

Figurel.5 The nolecular structure of genisteinAdapted fromLimer and
Speirs (2004).

HO

1.9.1 Introduction

Not only compounds originating from the human activity but also chemicals produced naturally
by plants carmimic oestrogeniceffects in vertebratesThesebiologicallyactive plant-derived
substanceswhich structurally and functionally mimic estrogenseanamed phytoestrogens
(Dixon, D04; Setchell, 1998 Phytoestrogens do not have any reproduction related functions
in plants but instead are involved in ttdefenceagainst herbivoresand protection against
radicals or reactive oxygen form@barreta et al, 200Q. Phytoestrogens arepractically
unavoidable forpeople because they are present ithe normal human dietalthough in
different amounts. Legumes show particulahigh content of phytoestrogensCther plants,

for instance those known to be rich ifibre, also contain substantial amounts of these
oestrogenicsubstances.

Phytoestrogens are categorized according to their chahstructure into three main groups:
lignans, coumestans and isoflavon@barreta et al, 200Q. Isoflavones are low molecular
weight antimicrobial substances synthesizéd novoin plants in response to exposure to
bacterial pathogengBurton and Wells, 2002 Isoflavones are found almost exclusively in
plants of Fabaceagamily, commonly known as legume family, such as soybedrnickpeas,
green peas, lupin,kudzu or fava beans. Genistein 60 n QFEripyHroxyisoflavone)is a
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predominant phytoestrogen in soy and soy derived produatsl accouns for approximately
two-thirds of soyisofavone conten{Setchellet al., 1997. Consequently, gnistein is a major
contributor to the totaloestrogeniaeffects of soy.

A handful of studies have associated phytoestrogen consumption with positive effects on
human health.Lower incidence irhormone associated cancesich as breast or prostate
cancerhas been correlated with diets rich in s@®ixon, 2003. There mayalso be a link
between an isoflavoneich diet and reduced risk of thyroid candetorn-Ros<et al., 2002, and

colon cancer(Adlercreutz, 200R Genistein and related isoflavones can dfguibit cell growth
andor development of chemically induced cancers in stomach, bladder, lung and (@ocxh,
2004). For example, the growth of human stomach cancer cell lines was observed to be
strongly inhibitedby genistein through the activation of agel transduction pathway leading

to apoptosis(Yanagiharaet al., 1993. In addition, reports on the positive effectof the
phytoestrogens on glucose and lipid metabolism are also found in the literé@@@erroth and

Nef, 2009. Moreover, lower frequency ipostmenopausaloestrogenwithdrawal symptoms

(hot flashes, bone loss, cardiovascular evehes)beenlinked with Asian dietsontainng high
quantities of phytoestrogens(Adlercreutz and Mazur, 1997The reports on the positive
influences of phytoestrogen are presumably the reasons behind the rise icotumption of
isoflavone rich food and sdyased food supplements in recetitnes. Particdar attention was
given to phytoestrogens by women of paénenopausaland menopausal age abe soy
derived extractdfound their applicationas the alternative for hormone replacement therapy
(HRY to alleviate theoestrogendeficiency symptomgWautte et al,, 2003. There hasalsobeen
asubstantial increase in these of soybasedbaby milkiormulas (Polacket al,, 1999.

LG ¢la y2i LKed2SaaNr3ISyaQ LRaAGAOS KSIfOGK ST7T
scientists ove 60 years ago. Adverse effects on sheep and cattle fertility in consequence
consuming phytoestrogerich pastures were noticed by veterinary physicians in Australia in

1946 (Bennettset al, 1949. Since the observation of this €0l f f SR WO fs@e@tiBcNJ RA a S|
reports on the potentially harmful effects of phytoestrogens have emergéd. interesting

observation, for example, was reported faraptive cheetahswhich showed hepatic
venooclusive disease and reproductive failure due to feeding ofbaegd diet{Setchelket al,,

1987. In addition, wen the soybaseddiet wasreplaced withmeat, the function of theliver

improved. The occurrence ahe phytoestrogenrelated fertility inhibition was also observed in

California quail feeding on isoflavomnieh annuals growing in a dry yegreopoldet al, 1978.

¢ KS NBLRZ2NIa 2 yidvdrdg effécts $raHoinmBnaliglgted Qunctions resulted in an

inclusion of these compounds the group of endocrine disruptors

'ttt GKSasS Froda YIS GKS adzweSOG 2F LKeid2Sa
controversial. For instance, despitsignificant research in the field of breast cancethe

leading cause of cancer deaths in won{@amal, 201}, there still is noconsensu®n the role

of phytoestrogens in this diseas®n the one handconsumption of sgrich foods isthought

to be associated with lower breast cancéy handful of studies showed reduced breast cancer

risk for women with higher phytoestrogen levéBaiet al., 2001, Hiroseet al., 1995 Ingramet
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al., 1997 Linseiseret al, 2004 McCannet al., 2008 Shuet al, 2001, Thanoset al,, 2008.

Some speculate that it is presely exposure to soy bean products containing genidied

leads to the breast cancer protection in Asian wonfeamartiniere, 2000 In addition, meta
analysis of studies on correlation between soy intake and breast carsteted authors to
conclude that soy intake may be associated with a small reduction in breast canc@iroisk

et al, 2006. On theother hand, reports presentingo association between phytoestrogen
exposure and breast cancer preventiand> g KI 0 Qa Y2NBX &aiddzRAicfa aKz2g
0KS&aS O02YLRdzy Ra , @y alsg BeYi@uydQn tiieSiterhtirdkor example, the
indicators of an increased risk to develop a mammary camsceh as breast densitgnammary

gland fluid production and progesterone receptor formatievere observed irwomen eating
typical western diet under isofalvone treatme(McMichaelPhillipset al,, 1998 Petrakiset al,,

1996). Another example ishe study of Graceet al. (2004 in which the association between
exposure to isoflavone (as assessed based on their level in the serum and in the urine) and
increased breast cancer risk was observedports of this type may lead to concerns that the
consumptions of isofalvones by pedr postmenopausal women could increase rather than
decrease the rishf developnga mammary canceiVutte et al., 2002

One of the hypotheses aimintp reconcile contradictory observationsom the studies on
breast canceisthat cancerpreventing effectof phytoestrogensnay occur whersoy nutrition
takes placdrom the begining of life onwardgKnight and Sorensen, 20lamartiniere, 200D
Increased vulnerability duringthe early developmental stageshormonal activity of
phytoestrogensand wideranges of phytoestrogenSlevelsto which babiesmay be exposed
may, however, bring more harm than the potential breast canquewventing effects.

1.9.2 Mechanisnsof CAT E CaOtArE 1 6 O

There are many different mechanisms through which phytoestrogaeith as genisteimay

trigger their action. Oestrogeniceffects may reslt from the ability of phytoestrogens to bind

to ERsIn general,soflavone compounds have lower ding affinity toERs when compared to

the mammalian estrogen@enassayagt al., 2002 Routledgeet al,, 2000Q. Genistein has been

found to be a highly effective compwr for oestradiolat ERs.The study ofFioravantiet al.

(19993 K2 g SR (GKFG 3ASYyAadadSAyQa oA yBldlghar tharfftFafof A G & G 2
endogenouoestradiolin the ER-positive cell indMCF7). It was demonstrated elsewhetbat

binding affinityof genistein is preferentiasit binds about20-fold strongerg A (i K 9 wi 0Ky
(Kuiperet al, 1998 Routledgeet al, 200Q. Genistein can also act through GPR8®@ards

which it has higher binding &hity than several otheenvironmental estrogengcluding BPA

(Thomas and Dong, 2006

Genistein may also act through othenechanisms One of the wider studied subjects is
ISyArAaidSAyQa LiRosikegpéckid protein Rinade(Xkiyanet al, 1987 Kimet al.,
1998. Genistein has also been demonstrated inhibit DNA topoisomerase Il, angiogenesis
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and the production of reactive oxygen species (which may lead to tissue damagBN#
modification) and to modulatecell cycle progressio(Barnes and Peterson, 199Beterson,
1995. Moreover, the study ofPino et al. (2000 showed that genisteindisplaces bound
oestrogen and testosterone from human sex hormone binding globulin (SHBG) and can
increase plasma levels of this globulin in postmenopausal women. Incregselesisand
secretion of SHBG was alsobserved inan in vitro study with the use ofhuman HepG2
hepatocarcinomacell line(Mousavi and Adlercreutz, 1993

1.93 ' AT E O QrAas éxpoSureBvels

Although genistei) destrogenic activity is weak O 2 Y LJ- NB R oeétradio|Mavels of
phytoestrogens in the bodgan reachL00 to 1006fold higherlevelsthan peakconcentrations
of the endogenousoestrogenin premenopausal womeifLimer and Speirs, 200Zavaand
Duwe, 1997. Thisleads to concerns abouinfluenceof plantoriginating estrogen®n human
health, particularly during vulnerable stages of development.

There are significant differences in the concentrations of isoflavonoids betwdééaremt
human populations.In general, concentrations of phytoestrogeai® relatively low in subjects
consuming an omnivorous diet withowoy foodsas opposed to higher levels observed in
populations for which soy ricfoods constitute a staplgMorton et al., 2002. For example,
Adlercreutz et al. (1993 compared the geometric mean plasma concentrations of four
isoflavonoids in men of similar age from Finland and Japan and saw 7 to 110 times higher
concentrations in the Japanese than in the Fiflife plasma levels of studied isoflavones were
generaly very high in the Japanese men although there was alsignificant interindividual
variation. Althoughthe meantotal genistein concentration ithe Japanese was estimatets
276 nM, one subject had genistein concentration exceeding 2.4 pM. When #iee of the
human population studied is taken ued consideration (n=14it can be concluded that
genistein levels ahicro molarrangein Japanese male populati@me not exceptional.

The exposure to phytoestrogeims food may as already mentionedyegh early in life due to
infant formulas based on soy available ¢me grocery market.Soybased formulas were
initially developed foiinfants withlactose intolerace or allergesii 2 O 2 ¢ (Rdlackaf Alf |
1999. In recent years, howevesubstantial increase in the use of soy proteased formulae
has taken place andhe number of infants fed withthis kind of foodfar surpasses the
percentage of infants requiring for medically justified reasan In the United States, for
example, approximately 25% of all formd&d infantsare fed with soybased formulagBhatia
et al, 2009.

Theblood concentrations of total genistein in infants fed sbgsed formulas are an order of
magnitude greater compared with concentrations observed in adidtssuminghigh soy diets
and several hundredbld higher than adults eatingVestern diets(Adlerageutz et al, 1993
Setchellet al., 1997. Moreover,the plasma concentrations of isoflavones able to disrupt the

23



menstrual cycle in premenopausal women are approximately-fold lower than
concentratons of total genistein found ithe plasma of soypasel infant formulas(Cassidyet

al., 1999. Such data leads ta@oncerns thatearly exposure d relatively high doses of
phytoestrogens could caasreproductive and other problems later in lifdhe study of
Cimafranceaet al. (2010 is one ofthe reports which justify an existing concern. In thisdstu
yS2yLtidtf YAOS 6SNB 2Nrfftée SELIRASR (2 3AeyradSa,
total plasma genistein concentrationseached wereof 2-3 uM. This range of genistein
concentrationscorrespond to the levelsof 3.36 uM (median) and84 + 443 nghl (mean + SD)
reported for the soy formulafed infants by Caoet al. (2009 and Setchellet al. (1997,
respectively. Such levels of genistein were observed to causeerase in the relative uterine
weight, decrease in the expression of progesterone receptor in the uterine epithelium, a
decrease in the thymic weight relative to body weight, increased incidence in multioocyte
follicles in the ovary and disturbances metlength ofoestruscycle later in life. These results
suggest thagenistein exposure seen in the soy form{da infants may be sufficient to result

in oestrogenicalterations in reproductive and other orgarf€imafrancaet al, 2010Q. This
implication is further justified by the fact that mice pup®re exposedo the phytoestrogas

for the first five days of life which constitutes only a quarter of thpre-weaning period,
whereashuman infants can be exposed to genistein throufk entire nursing periodin
addition, animals were fed witlyenistein only once a day whickas reflected inserum
concentratiors which decreased with timevhile babieswho are fed regularly during 24 hour
periodcan be exposed to higher and more stable concentratafrthis phytoestrogen.

1.10 Endocrine disruptiomn fish

The field of endocrine diuption is a relatively new disciplird environmental researctwhich

has rapidly grown in the last few decades. Maspectsrelated to thistopic are studied and
presented in hundredsf reports each year. A large proportion of these studiesdedicaed

to the problem of endocrine disruption imgaatic organismsThis interest is largely due the

fact that the aquatic environment has increasingly been the depository for pollutants of
different origirs and aquatic organisms are subjected to continsoexposure of different
chemicals throughout their livegSumpter, 200h

Aquatic environmerd can be polluted by different substangesf both natural and synthetic
character and througtboth intentional and accidentalelease The intentional discharge of
chemicals occurs mainly through release of effluents from sewage treatment plants and some
industries, while accidental release takes place when spills;ofisn and amospheric
depositon take place. The fate of pollutants can vary and while some substances can be
degraded to harmless compounds, others cannot be decomposed or can even be degraded to
more harmfulsubstancesin either case these compounds may be absorbed by the organisms
living in the water and in the case of fish this occurs mainly through the skin, gills and with food.
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As a consequence these chemicals mayimgetthe food chain to higher vertebratgSumpter,
2005.

The whole storof endocrine disruption irfish startedin the late seventies of the last century
when English anglers observed hermaphrodigh in the lagoons of some sewage treatment
plants These observations attracted scientific attention and subsequent studies confirmed that
a chemical constituent found in theewage treatment planeffluents might be the causative
agent of unusually high frequency of intersexuality observed in some festiespEven though

the issue of adocrine disruption in fish waat that time discussd, albeit not openlya public
debate of a widespread sexual disruption in vertebrates began nearly twenty years later
(Joblinget al., 1998 Sumpter and Johnson, 2008

Sincethe evidence for endocrine disruption in wildlife populations has been mainly derived
from the studies on aquatic vertebratefish hare been recommended for the development of
the tests for EDC{FennerCrispet al, 2000 OECD, 199). Biological effects in fish that have
been attributed to the outcomes of endocrine disruption include thappropriateproduction

of the blood protein vitellogenin in male and juvenile fish, disturbed ovarian or testicular
development, intersexudlf and/or masculinisatioror feminization of therternal or external
genitalia,abnormal blood steroid concentrationsicreased ovarian atresia, reduced spawning
success,mpaired reproductive output, precocious male and/or female maturation, reduced
hatching success and/or larval survival and altered growth and developfWeset al., 2000.

EDCgresent in the aquatic environment include a diverse group of synthetic industrial and
agricultural chemicals and even some naturally occurring compounds. Sewage treatment
plants and pulp and paper mills have been recognized to be one of the major safrces
endocrine disrupting chemicals for both fresh and salt water inhabit&iwbling and Tyler,
2003 Pait and Nelson, 2002The study ofDesbrowet al. (1998 have shown that natural
steroid estrogens l7oestradiol (E2) andoestrone(E1), and the synthetic steroimestrogen
ethinyl oestradiol (EE2) can be theausative agents ofeminization of thefish living
downstream ofsewage treatment plarst Theseoestrogeniccompounds hee been reported

to be incompletely broken down isewage treatment plargt (Johnson and Sumpter, 2001
Johnson and Williams, 204

The estrogenicityof sewage treatment planeffluents may result also from the presence of
naturally extracted female hormones or contraceptive pill constituents. In some specific
locations xenoestrogens like alkylphenolic chemicalgehbeen diagnosed as a significant

factor in oestrogeniccharacter ofsewage treatment planeffluents (Sheaharet al., 2002a

Sheaharet al., 2002h). Both BPA and genistein have be&lentified as aquatic pollutants and

can further increaseestrogenicityof waterways. Dischargef BPA into aquatic environment

occuss from the migration of BRBased producténto rivers and seas and also through effluent

from sewage treatment plantand landfill sites(Kanget al, 2008 Spengleret al, 200J.
GenisteiRd LINBASYy OSz Ay (dz2Ny3I Klsawage Sr&ymenR@aintS Oi SR
effluents sampled in Germar(gpengleret al, 200) and in hardwood pulp and mill effluent

25



(Kiparissist al., 200). Oestrogeniactivity resulting from the presence of this phytoestrogen
(143.4 pg/L) has also been diagnosed in the Japanese river from a primarily residematial are
with some industrial developmerfKawanishet al., 2004.

Althoudh sewage treatment plarst and pulp and paper mills are the magrpplyof EDCdor
the aquatic environmentother sources of hormonally active pollutants haleobeenfound.
Manufacturing processes related to textile, plastic, polyvinyl and electcplipment
production are other sources of EDCs. In addition, agriculturabfismalso contain substances
able to evoke hormonal disruption such pssticides and herbicidesurthermore, oil spills,
recreational boating and shipping, and atmospheric dgfion of the products of fossil fuel
combustion are other sources of hormonally active substances in wat#rese facts show
that there isa wide variety of human activities which can introduce EDC4liretenvironment
especially into wateways which @uses the aquatic speciesto be more vulnerable to
endocrine disruption than terrestrial organisms. This is why it seems justified to look for effects
of endocrine disrupting substancesdquaticspecies.

There is little evidence to suggest that fiasle more susceptible to EDCs than other wildlife
(Jobling and Tyler, 20p3vhich further justifies theinterest in fish and recognition of this
species as an appropriat@odel for biomedical research fmsed on endocrine disruption.
Moreover, the evidence ailable on receptor binding affinities for compounds able to mimic
hormones, including xenoestrogens, suggests that vertebrates are likely to be similarly
sensitive to environmental EDQa. addition,there are many similarities with respect to the
nature of the hormones, their receptors and in the regulatory control of endocrine system
between fish and higher vertebratédnkley and Johnson, 20p#Another reasoris the need to
search for alternative animal models for different fieldsbaddmedicalresearch.To date, mall
mammals lik mice and rats have been the most common animal models used in biological
studies These vertebratesalthough prove to be very advantageous animal modglare
expensive to maintain, difficult to wonkith at embryonic stageand limited for large scale
genetic studiesAnother reasorfor searching for alternatives is the principle of the three Rs,
namely,reduction, refinemenand replacement The replacement ruleequires thelimitation

of animal use to situations in which they are absolutely necessary. It also denoérttie
researcher toconsider if a different animal specidswer in the phylogenetic scaleould be

used (Wolfensohn and Lloyd, 19%4In general, although mammals constitute the most
attractive animal models, other models aresearched to complement digiencies in the
mammalianstudies.
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1.11Why zebrafish?

Zebrafish Danio rerig is a small tropical freshwater fish belongingQgprinidaeand native to
the rivers of northern India, northern Pakistan, Nepal @&ftutan in South Asia his species
hasreceived a great amount of interest many scientific fieldand increasing number of the
publications inwhich zebrafishconstitutes the main topics an indicator of growingcientific
fame of this small vertebraté~igure 1.8.

'Zebrafish' astopic'’
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Figure 1.6 Graphic presentation of the increasing interest in zebrafish

based on the number of scientific articles published in the last half century.
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science database on 27.08.2012.

There are many advantages of usimgbrafishas a model species forarious scientific
disciplines. As it was observed by Segf#09), this fishhas be&ome so popularin science
because it offers both technical and practical advantages. The technical aspect is true because
of ease and relatively low costs this speciesnaintenarce, as well ags high fecundity Rapid
developmen (Figure 1.7)and ease of observation at earlgevelopmental stages due to
transparencyare alsamportant merits of zebrafisthased studies
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Figure 1.7 A schematic presentation of rapid development of zebrafiBhst
embryonic divisions starbefore 1 hpf and at 24 hpf the embrgohave an
established body plaand major organs visiblédapted fromWolpert et al. (2005

The practicaladvantagesresult from the fact thatthis organismcan provide conceptual
insights into many aspects of vertebrate biology, toxicology, and diseasealditional
advantage of working withhis specieds a rich source of information concerning different
aspects of its biology, which often enables defining standard/normal valuesamskequently
enables recognition of thehanges caused experimentalegner, 2000

All of thesevirtues of zebrafish have been appreciated by a wide variety of sciatiifiplines

Some have everdabelledit § KS & @S DibsGpbildl G1Sa Al 2FFSNAR Yl ye
advantagesas invetebrate models with few of the disadvantagésessman, 201 1Nagel,
200)). Geneticsis undoubtedly one of the idciplines in which potential ahis speciesvas

used to the fullesand one of the reasons for thistise fact that zérafish athologs of human
genes can be identified due to the high genetic conservation among vertebré@és and
Sadler, 200p Zebrafish is also widely used as a model in developmental biology mainly due to
the fact thatfundamental developmental programs are well shared among vertebréfisi

and Sadler, 20Q9'ing and Peng, 200Moreover, genomic and molecular similarities between
this organismand higher vertebrates makenany important discoveriefrom zebrafish
development applicable to humar{§¥eldman and Lin, 2008~or example, ebrafish has been
shown to be an excellent model system to study the development of the liver. Studies on liver
development in mammals (mice) are made difficult by the fact that ldevelopment is
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intertwined with vasculogenesis and hematopoiesis and dysfunction of one of these processes
prevents the proper development of the othef@hu and Sadler, 20p9Moreover, in mammals

the liver is an early hematopoietic organ and mutations affecting its development lead to death
by causing anaemi@greimoldet al., 200Q. In contrast, embryonic hematopoiesis does not take
place inthe zebrafish liver and that is why embryonic anomalies of this organ do not lead to
the death due to hematopoietic dysfunction. Moreover, liver development can be investigated
even in zebrafish embryos with mutations affectitige cardiovascular system.vén in the
absence of blood circulation, embryonic zebrafish can survive and develop relatively normally
for at least first several days of its development because oxygen can diffuse passively through
body surface and nutrients come mainly from the y(@iu and Sadler, 200Stainier, 2001
Additionally, zebrafish embryogenesis occurs exednely which makes the embryonic liver
accessible for the study of development through a direct genetic appr¢&icty and Peng,
2009.

The zebrafish attributes have also been appreciatgdosicologists and pharmacologisill

et al, 2005 Langheinrich, 2003 The size of a model animabrfthe studiesdedicated to
chemical testings important asit is directly relagd to the costf husbandrythe amounts of
chemicals used for testing artthe volumes of potentially hazardous wastgroduced For
toxicological studies where the objective is to identify adverse effects of chemical exposure,
particularly important isKS I 6 dzy RF yOS 2F AyF2NXI A2y 2y WHK
Moreover, in contrast to embryos of other vertebrates, zebrafish development and its
disorders can be assessed continually due to extemfalelopment. These and other
characteristicsontributed to the appreciation ofzebrafish embryos ahe test system fothe
studiesfocused oreffects ofchemicalcompounds, both drugs and pollutantBhe embryo test

with Danio rerig called DarT, was proposed byNagel (2001 as the substitution of the
commonl used acute fish tesh ecotoxcological and toxicologicatudies. This test is based

on the usage of embryos whichollowing brief exposure to the tested compoundsre
carefully analyzed for several parameters such as pigmentatiedemaformation or heart

beat. Strong sientific support that the fish embryo toxicittest (FET) is a good surrogate for
the acute fish toxicity was also provided hammeret al. (2009. Furthermore, zebrafish
embryobased tests right also be use to predict the teratogenic potential of chemicals in
mammals as 88% of 41 substances known to be mammalian teratogens showed results in
agreement with findings in mammalsvhen tested with DarT (Nagel, 2001 For
pharmacological studies a particular advantagehi$ specieds the possibility of testing the
drugs in ann vivocontext, with the drugs affecting a number of different cells in their natural
environment(Langheinrich, 2003

A contribding factor in the popularity of zebrafish embryos and larvae asoael organism in
the studies from many scientific disciplines nagobe the drive to implement the 3Rs which
are enshrined in the UK Animals Scientific Procedures Act 1986 (ABBARs are three main
guiding principles for animal research, namehgplacement reduction and refinement
According to ASPAligence is required to conduct regulated procedures on fish from the time
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at which they become capable of independent feeding which in the zebrafish is accepted to be
at 5dpf. Life stages beforehis time are considered to be not sufficiently aware that they will
suffer when a procedure is carried oWloreover, their useenables generatingn vivodata in
certain organswhich is in accordance witleplacementof mammals at mee sentient and
licensed stagegFleming, 200y

1.12 Zebrafish as a model for endocrine disruption studies

The values ofzebrafishas an experimental model have also been recognizetthenfield of
endocrine disruptionThis fishwas one of the speciagcognized by Ankley and Johng@004)

as a vertebrate modelfor identifying and assessing the effects of emdoe-disrupting
chemicals(EDCs)A significant degree of conservation of basic aspects of endocrine sgstem
across vertebratess of great importancasprovides a basis for using results from fish tests to
predict likely mechanisms of action of EDCs in other vertebrgakley and Johnson, 2004
Both full life cycle(Nakari and Erkomaa, 200Blashet al, 2004 Schaferset al, 2007 and
partial ife cycle test§Schaferst al, 2007 Segnert al, 20033 have been used ithe studies

of EDCausingzebrafish In bothtypes of studies the endpoints related to sexual development
and reproductive parametersuch as start of spawning, matibghaviour number of eggs per
female, fertilization success of embryos and embryo safvare of the greatest interest.
Gonad histdogy and vitellogenin levelsave also beenluserved infish exposed t&eDC¢Brion

et al, 2004 Van den Belet al,, 2001 van der Veret al, 2007. In general, xenoestrogens have
been observed to cause increaseitellogeninsynthesis, impaired growth, delayed onset of
maturation, altered sexual differentiation and sex ratio, and decrease in egg production and
fertilization succesfNakari and Erkomaa, 2008ashet al., 2004 Schaferst al,, 2007 Segner

et al, 2003a Segneeet al., 2003h).

The elatively short life cycle of zebrafigmablesfull life cycle testingpf EDCs easier than with
other fish speciesThese tests, however are very challenging, time consuming and expensive.
For these reasons partial life cycle tests seem more pragmaticimportant issue for the
partial life cycle tests is to determine the critical period of sensitivity to tested EBt€rsenet

al. (2001 who studied the suitability of zebrafish as a test organism to detect EDCs observed
that 40 daytest starting from 20 days post hatch is suitable for detection of batistrogenic

and androgenic effectdn another studysensitive window for endocrine disruptionwith
oestrogeniccompoundshas been determinedas the period of final gonad differentiation
GKAOK Ay (GKS I dziK2NREQ &Fedpfi(Seonert QoaBNZRafishSGsSSy
belongs to the group of animals identified as undifferentiated gonochorists which means that
in their early development all zebrafish inivals develop notfiunctional ovaries and then go
through the phasewhen these organs willeither proceed to develop mature ovaries or
degenerate, leading to the development of normal, functional teg¢k¢aack and Segner, 2003
Gonad histopathology, sex ratio and vitellogenin levels have been often observed in the partial
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life cycle tests of EDCs with the use of zebraffsidersenet al, 2003 Brionet al., 2004 Hill
and Janz, 20Q#olbechet al,, 2006 Ornet al., 2003.

This specietias been proposed as a model organism to identify targets as well as modes of
action of endocrine disrupting compounds 8ggner2009. One of theinsightsexpressed by
Segnewasthat despite all the characteristiaghich renderthe zebrafishembryosso popular

in toxicological and pharmacological studidgy havebeenrather rarely used for screening of
EDCs This justifies the need for further studies in which endocrine disruption could be
explored in new waywith the use of zebrafish at early stages of developmé&tdreover, the
majority of studies on EDCs with the use of zebrafish have addrefisagtion of sexual
differentiation and reproduction. Notwithstanding, as rightly pointed out by Segi2&09),

other targets ofEDCsaction must not be overlooked.

1.13Why liver?

The liveris an accessory digestive organ.istthe major metabolic organ engaged in the
metabolism of carbohydrates, lipids and amino acitlss alsoresponsible for the storage of
vitamins and minerals, as well as for the synthesis and secretion ditheand theplasma
proteinsincludingalbumins, clottingactorsand complement proteins

Several functions of the liver are particulangportant when considering the effects &DCs

on thevertebrates.Firstly, the livethas aprincipal role inthe detoxification of theblood which

is constantly filteredthrough the hepatic capillaries. Consequently all substances carried by
blood, including xenobiats, encounter this organ on their wayurthermore,the liver isa
major site of accumulation, biotransformation and excretion of xenobipticsluding EDCs
(Mortensen and Arukwe, 2007

The liver is alsdahe primary site for the absorption and recycling of hormones including
estrogens and therefore takes part in the regulation of the plasma concentratibribese
hormones To study the effects of xenoestrogens on the hormonal homeostasis is hence

O2NNBfFGSR ¢AGK (KS aiddzReé 2.7The@ haedeen £FmS Ol a

NBLR2NIa 2F (GKS 9 the engmesivibiey i the engerdiofsmetabofistndd (i
native hormonegKirket al., 2003 . For exampleBPA and dioxin dowregulated CYP1Adan
oestrogenmetabolizing monooxygenasie, mouse hepatoma cel(§eonget al., 2000Q.

The level of free and hence active natigestradiol is dependent on the amount ofex
hormone binding globulin (SHBG). This proteihich by bindingoestradiolrenders it inactive,
is synthesized and released to the blestr@amthroughthe liver. Some studies have reported
that environmental estrogens may affect the levels of this glob{Mousavi and Adlercreutz,
1993 Pinoet al, 2000 which further reveals engagement of the liver in the regulatiorhef
hormonal environment.
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Endocrine functions of the liver are clearly seen in the oviparous organisms in which
vitellogenesis takes place. As will be discussed in more detSikctionl.17, vitellogenesiss

the production and release by the hepatocgtef the egg yolk precursor protein called
vitellogenin This process is completely hormone dependent and oceumsnally in the
FTSYIFHESa KSLI G2080Sa Ay NBaLRyaS (2 oestadol  OGA DI
Released by the hepatocytestellogeninis then transported with the blood to the ovaries

where itis built in the developing oocytes as the yolk necessary for the development of the

future embryos The schematic illustration of this procasgresented in Figure &.
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Figure 1.8 A schematic presentation of the vitellogenesiBhe liver
responds to the ovargerived oestradiol synthesizing and secreting
vitellogenin. This protein is then transferred via blood back to the ovaries
where is will be incorporated into the maturing oocytes.

The importance ofthe liver in the studies related to endocrine disruption has been also
recognizedwhenever liver size wastaken under consideration. The iver size has been
observed to be sensitivid oestrogenicexposure. In fact, hepatosomatic indexSHwhich is
the ratio of liver weight tothe total body weight, has been determined as a biomarker of
oestrogenexposure(Lyeet al, 1997. Fish exposed to theestrogeniccompounds have been
repeatedly observed to have increased HSls/e et al, 1997 Nimrod and Benson, 1996
Thorpeet al, 200Q. Moreover, HSI was usaib one of the main indicators afestrogenic
disruptors in the studiegsiming toassesshe status of the Irish aquatic environmearrant

et al, 2005.

There is an additional reasofor which the liver seemsa justified organ when studying
endocrine disruption in the zebrafishparticularlyat early stags of the development. The
majority of the histopathological studies on EDCs have, for understandable reasons, focused on
the organs of well known dependency on the sex hormones, such as gonads and the sexual
organs To gudy the effects ofxenoestrogens o zebrafishreproductive parameters, such as

the gonads architecture or functiomnimalsolder than5 dpf needto be used. Zebrafish is a
species which goes through a phase of juvenile hermaphroditism during its early development
(Maack and Segner, 2003004). This means that initially all the individuals, irrespective of
genetic sex, display the gonads of undifferentiated odMig morphology(Maack and Segner,

2003 Uchidaet al., 2002. Around 23 dpf these undifferentiated ovaries start to degenerate in
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fish which will develop testes while in the remaining larvae they dgvahd mature as ovaries.
This process is completed approximately 40 day post ladcfihe fact that the final gonadal

sex of zebrafish is dependent on hormonal balance during this sexually decisive period of
development(Maack and Segner, 20Dhas been the basis of many previous studi€uch
studies, however, cannot be conducted on the early zebrafish laf@ethis reasons studies

on the influence ofkublethal concentrations of xenoestrogens on histological and cytological
structure of embryonic/larval zebrafish, ought to be focusedttomorgans other than gonads.
Liver seems to be a perfect candidate ftris purpose since it appears in zebrafish
development as early as 2B hourspostfertilization (hpf) and is clearly recognized by 50 hpf
(Fieldet al.,, 2003h Oberet al., 2003.

1.14Liver as a biomarken phenotypic studies

The phenotype of an organ is correlated with its functaomd any disturbance in its physiology

can alter the morphology of the cells and tissues. The use of stereological methods allows
gquantitative, unbiased and objective assessment of thaphology of the tissue phenotype.
This, in turn, allows fothe statistical analysiand comparisonsof the phenotype descriptors
between different treatment groupslt alsohelps to create a threelimensional framework

upon which to lay the physiologicahd molecular Biochemical)information. Including this
objectivity in phenotypic studies is in line with the key principles of ithg A Y Welfa@ieQ
legislation and contributes teefinement2 y S 2 ¥ (Brakirdeck, 10983

Ultrastructural studies suggest that fish liver is extremely sensitive to xenobiotic compounds in
the environment which makes this organ very attractive to explore the toxicity of these
compounds on the animal. Cytopathological alterations in the liverdishf exposed to
xenobiotics can reveaub lethaleffects of chemicals and elucidate underlying modes of their
action(Braunbeck, 1998 Moreover, the alterations in the ultrastructure of the liver have been
observed to be both speciespecific and substance dependgBraunbeck, 1998raunbeclet

al., 1990 as well as dependent othe time of exposition (the stage of development) and the
dose of the substancfBurkhardtHolmet al., 1999.

The great potential of the fish liver phenotype for the toxicological studies has been
highlighted by the studies draunbeckBraunbeck, 1998raunbecket al., 1990, Burkhardt
Holm (Burkhadt-Holm et al, 1999 and Oulmi(Oulmi and Braunbeck, 199@n these studies
tKS ARSYGATAO (Guiag of patidulardnterest. Bibnalk&SNdere defined by these
authors ascontaminant induced physiological and/or biochemical changes leading to the
formation of altered structure in the cells, tissues or organs of thetaotsensitive organisms.
Their studies showed specieand substancepecific alterations in the fish &v following
treatments with several xenobiotics which contrast with the opinion that morphological
changes are not specific and hence not representative. In his &talynbeck (1998bserved
both nonspecific ultrastructural reactions as well as toxicant spepiiienomenain zebrafish
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liver following the treatments with several chemical compounds. The disturbance of the
cellulr compartmentation, proliferation or reduction and fenestration and/or vesiculation
within the endoplasmic reticulum, myelin formation and invasion of macrophages were
assessed as the nespecific alterations in the zebrafish liver. In turn, the toxicapecific
changes included steatosis (in response to lindane treatment), stratified inclusions within
mitochondria (due to exposure to-ehloroaniline) or the formation of crystalloid structures
within mitochondria and peroxisomal proliferation (followinghet 3,4dichloroaniline
treatment).

The reports of high sensitivity of zebrafish liver architecture and specificity of the occurring
alterations stimulated the present study, which examines the disruptive potential of endocrine
disruptors, including xeno&®gens and phytoestrogens.

The usefulness of this model was noticed\tan der Veret al. (2003 who wrote the article

G A ( f iSdpatholdgy as a tool for the evaluation of endocrine disruption in zebrfish
Although the authors focused on the histological alterations in the ovaries and testes and not
the liver, the advantages of examining multiple organ systems was highlightedhclirsion of
morphometric techniques was proposed in this report as a way to further uncover insidious
effects of endocrine disruptors.

Relatively few studies have been performed to date to investigate the effects of EDCs on fish
liver. Volz et al. (200§ showed that2,3,7,8tetrachlorodibenzep-dioxin treatment caused
alterationsin gene expression patterns followed by histological changéisariver of medaka
(Oryzias latipes In another studyWeberet al. (2003 found no clear concentration dependent
effects of early exposuré2 to 60 dph) to 4/ 2 y & f LIK Sy 2ethinylesyfarliol marr the
morphology of zebrafish liver a0 dph. The analysis of histopathological chesgvas,
however, based only on counting the number of the cells with pyknotic nuclei per field of view
and, as the authors concluded, the results might have been confounded by a concurrent,
concentration dependent increase in the hepatocyte size. Thistriites the importance of
adequate mensuration and utilization of appropriate.g. stereologica) techniques in such
studies.

Most studies on the effects of EDCs on zebrafish liver have used juvenile or adult zebrafish.
There has been no study to date tre EDCs effects on the liver ultrastructure of zebrafish at
early developmental stage$heultrastructureof the liver of young larvae lsahoweverpeen
examined in other toxicology studids. the study ofOulmi and Braunbecd 996, for example,

dose and timedependent cytological changes were observed in the liver of 4 and 6 day old
larvae due to the treatment with -¢hloroanilineg this compound has no reported endocrine
disrupting propertiesA similar study , but witlthe use of 10 day old larvaeias performed by
BurkhardtHolm et al. (1999 and showed alterations in the hepatocyte nuclei, mitochondria,
peroxisomes, endoplasmic reticulum, Golgi apparatus, lysosomes, glycogen and lipid stores
following exposure to €hloroaniline. Such observations suggest the potential of the use of the
liver in phenotypic studiecaused by EDCaven at the early developmental stage$he
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potential usefulness of using such young animals in phenotypic studies is further increased
because of the implementation of the animal welfare legislation principles, hathe 3Rs
(Fleming, 200}

1.15Zebrafish liver development

As in other vertebrates, zebrafish liver arises from endoderm and develops as an outgrowth of
the anterior intestine.In the studies ofFieldet al. (2003 a novel zebrafishransgenic line
which express GFP throughout the digestive systeas used to investigate liver development.
In this reportliver morphogenesis was divided to two phases: budding and groivtie
buddingphasetakes place between 24 and®2pf andis furthersubdivided into three stages.
First stage of bdding corresponds tahe appearance o& disorganized but cohesive mass of
pre-hepaticcellsin the anterior, ventralpart of the intestinal rod Intestinal rod isa solidrod of
midline cells or, in other words, endoderm posterior to the constricted caudal end of the
pharynx The thickening is situateglightly leftof the midline and projects from the ventral side
of the intestinal rod at the level of the first somitét the same time psterior thickening
located dorsally on the intestinal rod starts the development of the pancrBas.second stage
of the buddingphasedefines theperiod by 30 hpf when intestinal bulb primordium undergoes
a leftward bend. In the meantimehe liver increases in size leading to the appearance of
smooth, thickened area along the outer curvature of the intestinal bulb primorditihe
formation of a furrow between the liver bud and the adjacent oesophagus bebashird
stage ofbudding This process statat approximately 34 hpfThe enlargement of the furrow
takes place over timeEventually by 50 hpf,the connection between the liveand the
intestinal bulb primordium igestricted to a singléubular duct. This is a épatic ductand its
formation determines the end of th¢hird stage ofbudding and theend of the whole budding
phase.Nextbegins thestage of growthduring which be liver, which is already a well defined
structure, increases irsizeand changes its shape and placemehhe liver isin the growth
phase ly 96 hpfand during this time iis expandingo the left and occupies thesubstantial
portion of the abdominal cavity on thieft side of the embryand spreadacross the midline
(Fieldet al.,, 20038.

There are two mairhypothesesregarding the originof hepatoblasts.Korzh and coworkers
claim that liver progenitocells might be differentiated beforthe formation of endoderm rod
and that liver forms later by migration and gathering these liver progenitor cell This
hypothesis is based on the fact that the linggrecific marker ceruloplasmin can be detected in
the dorsal endoderm at 16 hpf, which is prior to the liver developtr{gorzhet al., 200J). This
theory, howeverlacks sufficient amount of scientific proaiccording to othergTing and Peng,
2009. Another hypothesis laims that liver progenitor cells are differentiated from the
endoderm cellsto form in situ liver bud after the alimentary canal morphogenesls is
supported by the observations that two key transcription factors hhex and pnokich are
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markers forhepatoblasts, are detected in the endoderm regiamior to liver budding(Shinet
al., 2007 Wallaceet al., 200). Anatomical study of Field and coworkers also suppbd t
second theoryFieldet al,, 2003h.

1.16 Histologyand cytologyof the normal zebrafish liver

Given he greatvariety of fish it is not unexpectedhat histological architecture of the liver
differs between different piscine species. The fi@patocytes can be organized into tubules
made upof five to eight hepatocytes whose basal surface face the sinusoids and apical surfaces
line the centrally loated biliary passages, as it was observed in several species including
Atlantic salmon (Robertson and Bradley, 1992nd brown trout (Rochaet al, 1994. A
different type oftubules consisting oB-10 hepatocytes with sinusoidsdnot biliary passages

at the centre were however,observed in the Atlantic croak€Eurell andHaensly, 198R The
piscine liver can also be composed of anastomosing bilayered hepatocyte laminae separated by
sinusoids as observed in tigerfisHydrocynus forskahliiGeyeret al, 1999 or golden ide
Leuciscus idus melanotus(Braunbecket al,, 198%. The interconnected bilayered hepatocyte
cords surrounding the central vein and separated from each other by sinusoids have been
observed byHardmanet al. (2007 who studied theliver of medaka(Oryzias latipesusing
three-dimensional reconstructions.

When it comes to the zebrafish liver morphology there hasn some degree of contention in
previous studiesSome have reported tubular arrangemenbf zebrafish hepatocytes with
sinusoids located in the centre of the tubul@@arisPalacioset al, 2000Q. Cthers, however,

claim that the biliary passages, not sinusoids, lay in the centre of the tulfdieson and
Couch, 1998 Yaoet al. (2012 who recently studied thdiver architecturein the healthy adult
zebrafish believe, based on their observations, that zebrafish hepatocytes are arranged in
bilayered cordsvhich are distributed radially around a central velte cordlike arrangement

of zebrafish hepatocytes wadso observed biRodrigues and Fanta (1998

In zebrafish liverin contrast tomammals,the portal veins,hepaticarteries and large biliary
ducts are not grouped to portal triads but rather distributedandomly within the hepatic
parenchymgTing and Peng, 2009 hesystem of biliary channels starts fraime bile canaliculi

in which intrahepatic bile ducts havkeir origin (Packet al., 1996. There is some discrepancy
in the literature regarding théile canaliculi in fistbelonging toCyprinadei.e. the family to
which zebrafishbelongs.Some authorsreport that there are both intraand intercellular bile
canaliculi (Byczkowsk&myk, 1971 Peute et al, 19798. In this case the intracellular bile
canaliculi were described as the ramifications of the intercellular bile canaliculi emdihg
nuclear region and makg possible transport from the cytoplasm to the lumen of bile
canaliculi(Byczkowsk&myk, 197 Others report, however, that cyprinid fishes have only
intracellular or in other words unicellular bile canalicu{Kalashnikova and Kazanskaya, 1986
Vogt and Segner, 1997These unicellular bile canaliculi have been described as being formed
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by deep invagination of a cell membrane of one hepatocyte and running from the centre of
hepatocyes to the cell membranéKalashnikova and Kazanskaya, )986e latest observation

of the zebrafish liveby Yaoet al. (2012 revealed that zebrafish biliary system starts from the
intracellular canaliculi which extend through the intercellulanaigculi to the bile preductules,

the latter being formed by bile preductule cells and the hepatocylesaddition, based on
their observations, Yaet al. suggestthat zebrafish liver lobes resemble mammalian liver
lobules in function, which isn agreenent with previously expressediew on fish liver
(Hardmanret al., 2007 .

Both male and female zebrafish liver cytologmave beenrepeatedly studied in the past
(Braunbecket al., 199Q ParisPalacioset al., 200Q Peuteet al, 1985 Rodrigues and Fanta,
1998. In general, the hepatocytes of sexually mature zebrafish corgaigle, round nuclei
which are mostly euchromatic angosses single conspicuousnucleoli. The nuclei are
surrounded bythe rough endoplasmic reticulufRERyvhich forms stacks of about 20 parallel
lamellaein the females but in the males is limited to dew discontinuous cisternae. Golgi

I LILJ NF dza Aa 20aSNIBSR Ay (KS -7 BuyihtheSmales thisS LI G 2 O
structure is poorly developed The perinuclear regions of the hepatocytes are rich in
mitochondria of both spherical and eloriga shapes. These organelles are often seen in
association with the membranes of RER. In addition, roundish or ellipssmkisomes are
observed in groups associated with mitochondria and RER cisternae. The major storage
product inthe female zebrafish Ver is lipid. The amount and size of lipid droplets in females
depend on the gonadal cycle and can vary between individuals. In turn, in the males the major
storage product is glycogen which forms fields in the periphery of the hepatocgtasoth
endoplasnic reticulum (SER) and lysosomes are rarely observed in the hepatocyedhenf
maleor female zebrafish.

The youngest zebrafish for whidhe liver ultrastructure has been described iggf (Oulmi
and Braunbeck, 1996Strmac and Braunbecki999. In general, & this early stage of
developmentthe zebrafishliver was describetb closely resemle that of male adult zebrafish.
The hepatocytesvere of hexagonal shape and dhaingle, centrally located nucleus. Thectei
exhibiteda small amount of heterochromatin and mostly one conspicuous nuclegtherical
mitochondria surroundedthe nucleus andwere enclosed by cisternae of RERich also
formed small piles in the cell periphery.Rare SER and Golgi fieldgere restricted to the
peribiliary areasScattered in the cytoplasm weffew peroxisomes which lacked a crystalline
core.While theglycogen ieldscould be observeih the peripheryof 4-day-old liver cells lipid
droplets were rarely presentntracellular compartmentation takes place within hepatocytes as
the time ofthe zebrafishdevelopment progresses (in th&, 10- and 3tday-old larvag. The
compartmentation leads to the formation of a central, organelle containing portion and
peripheral storage areas mainly comprising glycogen fi@dsunbeclet al., 199Q Burkhardt
Holmet al.,, 1999.

37



1.17 Vitellogening an oestrogenspecific endpoint

Vitellogenin is the precursor of the egg yolk proteins phosvitin lggavitelline. Vitellogenesis
occurs in the liver of female fish and is under multihormonal control with estrqgens
particularly 17 -oestradio| playing the dominant rolgSumpter and Jobling, 1995The
amount of viellogeninproducedis pasitively correlated with plasma levebf oestradiol(Kime

et al, 1999. Thus the plasmlevels ofVtg can increase ovet millionfold during the time
required to attan sexual maturityby rainbow tout females (Copelad et al, 198. Fish
ovaries are stimulated teynthesizenestradiolby gonadotropin (GTH) relased form the pituary
which, in turn,is stimulated by the hypothalamic gonadotropin releasing hormen@nRH
(Figurel.9). The synthesizedimadiol is thenreleased into blood and reaches the liver where it
can bind todl KS K S LIER hiteéing B8a@s@riggion and translation of VtgKimeet al,
1999 Wheeleret al, 2005. Vitellogenin protein is then transported via blood to the ovary
where itis incorporated into theoocytes to formthe yolk which will subseqgently serve as
food reserve for the developing embryos
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Synthesis of + / \
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Phosvitin and maturation
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Figurel.9 A schematic diagram of the hormonally regulated processes leading to the synthesis of vitellogenin in the
fish hepatocytes.Oestradiol(E2) synthesized in the folliculaells under the influence ofogadothropin (GTH) is
carried with steroid binding protein to the hepatocytes in which it initiates vitellogenAsiapted fromDréan et al.

(1994.
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Both male and juvenilefish also carry theitellogeningene but becauseestradiollevels inthe
plasma arenormally much lowercompared to femalegoften uncetectable) the vitellogenin
protein is not greatly expressetHowever, inthe mid 1980svery high levels o¥itellogenin
were detected in the male trout maintained on an experimental fish farm which was sdpplie
with water from a local rivefSumpter and Johnson, 200&oon the reason of this puzzling
observation was identified contamination of the water witlan oestrogeniacchemical, or more
likely with a mixture of chemicalgyriginating from the sewage treatment planeffluent
entering the river upstreanof the fishfarm. The potential of this discovery was very soon
realized and vitellogenin has been suggested as a biomarker of the exposaesttogenic
substances(Sumpter and Jobling, 1995Since then, ammerous studies demonstrating he
usefulness and sensitivity of thatellogeninbased testhave been carried duThe study of
vitellogenininduction or suppressioin adult andor juvenile fish was oftenimplemented in
the studies aimed tanonitor the effluents fom sewage treatmenplants pulp and paper mills
or in general surveys that covered a defined geographic @fearieset al, 1997 Kirbyet al.,
2004 Sepulvedeet al,, 2002 Sumpter and Jobling, 1993 umerous laboratory studies have
also used this bioassay to screen foestrogenicproperties of specific chemicalgOrtiz
Zarragoitia and Cajaraville, 200Bndersenet al. (2003, for examplehavestudied the effects
of early exposure to I7ethinylestradiol onzebrafish vitellogenesis and observed that
exposurefrom fertilization to hatchingis sufficient to causea significant increas in the
vitellogeninconcentrationwhen measured 30 day old larvae.

Most vitellogenin studies include the measurement of the pro{@itg), but some studies focus
on the mRNA(vtg). The method of vitellogenin detectiotlepends @ the nature and quantity
of the biological material available, such as species used and life stages (Wisieret al.,
2005. In the case of theearly life stage animals from which blood withdrawal or liver
dissectionis impossible the detection ofmRNAcan bethe method of choicgMunckeet al.,
2007). Moreover, vitellogenin 1 gene mRN#tgl) has been proposed byluncke and Eggen
(2006 as a molecular target and biomarker festrogenidty in developing zebrafistAt least
seven distinct vitellogenin gengstgl to vtg7) have beenidentified in zebrafishwith vtgl
beingthe most prominent species (57%) of vitellogenin mKN#get al., 2009.

Because vitellogenin induction can be measured not omlyvivo but also in vitro, fish
hepatocyte cultureshave alsobeen engaged in the studies @&DG (Pelisseroet al, 1993.
However, fce there are many factors influencing baaatl inducedvitellogerin production in
cell culture, established standardizeggrotocols will be necessary tminimize assay variability
(Navas and Segner, 2006
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1.18 Aims

The overall aim of this study was tavestigate the effects of BPA and genistein, individually
and in combination, on the early development of zebrafiBanio rerio).

The specific aims were as follows:

A To study the toxic and teratogenic effects of BPA and genistein, individually and in
mixtures, on zebrafiskarvaeup to 120 hpf

A To investigate the effects of BPA and genistein, individually and in mixtures, on the
ultrastructure of the liver in 120 hpf larvae

A To assess thestrogenidity of BPA and genistein, individually andhixtures based on
the observation of vitellogenin 1 mRNA expression level in 120 hpf zebrafish larvae.
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2 Materials and Methods

2.1 Materials

2.1.1 Animals

Zebrafish Danio rerig is a small tropical freshwater fish belongingQgprinidaeFamily and a

popular aquarium fish. All the zebrafish embryos/larvae used in this and subsequent studies
GSNBE 2001 AYSR FTNRBY (GKS %SOoONlIFAAK ClFIOAtAGE Ay
Department of the National University of Ireland, GalwHlye fish in this facility were originally

obtained from the International Resource Centre of Eugene, Oregon. Only the AB strain of
zebrafish was used in all the studies presented in this work.

2.1.2 Consumables

ZM Ltd suppliedZM-500, Instant Ocean Sea SaltsdaArtemia. The following consumables
were purchased from Sigma AldridBisphenol A (cat. n0.239658), Genistein (caho. G6649),
DMSO (catno. 2650), 17 -oestradiol(cat. no. E8875), Chloroform Molecular Biology Tested
(cat. noC2432),2-Propanol Molealar Biology Tested (caho. 19516), Chloroform : Isoamyl
Alcohol 24:1 (catmo. C05491PT), Molecular Grade Ethanol 200 proof (cat.E7023), Phenol
for Molecular Biology (caho. P4557), Paraformaldehyde (cab. P6148), Sodium Cacodylate
Trihydrate(cat. no. C0250) and Propylene Oxide (cab. 110105). MicroAmp Fast Optical-96
well Reaction Plates (cato. 4346906), MicroAmp Optical Adhesive Film PCR compatible (cat.
no. 4311971) and Fast Sybr GreenMaster Mix (nat.4385612) were bought from Applied
Biosystems. Invitrogen supplied Random Primers (@at48190011), TRIzol@&eagent (catno.
15596026) and Superscript Il Reverse Transcriptase rjcal.00004925). Nuclease Free Water
(cat. no. P1193) was bought frorRromega. DNase Buffer (cato. AM8170G) and DNase
Enzyme (catno. AM2222) were purchased from Ambion. 1 ml syringes (oat300015) and
21G needles (catno. 304432) were supplied by BD Biosciences. 6 -plates (cat.no.
83.1839.300), 24 weflates (cat. no. 83.1836.300) and 96 watlates (cat.no. 83.1835.300)
were purchased from Sarstedt and these plates were demonstrated to bdrB@# the study
by Biswangeret al. (2009. Agar Scientific supplied: Glutaraldehyde 25% EM Graden@at.
R1010), Osmium Tetroxide (cab. R1016), Agar Low Viscosity Resin kit ([@@tR1078), Peel
A-Way Moulds 22 x 22 x 20 (cawo. G3760), Flat Embedding Moulds (cab. G3531), 10 ml
Glass Vials with Leak Proof Lids (cat.B793) and Athene 200 Mesh Thin Bar Grids Copper
3.05 mm (cat.no. G2002). Uranyl Acetate (cato. 705631095) and Lead Citrate (cab.
70553022) were prehased from Laurylab.
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2.1.3 Equipment

Zebrafish embryos/larvae were incubated at 28°C in the LMS cooled incubator while exposed
to the tested concentrations of BPA and/or genistein. A Nikon SMZ645 dissecting microscope
was used regularly while changisglutions and to observe embryos/larvae, remove debris,
dead embryos and/or floating chorions. Images of larvae were taken with a Nikon SMZ800
supplied with DXM 1200C camera and with the use of-KCTBoftware. A Variable Speed
Specimen Rotator (240 Volpurchased form Agar Scientific was used through dehydration
steps, propylene oxide and/or resin infiltration steps. Resin was polymerized in an oven
purchased from Electron Microscopy Sciences (EMS). Ultracut Reicher Jung Microtome was
used to cut semiand ultra thin sections, the latter being cut with the use of a Diamond Knife
from Diatome. A Heatblock (type 701201) was used to attach-f@misections to glass slides

and to enhance toluidine blue staining intensity. Sé¢nim sections were observed wviita Leica
DM500 light microscope to scout for the liver. Ultrathin sections were stained with uranyl
acetate and lead citrate using Leica EM AC20 automatic astinig instrument for ultrathin
sections. The sections were viewed using a Hitaeh0®0 Tranmiission Electron Microscope
fitted with a 1K Hamamatsu digital camera. Micrographs were taken with the use of AMTV542
Image Capture Engifiésoftware.

The following instruments were used to extract mRNA from the 120 hpf larvae and synthesize
cDNA:Eppendof microcentrifuges 5415R and 5415D, IKA Vortex Genius 3, Stuart and QBT1
Grant block heaters and LMS cooled incubator series 1. The concentration of the mRNA was
measured with Nanodrop spectrophotometer MID0OO using NELOOO v3.5.2 Software. The

PCR reaain plates were centrifuged with the use of refrigerated table top centrifuge Sorvall

RT 6000D. Real time PCR amplification was performed with 7500 Fast Real Time PCR system
(Applied Biosystems) using 7500 software v2.0.6.
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2.2 Methods

2.2.1 Animal maintenance

Zebrafish were kept in filtered, aged,-galorinated tap water in normal glass aquaria. Aquaria
were cleaned and water was changed at least once per week. Water in the aquaria was
constantly filtered and its temperature was maintained at228°C. A cyel of 14:10light: dark

was maintained in the fish room. Temperature and humidity in the room were recorded daily.
Zebrafish were fed twice a day with commercial dry flakes {ZD@) and once a day with live
brine shrimps Artemia salind on weekdays. Durqiweekends fish were fed once daily with
Artemia.

Artemia culture was conducted parallel to zebrafish culture. Each day 5 g encapsutatatha
were added to 2 L of filtered tap water with 70 g of instant ocean sea salt. Water was aerated
and temperatureadjusted for around 24 hours before adding cysts. Artemia were incubated in
the hatchery under constant aeration and 24 hours light cycle for at least 24 hours at 28°C.
Hatchedartemiawere separated from capsules and nbatched brine shrimp and abundantl
rinsed with tap water to get rid of salt before use as live food for zebrafish.

Spawning was performed as described in the Zebrafish bodWdsterfield (2000 Only fish

which did not show any macroscopically discernible symptoms of infection or disease prior to
and while spawning were used to produeggs. On the night before a planned experiment, the
pairs of zebrafish (male and female) or groups of two females and one male were transferred
to the spawning trays (20 x 9 x 9 cm) supplied with a lid and a stainless steel mesh. A mesh
provided a physicabarrier between parents and eggs to prevent the cannibalism of offspring.
The eggs were collected the next morning shortly after spawning which normally takes place
within 30 minutes after turning on the lights. Parental zebrafish were returned to the mai
tanks as soon as embryos were collected.

2.2.2 Exposure to endocrine disrupting compounds

All the collected embryos were transferred to Petri dishes filled with egg water and incubated
at 28°C. Since fertilized eggs undergo the first cleavage after about 15 minutesstagell
embryos were observed (~0.75 hpf) and distinguished fromfeatilized eggs. Only fertilized,

2-4 celtstage embryos (0.#% hpf) which did not show obvious irregularities during cleavage
(e.g., asymmetry) or injuries of the chorion were selected for the experiment.

Different rationales underlined the choice of the BPA/genistein concentrations tested in each
of the studies. For the toxicity and teratogenicity study, high, environmentally irrelevant
concentrations of BPA and genistein were tested in order to estineditall concentrations and
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sublethal effects of these compounds. This study led to estimate theolnservedeffect-
concentrations (NOEC) for BPA and genistein based on the three parameters assessed: the
survival of zebrafish larvae up to 120 hpf, the heaterat 48 and 72 hpf and for the hatching
success of 72 hpf zebrafish larvae. For the remaining stuidigke study on the zebrafish liver
ultrastructure and on the expression levels of vitellogenin 1 mRNA, the concentrations of BPA
and genistein testedvaslower than these NOECs. Additionally, higher concentrations of both
compounds (2000 pg/L BPA and 1250 pg/L genistein) were introduced into the studglon

to ensure the observation of a changed expression lefehis gene. These concentrations
were chosen based on previously published ddanckeet al. (2007 reported that 2280 pg/L

BPA signi€antly inducedvtgl in 120 hpf zebrafish larvae following exposure starting shortly
after fertilization. The threshold level for genistein for the-rggulation ofvtgl was assessed

as 5000 pg/L for male zebrafish following-ddy exposurgKauschet al, 2008. Because this
concentration caused mortality of the zebrafish larvae befd2® hpf (chapter 4, Figure 4.1),
1250 pg/L genistein was used as this was the highest concentration which did not affect the
larvae survival up to 120 hpf. To facilitate the interpretation of the observed results,
particularly those related to th@estrogenic potential of BPA or/and genistein, an additional
treatment with the naturaloestrogen(17 -oestradio) was introduced in the ultrastructural

and molecular studies. 20 pg/Liléestradiolwas used based on the significant induction of
vtglin 120 hpf zebrafish observed for both 2.7 pg/L and 27 pg/L concentrafiunsckeet al.,

2007).

Since both BPANd genistein are difficult to dissolve in watédimethyl sulfoxide (DMSQO) was
used as it has been proved to be a useful solubilising agent for testing of difficult substances
and mixtures(OECD, 20Q0Stock solutions of BPA and genistein were prepared by dissolving
each compoundn DMSO as per protocol 1 in appendix A, aliquoted and store@Gf(C.
Further dilutions were made in egg water, vortexing to ensure complete dissoludbtsO
concentrations equivalent tits highest concentratiogin the treatment groups wre used as
control (0.1% for toxicity studies, 0.01% farer fine structureandvtgl expression studies)

u Toxicity and teratogenicity of BPA and/or genistein

Single eggél0)were randomly placed in the wells of the-9&ll plates with 250 ul of chemical
solutionper well. The treatments were as follows:

e H Y3Idk[ .t! oydrc >abv
en Y3Ik[ .t! O6MTOPpH >al
ey Y3Ik[ .t! oSopdnn >ad
e Mmc Y3dk[ .t! oT1Tndndcd >av
e OH Y3k[ .t! édmMnndmy >adv

e M®Hp Y3IAK[ 3ISYyAalGSAYy ondco >ad
e HOp Y3IAk][ 3IASYAEAGSAY OdpdHp >abv
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p Y3k[ 3ISyAaliSAy omyodp >ad
e 10 mg/L genistm (37> a)

e 4 mg/L BPA + 1.25 mg/L genistein

e 4 mg/L BPA + 2.5 mg/L genistein

e 8 mg/L BPA + 1.25 mg/L genistein

e 8 mg/L BPA + 2.5 mg/L genistein

e 16 mg/L BPA + 5 mg/L genistein

Solutions were changed daily. All exposures were performed in the incubator at 28¢G
experiment was repeated three times with embryos drawn from different batches of fertilized
eggs,.e.collected on different days.

The mixture of BPA and genisteiboth at NOECs (4 mg/L BPA + 1.25 mg/L genistein) was used
to investigate their jait action with equitoxicity on the same endpoints. The mixtures
composed of one compound at the concentration causing clear, medium range effect and the
second substance at the concentration causing no effect (4 mg/L BPA + 2.5 mg/L genistein and
8 mg/L BPA 1.25 mg/L genistein) were used to test whether the toxicity of the first compound

is affected in the presence of the second one. The combination of BPA and genistein at
concentrations causing individually medium effects (8 mg/L BPA + 2.5 mg/L gergsidih)
further reveal the mutual influence on their toxicity. An additional mixture of 16 mg/L BPA and

5 mg/L genistein was used to test the effects of combined exposure when at concentrations
causing clear toxic effects.

0] The effect of BPA on the livaructure of the 72 hpf zebrafish larvailot study

Zebrafish embryos at 3@4 cellsstages (1.72 hpf) were randomly transferred into the wells

of 24 well plates, each well containing 1 ml of a test solution. 10 embryos were used per well
and the treament was carried out in duplicates (20 embryos per treatment). The following
concentrations of BPA were tested:

e Mmn >3k[ .t! oO6nodyno yabvo
e MmAan >3k[ .t! onoydnn yauv
e pnn >3Jk[ .t! OHDPMP >abv

e MmAann >3k[ .t! o6ndoy >av

Additionally 2 x 10 embryos were reared intlh®.01% DMSO and egg water for comparison
and assessment of potential toxic effects of DMSO. Embryos were incubated until they reached
72 hpf. All solutions were changed daily. At 72 hpf all the embryos were placed fon &mut

20 minutes before fixaon with the primary fixative for the observation with transmission
electron microscopy.

45



1] The effects of BPA or/and genistein on the liver structure of the 120 hpf zebrafish larvae

Zebrafish embryos at-2 cellsstages (0.8. hpf) were randomly transferckinto the wells of 24
well plates, each well containing 1 ml of the tested solution. Every exposure was done in
duplicate. The following solutions of BPA, genistein and their combinations were tested:

. mn >3k[ .t! onodyn yav

. mMman >3k[ .t! onoydnn yabo

. 3125>3k [ 3ASYA&alGSAYy 6mdmc xao

. cHp >3k[ 3ISYAadSAYy O6HdPOomM ¥xav

. mMmn >3Ik[ .t! b omMH®p >3Ik[ 3TASyArAadaSAy
. mMmn >3k[ .t! b cHp >3Ak[ 3ISYAaldSAyYy

. mann >3Ik[ .t! b omMH®p >3IAk[ 3IASYyAaldSAy
. mMman >3k[ .t! b cHp >3k[ 3ISYyAaliSAyo

In addition to embryos exposed to BPA and/or genistein,1® »animals were reared in egg

gl GSNE nodnwm: 5 aifdestragidlJAlHtine sciuflang wema thanged daily. The
animals were incubated in the tested solutions for five days. At 120 hpf, the plates were put on
ice for ~ 20 minutes prior to fixation angrocessing for viewing with transmission electron
microscope.

1] The effects of BPA or/and genistein on the expression of the vitellogenin 1 mRNA in the
120 hpf zebrafish larvae

Zebrafish embryos at-2 cellsstages (0.78 hpf) were randomly transferred to the wells of
6-well plates, each well containing 5 ml of the tested solution. Fifty embryos (n=50) were used
per well. The experiment was performed four times using embryos drawn from different
batches of fertilized eggse. collected on different dag. All exposures were performed in an
incubator at 28°C. Solutions were changed daily.

The following treatment groups were investigated in this study:

e 10 pg/L BPA (43.804 nM)

e 100 pg/L BPA (438.039 nM)

e 2000 pg/L (8.761 pm)

e 312.5 pg/L genistein (1.156 uM)

e 625 ug/L genistein (2.313 uM)

e 1250 pg/L genistein (4.626 uM)

e 10 pg/L BPA + 312.5 pg/L genistein
e 10 pg/L BPA + 625 pg/L genistein

e 100 pg/L BPA + 312.5 pg/L genistein
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e 100 pg/L BPA + 625 pg/L genistein

e 2000 ug/L BPA + 1250 ug/L genistein
e 0.01% DMSO

e 20 pg/L 17-oestradiol(73.4 nM)

All the treatments were finished when zebrafish larvae reached 120 hpf and at this time point
the plates were put on ice for ~ 20 minutes before further processing for the polymerase chain
reaction (PCR).

2.2.3 Processing zebrafish lanaafor transmission electron microscopy

At the end of the exposure time (72 hpf or 120 hpf) the plates with the larvae were put on ice
for about 20 minutes before transferring the larvae to 10 ml glass vials with lids. Then, the
solutions were aspirated andeplaced with primary fixative,e. 2.5% paraformaldehyde and
2.5% glutaraldehyde in 0.1M sodium cacodylate buffer (pH 7.@p§pation of solution
describedin protocol 2, appendix A). This fixation and all the following steps were carried out
on a rotator set at low speed, placed under a fume hood and at room temperature. After 3
hours fixation the larvae were washed 3 times with 0.1M sodium cacodylate buffer (5 minutes
for each wash). Next, the larvae were fixed for two hours with the secondaryvéxati%
osmium tetroxide in 0.1M sodium cacodylate buffer. Larvae were dehydrated through a graded
series of ethanol: 30%, 50%, 70% and 95%, 2 x 10 minutes each, and finally 3 x 10 minutes in
100% ethanol. After that the larvae were immersed for 2 x 10uiei in propylene oxide and

left overnight in the mixture of propylene oxide and low viscosity agar resin (50:50). The
following morning this mixture was exchanged for the one composed of 25:75 propylene oxide
and resin, in which the larvae were left foroand 8 hours. Next, the mixture of propylene
oxide and resin was replaced with the 100% resin in which the larvae were bathed overnight
(stirring constantly). Next morning the larvae were immersed in freshly made 100% resin and
left for several hours inhe opened vials placed on a rotator to let any remaining traces of
propylene oxideevaporate. Eventually, the larvae were transferred to the embedding moulds
and resin was polymerized in an oven at®fdr at least 48 hours.

Different types of embeddingoulds were used depending on the age of larvae. In case of the
72 hpf zebrafish larvae, a larger surface area of the liver was obtained with saggital sections
compared to transverse sections. Consequently, the 22 x 22 x 20 mm disposable moulds were
used n which the larvae were laid flat on their left side to facilitate further sectioning of the
resin blocks. Up to 6 larvae were embedded in a single mould. Polymerized resin blocks were
cut using a fine toothed saw to get smaller blocks, each containigiesamimal.

An increase in the size of the liver in the 120 hpf versus 72 hpf zebrafish larvae, allowed for
cross instead of saggital sectioning of the larvae bodies. Consequently a different type of

mould could be used and these were multipled S A OYFdzf Ra£ d 'wete iz (62
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placed in each mould with heads facing the trapsheaped ends. The resin blocks used with
this method were ready to use for cutting.

lff NBaAyYy o0t201a8 6SNBE Odzi 6A0GK (GKS dzasS 27
(semithin) sections. These sections were mounted on glass slides, stained with toluidine blue
and searchedfor the liver using a light microscope (2Gnd 40x magnification). At this level,

the liver was identified based on its localization. In the saggital sections of the 72 hpf larvae, it
was localized ventrally, posterior to the heart, dorsal to the anterior part of the yolk sac and
roughly below the first 13 somites (Figure 2.1). The recognition of the liver was easier in the
crosssections of the 120 hpf larvae as this organ was bigger and found ventrolaterally to the
intestine and in contact with the remaining yolk sac, as can be seen in Figure 2.2.

intestine

1%'somite

pectoral fin
100 pMm
Figure2.2 The localization of the liver on seihiin sections of 120 hpf

zebrafish.
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Following identification of the liver in the seithiin sections, ultrathin sections of 9ID0 nm
thickness were cut with the use of a microtome fitted with a diamond knife. The ultrathin
sections were transferred to 200 mesh, copper grids amdéhetl with lead citrate and uranyl
acetate to increase electron density of the tissue. This staining was carried out automatically in
the Leica Instrument and using 36 minute programme (# 4). Finally, the sections were
examined using a transmission electronicroscope and the micrographs were taken with
AMTV542 software.

2.2.4 Processing zebrafish larvae for the polymerase chain reaction (PCR)

In order to analysevtgl level in the exposed larvae, several steps were required and these
included mRNA extractionir$t strand cDNA synthesis, primer design and validation, PCR plate
preparation and PCR amplification.

u RNA extraction

Following exposure to the tested solutions, zebrafish larvae at 120 hpf (48 £ 2 larvae/treatment)
were transferred to 1.5 mmimicrocentrfuge tubesand put on ice. After a few minutes the
solutions were carefully aspirated from tmeicrocentrifuge tubs and replaced with 500 pl of
TRIzol@&nd the larvae were homogenized using sterile syringes and needlebhomugenized
material was eithestored at-80°C until further processing or processed straight away.

On the day of processing, all the samples were removed from80&C freezer and incubated

Fd NB2Y GSYLISNI (dzNE F2N p Y RRIzdkiv& addédanto @dch ¢ @
microcentrifuge tube as a pilot study showed that this effectively increased mRNA harvest.
Consequently, each 1.5 ml tube contained tissue from 48 + 2 zebrafish homogenized in 1 ml of
TRIzol®Next, 200 pl of chloroform was added into eaeiicrocentrifugetube which was
immediately vortexed for 15 seconds and then incubated at room temperature for 3 minutes.
After that all the samples were centrifuged at,Q@0g at 4°C for 15 minutes. Centrifugation of
the tissue homogenized iMRIzol@ed to the separatia of the microcentrifuge tube contents

into upper(colourless phase containing RNA), middle (hpease with DNA) ankbwer phase
(phenolchloroform, red colour). Following centrifugation, the uppaqueous phase was
transferred to new 1.5 minicrocentrfuge tubes To precipitate RNA, 500 pl isopropanol was
added into each tube which was then mixed, incubated at room temperature for 10 minutes
and centrifuged at 1200g at 4°C for 10 minutes. Following centrifugation, the supernatant
was removed and discded and the pellets of RNA remaining in the bottoms of the
microcentrifuge tubs were washed through brief vortexing with 100 pl of 75% ethdprd-

chilled on ice) Then the samples were again centrifuged at&C3,200gor 10 minutes. Then

the superratant (ethanol) was carefully removed leaving in the tubes RNA pellets which were

then air dried for around 10 minutes. Each RNA pellet was theénded LISY RSR A (K vyvy
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treated water and heated ab5°Cfor 5-10 minutes. To get rid of DNA remnants,2@ 5bl & $
0dzZFFSNI FyR H >f 5bla&asS SyievyS 4SNBE RRSR Ayidz
incubator for 10 minutes. After the incubation, all the samples were placed back on ice and 20

>f oa az2RAdzy | OSHINEKISS 56 lylinS N3 {6 yeipOitaSdd@ed Thisiwas > LJ
followed by quick vortexing and centrifugation at,2@80g at 4°Cfor 5 minutes. Next, the

supernatant from each tube was removed and transferred to the new tubesnn > f
chloroform:isoamyl alcohol (24:1) was added into eachokatig centrifugation at 12009 at

4°Cfor5YA Yy dzi Sa>x GKS adzLISNYyFGFyida 6SNBE 2y0S Y2NB
isopropanol was added to each tube whigras then incubated at-80°Cfor a further 20

minutes. Next, the tubes were centrifuged £3,200g at 4°Gor 30 minutes, supernatants were
NBY2@PSR IyR (GKS wb! LISt df @echilledy ®Nghansl | Esh&nSIRass A (0 K+
removed after 10 minuteentrifugation at 4°C and the RNA pellets weredaied for about 10

minutes. Finally, t6 wb! LJStff SGa 6SNB NB&adzZALISYRSR -Ay y >f
80°C until further processing.

u First strand cDNA synthesis

Several steps were necessary in order to synthesise cDNA. First, all the RNA containing tubes
were removed from the freezdey nx / 0E OSY U NRAR FdzASR ljdza Ol feé G2 GK
the concentration of RNA was measured with the use of spectrophetemand te purity of

extracted RNA was determined by the ratio of 260/280. Nthe, volume containing 1 pg of

total RNA was calculated for each tube and this volume was then mixed with 1 pl random
primers and nucleas&ee water up to 12 pl. The wholeirture was spun down quickly and
incubated at-t nx/ F2NJ mn YAydziSao Cc2ff26Ay3a G(GKS AyOd
briefly and then 1 pl first strand buffer, 2 ul 0.1M DTT and 1 pl dNTPs were added into each

tube followed by 2 minuténcubationatn H x / ® bSEGZ m «xf & dzLJSNE ONAR LI
eachmicrocentrifuge tubed KA OK g1 & GKSy Ay Odohe ie&ton df dDNA H x/ F
synthesis was stopped by heating the samples to 70°C for 15 minutes. All the steps resulted in

20 0 Ay Aof @NAin allprbcessed samples which were centrifuged and either directly

used for PCR or frozen-a20°C until further use.

0] Primer design and validation

Specific primers for the elongation factor 1 alpta ¥ ¥NM_131263) and vitellogenin 1 mRNA
¢ vtgl (NM_001044897) were designed with the use of NCBI primer design tools
(http://www.ncbi.nlm.nih.gov/). Following primers were used in this experiment:

o eflh forward primero pp82Q O GTGGTATCACCATTGACATTGC  (bp 280301)
o eflh reverse pnnero po® Q 0 YCAGCCTGAGAAGTACCAGTGA  (bp 382402)
e viglT 2 NB I NR NN @STGGETBEMTTCCCTGCTGCAC(bp 37603782)
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e viglreverse primel prR2Q U GAATCCTGTGTCGTAAGCTGCTGTbp 38573880)

Both primers sets were validated according to rules specified in the protoddbbkoutet al.
(2006.

1] PCR plate preparation

Primer mixes containing 1.25 uM forward and 1.25 uM reverse primer in WeMY prepared
for both ef1h andvtgl primer sets. Next, each primer mix was added to SYBR Green and NFW
in the amounts calculated according to the formula as per protoc@dxkoutet al. (2006

[nxn ®dy 8>f LINAYSNI YAE b @y E wné>ft {,.w DN
n = number of samples + 1 non template contrdl extra.

Consequently theflh primer master mix and thetgl primer master mix were obtained. Next,

op >eflh @ifer master mix was added mteachmicrocentrifuge tubeO2 y G F Ay Ay 3 p
O5b! SEGNI OGSR FNRY 1 So0N} FAAK SELRwuEmmMer2z GKS
mix was added into the analogous set of 5saimples. Non template controlge. samples

containing NFW instead of cDNA and eitb&h or vtgl primer mix were also prepared. All the

tubes were well stirred and kept on ice before the contents of each tube was distributed into

the appropriate three wells of the optical reaction plafe}) OK ¢St f NBOSAGAY I wmn
arrangement of the tested samples was according to the diagram presented in BiGures a

final step, the plate was covered with the optical adhesive cover and briefly centrifuged (3
minutes) at 4°C before PCR cé&an.

1| 2|3|a|5s5|6]|7]|8|9 |10]|11]12| Referencegene—EF
GOI-Vig 1
& | @ 2 3 |—1=>|a|—>
1-0.01% DMSO
B |5 6 2= l'8 | = 2-20 pg/L 17B estradiol
= —] 3-10 pg/L BPA
> —>
c|?® es = o 4-100 pg/L BPA
5 |33 e . | —= |, | == | s5-2000ue/18rA
6-312.5 pug/L GEN
E 3 4 5 —_l 6 —T 7-625 pg/L GEN
= —1— 8- 1250 ug/L GEN
F |7 8 9 10 9-10 pg/L BPA + 312.5 pg/L GEN
10- 10 pg/L BPA + 625 pg/L GEN
— —
G |1 12 13 NTC 11- 100 pg/L BPA +312.5 pg/L BPA
H 12 - 100 pg/L BPA + 625 pg/L GEN
13- 2000 pg/L BPA + 1250 pg/L GEN

Figure2.3 The €hematic presentation of the arrangement of tested samples on the PCR plate.
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1] Realtime PRC amplification

The plate was transferred to the retiine thermal cycler and redlme PCRwvas performed
dzaAy3a Tpnn @endndc a2FaolFI NBP [/ 2YLI N GAGBS /i
Mix in 10 pl of reaction mixture was run. The following steps were performed:

e 1lcycle: 20secat95°C (activation of the hotstart TagDNA polymerase
e 40cycles: 3secat95°C (collecting data throughout)

Following steps were added to the 40 cycles of the thermal cycling programme for melting
curve analysis:

e 15secat95°C

e 1 minat60°C (collecting data)
e Increase from 60°C to 95°C at at@¥hperature ramping rate (collecting data)
e 15sec at95°C (collecting data)

e 15sec at 60°C

0] Data analysis

Raw data was imported into a Microsoft Excel spreadsheet for analysis. The threshold cycle (CT)
i.e. the cycle number at which enough amplified DNe&wmulates to produce a detectable
fluorescent signal, was recorded for every triplicate of each of the tested samples. All the data
analysis steps were performed according to the method as per protoc@dmnkout et al.

(20086. For each of the three replicates of a single sample, the average threshold cycle (Ct) and
standard deviation were calculated. Outlier wells from the averaged Ct values (standard
deviation >0.3) were removed (maximally one point per replicate).

A relative quantification approach was used to analyse the data. In this method the expression
level of the gene of interest (GOI) is compared between control (a calibrator sample) and
treated sampls and fold differences are calculatdgxpression levels werermalizd against

the reference genéS f 2 y 3| (i A 2S/F )yiflvhich éxBibiS constait expression levels in all
samplesand is notaffected by any investigated treatment.

Reaction efficieneis (E) o6 T fafreference gene ref) andvtgl (gene of interest, GOI) were
not similar, which means they were not within 5% of each other, consequently a Pfaffl method
(Pfaffl, 200} was used to calculate fblchanges according to the formula:
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Ratio (fOIdSF EGOIDCt GO|/ Eefﬁct ref

where:
NCt GOI €t (GO, calibrator)Ct (GOI, test)

NCt ref = Ct (ref, calibrator)Ct (ref, test)

2.2.5 Observed parameters

Specific parameters were observed for each stadg these have been specified below.

u Toxicity and teratogenicity of BPA and/or genistein

The survival of embryos was assessed every 24 h for all 5 days of the experiment. The following
endpoints were used as indicators of acute lethality in zebrafiabryos:

e coagulation of fertilized eggs
e lack of detachment of the tail bud from the yolk
e lack of heart beat

To elaborate, coagulation is a clearly recognized sign of embryonic death and is identified by a
milky white (dark under the microscope) egg apeare. Detachment of the tail from the yolk
results from the posterior elongation of the embryonic body. Lack of this detachment can be
easily seen and is indicative of embryonic death for both 24 and 48 hpf zebrafish. The lack of a
beating heart was statetvhen there was no heart beat observed within at least 40 second
periods. Zebrafish were considered dead if one of these endpoints was recorded as positive.
Dead embryos were removed from the wells at each observation time.

Sublethaleffects of tested soliions were investigated by the observation of heart rate and
hatching success of the exposed embryos/larvae. The signs of a beating heart were observed at
24 hpf, however heart rate was assessed for 48 and 72 hpf zebrafish, when heart beat had fully
develged. At 48 and 72 hpf the heart rate of 50 % of the embryos/larvae from each group was
measured by counting number of heart beats per 30 secatdsomtemperature of25+1°C
Hatching success was estimated on the basis of the percentage of the larvaé ffemions at

72 hpf for each group under investigation.

The NOE@r BPA and genistewvere estimated for each assessed endpoint and at every time
point of the observation. In additiorthe LC50(lethal concentration 50%)as calculated for
both BPA ad genistein at each time point under investigation. Similarly, #féective
concentration 50% (EC50) was estimated for both compoundséart rate and hatching
success othe treated larvae.
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In addition to the lethal andublethalendpoints,zebrafish embryos and larvagere evaluated
for morphologicaldefects The morphology of the head, heart, tail, yolk sac and yolk extension
as well as the skin pigmentation level was assessed using the following scoring system:

e score 5¢ normal structure

e score 4¢ mildly altered structures

e score 3¢ moderately altered structure

e score 2¢ severely altered structure

e scorelcd G NHzOG dzNB Qa Yt F2N¥IFGA2ya SljdzAa gl Sy

Mean total morphological scores were obtained for embryos/larvae a84,72, 96 and 120

hpf and for all the treatments tested. These values were acquired by summing the mean scores
of all the observed parameters’lhe maximumpossiblescore for 24 hpf embryos was 25
because skin pigmentation was not assessed at this stkge.48, 72, 96 and 120 hpf
embryos/larvae the maximum score was Xata were presented graphically with the use of
Microsoft Excel programme.

The parameters of interest were observed with the use of a dissecting microscope with a
minimum of 36fold magnifcation. The study was finished with zebrafish reaching 120 hpf. This
follows OECD guidelines on testing of chemicals using fish embryos which say that duration of
the test may last no longer than 2 days pbstich (OECD, 2006 In zebrafish this time
coincides with the almost complete absorption of the yolk.

A test was classified as valid only if 90% of the larvae in thieat@mroup survived until the last
day of experiment and showed no signs of abnormal development.

1] The effect of BPA on the liver structure of the 72 hpf zebrafish lapidat study

In this study the cellular composition of 72 hpf zebrafish hepatocytas observed and
quantitatively described for control animals and larvae exposed to the tested concentrations of
BPA. The following parameters were observed:

¢ volume of hepatocytes

¢ volume fraction and absolute volume of nuclei

¢ volume fraction and absoluteolume of mitochondria

¢ volume fraction and absolute volume of rough endoplasmic reticulum
¢ volume fraction and absolute volume of bile canaliculi

Stereological tools were used to quantitatively describe observed parameters. First, ultrathin
sections of theliver were obtained for five larvae (n=5) from each treatment group (water,
nonm 22 5a{hX mMnX mannI pnn FYR wmnannn >3Ik[ .t!10®
using 8000x magnification and analyzed morphometrically with the use of ImageProvait
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A grid of 196 intersections was imposed on each micrograph and the number of intersections
hitting elements other than hepatocytes (such as the bars of the copper grid, space of Disse,
endothelial cells, sinusoids, etc.) were subtracted from the Itotamber of intersections to
calculate the hepatocytenly fraction. In stereological terms this fraction is referred to as
reference space. Next, the number of points falling on a structure of interest was counted and
a volume fraction (Vv) of this strugie was calculated according to the formula:

This procedure was performed for every structure of interest and led to obtaining the volume
fractions of nuclei, mitochondria, rough endoplasmic reticulum (RER) and bile canaliculi.
Following that, the absolute volumes of all examined elements were estimated as follows. First,
the mean number weighted volume was determined for the nuclei of the hepatocybes fr
every examined larva. This was done by measuring thé ohdle hepatocytes nuclei on the
images of the serhin, toluidine blue stained sections captured with Leica light microscope
(100 x, oil objective). Four radiriginating from a single poinsuch as the centre of a visible
nucleolus, were drawn at 90 degrees to each other and measured using ImagePro Software.
From a series of these measurements the mean volume of each observed nucleus in the
numberweighted distribution was estimated from éhformula:

In this formula refers to the radiof each particle/nucleus measurggHoward and Reed,
1998. All the obtained volumes assessed per larvae were averaged out to obtain the mean
nuclear volume. Next, knowing the mean number weighted volume of the nuclei and the
nuclear volume fraction for each larva and assuming there was a single nucleus per cell, the
volume of the hepatocytesi.e. reference volume, was estimated. This was done by dividing
the nuclear mean number weighted volume by its fraction. The volumes of all the remaining
structures of interest were calculated by multiplying their volume fraction) (Wy the
reference space volume.

0] The effects of BPA or/and genistein on the liver structure of the 120 hpf zebrafish larvae

In this study the liver ultrastructure of 120 hpf zebrafish larvae was observed and
quantitatively described for control animal8.Q1 % DMSO) and the larvae exposed to BPA or
genistein individually and in combinations. As in the study on the liver ultrastructure in the 72
hpf zebrafish larvae exposed solely to BPA, here also the volumes of the hepatocytes and their
nuclei, mitochonda, roughendoplasmic reticulum and bile canaliculi were assessed. In

55



contrast to the previous study, glycogen volume was also estimated as at this stage this
structure could be discerned much easier than at 72 hpf.

Stereological tools were used to quéatively describe the fine structure of zebrafish liver.
From each of 11 groups under investigation four random larvae were morphometrically
analysed in the way analogous to this described for the study on 72 hpf zebrafish larvae. Minor
changes in stereobical procedures were introduced to facilitate analysis: the magnification of
micrographs was increased up to 9000 and the density of stereological grid was increased up to
18 x 18 pointsAll the remaining procedures were the same and included the edlonl of the
reference space (nuclei only), volume densities (fractions) of all the hepatic structures of
interest and the estimation of their absolute volume for each examined larva.

In addition to the stereological examination of the livdise strucure, an analysis of shape of

the mitochondrial profiles observed in the hepatocytes of 72 hpf and 120 hpf zebrafish larvae
was carried out. This analysis was performed with the use of ImageJ software, version 1.46r.
Mitochondrial profiles were assessed ftiie same micrographs used in the stereological
analysis. A single squaskaped grid was superimposed on each micrograph analysed. The
AINARQA o02dzyRFNASAa 6SNB LI IFOSR | gkeé& FTNRY GKS
no smaller than the diameteof the largest mitochondrial profile observed for the zebrafish

fFNDFSQ KSLI G208GSad ¢KAA LINPOSRANNE FAYSR (2

ranges of the mitochondrial profiles. In addition, a forbideEgges rule was implemented in

the sanpling procedure. Consequently, all the mitochondrial profiles found within the grid and
not touching the two forbidden lines were analysed. The analysis was done by drawing the
outlines of the observed profiles with the use of a graphic, TRUST Mini T&hnidace,
circularity, maximmm andminimum feret diametersas well as major to minor axis ratio were
estimated for each drawn profile with the use of functions available in Im3gdededata were

then analysed to search for the potential differences in any of the obtained shape descriptors
between the treatment groups.

0] The effects of BPA or/and genistein on the expression of the vitellogenin 1 mRNA in the
120 hpf zebrafish larvae

Gene expressiolevel of the biomarker vitellogenin 1 mRNAg1) was investigated in the 120
hpf zebrafish larvae exposed to the tested solutions based on the retensscriptase, real

time polymerase chain reaction (RCR). The foldhanges in the expression level@1in the
oestrogeniccompound(s) exposed larvae were estimated based on the comparison to the
control group (0.01% DMSO).
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2.2.6 Statistical analysis

The data obtained from all studiegere analysed with the use of Microsoft Office Excel 2007
and the statistical analysis was performed with the us&éBdfi SPSS Statistics Software, version
20. Most of the graphic presentations of data were performed with the use of GraphPad Prism
software, vergon 5. Remaining graphs were created with Microsoft Excel programme.

Several steps of analysis were carried out to decide on the statistical test to be used. First, the
presence of outliers was examined by inspection of a boxplot and the normality ofwdesta

assessed by a Shapidilk' test. This procedure was carried out for each tested group of every
atidzRéed bSEGlZ G(GKS Kz2Yz23aSySade 2F OFNAIyOSa o1
Homogeneity of Varianée

One way analysis of variance (ANO\M¥#gs chosen if the assumptions of normal distribution

(P>0.05, ShapirdVilk test) and lack of outliers for the data in each treatment group were met.

If the variances were similar between all the treatment groupp i @np < [ | Sy SQa
Homogeneity of Variace) ANOVA followed kposthoct dz] Se Qa (Sad 6 SNB LISNF?2
if the assumption of homogeneity of variances was violat®gn(®npz [ @Sy SQa ¢
| 2Y23SySAGe 2F xFNAIyOS0 GKS RFEdGF 6SNB lylfea
GamesHowellpost hoc tests.

An alternative statistical test was a ng@arametric test for independent samples of Kruskal
Walli§'. Pairwise comparisons with the use dflannWhitney U test were performed to
identify which treatment groups differed from each othara significant way.

Because the data obtained from each part of study presented in this work was specific,
different statistical tools were implemented to their analysis:

1] Toxicity and teratogenicity of BPA and/or genistein

The effects of BPA or/and gstein on zebrafish survival, heart rate and hatching success were

tested with a one way ANOVA followed poysthocY dzf G A LJX S O2YLI NRAazya YIR
test. The differences in the observed parameters between the embryos/larvae from different
treatment groups were considered statistically significantF€.05.

The calculations of LC50s and EC50s were performed with the use of Probit analysis.

'ShapireWilk HY RI G Q&4 RA&GNROdziAZ2Y A& SldzZ €t G2 F y2N)YI§
ISy sSQa ¢Sald 2F | tienaisngeS hefiveen raupsiHdr thadepgrdéht |

variable are equal.

® ANOVA Hi all group means are equal.

* KruskalWallis H: the distribution of scores in each group is the same.

®> Mann-Whitney UHo: the distribution of scores for the two groups is equal.
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1] The effect of BPA or/and genistein on the liver structure of the 72 hpf or 120 hpf zebrafish
larvae

The absolute volumes and volume fractions of the observed parameters (hepatocytes, nuclei,
mitochondria, RER, glycogen and bile canaliculi) were compared between the larvae from all
the groups with the use of Krusk@dlallis test. Specific comparison tegjiwas carried with the

use ofMann-Whitney UTest. Differences were considered to be significantly differefPHf

0.05.

1] The effects of BPA or/and genistein on the expression of the vitellogenin 1 mRNA in the
120 hpf zebrafish larvae

Data were logl0transformed to meet the assumptions of normal distribution and lack of

outliers for each of the treatment group. The differences in the expression level of vitellogenin

1 mRNA\tgl) among all 13 treatments were investigated using-gne € ! b h +! 2NJ 2S¢
ANOMA. Specificpais A &S O2YLI NRAaz2ya o6SNB LISNF2NXYSR 6A0K
GamesHowell tests. The differences gl expression were assessed as significanPir n dn p @
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3 The Influence of Bisphenol A on the Early Development of
Zebrafish

3.1 Aimof study

The aim of this study was to investigate the effects of BPA on the early development of
zebrafish. Firstly, the toxic and teratogenic effects of BPA were studied. Both lethal and
sublethal effects of the tested compound were assessed. Next, thieemt@l changes in the

liver ultrastructure caused by BPA at concentrations below the NOEC were studied for both 72
hpf and 120 hpf zebrafish larvae. The study with the use of 72 hpf zebrafish larvae was a pilot
study which aimed tanvestigatewhether zelafish liver at this early stage of development can
provide a suitable model to study the potential ultrastructural alterations in response to EDCs.
Finally, the effect of BPA on the expression of the vitellogenin 1 mR&lAvidely accepted
biomarker ofoestrogenicexposure was investigated in 120 hpf zebrafish larvae.

3.2 Results

3.2.1 Embryotoxic and teratogenic effects of BPA on the early development of zebrafish

All embryos and larvae were exposed starting at 2ell stage of developmen0.(/51 hpf)

until 120 hpf. Several aspects of the development were studied. Survival and morphology were
assessed at 24, 48, 72, 96 and 120 hpf, heart rate was investigated at 48 and 72 hpf and
hatching success at 72 hpf. Mdbserved effect concentrations (NOEC) and the eatrations
causing 50% lethality (LC50) were estimated at every observed time point

1] The effects of BPA exposure on zebrafish survival

The first stage of this study was the comparison of zebrafish survival between embryos and
larvae reared in clean egg wa and fish raised in the solvent control (0.1% DMSO). A
statistical analysis demonstrated no significant difference in the observed parameter between
these two groups of embryos/larvae for the whole course of the experimantfor first five

days of ebrafish life. Consequently, zebrafish embryos/larvae raised in solvent control were
used as a negative control for all the subsequent analysis of the influence of endocrine
RAANHZLIG2NBRQ SELIRAadZNBE 2y 1 SONI FAAK &dzNIAGIt o

BPA treatment had both concentrationand timedependent effects on zebrafish
embryo/larval survival under laboratory conditions, with increased concentration or increased
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time in drug causing increased death rate as can be seen in Figure 3.1 (see also appendix B,
Table 8.1. 32 mg/L BPA caed death of 100% of zebrafish population by 24 hpf, whereas 16
mg/L BPA had no significant effect on survival until 72 hpf, when it caused a significant increase
in the mortality leading to death of all the exposed population at 120 hpf. Whereas there was
no significant difference in the survival between the larvae exposed to 8 mg/L BPA and control
group up to 96 hpf; this concentratidad to a significantly higher mortality at 120 hgpn ®n p 0 @®
Neither 2 mg/L nor 4 mg/L BRffectedthe survival of zebragh throughout the course of this
experiment when compared to the control group (DMSO). Hence it is concluded that BPA at a
concentration of 4 mg/L (17.52 uM) constitutes a NOEC for the survival of zebrafish up to 120
hpf.

Timedependent toxicity of BPAao be deduced from the fact that the concentration of BPA
causing mortality of 50% zebrafish population gradually decreased with the time of
observation (see appendix B, TalBl@). Whereas 16.77 mg/L BPA was estimated as LC50 for
24 hpf zebrafish, at 120pf this concentration had almost halved to 8.95 mg/L.

Survival of zebrafish embryos exposed to BPA

125~
] 24 hpf
. 10o{pt ;_11[ [ 48 hpf
8\0, A 72 hpf
= 751 B 96 hpf
= 120 hpf
< 50
>
(79}
i | *
251 : i | *
* | | *
C LB L L L l l l l l L]
OISO

BPA concentration (mg/L)

Figure3.1 Survival of 24, 48, 72, 96 and 120 hpf zebrafish exposed to 2, 4, 8, 16 and 32 mg/L BPA.
Graph plotted as meanwith standard deviation error bars. Asterisks indicate values significantly
different from the controls (BKn @ n PN dppm PRIRPIFRMAZ] S.8 Qa (Sad
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1] The effects of BPA exposure on zebrafish morphology

Embryo morphology was normal 24 hpffollowing exposure to 2 or 4 mg/L BPA (Figure 3.2 B
and C) when compared to control embryos (Figure 3.2 A). Embryos from both treatment
groups had the highest possible total morphological score (Figure 3.3). 80% of embryos treated
with 8 mg/L BPA lookedonmal (Figure 3.2 D) and 20% showed signs of mild oedema in the
heart region. The mean total morphological score for these embryos was slightly reduced
comparing to the controls (Figure 3.3). Zebrafish embryos treated with 16 mg/L had slightly
reduced headsize, mild heart oedema and somewhat bigger yolk extensions (Figure 3.2 E). In
addition, their tails were slightly shorter and more tapered when compared to the controls.
These observations are reflected in the reduced mean total morphological scoreifor t
treatment group (Figure 3.3). The whole population of 24 hpf embryos exposed to 32 mg/L BPA
was coagulated (Figure 3.2 F) and consequently classified as dead. These embryos have
received the lowest mean total morphological score as can be seen ire Bdur

Figure3.2 Morphology of the 24 hpf zebrafish embryos treated
with BPA A ¢ control (DMSO); B 2 mg/L BPA; €4 mg/L BPA,;
D ¢ 8 mg/L BPA; E 16 mg/L BPAF ¢ 32 mg/L BPA. Arrows
indicate changed morphology of the heart region, yolk
extension and tail.
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Morphology of 24 hpf zebrafish
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Figure 3.3 Mean total morphological scores of the BPA treated embryos at 24 Tpf.
LISNOSyGlF3S 2F GKS SYoNkz2a &a02NBR 6l a&a xmmE: F2N KS
treated embryos and 7% for the 8 mg/L BPA treatment group.

When assessed &8 hpfembryos exposed to 2 or 4 mg/L BPA (Figure 3.4 B and C) were very
similar to cotrols (Figure 3.4 A). A slightly reduced mean total morphological score for the 4
mg/L BPA treated embryos resulted from mildly reduced pigmentation and somewhat bigger
yolk sac and yolk extension observed in 1 of 6 embryos scored (Figure 3.5). Cormentrati
dependent reduction in the body pigmentation was observed for the 8 mg/L BPA (Figure 3.4 D)
and 16 mg/L BPA (Figure 3.4 E) treated embryos. In addition, embryos from these treatment
groups had enlarged yolk extensions and yolk sacs when compared tgotiteols and
consequently received lower mean total morphological scores (Figure 3.5). Furthermore, 10%
of the embryos exposed to 8 mg/L and 15 % of the embryos treated with 16 mg/L BPA had
heart oedema. 25% of the embryos treated with 16 mg/L BPA hadshtguly reduced head

size.

Figure3.4 Morphology of the 48 hpf zebrafish embryos exposed to.BRAcontrol (DMSO); B 2 mg/L
BPA; @ 4 mg/L BPA; @8 mg/L BPA; E16 mg/L BPAArrows indicateenlarged yolk extension.
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Morphology of 48 hpf zebrafisl
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Figure3.5 Mean total morphological scores of the BPA treated embryos at 48 Hjie
LISNODSyGF3sS 2F GKS SYONR2a& a02NBR F2NJ Ittt GNBIFGYSy

When assessed &2 hpf zebrafish larvae treated with 2 mg/L BPA (Figure 3.6 B) were similar in
their morphology to control larvae (Figure 3.6 A) and received a comparable mean total
morphological score (Figure 3.7). The 4 mg/L BPA treated larvae received a slightly loerer sco
of 28.50 because of somewhat increased size of the yolk sac and yolk extension and to some
extent reduced skin pigmentation level in more than 20% of the scored larvae (Figure 3.7). The
SELIZA&dzNB (2 x y Y3ak[ .t! Ol d#ePRasiwik Be dasyiikedl 6 A (G A 2
in a later section. 7% of the larvae treated with 8 mg/L BPA had heart oedema while in the 16
mg/L treated larvae this malformation was common. Skin pigmentation depletion increased
with increasing concentration of BPA startiingm 4 mg/L BPA (Figure 3.6 D and E).

Figure3.6 Morphology of the 72hpf zebrafish larvae
exposed to BPAA ¢ control (DMSO); B 2 mg/L BPA,
C¢ 4 mg/L BPA; @ 8 mg/L BPA; E 16 mg/L BPA.
Larvae irD and E failed to hatch.
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Morphology of 72 hpf zebrafisl

pigment
m yolk extenstion

myolk sac

Mean Score

m tail

heart

0 2 4 8 16 32 m head
BPA [mg/L]

Figure 3.7 Mean total morphological scores of the BPA treated larvae at 72 hiiie
LISNDSyGlr3sS 2F GKS tFNBIFS a02NBR FT2NJ Ftf GNBFaGYSyd

At 96 hpf2 mg/L ord mg/L of BPA had no effect on the morphology of zebrafish larvae (Figure
3.8 B) and these larvae received the mean total morphological scores similar to the control
group (Figure 3.9).The only noticeable effect of 4 mg/L BPA on the larvae nugpheas a

little reduced skin pigmentation level. The larvae treated with 8 mg/L were still enclosed within
their chorions and heart oedema was often observed in this treatment group (Figure 3.8 D).
Moreover, the larvae exposed to 8 mg/L BPA (Figure 3& 6 mg/L BPA (Figure 3.8 E) had
reduced body sizes when compared to controls (Figure 3.8 A) indicating a general
underdevelopment. 16 mg/L BPA caused 90% mortality at 96 hpf (previously shown in Figure
3.1) and the larvae which survived up to this timeint were severely malformed and had
reduced head, heart oedema, enlarged yolk and yolk extension and malformed tails as can be
seen in Figure 3.8 E.
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Figure3.8 Morphology of the 96 hpf zebrafish larvae
exposed to BPAA ¢ control (DMSO); B 2 mg/L BPA,;
C¢ 4 mg/L BPA; @ 8 mg/L BPA; E 16 mg/L BPA.
Arrows indicate heart oedema and reduced tail of
changed morphology.
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Figure 3.9 Mean total morphological scores of the BPA treated larvae at 96 hiiie
LISNDSyGlrasS 2F GKS tFNBIFS a02NBR F2NJ Fff GNBFaGYSyd

At 120 hpf2 mg/L BPA had no effect on zebrafish morphology (Figure 3.10 B) and only very
mild changes in the pigmentation level were observed for the 4 mg/L treated larvae (Figure
3.10 C). Consequently, total morphological scores for the larvae treated with BPA at 2 mg/L or
4 mg/L concentrations were no different from the score given to tbetwls (Figure 3.11).
Larvae from 8 mg/L BPA treatment group were still in their chorions and had reduced body
size, decreased skin pigmentation and relatively larger yolk sacs comparing to the controls.
Moreover, 60% of the larvae exposed to BPA at tuecentration showed heart oedema
(Figure 3.10 D). Treatment with 16 mg/L BPA resulted in 100% mortality at 120 hpf and these
larvae were given the lowest mean total morphological score (Figure 3.10 E and 3.11).
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Figure3.10 Morphology of the 120 hpf zebrafish
exposed to BPAA ¢ control (DMSO); B 2 mg/L
BPA; @ 4 mg/L BPA; B8 mg/L BPA; E16 mg/L
BPAAn arrow indicates heart oedema.
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Figure3.11 Mean total morphological scores of the BPA treated larvae at 120 Hjhie
LISNDSyGlrasS 2F GKS tFNBFS a02NBR F2NJ Fff GNBFaGYSyd

u The effects of BPA exposure on the heart rate of zebrafish embryos

There was a concentrationlependent decrease of the heart rate in the BPA treated zebrafish
both at 48 hpf and 72 hpf (Figure 3.12). The heart rates of zebrafish embryos/larvae treated
with 2 mg/L or 4 mg/L BPA were similar to controls on both days of examination. As a
consequence, fng/L BPA was interpreted to be a NOEC for the heart rate of zebrafish up to 72
hpf. Both 8 mg/L and 16 mg/L BPA caused a significant decrease in heart rate compared to
controls at 48 and 72 hpf. 16 mg/L BPA, however, had a several times stronger efféet on
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heart rate than 8 mg/L and these effects were significantly different when compared with each
other (see also appendix B, Tab83 and8.4).

The concentrations of BPA causing 50% reduction in the heart rate of zebrafish (EC50) in
reference to contols were calculated using Probit analysis and were equal to 8.41 mg/L (36.84
MM) for 48 hpf and 9.75 mg/L (42.72 uM) at 72 hpf.

Heart rate of zebrafish embryos exposed to BPA
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Heart Rate (bpm)

Figure3.12 Heart rate of 48 and 72 hpf zebrafish exposed to 2, 4, 8 and 16 mg/L

BPA. Graph plotted as means with standard deviation error bars. Asterisks

indicate values significantly different from the controls (B®Kn ®nm YR FFF
PKn oX ntvdz] S8 Qa GSai

1] The efécts of BPA exposure on hatching success of zebrafish larvae

Starting at 8 mg/L increasing concentrations of BPA delayed hatching of larvae. At 72 hpf 100 %
of DMSO control zebrafish larvae were hatched, as was the case with the larvae raised in egg
water. Neither 2 mg/L nor 4 mg/L BPA affected hatching success of the treated larvae (one way
lbh+x! 3 F2f{t26SR o0& ¢dzl SeQa LkRrad K20 GSaidovo
significant reduction in the hatching success of zebrafish larvae (Figure Iddr@over, there

was no significant difference in the effect of 8 and 16 mg/L BPA on this parameter when
compared to each other (Figure 3.13, see also appendikaBle 85). In addition, surviving
zebrafish larvae exposed to either & 16 mg/L BPA did ndatch on the following days and
remained in their chorions up to 120 hpf.

The concentration of BPA causing a 50% reduction in the number of hatched larvae at 72 hpf
was calculated as 5.65 mg/L (24.76 uM) with the use of Probit analysis.
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Hatching of zebrafish embryos exposed to BF
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Figure3.13 Hatching success of 72 hpf zebrafish larvae exposed to 2, 4, 8 and 16
mg/L BPA.%hatchingis the percenage of live larvae that hatched andrsival

was: 100% for 0 mg/L, 96.7% @ mg/L, 93.3% for 4 mg/L, 90% for 8 mg/L and
66.7% for 16 mg/LGraph plotted as means with standard deviation error bars.

Asterisks indicate values significantly different from the controls @¥n ®.n 1 m
¢tdzl Sexa GSaid
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3.2.2 The effects of BPA on the Bpf zebrafish liver ultrastructurez pilot study

In the following section the effects of BPA on the ultrastructure of the liver in 72 hpf zebrafish
larvae were investigated. This was a pilot study which aimed to resolve whether the zebrafish
liver at this early stage of morphogenesis can serve as an organ to indicate structural
alterations in response to treatment with endocrine disrupting compounds. In this study the

zebrafish embryos at 384 cell stage (1.76 KLJ¥ 0 6SNB SELR &SR gli2z wmnz

BPA until they reached 72 hpf. The structure of the liver in control as well as in thiecBiAl

larvae was assessed morphometrically with the use of the stereological tools. Other possible
structural alterations were assessed based on the morphofdganalysis. Since the stock
solution of BPA was prepared with the use of DMSO, the potential changes in the fine structure
of the liver caused by this chemical were also studied.

1] Liver of normal 72 hpf zebrafish

To assess whether there are pathologich&nges in the fine structure of any organ or tissue in
response to the tested treatment, the appearance and characteristic features of this
anatomical structure in normal/healthy state must first be described. According to this
reasoning, the ultrastructre of the liver of 72 hpf zebrafish larvae reared in normal conditions,
i.e.in clean egg water, at appropriate temperature (28°C) and under the preferred light cycle
(14:10 light : darkness) was studied and characterized in both quantitative and gualiizy.

To the best of our knowledge there has been no report on the ultrastructure of the liver in 72
hpf zebrafish larvae. Zebrafish liver at this stage of development showed a noticeable degree
of inter-individual and intescellular variety and only paally resembled the liver of an adult

fish which was described elsewhdigraunbeck, 1998raunbeclet al., 199Q BurkhardtHolm

et al, 1999 Oulmi and Braunbeck, 1996trmac and Braunbeck, 1999Hepatocytes-
undoubtedly the main component of the liver parenchymawere assembled in rather
compact way with relativelyfew sinusoids in between (Figure 3.14). A characteristic
arrangement of the hepatocytes into cords or tubules could not be identified. The hepatocytes
were of oval or polygonal shapes with the volume estedgasH MT ®T ¢ F ar@lH Do
possessed single nuclei. The nuclei were primarily oval or round and occupied around 24% of
GKS KSLI (2 OpHidnad §J My Beredoealed in the centre of most of the
hepatocytes observed. Most of the nuclei weeuchromatic and had a conspicuous, single
nucleolus in their centres. Nuclei with two nucleoli, however, were also encountered. Nuclear
surface was mainly relatively smooth but somewhat irregular or wavy nuclear outlines could
also be found (Figure 3.14Mitochondria in the hepatocytes showed a wide range of shapes
and sizes. Small, roundish mitochondria were the most common, but longitudinal or irregular,
sometimes very big forms could also be observed (Figure 3.14 and 3.15). Mitochondria took up
about 11% of the volume of hepatocyte24.01 + 5.22> ¥) and were predominantly located
around the nuclei and very often associated with the rough endoplasmic reticulum (RER). The
membranes of RER could be found both around the nuclei and associated with onitbizhas
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well as interspersed in the cytoplasm (Figure 3.15). No stacks of RER membranes surrounding
the nucleusc¢ a feature typical for the older fish, were observed. The volume of RER was
estimated to be 1®y o F °>pGlyirfields &hd smooth endophaic reticulum (SER) were

very rare. Bile canaliculi (Figure 3.16) together with the bile preductules were estimated to
have volume 0f3.77 + 1.11> Yt YR 200dz2LIASR | 62dzi moT: 2F (K
Preductules were identified based on the presence @dpictule epithelial cell which were

much smaller than hepatocytes and often had longitudinal nuclei of irregular shapes (Figure
3.17). The lumen of most observed bile canaliculi and preductules was filled with microvilli
projecting from the hepatocytedNeither the amount nor the arrangement of glycogen was

well defined for zebrafish of this stage of development. The amount of glycogen in the
hepatocytes was observed to be subjected to appreciable variation due to-imd&idual
variability. Moreover, e differences in the amount and pattern of glycogen fields were
observed between hepatocytes of the same organ. No lipid droplets were observed in the
hepatocytes of the 72 hpf zebrafish liver.

Figure3.14 Liver of the normal, 72 hpf zebrafish larva, overviewg
nuclei of hepatocytes, M mitochondria, &; glycogen, E nucleated
erythrocyte, & sinusoid, Erg endothelial cell,Y ¢ yolk saamaterial.
ScalebacH >Y ®
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Figure3.15 Liver of the normal, 72 hpf zebrafistN ¢ nucleus of a
hepatocyte, M¢ mitochondria, both small and round as well as large
F'yR €2y 3AldzRRER & ghye@yehly's Jinustid, K a
fragment of a nucleated erythrocyte. Scale hdr> Y ®

o5

Figure3.16 Liver of the normal, 72 hpf zebrafisN. ¢ nucleus of a
hepatocyte, M¢ Y A (i 2 OK 2 YCRRER;I & glyEbgen, B bile
canaliculus occluded by microvilli projecting from the hepatocytes.
Scalebag 1> Y
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Figure3.17 Liver of the normal, 72 hpf zebrafisiM ¢ mitochondria,
¢ RER; R bile canaliculus on its way to join bile preductule lined
with a preductular epithelial cell (PE). Scalebar> Y ®

0] The effects of DMSO on the liver ultrastructure of 72 hpf zebrafish

The first stage of this study was tovestigate whether there is any effect of DMSO on the
ultrastructure of zebrafish larvae. In order to answer this question the absolute volumes of all
hepatic structures of interest in 72 hpf zebrafish reared in 0.01 % DMSO solution were
compared with thé& equivalents in larvae raised in clean egg water (Figure 3.18). Statistically
significant differences were searched with the use of Mavihitney U test and regarded as
ddzOK F2NJ LI XX ndnp
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Figure3.18 Volume of observed structures in 72 hpf zebrafish reare@l 01%DMSO
(solvent controlivs. Wy 2 NI £ Q 1 S0 NI T A &faphidbtteciaS Reaksy S$33 41 G SN
with standard deviation error bars.

The absolute volume of the hepatocytesasvsimilar P=0.046, ManAWhitney U test) when
O2YLI NBR 06SiG6SSy (KS 5a/{ flavaeld thd &g Watencoraio § p
ANRdzL) O HMT D) 5 OoOH PO >Y

Similarly, there was no statistically significant differereed(060, ManAWhitney U test) in the
Nuclear volume of the hepatocytdsetween zebrafish from DMS@§.835 y ®p)and> Y
g1 GSN) 6pudTo 5 MndaH >YoO0 GNBIGYSYyd 3INRJZLIAE D

The volume of mitochondria in the hepatocytes of the DMSO treated larvae was estimated as
28.77 + 6.42> Yand was similar to the volume of these organelles in the larvae reared in egg
water 24.01 + 5.22 Y, P=0.12, ManaWhitney U test).

Rough endoplasmic reticulum in the egg wa@e y § N f 3INR dzL) 2 OCaiah#h SR mo @
volume of hep#ocytes whereas in the larvae treated with DM@ n ®oo f°> Fhdbyp >Y
difference was of no statistical significan&s{.75, ManAWhitney U test).

Likewise, here was no statistically significant differemaaen the volume of bile canaliculi in
the liver of the zebrafish larvae reared in egg water (3.77 + £ M)was compared with the
analogous volume in the larvae exposed to 0.01 % DMSO (3.82 & N4P=.092, Mann
Whitney U test).

To summarize, this study showed that DMSO at a concentratior0af%. has no effect on the
hepatic ultrastructure of 72 hpf zebrafish and can be used in the subsequent study to
investigate the effects obestrogeniccompounds dissolved in it. As a consequerzyrafish
larvae reared in 0.01 WMSOwere used as a conttgroup to which all the larvae exposed to
BPA were compared.
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1] The effects of bisphenol A on the ultrastructure of the liver of 72 hpf zebgafish
morphometric analysis

Ly GKS F2tt26Ay3a aSOGA2y TH KLIF I NBHM®0 6 SNBE
> 3 bigphenol ABPA). The exposure commenced at é68Zelistage (1.582 hpf) and finished

at 72 hpf. The fine structure of the liver was analyzed for each treatment group and compared
between the BPAreated larvae and the controls (0.01% DMSOhe differences in the
loazftdziS @2fdzyrSa 2F GKS KSLI G2080Sasz GKS KSI
endoplasmic reticulum, as well as the bile canaliculi were analyzed with the use of statistical

tools.

A Volume of hepatocytes

The volume of the hepatocytes was similar when compared across all the treatment greups,
0.01% DMSO, 10 pg/L BPA, 100 pug/L BPA, 500 pg/L BPA and 1000 pug4o BBA Kruskal
Wallis test). A subsequent paiise comparison testing revealed, however, that the
hepatocytes of the larvae treated with 8 JL BPA (159.14 + 37.37 ¥) were significantly
smaller P=0.028, ManAWhitney U test; Figure 3.19) than the hépeytes of the control
larvae (244.13 + 52.9% Y). Although there was no statistical differentieere was a trend
towards smaller volume in all the remaining treatment groups in respect to contPel:(q76

for all the comparisons, Manwhitney U test).

Volume of hepatocytes in 72 hpf zebrafisl
exposed to BPA
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Figure3.19 Absolute volume of hepatocytes in the 72 hpf zebrafish exposed to
BPA. Data presented as boxplots (median and quartiles) with whiskers from
minimum to maximum. Astesks indicate values significantly different from the
controls (*PKn MannWhitney U tes}.
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A Nuclear wlume ofhepatocytes

The nuclear volume fraction was similar when compared across the treatment groups
(P=0.111, KruskaWallis test). The specificomparison testing revealed, however, that the
nuclear fraction in the 10 pg/L BPA treated larvae was significantly higher than in the control
group P=0.047, Mann Whitney test). A trend towards the increased nuclear volume fraction
when compared to the adrol group £=0.094, ManAWhitney U test) was noticeable for the
500 pg/L BPA treatment group (Figure 3.20).

2 KSYy GKS YSIy | o0az2tdziS @2ftdzySa 2F GKS KSLI G2
treatment groups no significant difference was reveal®d0(756, KruskalWallis test).Post

hocanalysis confirmed that the volumes of the nuclei from the larvae exposed to all the tested
concentrations of BPA were similar to that of the control group (Figure 3.21). The biggest
disparity in the nuclear volumesas between the controls (52.73 + 14.02Y) and the
zebrafishexposedtmn >3Ik|[ .t! dnudco p ndmn >Y

Volume fraction of nuclei in hepatocytes of 72 hg
zebrafish exposed to BPA
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Figure3.20 Volume fraction of nuclei in the hepatocytes of the 72 hpf zebrafish

exposed to BPA. Data presented as boxplots (median and quartiles) with

whiskers from minimum to maximum. Asterisks indicate values significantly
different from the controls (PXXn ¢ Mamn-Whitney U tes).
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Absolute volume of nuclei in hepatocytes of 72 hg
zebrafish exposed to BPA
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Figure3.21 Absolute volume of nuclei in the hepatocytes of the 72 hpf zebrafish
exposed to BPA. Data presented as boxplots (median and quartiles) with
whiskers from minimum to maximum.

A Mitochondrial volume of hepatocytes

The volume fractions of mitochondria in the hepatocytes of the larvae treated with BPA at
tested concentrations (10, 100, 500 and 1000 ug/L) were similar to each d®@r981,
KruskalWallis test) and the fraction of mitochondria in the BPA treated larvae was similar to
the control group (ManfWhitney U test, Figure 3.22).

Similarly, the comparison of the absolute volumes of the mitochondria across the treatment
groupsrevealed no statistically significant differenc&s£{.073, KruskaWallis test). A specific
comparison testing uncovered, however, th#tte mitochondrial absolute volumewvas
significantly lowe P=0.016, ManAWhitney U test) irthe 10> 3 k [ exposed lavae(18.04

n ®p M) tharvinthe controls (28.77 + 6.42 Y: Figure 3.23 A noticeable trend towards
reduced mitochondrial volume was observed for the 1000 pg/L BPA treated |&s@876).
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Volume fraction of mitochondria in hepatocytes of
72 hpf zebrafish exposed to BPA
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Figure3.22 Volume fraction of pooled mitochondria in the hepatocytes of the 72
hpf zebrafish exposed to BPBata presented as boxplots (median and quartiles)
with whiskers from minimum to maximum.
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Figure 3.23 Absolute volume of mitochondria in the hepatocytes of the 72 hpf
zebrafish exposed to BPAData presented as boxplots (median and quartiles)
with whiskers from minimum to maximum. Asterisks intécaalues significantly
different from the controls (PXXn dMamnWhitney U tes}.

A Volume of rough endoplasmic reticulumhepatocytes

The volume fractions of rough endoplasmic reticulum (RER) in the hepatocytes of the larvae
exposed to 10, 100, 500 ot000 pg/L BPA were similar across the treatment groups
(P=0.762,KruskaWallis test) and no differences were found comparing the RER volume
fraction in the BPA treatment groups to the controls (Manhitney U test, Figure 3.24)
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The comparison of the meaabsolute volumes of RER across all the treatment groups under
investigation showed no significant differenc®=).193, KruskaWallis test). A specific
comparison testingMann-Whitney U tes} revealed, however, that the RER mean absolute
volume in the heptocytes of the 10 pg/L BPA larvaec ®n H  £°) wasdsignificartly lower
(P=0.028) than that in the controlé Mmn ® o0 o § aspe®ryip Figurd 3.25.

Volume fraction of RER in hepatocytes of 72 h|
zebrafish exposed to BPA

0.10-
=
2 0.08]
C
2 006
§ ' sssEsEEs * #
o 0.041
£
S  0.02 =
>
0.00+— . . | |
Q Q S N N

BPA concentrationg/L]

Figure3.24 Volume fraction of rough endoplasmic reticulum in the hepatocytes
of 72 hpf zebrafish exposed to BP®ata presented as boxplots (median and
quartiles) with whiskers from minimum to maximum.
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Figure3.25 Absolute volume of rough endoplasmic reticulum in the hepatocytes
of 72 hpf zebrafish exposed to BP®ata presented as boxplots (median and
quartiles) with whiskers from minimum to maximum. Asterisks indicate values
sigrificantly different from the controls ®Kn P MamnWhitney U tes}.
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A Volume of bile canaliculi

The volume fraction of bile canaliculi as well as the mean absolute volume of this structure was
similar across the following treatment groups: 0.01% DMSO0100, 500 or 1000 pg/L BPA
(P=0.231 and 0.302, respectively; Kruskéllis test). Moreover, both the volume fraction and

the mean absolute volume of bile canaliculi in the BPA treated larvae were similar to the
control group (ManAVhitney U test) as preséed in Figures 3.26 and 3.27.

Volume fraction of bile canalliculi in
72 hpf zebrafish exposed to BPA
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Figure 3.26 Volume fraction of bile canaliculi in the hepatocytes of 72 hpf
zebrafish exposed to BPAData presented as boxplots (median and diles)
with whiskers from minimum to maximum.
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Figure 3.27 Absolute volume of bile canaliculi in the hepatocytes of 72 hpf
zebrafish exposed to BPPata presented as boxplofgnedian and quartiles)
with whiskers from minimum to maximum.
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1] The effects of BPA on the ultrastructure of the liver of 72 hpf zebrafiglrphological
assessment

A noticeable degree of morphological heterogeneity was observed for the hepatocytes of 72
hpf larvae raised in the solvent control (0.01% DMSO). The hepatocytes were mostly of
polygonal shapes and easily discernible borders were observed between most of them (Figure
3.28). The majority of thauclei were euchromatic with little heterochromatend single or

two nucleoli, however, nuclei with increased amount of heterochromatin were also
encountered. The outline of nuclei was generally smooth and regular but irregularly delineated
forms were also observed. The variation in nuclear size of thatbeptes was visible. The
cytoplasm of most of the hepatocytes was disordered, and showed no clear organization of
intracellular organelles into clear compartments. The granularity of the cytoplasm seriously
impeded the recognition of most of the organealeMitochondria, which could beasily
identified, were numerous and relatively small. Most of these organelles were roundish or oval
and some were longitudinal (Figure 3.28 and 3.29). Generally, the whole mitochondrial lumen
was filled with cristae (Figar3.29). Another structure which was relatively easily recognized in
the hepatocytes was bile canaliculi. The initial, intracellular portions of the bile canaliculi were
F2dzyR (G261 NRa GKS OSffaQ OSYyiNBa |yR usdSNB Y234
electronlucent vesicles. Larger bile canaliculi with microvilli projecting into their lumen were
also observed. RER was hardly discerned in the granular cytoplasm. The majority of
endoplasmic membranesvere associated with mitochondria or/and nucleiNo clear
organization of RER into the stacks of more than three membranous tubules was observed
(Figure 3.29). The organization of the glycogen showed a high degree of diversity compared to
the other observed intracellular structures. Its amount and ofgation not only varied
between the individual larvae but also between the cells of the same organ. This storage
product was observed sometimes as fields with clear boundaries which were localized
throughout the cytoplasm but mostly towards the hepatocyes LISNRA LIKSNE ® Ly Y
however, glycogen was dispersed and hardly distinguished from other granular components of
the cytoplasm. No SER and very rare Golgi fields could be found in the hepatocytes of the
DMSO treated larvae. Macrophages were rarelgesed amidst hepatic parenchymal cells.
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Figure3.28 Liver of 72 zebrafish exposed to DMS®.¢ nuclei of
hepatocytes, M¢ mitochondria, BCc 6 A f S Ol yd rbugtDdzt A X T
endoplasmic reticulum. The borders of the hepatocytes can be easily
recognized. Scale bgr2> Y ®

Figure3.29 Liver of the 72 zebrafish exposed to DMS®¢ nucleus
of a hepatocyte, M; Y A (i 2 OK 2 ¥ RERA@ dlycofbn. Scale bar
¢ 500 nm.
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No prominent alterations in the morphology of the hepatocytes were observed as thé s

the treatment with 10 pug/L BPA. The nuclei of the hepatocytes in the BPA exposed larvae
resembled those observed in the control group, there was, however, a slight increase in the
number of nuclei with irregular outline (Figure 3.30). Most mitochienavere very small and

were mainly of round or oval shapes. Mitochondria of bigger sizes and of different than
roundish shapes were encountered much less often. The amount of RER varied between cells
some had amounts of RER similar to that observedirols, but other cells showed a clear
reduction in the amount of this organelle. In most observed hepatocytes glycogen was
dispersed or absent, however some hepatocytes had clear compartments of this storage
material. The hepatocytes were clearly delitezhby cellular membranes.

Increased morphological heterogenity of the hepatocytes was observed as the result of the
treatment with 100, 500 and 1000 ug/L BPA. For these treatment groups some of the observed
hepatocytes were similar in their appearance to the hepatocytes in therolsnand had easily
recognizable borders between the hepatocytes (Figure 3.31 and 3.33). In other cases, however,
the clarity of the intercellular borders was observably reduced, and a kind of intracellular
disarray was observed with the reduced clarityioK S 2 NHI y St t SaQ 2dzift AySazs
(Figure 3.32 and 3.34). The amount of heterochromatin in the nucleivagablebut there

were no apparent differences between the BPA treated larvae and controls. A degree of
concentrationdependent increas in the number of nuclei of shapes deviating from regular
ovals has been observed (Figure 3.30 and 3.36). Most of the observed mitochondria were of
small sizes and of round shapes but longitudial forms as well as mitochondria with irregular
outlines couldalso be observed (Figures 3-:33.36). The amount and arrangemenet of RER
varied from cell to cell and no obvious influence of BPA treatment could be determined based
on morphological assessment of this organelle. No difference was observed in the appeara

of bile canaliculi when the liver architecture was compared between the larvae treated with
xenoestrogen and the controls Furtermore, no apparent changes in the amount of
macrophages in response to the exposure to BPA has been observed in this study.
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Figure3.30 Liver of 72 zebrafish exposed to 10 ug/L BIRK; nuclei
of hepatocytes, some with irregular outline; IYA i 2 OK2 Y RNA | = Th
RER. Notice clear borders between the hepatocytes. Scalkbaiy” ®

Figure3.31 of 72 zebrafish exposed to 100 pg/L BMAg nuclei of

hepatocytes, notice a slight expansion of heterochromatin in one of

the nuclei; M ¢ mitochondria, B¢ 6 Af S OF yI f AO0dz AX T NRdzAK
endoplasmic reticulum. Notice clear borders between the

hepatocytes. Sde bar¢g2> Y @
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Figue3.32 Liver of 72 zebrafish exposed to 100 pg/L BRA.nuclei
of hepatocytes; MY A i 2 OK 2 ¥ R NAglydogeRbNoeti€ewadk D
of clear nuclear border and small mitochondria. ScalecBar Y ®

T

Figure3.33 Liver of the 72 zebrafish exposed to 500 pg/L BRA;
nuclei of hepatocytes, notice a slight expansion of heterochromatin

in one of the nuclei; Mc mitochondria, Bo At S OF yI ft AQdzZf AZ h woOwd
Scale bag2> Y
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Figure3.34 Liver of 72 zebrafish xposed t 500 pg/L BNAucIei
of the hepatocytes; M¢ YA G2OK2yYRNARFZ TIh NRBdAAK SyR2LI FaYAC
reticulum. Scale bag 1> Y &

Figure3.35 Liver of 72 zebrafish exposed to 1000 pg/L BPA, overview.
Notice expansion of heterochromatin in some nuclei. Scale;Bar Y ®
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Figure 3.36 Liver of 72 zerafish exposed to 1000 pg/L BMAG
nuclei of hepatocytes; notice irregular outline; dvmitochondria, Bg
oAtS OFylfAOdgt2xY dh wowd { OFfS o6 NJ

u Shape analysis of the mitochondrial profiles in the hepatocytes of the 72 hpf Zgbrafis
larvae exposed to BPA.

Morphometrical analysis and morphological assessment of the fine liver structure revealed
that the volume and morphology of mitochondria can be affected by BPA. To further
investigate this phenomenon the shape of individual mitautidal profiles was studied. The
area, maximum and minimum feret diameters, major to minor axis ratio as well as circularity of
each analyzed mitochondrial profiles were estimated. For the circularity description a value of
1.0 indicates a perfect circle hite the value approaching 0.0 indicates an increasingly
elongated form.

A Area of the mitochondrial profiles

There was no difference in the area of the mitochondrial profiles in the hepatocytes of 72 hpf
zebrafish larvae when compared between all the treatment groiyes DMSO, 10, 100, 500

and 1000 pg/L BPA£0.189, KruskaWallis test). A specific comparis@n¥ (G KS LINRPTFTAf Sa&
between the larvae treated with 10, 100, 500 or 1000 pg/L BPA and the control groups (DMSO)
showed no significant differences (a MaWhitney U test, Figure 3.37).
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The analysis of the distributiorChisquaredtest) revealed no sigficant difference between
the BPAexposed larvae and the larvae treated with DMSO, however there was a clear trend
(0.05> p <0.1) towards smaller areas of the mitochondrial profiles in the 10 pg/L BPA treated

larvae. Comparably larger profiles (0.05> pl¥x@vere in turn observed in the 1000 ug/L BPA
treatment group (Figure 3.38).

Area of mitochondrial profiles in the hepatocytes of the
72 hpf zebrafish exposed to BPA

0.84
C\'|_| 0.6- .. "
i | | “0
o 0.47 L [ ] ] Al ;v
o o0 "
© A

0.24

O.C T T T T T

Q

Figure3.37 Area of the mitochondrial profiles in the hepatocytes of the 72 hpf

zebrafish larvae exped to BPAEach symbol represents the median of 119 + 24
mitochondria measured per larva (n=5

Area of mitochondrial profiles
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Figure3.38 Distribution of the area of the mitochondrial profiles in the hepatocytes of the 72 hpf zebrafish

larvae exposed to BPPata presented as the mean (n=5) of the percentages of the mitochondrial profiles
of a given area range.
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A Circularity of themitochondrial profiles

When the circularity of the mitochondrial profiles observed in the hepatocytes of the larvae
was compared among the treatment groups no significant difference was obsdpv8d! (3,
KruskalWallis test). Moreover, a specific companisof the profiles between larvae treated
with BPA and the control larvae (Mann Whitney U test) revealed no statistically significant
differences (Figure 3.39). There was, however, a noticeable tferlq58) towards increased
circularity of the mitochondal profiles observed for the 10 pg/L BPA treatment groups when
compared to the control.

The comparison of the circularity distributiorBhtsquaredtest) between the BPAreated and
the control larvae showed that the mitochondrial profiles were sinfigure 3.40).

Circularity of mitochondrial profiles in the hepatocytes of the
72 hpf zebrafish exposed to BPA

1.00+
0.954 A, A vv' ’0
> [ | *
2090{ g ™m .
a n A v .
§ 0854 o® A v
‘O
0.8-[
0.0 L] L] L] L] L]
Q Q Q Q Q
v \9 %Q '&Q
pg/L BPA

Figure3.39 Circularity of the mitochondrial profiles in the hepatocytes of the 72
hpf zebrafish larvae exposed to BPBach symbol represents the median of 119
+ 24 mitochondria measured per larva (n=5).
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Circg_!g[ity_,o,f,-m-ito'chond rial profiles

100 ﬂl
S 80
S |
- m DMSO
IS l\ EM N g/L>BPA
S 40 +
S o L

“pn ’g/L BPA

mM N ngiLk BPA

circularity [1=perfect circle]

Figure 3.40 Distribution of the circularity of the mitochondrial profiles in the hepatocytes of the 72 hpf

zebrafish larvae exposed to 10, 100, 500 or 1000 pg/L BP#a presented as the mean (n=5) of the
percentages of the mitochondrial profiles of a given cadty range.

A Maximum feret diameter of the mitochondrial profiles

Maximum feret diameters of the mitochondrial profiles observed in the hepatocytes of the
larvae from all the treatment groups (DMSO, 10, 100, 500 and 1000 ug/L BPA) were similar
(P=0.156,KruskalWallis test) and a subsequent specific comparison of the profiles (aMann

Whitney U test) between the BPiteated larvae and the controls showed no significant
differences (Figure 3.41).

Similarly, no differences in the maximum feret diameterghef observed mitochondrial
profiles were found when the distributions of the values were compared between the BPA
and DMS@reated larvae Chisquaredtest) as presented in Figure 3.42.
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Max feret diameters of mitochondrial profiles in the hepatocyte:
of the 72 hpf zebrafish exposed to BPA
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Figure 3.41 Maximum feret diameters of the mitochondrial profiles in the
hepatocytes of the 72 hpf zebrafish larvae exposed to BFRach symbol
represents the median of 119 + 24 mitochondria measured per larva (n=5).

Maximum feret diameters of mitochondrial profile
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Figure3.42 Distribution of the maximum feret diameters of the mitochondrial profiles in the hepatocytes of

the 72 hpf zebrafish larvae exposed to BH?ata presented as the mean (n=5) of the percentages of the
mitochondrial profles of a given length range
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A Minimum feret diameter of the mitochondrial profiles

When the minimum feret diameter of the mitochondrial profiles was compared among all the
treatment groups no difference was revealeB=).245, KruskaWallis test). Inaddition, a
specific comparison of this parameter (Makhitney U test) between the BPteated larvae

and the controls revealed no differences (Figure 3.43). The comparison of the minimum feret
diameter distribution Chisquaredtest) also showed lack afgnificant differences. There was,
however, a noticeable trend (0.05> p <0.1) towards increased length of the minimum feret
diameter in the 1000 ug/L BPA treated larvae comparing to the controls (Figure 3.44).

Min feret diameter of mitochondrial profiles in the hepatocytes
of the 72 hpf zebrafish exposed to BPA

0.81
*
,g. AA v *
506{ e " *
[ ] Yyv
- n A v
5 051 o® -
GC) A
= 044
0.0 L L L T T
Q Q o o Q
N @ (,)0 00

pg/L BPA
Figure 3.43 Minimum feret diameters of the mitochondrial profiles in the

hepatocytes of the 72 hpf zebrafish larvae exposed to BRach symbol
represents the median of 119 + 24 mitochondria measured per larva.(n=5)
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Minimum feret diameter of mitochondrial profile:
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Figure3.44 Distribution of the minimum feret diameters of the mitochondrial profiles in the hepatocytes of
the 72 hpf zebrafish larvae exposed to BPAta presented as the mean (n=5) of the percees of the
mitochondrial profiles of a given length range.

A Major to minor axis ratio of the mitochondrial profiles.

When the major to minor axis ratio of the mitochondrial profiles observed in the hepatocytes
was compared between all the treatment grapo significant difference was found=0.399,
KruskalWallis test). A specific comparison of this parameter (Ms¥initney U test) revealed,
howeverthat for both the 10 pg/L BPAnd 1000ug/L BPAreatment groups the major to
minor aspect ratio was sidgigantly lower than in controlgP=0.035and P=0.046 respectively;
Figure 3.45).

However, he distributions of the mitochondrial profiles aspect ratios in the larvae treated with
100, 500 or 1000 pg/L BPA were significantly different than that observie ioontrol group
(Figure 3.46).
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Major to minor axis ratio of mitochondrial profiles in the hepatocytes of the
72 hpf zebrafish exposed to BPA
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Figure 3.45 Major to minor axis ratios of the mitochondrial profiles in the
hepatocytes of the 72 hpf zebrafish larvae exposed to BP#ch syrhol
represents the median of 119 + 24 mitochondria measured per larva (n=5).

Asterisks indicate values significantly different from the contrd®n ¢ Mamn
Whitney U tes}.

Major to minor axis ratio of mitochondrial profile
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Figure3.46 Distribution ofthe major to minor axis ratios of the mitochondrial profiles in the hepatocytes of
the 72 hpf zebrafish larvae exposed to BPAta presented as the mean (n=5) of the percentages of the
mitochondrial profiles of a given aspect ratio range. Asterisksatelicalues significantly different from the
controls (*PKn ®n PN dFpm PRIRD /Ghfsguaredtest).
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3.2.3 The effects of BPA on the 120 hpf zebrafish liver ultrastructure

1] Liver ultrastructure of control 120 hpf zebrafish

To study the effect of thaested endocrine disruptors on the liver of 120 hpf zebrafish, the
ultrastructure of this organ was characterized for the zebrafish at this specific age.

Liver of 120 hpf zebrafish was mainly composed of hepatocytes which formed a rather
compact structurenterspersed with occasional sinusoids (Figure 3.47). Sinusoids were lined by
the endothelial cells which were characterized by the presence of oval to elahgatdei with
abundant, clumped heterochromatin (Figure 3.48). Spaces of Disse occupied helatiedl
areas and were filled with microvilli projecting from theighbouringhepatocytes. No clear
organization of hepatocytes into cords or tubules could be observed.

Hepatocytes were of oval or polygonal shapes and were assessed to have the voUBRe>8f

+ 7030 ufid ! NRPdzyR wmwm: 2F GKS KSLI G20edSaqQ @2f dz¥Ss
volume was assessed to be 51.54 + 1.17.piuclei were predominantly of oval to roundish

shape and were located in the centre of the hepatocytes. Most of théehuere euchromatic

with one or two conspicuous nucleoli in their centre. Nuclear surface was relatively smooth
(Figure 3.47).

Mitochondria were very conspicuous organelles in the hepatocytes of 120 hpf zebrafish. Their
pooled volume reached 89.26 + 23.3infwhichO2y a i Al dzi SR F NRdzy R H x>
volume. The shape of mitochondria was very diverse. Small and roundish as well as very big,
round to longitudinal mitochondria could be observed (Figure 8.8350). The average volume

of a single mitochodrion was calculated to be 7.07 + 3.11}m

Rough endoplasmic reticulum was mainly observed in the association with the nuclei and/or
mitochondria but could also be found as an independent structure in the cytoplasm between
the other organelles (Figure4B and 3.49). The membranes of RER were estimated to occupy
24.07 + 3.59 urfwhich was around 5% of the volume of observed hepatocytes.

Both cross and longitudinal profiles of bile canaliculi and bile preductules were found in the
liver of 120 hpf zebragh. Small profiles were observed as spaces in large part occupied by
microvilli projecting from the hepatocytes (Figure 3.50) while sections of larger diameter had a
relatively bigger lumen occupied by fingéee projections to a lesser degree. The voluof

these biliary passages occupied 4.30 + 1.57.|Bile structures of higher organizational order
such as bile ductules or bile ducts were observed very rarely. Both bile preductule (Figure 3.50)
and bile ductular cells were identified based on theirpagrance as cells smaller than
hepatocytes and dominated by irregular and relatively more heterochromatic nuclei.

There was no specific pattern in the localization of glycogen in the hepatocytes of zebrafish at
this stage of development. Moreover, the anmiuof this storage product showed inter
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individual variation which was reflected by a high standard deviation in its amount between
individual larvae (12.31 + 12.79 fmlif present, glycogen was mainly located at the periphery
of hepatocytes, although smiglycogen fields could also be observed towards the cell centre
and in between the other organelles.

Macrophages which can be recognized based on their varied shapes and nuclei with moderate
marginated and clumped heterochromatin, were rarely identifiéhidst observed hepatic
cells. Moreover, neither smooth endoplasmic reticulum (SER) nor lipid droplets were seen in
the hepatocytes of 120 hpf zebrafish and Golgi apparatus was very rare.

_u

£x

y il 1|
Figure3.47 Liver of normal 120 hpf zebrafish reared in egg waltkx.
nuclei of hepatocytes; M mitochondria of various sizes and shapes;
G ¢ glycogen; g sinusoid with two nucleated erythrocytes (E)gB
bile canaliculi. Scale bg2 > Y ®
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Figure3.48 Liver of ormal 120 hpf zebrafish rered in egg waltee.
nucleus of a hepatocyte; M mitochondria; S¢ sinusoid lined with

endothelial cell (En), fragment of nucleated blood cell can be seen
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Figure3.49 Liver of normal 120 hpf zebrafish reared in egg watkg.
nucleus of hepatocytes with single nucleolus (Nu); Mitochondria

CYy20A0S8S GINRFoO6ES &aAail Sa FyR &Kl

endoplasmic reticulum. Scale be2 > Y ®
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Figure3.50 Liver of normal 120 hpf zebrafish reared in egg waleg.

CNI} 3IYSyid 2F I KSklnitbchadérid; fil danayicdiOt Sdza T a
(B) and bile preductule with a preductule epithelial cell (PE). Scale bar

@2>Y
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1] The effects of DMSO on the ultrastructure of the liver of 120 hpf zebrafish

The absolute volumes of all the structures under investigation were compared between the
120 hpf DMSO treated and egg water reared zebrafish larvae (Figure 3.51).

6001

400+ |I|

1204
1004

3 water
E DMSO

g

volume [um’]

Figure3.51 Volume of observed structures in the 120hpf zebrafish reared in DMSO
(solvent control)vs. normal zebrafish raised in egg wat&raph plotted as means
with standard deviation error bars.

The volume of the hepatocytes was similBJ.248) when compare@annWhitney U test)
between the larvae treated with the solvent control (503.92 + 40.18%uand the larvae
reared in egg water (452.58 + 70.30 Ym

5a{h KIR y2 AyFtdSyO0S 2y G(KS @2t dfyshickwas KS LI § 2
similar £=0.248, MannWhitney U test) to the analogous volume in the zebrafish larvae reared
in egg water (51.54 + 1.17 |ijn

In addition, the pooled volume of mitochondria in the hepatocytes (89.26 + 21.38vgm
91.39 + 3.59 url) as well as the volume of a single ashondrion (7.07 + 3.11 phvs.7.76 +

0.68 unt) were highly similar between egg water and DMSO treated larvae (Ménitney U

test).

Similarly, no significant difference was revealdé(564) when the volume of rough
endoplasmic reticulum in the hepatdes of DMSO treated larvae (25.23 + 4.26%umwas
compared to the analogous volume in the larvae reared in egg water (24.07 + 3%59 pm

The volume of glycogen in the hepatocytes of the larvae reared in egg water was 12.31 + 12.79
um® while in the DMSO trated larvae this storage material occupied 29.76 + 19.58 gfrthe
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(P=0.149, ManAWhitney U test).

Similarly, even though themeanvolume of bile canaliculi irhe zebrafish larvae treated with
DMSO (11.12 + 7.34 {fjrwas higher than in the larvae reared in egg water (4.30 = 1.5§, um
the volumes were highly variable arsfatistical analysis revealed no significant difference
between these two valueP€0.149, Maan-Whitney U test).

Summarizing, 0.01% DMSO had no effect on the volume of any of the observed parameters
and could be used for the subsequent analysis of the effects of BPA and/or genistein on the
fine structure of 120 hpf zebrafish larvae. Consequemthy, potential, significant alteration in

the volume of the observed structure upon treatment with BPA or/and genistein could be
attributed to these compounds and not to DMSO used as the solvent for preparation of their
solutions.

u The effects of BPA ondliver ultrastructure of 120 hpf zebrafiglmorphometric
analysis

A Volume of the hepatocytes

There was a significant difference in the hepatocyte voluniz6.018, KruskaWallis test)
when compared across all the treatment groups (DMSO, 10 ug/L BPAgIOBPA, 20 ug/L
i -oestradio). Pairwise comparisons (ManWhitney U test) between the larvae treated with
BPA and the control group (503.92 + 40.18umevealed that 10 pg/L BRAd not affect the
volume of the hepatocyte¢P=0.386) but there was a nticeable trend(P=0.083) towards
increased cell volume in thE00 pg/L BPA&eatment group(Figure 3.52).

A significant decrease in the volume of the hepatocytes was observed in the larvae from the
positive controloestradiottreated group (367.17 + 101.5Qum®) when compared to the
controls(503.92 + 40.18 pf.

The volumes of the hepatocytés the BPA treated larvae @re noticeably £=0.083 for 10
pg/L) or significantly(P=0.021, for 100ug/L)increased when compared tine volume of the
cells in the -oestradioltreated larvae (Figure 3.58ee also appendix Bables 8.14 and 8.15
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Absolute volume of hepatocytes in 120 hp
zebrafish exposed to BPA
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Figure 3.52 Absolute volumse of hepatocytes in 120 hpf zebrafish exposed to
BPA.Data presentedas boxplots (median and quartiles) with whiskers from
minimum to maximum. The capital letters indicate a significant difference from:
C - controls (DMSO), E positive controls i(-oestradio). Asterisks specify
statistical significance of the differenc€Kn ®MamnWhitney U tes}.

A Nuclear volume of hepatocytes

There was a significant difference in the volume fraction of nuclei when compared among all
the treatment groups=0.036, KruskaWallis test). Further analysis revealed that none of the
compounds (10 pg/L BPA, 100 ug/L BPA aestradio) affected the volume fraction in a
significant way in comparison to the control group (Mamhitney U test). A statistically
significant difference was however revealed in the nuclear volume fraction betlez 100

ug/L BPA and thie-oestradioltreated larvae P=0.021, ManAWhitney U test; Figure 3.53).

The absolute volume of the nuclei in the hepatocytes of zebrafish in all the treatment groups
was similar R=0.277, KruskaWallis test). Moreover, none othe treatments caused
alterations in the nuclear absolute volume when compared to the controls (p>0.05, -Mann
Whitney U tests). In addition, the volumes of the nuclei in the hepatocytes of the larvae
treated with BPA (either 10 or 100 pg/L) were similar whampared to the analogous
volume in the positive control group (Figure 3.5de also appendix Bables 8.14 and 8.15
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Volume fraction of nuclei in hepatocytes of 120 hg
zebrafish exposed to BPA
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Figure3.53 Volume fractions of the nuclei in the hepatocytes in 120 hpf zebrafish
exposed to BPAData presented as boxplots (median and quartiles) with
whiskers from minimum to maximum. The capital letters indicate a significant
difference from: E; positive contols ( -oestradio). Asterisks specify statistical
significance of the differences®Xn ®MamnWhitney U tesk.

Absolute volume of nuclei in hepatocytes of 120 hy

volume um?]
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Figure 3.54 Absolute volume of the nuclei in the hepatocytes 120 hpf
zebrafish exposed to BPPata presented as boxplots (median and quartiles)
with whiskers from minimum to maximum.
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A Pooled mitochondrial volume of hepatocytes

Volume fraction of mitochondria in the hepatocytes of the zebrafish larvaesivaar when
compared across all the treatment groups€.304, Kruska¥allis test). A specific comparison
revealed however that the treatment with 10 pg/L BPA caused a significant decrease in the
volume fraction of the mitochondria when compared to thentrols (P=0.043, ManAWhitney

U test). A noticeable difference in this parameter was observed also betweendhstradiol

and DMSO treatment groups, this difference however was not significant statistieglly59;
Figure 3.55).

There was a statistally significant difference in the absolute volume of pooled mitochondria
across the treatment group$€0.007, KruskaWallis test). Both 10 ug/L BPA and 20 pg/L
oestradiolcaused a significant decrease in the volume of mitochondria when comparee to th
DMSO treated larvaePE0.021 for both comparisons, Marwhitney U test). In addition, a
significant difference=0.021) was revealed when this volume was compared between the

100 ug/L BPA and 20 ug/toestradioltreated larvae (Figure 3.56ge also appendix Bables
8.14 and 8.1h

Volume fraction of pooled mitochondria in hepatocytes o
120 hpf zebrafish exposed to BPA
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Figure 3.55 Volume fraction of the pooled volume of mitochondria in the
hepatocytes in 120 hpf zebrafish exposed to BPata presentd as boxplots
(median and quartiles) with whiskers from minimum to maximum. The capital
letters indicate a significant difference from: -Ccontrols (DMSO). Asterisks
specify statistical significance of the difference®¥n PMannWhitney U tesk.
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Absolute volume of pooled mitochondria in hepatocyte:
of 120 hpf zebrafish exposed to BPA
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Figure3.56 Absolute volume of pooled mitochondria in the hepatocytes in 120
hpf zebrafish exposed to BPBata presented as boxplots (median and quartiles)
with whiskers from minimm to maximum. The capital letters indicate a
significant difference from: G controls (DMSO), E positive controls i(-
oestradio). Asterisks specify statistical significance of the differencE¥(r ¢ n p
MannWhitney U tes}.

A Individual mitochondrial volume dfepatocytes

Volume fractionand absolute volumeof individual mitochondria wasanalysed in order to
investigatewhether their alterations were linked with the observed changes in the ged
mitochondrial volume.Volume faction of individualmitochondria wassimilar across the
treatment groups P=0.135, KruskalVallis test). A specific comparison testing revealed that
the volume fraction of individual mitochondria was significantly lower in the 10 pg/L BPA
treated larvaecompared to the controlsR=0.019). Noticeably smaller fraction comparing to
the control group was observed in tHeoestradiol treatment group (Figure 3.57) but this
difference was of no statistical significan&&{{.059).

A significant difference was tdiod when the mean absolute volume ioidividual mitochondria
in the zebrafish hepatocytes was compared across all the treatment gré@#<042, Kruskal
Wallis test). Paiwise comparisons showed that both 10 pg/L BPA and 20 iugléstradiol
caused a sigficant reduction in the absolute volume ofdividual mitochondriacompared to
controls P=0.21, ManAWhitney U testFigure 3.58).
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Figure3.57 Volume fraction of single mitochondrion in the hepatocytes in 120
hpf zebrafish exposed to BPBata presented as boxplots (median and quartiles)
with whiskers from minimum to maximum.
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Figure3.58 Absolute volume of single mitochondrion in the hepatocytes in 120
hpf zebrafish exposed to BPBata presented as boxplots (median and quartiles)
with whiskers from minimum to maximum. The capital letters indicate a
significant diffeence from: C- controls (DMSO). Asterisks specify statistical
significance of the differences®Xn ®MannWhitney U tesk.
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A Volume of rougtendoplasmic reticulunm hepatocytes

Both the volume fraction R=0.415) and the mean absolute volum@=).068) of rough
endoplasmic reticulum (RER) were similar across the treatment groups (Kviakial test).
Moreover no differences were found (p>0.05) when the RER volume fraction was compared
between individual treatment groups and the controls or between the BPBéted larvae and

the i -oestradioltreatment group (ManAWhitney U test) as presented in Figure 3.59.

Similarly, pakwise comparisons of the RER absolute mean volume between the larvae treated
with oestrogenicsubstances and the controls revealed no statistically significant differences,
although there was a noticeably increased amount of RER in the 100 pg/L BPA treated larvae
(P=0.083, ManAwWhitney U test). Moreover, the volume of RER in the 100 pg/L treatment
group was significantly smalleP%.043) the analogous volume in theoestradiol treated

larvae (Figure 3.6@ee also appendix Bables 8.14 and 8.15

Volume fraction of RER in hepatocytes of 120 hpf zebrafi
exposed to BPA
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Figure3.59 Volume fraction of rough endoplasmic reticulum in the hepatocytes
in 120 hpf zebrafish exposed to BH?ata presented as boxplots (median and
quartiles) with whiskers from minimum to maximum.
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Figure3.60 Absolute volume of rough endoplasmic reticulum in the hepatocytes
in 120 hpf zebrafish exposed to BA?ata presented as boxplots (median and
quartiles) with whiskers from minimum to maximum. The capital letters indicate
a significant difference from: E positive controlsi(-oestradio). Asterisks specify
statistical significance of the differenced(n PMamnWhitney U tes}.

A Volume of glycogen

There were significant differences found when the glycogen volume fraatidnthe absolute
mean volume of glycogen were compared among the treatment groBp8.¢39 and 0.023
respectively, Kruskalallis test). Paitvise comparison testing revealed that both the 10 ug/L
BPA P=0.043) and 100 pg/L BPA&R=.043) but noti -oestradbl treatment increased the
volume fraction of glycogetMannWhitney U test). Moreoverthe glycogen volume fraction
for the larvae treated with 10 pug/L BP#&as significantly highgiP=0.043)than inthe positive
control group,i.e.the larvae exposed to®ug/Li -oestradiol(Figure 3.61).

The mean absolute volume of glycogen was significantly smaller in the hepatocytes of the
larvae treated with 10 pug/L BPR=0.043) or 100 ug/L BPA (0.043) comparing to the controls
(ManntWhitney U test). Moreover, the vame of glycogen in the 10 pug/L BPA and the 100
Hg/L BPA treated larvae was significantly smaller than in the positive control geeQ43
andP=0.021, respectively; Figure 3.G&e also appendix Bables 8.14 and 8.15
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Figure3.61 Volume fraction of glycogen in the hepatocytes in 120 hpf zebrafish
exposed to BPAData presented as boxplots (median and quartiles) with
whiskers from minimum to maximum. The capital lettémndlicate a significant
difference from: C- controls (DMSO), E positive controls i(-oestradio).
Asterisks specify statistical significance of the differencd®K{ ¢ Mpnn
Whitney U tesk
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Figure3.62 Absolute volume of glycogen in the hepatocytes in 120 hpf zebrafish
exposed to BPAData presented as boxplots (median and quartiles) with
whiskers from minimum to maximum. The capital letters indicate a significant
difference fom: C - controls (DMSO), E positive controls i(-oestradio).
Asterisks specify statistical significance of the differencd®K{f ¢ Mpnn
Whitney U tesh.
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A Volume of bile canaliculi

Both the volume fraction and the absolute mean volume of bile canaliede similar when
compared across the treatment grou®=0.135 andP=0.146, respectively, KrusksVallis test).
Specific comparison testing revealdtht the volume fraction of bile canaliculi in tH® pg/L
BPA treated larvawas significantly lower than in the contrdB=0.042, ManAWhitney U test;
Figure 3.63).

No differences were found when the individual treatment groups were compared to the
controls or when the BR&eated larvae were compared to the larvae reared in|BfJL ] -
oestradiol (MannWhitney U test, Figure 3.64&ee also appendix Bables 8.14 and 8.15A
noticeable difference, however, was observed between the controls and the 10 pg/L BPA
treated larvae P=0.083, ManAWhitney U test).
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Figure 3.63 Volume fractions of bile canaliculi in the hepatocytes in 120 hpf
zebrafish exposed to BPPata presented as boxplots (median and quartiles)
with whiskers from minimum to maximum. The dapiletters indicate a
significant difference from: G controls (DMSO). Asterisks specify statistical
significance of the differences@Kn ®MamnWhitney U tes).
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Absolute volume of bile canaliculi in hepatocyte:
of 120 hpf zebrafish exposed to BPA
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Figure 3.64 Absolute volume of bile canaliculi in the hepatocytes in 120 hpf
zebrafish exposed to BPPata presented as boxplots (median and quartiles)
with whiskers from minimum to maximum.

0] The effects of BPA on the liver ultrastructure of 120 hpf zebmafistrphological
assessment

The hepatocytes of the larvae reared in the solvent control (0.01% DMSO) were mostly oval or
round and contained single nuclei containing one or two prominent nucleoli. The vast majority
of the nuclei were oval with a relatively gelar outline (Figure 3.65). Mitochondria in the
hepatocytes presented remarkable diversity of shapes and sizes and small, round or oval as
well as very big longitudinal, twisted or branched forms could be obsefivepire 3.65 and
3.66). RER was found mbi in the vicinity of the nuclei or the mitochondria (Figure 3.66 and
3.67) and in most cases formed stacks of three or more memblpan@d cisterns. The size of

the bile canaliculi also varied and both small, filled with microvilli profiles (Figure &66%ll

Fa fFNBS fdzvSya 2yte LINIHAlLIffe 200dzZlASR o8
observed. Associated with the biliary tracts were electron dense vesicles (Figure 3.67), which
on account of lack of crystalline core were identified assgsnes, as opposed to peroxisomes.

The amount of glycogen could be described as small to moderate, and if petanstorage
material was mainly localized towards the periphery of the cells. Myelin whorls were observed
in the DMSO treated zebrafish (&kig 3.66) however their amount was moderate.
Macrophages were occasionally encountered among hepatic parenchymal cells.
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Figure3.65 Overview of the liver in the 120 hpf zebrafish reared in
solvent control (DMSON ¢ nuclei of hepatocytes with single or two
nucleoli; M ¢ mitochondria; Sc¢sinusoid , B bile canaliculus, @
glycogen. Scale bg2 > Y &

Figure3.66 Liver of the 120 hpf zebrafish reared in solvent control

(DMSO).N ¢ nuclei of hepatocytes; M YA (12 OK2y RNALF T TIh NEBdzAK
endoplasmic reticulum, B bile canaliculus, mwg myelin whorls.

Scale bag2> Y ¢
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