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1. INTRODUCTION

1.1.ADME at the cellular level, the role of biological membranes and membrane
transporters

Biological membranes, thin barriers composed of apgthic molecules, define both the
boundaries of all cells as well as the diversity of the internal compartments in eukaryotes. Despite
their fluid nature, membranes are crucial for maintairttiginternal organizationfunctional

identity and integrity of cell§Gould, 2018) They are composed of lipids, proteins, and
carbohydrates (in the form of glycolipids and pwanhslationally modified proteins). The current
understanding is best represented by the "fluid mosaic m@@ielger & Nicolson, 1972)This
modelemphasizes the dynamic nature of membranes, highlighting the lateral mobility of lipids
and proteingdviembrane proteins play a vital role in biological membranes, as they help to maintain
the structural integrity, organization and flow of material throsgmbranegwWatson, 2015)in
addition, consideringheir role in regulating cellar entry and exit, biological membranes and
embedded transport proteins directly impact absorption, distribution, metabolism, and elimination
(ADME) processes at the cellular lev&ynthesis of membrane proteins in eukaryotic cells,
destined for the plasa membranegndoplasmic reticulumER) or any other membrarsound
compartment begins on cytosolic ribosomes. After a short segment of protein has been synthesized,
the ribosome, MRNA and nascent protein chain associate with the ER, where the rgsboéithe

is made and simultaneously inserted into the membtaeeprocess is referred to as-co

translational targetinyVatson, 2015)

The acronym "ADMEWasfirst presented in English by Nelson in 1961, who rephrased resorption,
distribution, consumption and elimination used by Teorell in {8&Ison, 1961; Teorell, 1937)
Traditionally, ADME at the cellular level is described in three main phabesé I, || andlll).
Howevpghrasein 0, 0 which encompasses influwe(upake) ry of
transporterfias been more recently proposed as integral phase of cellular detoxification machinery
(Petzinger & Geyer, 2006) hereforethe ADME on the cellular level includes

0] Phase Oinflux (uptake)of ende and xenobiotics by uptakeansporters;



(i) Phase I Introduction of a reactive group into the molec¢uwgidative, reductive and
hydrolytic drug metabolism which indies CYP enzymes and flavieontaining
monooxygenases

(i)  Phase lldrugs anghase | metabolites further detoxified by enzymes and conjugation
reactionsand

(iv)  Phase Il Transport of watesolublephase | and 1l metabolites out of the cell, mediated

by efflux transprters(Zair et al., 2008)

The main function and physiological goal of all elements of the ADME process is elimination of
endc and/or xenobiotics that might be potentially toxic for the cell and/or organisane simply

not useful as the source of energyilding material for cellular structures or signaling molecules
Yet, the main problem that should be addressed at the cellular level is the fact that maoy endo
xenobioticsare simply not soluble enough in cellular or body fluidde efficiently removed.
Therefore, acethe potentiatoxins enter the cytoplasm, biotransformation is required to eliminate
or inactivate thenand to make them more hydrophi(leigure 1) The first stepn this processs

often an oxidative modificain (phase 1), in which the chemicals are converted into more
hydrophilic metabolites, which are then excreted. This oxidation is primarily carried out by
flavoprotein monooxygenase (FMO) and cytochrome P450 enzymes (CYP), particularly from the
CYP1, CYP2CYP3 and CYP4 families. After oxidation, reductive or conjugative modifications
(phase Ilare carried out by enzymes such as glutathietnar&ferases (GSTs), sulphotransferases
(SULTs), UDRglucuronosyltransferases (UGTs)adetyltransferases (NATs))daketoketo
reductases (AKRs), epoxide hydrolases (EPHXs) and NAD(R)Hone oxidoreductases
(NQOs). These enzymes enable primary or secondary conjugation reactions or reduce and
hydrolyse toxingGoldstone et al., 2006)

Considering the context descrihdle central theme of this dissertatiamd the fact theentral
paradigm in toxicologyraditionally encompasses (1) source of contamination, (2) absorption,
distribution, metabolism and elimination (ADME) of chemicals, and (3) effects of contaminants
(Stegeman et al. 2010k is important to explain in more detail ralatively newfichemical
defensomeéparadigm(Goldstone, 2006)and more specifically the role of membrane transporters
in the ADME processes$n generalchemical defensome concept extends the traditional ADME

paradigm by emphasizing coordinated action among sensors, metabolic enzynmas,spodters



to protect cells against chemical tre@iefensome genesd proteingnclude transcription factors

that sense toxicant or cellular damage, membrane transpteinsthat mediate uptake or efflux

of xenobiotics and their metabolites acrdss tell membrane, enzymes that are involved in the
metabolism of xenobiotics in the cytosol, and antioxidant enzymes that protect the cell against
reactive oxygen species (ROS) and other radicals (Stegeman et al. &Xd)idant defense
mechanisms areaucial component of the protective systems of organisms that live in an aerobic
environment. Reactive oxygen species (ROS), which can be produced by toxins, UV radiation or
regular metabolic activities, can damage DNA, lipids and preterhich can leado various
diseases and toxic effects. The most important antioxidant enzymes involved in the neutralisation
of ROS include superoxide dismutases (SODs), catalases (CATs) and peroxidases such as
glutathione peroxidases (GPXs) and thioredoxins (TXN®)dstone et al., 2006)

Importantly, dargeportion of the defensomecludes the phasegblyspecificuptake transporters

that mediate entrance of compounds into the cell tleeghase lllefflux transportergFigure 1)

from the ATP-binding Cassette superfamily (ABC) and Multidrug and Toxic compound Extrusion
(MATE) family that mediate efflux of compouadnd their metabolites out of the céls crucial

pars of ADME processes, embrane transporters are recognized as key determinants of
toxicological response to various xenobiotics (Klaassen and Lu, 2008). It has traditionally been
considered that compods (especially lipophilic) enter the cell by passive diffusion. In the past
decades, however, uptake transporters have been characterized and recognized as key players in
mediating the entrance of metabolites and foreign compounds into the cell by the ofiea
facilitated diffusion. Together with the efflux transporters from ABC and MATE families,

uptake transporters from the Organic anion transporting polypeptide (OATP/Oatp) family (gene
name SLC21, synonym SLCO) and SLC22/SIc22 family determinelaretoncentrations and
pharmacological or toxieffects of xenobiotics (Klaassen and Lu, 2008; Zair et al.; 2008; Koepsell,
2013).
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Figure 1. Schematic representation of the four phases of ADME at the cellular level.
Membrane transporters are part of phase 0 (uptake transporters) and phase Il (efflux
transporters). After a (endogenous or exogenous) compound has entered the cell, it is
biotransformed with phase | and Il enzymes so that it can be efficiently removed from the cell.

1.2.Membrane transporters and ADME at the level of organisns and specific organs

Membrane transporters have a wide, but specific tissue distribufitvese aretwo major
superfamilies of transporters the solute carrier (SLCand ATRbinding cassette (ABC)
transportergDean et al., 2001 5LC family comprises more than 400 membrdmaind proteins
(Talevi & Bellera, 2022)and mainly include organic aniortransporting polypeptides
(OATPs/SLCOs), organic anion transporters (OATs/SLC22As), organic cation transporter
(OCTs/SLC22As), organic cation and carnitine transporters (OCTNs/SL)228eptide
transporters (PEPTs/SLC15As), and multidrug and toxin extrusions (MATES/SLCA47As).
Generally, OCTs transport organic cations, OATPs transport large and fairly hydrophobic organic
anions, OATSs transport the smaller and more hydrophilic orgamas®nPEPTs are responsible

for the uptake of ditripeptides and peptidiike drugs andMATES are responsible for efflux of

organic cations.



Consequently, kowledge and awareness within themedical field anghharmaceutical industry
related to thempactof membrane transportessi ADME, multiple endogenous and xenobiotic
processes and drug safety growing rapidly (Keogh, 2012 here is interplay between efflux
and uptake transporters which results withrtdéferent distribution in the cell, tissue organs
Many drugs are substrates and/or inhibitors of multiple transpoatgisthe following scenarios
contribute to this interaction: (i) same location on the cell surface, different function, (iiiteppos
location on the cell surface, complementary function, and (iif) complex distribution in different
tissues and cell layer&Keogh, 2012) That fine and complex regulation of pggssion and
localization of membrane transporters enables celisaimtain and regulat@ternal traffic and
availability of all substances needt growth and differentiation, but also to get rid of toxic

compounds and thus to maintain homeostasis.

1.2.1. Membrane transporters in the intestine

As already emphasizedid primary purpose afellular detoxifications to removeendogenous
and/or exogenous molecules from thrganismby processs that typicallyconverts lipophilic
chemicaldnto hydrophilic poducts to facilitateheir excretion (Almazroo et al., 2017; Benedetti
et al., 2009; lonescu & Caira, 200B)owever, it is important to point out thatug-metabolzing
enzymesn some caseasonvert substances into their pharmacologically active farm, podrugs
(pharmacologically inactive) are synthe=si to overcome abrption/bioavailability issues and are

convertednto an activaedrug afterabsorptioninto the bodyAlmazroo et al., 2017)

At the organismlevel, the principle site for the absorption of orally administered dnugisents

and toxings gastrointestinal tracThis procesdgepends not only on transcellular and paracellular
diffusion through intestinal wal[Turner, 2009) but also oruptake transporters expressed at the
brushborder membranef enterocyteg¢Kullak-Ublick et al., 2004 andefflux transporters which

can reduce oral bioavailability of drug&Zair et al., 2008) Except xenobiotic compounds,
transporters are engaged for the uptake or efflux processes of endogenous compounds (e.g., bile
acids, sterols) and nutrient&fter uptakefrom gut lumen into the entero@g compounds are
translocated by the efflugroteinpumps across the basolateral nbesne into the portal blood
circulation then to the liver, and finally into the systemic circulation



The enterocyte apicalluininal) membrane hostaumerousuptake transportersFrom the
(eco)toxicological standpointhe most relevanamong them arsome members ahe SLC
(Solute Carriersuperfamily organic anion transporting polypeptide 2BAATP2B1), organic
cation transporter 1 (OCT1) and 3 (OCT3), &l as efflux transporterhe most relevaramong
efflux transporters appear to be thBCB1 (P-glycoprotein, MDR1), ABCC2 (MRP2) and breast
cancer resistance protein (BCRP). On the basolateral membmacept some bidirectional
transportersKigure 3 critical transporters are multidrug resistant proteiMRP1) and 3 MRP3)
(Drozdzik et al., 2020)Therefore, uptake of endand xenobioticsnto enterocytes isnostly
mediated by members dfie SLC superfamily(OATP, PEPT1 (SLC15), ASBT (SLC10) and
MCT1 (SLC16), and effluxof original substances or their metabolitesnediated by members
of the ABC superfamily(MRP2, BCRP and 4gp) (Xue et al., 2019)jFigure 2) This complex
interplay between drugetabolizing enzymes and transportegh of them expressed in the gut,

alters overall systemic availability aiumerougirugs(Almazroo et al., 2017)

Enterocytes
Blood Intestine
OATP2B1 —( ) —> —@— BCRP

—( )—> MRP2
ocT1 —@—> -
<«—(_—— OATP2B1

OSTa/B —@—> «~—@— THTR2
ENT1 —@—> <@ — PEPTT

Figure 2. Membrane transporters in the plasma membrane of enterocyted-igure adapted
from Galetin et al., 2024.



Theexpression, function and loczdition of intestinal transporters arentrolled and regulatealy
multiple regulatory mechanisms at both transcriptional and-tpmsscriptional levels. At the
transcriptional level, nuclear receptors, important mediatarsctty regulate the expression of
transporter genes. Pasanscriptional regulation, on the other hand, occurs independently of the
MRNA level and influences protein synthesis, celllaralizationand functional activity. In
addition, physiological andpathophysiological conditions can dynamically modulate the
expression and activity of transporters, wha&mphasizeshe complexity of these regulatory
networks(Xue et al., 2019)Among pat@hysiological conditions, research on polymorphisms
within the SLC transporter family has maifibcusedon the OATP transporters. For example, the
OATP2B1 variant S486F (identified in ~31 % of Japanese individuals) reduces transport capacity
by over 50 %{Nozawa et al., 2002%imilarly, genetic variations in OATP1A2, such as the A516C
and A404T variants, signifantly impair the uptake of substrates such as esBandphate and
delta opioid receptor agonistsvitro (W. Lee et al., 2005However, as mentioned above, the low
intestiral expression of OATP1A2 probably has limited clinical impact on the absorption kinetics

of substrates that rely on this transpo(ue et al., 2019)

To summarize oral absorption of drugs is determined by intestinal ABC transporters providing
efflux activity and the uptake transportératfacilitate absorption of drug&dudante et al., 2013;

Konig et al.,, 2013; Kramer, 2011)nterestingly, intestinal transporters are not uniformly
distributed; each segment of the gastrointestinal tract has a distinct set of transporters, influencing

drug absorptionlependingon wherat is administeredDrozdzik et al., 2014, 2020)

1.2.2. Membrane transporters in the liver
Following absorption in the intestinkenobiotics and nutrients reach the liver, a primary organ

for drug metabolism and detoxification procesd&snerous sidies have shown that the liver is
responsible for more than 70 % of the metabolism and excretramzdndrugs in the clini¢Patel

et al.,, 2016) and as the main site of drug metabolism, parenchymal liver cells (hepatocytes)
account for almost 80 % of the total liver volume &0d% of the total number of liver cells from

( Kmi el , 20 0 After efteximg the Bldddst®eam, the compounds are transported via the
portal vein to the liver, where they are firsetabolizedHepaticexcretionof drugs/xenobiotics

mediated by the membrane transporters expressed at the sinusoidal (basolateral) mehvarane of



hepatocytegFigure 3) isprimarily linked tometabolismmediatedy phase andphase Il enzyme
reactions(Zuber et al., 2002)The most common phase | drogetabdizing enzymes are
represented by CYP450 superfamilye major group of enzymes that chemically modify drugs
and xenobiotic§Benedetti et al., 2009)They catalyze several reactions, including oxidation
(which is the primary reactionyulphoxidation, aromat hydroxylation, aliphatic hydroxylation,
N-dealkylation, Gdealkylation, and deaminatiqiionescu & Caira, 2005)The expression and
activity of CYP450 enzymes can beodified and reguletedby several factors. Elevated mRNA
levels increase protein synthesis, which leads to increased enzymatic actiiigtidn of
CYP450 enzymes accelerates the clearance of certain drugs, reducing their systemic exposure and
therapeutic efficacy. Conversely, CYP450 inducers may reduce the likelihood of hepatotoxicity
associated with certain drugs by promoting their mdimdegradatiorfParikh & Levitsky, 2013)
Furthermore inhibition of CYP450 enzymes by endogenous compounds, (e@gnones) or
exogenous substances (edyugs, food components) reduces their metabolic capacity and thus
impairs drug clearance. This reduced enzyme activity prolongs the presence of the drug in the
systemic circulation and leads to increased blood concentrations of CYP450 substrates. Such
acaimulation increases the risk of dedependent adverse effects, including toxi¢Parikh &
Levitsky, 2013; Tischer & Fontana, 201Another path of phase | drug metabolismeduction

which is coupled with secondary enzymatic systeaither NADH cytochromé5 reductase
system or NADPH cytochrore reductaséAlmazroo et al., 2017)The most commophase |l
drugmetabolizing enzymes are UBfucuronosyltransferases (UGTs), sulfotransferases
(SULTs), Nacetyltransferases (NATSs), glutathionetr&sferases (GSTs), thiopurine- S
methyltransferases (TPMTSs), and catechah€thyltransferases (COMTshn results in contrast

to original lipophilic drugs and xenobiotics, their moxgr metabolites are excreted by efflux
transportergChan et al., 2004)
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Figure 3. Membrane transporters in the plasma membrane ohepatocytes Figure adapted
from Galetin et al., 2024.

1.2.3. Membrane transporters in kidneys

Except hepatic metabolism and excretion, renal excretion is the major route of elimiAgaon
variousmembrane transporters play an important etlboth basolateral and apical membranes
(Zair et al., 2008)

Kidneys play an important role in clearing toxins but contribute to a lesser extent in terms of overall
drug metabolism. Nephrons are the main functioné of kidney and drugs are normally filtered
based on glomerular filtration, secreted at the proximal tubules, and reabsorbed by theltubules.
addition, kdneys do contribute to the metabolism of some endogenous compounds and
xenobiotics Phasdll transporters play a critical role in actively secreting drug molecules against
their electrochemical gradierasdcollaborate to facilitate the active excretion of a wide range of
compounds from the bloodstream into ur{if@ang & Han, 2019)Several key renal transporters
that significantly influencelrug-drug interactions and renal clearance, impacting both therapeutic



outcomes and adverse effeat€lude organic anion transporters (OAT1 and OAT3), organic
cation transporter 2 (OCT2), multidrug and toxin extrusions (MATE1 and MATEZ2/K), P
glycoprotein (Pgp), and breast cancer resistance protein (BGRBure 4. Renal transporters
also known to be involveth disposition, or toxicity of drugs or endogenous compounds are
monocarboxyl at e transporters ( MCTs) whi ch
hydroxybutyric acid (GHB), urate transporter 1 (URAT1) which is involved in the excretion of
uric acid ands a target for drugs to treat gout, and OAT2 which was recently found as a major
transporter mediating the active renal secretion of creatifideeks, 2017; M. E. Morris &
Felmlee, 2008; Shen et al., 2017)

Renal proximal tubular epithelia

Blood Urine
—@— MATE1
oct2 —@— —@— MATE2K

OAT1 —@— C— Pgp
)—> MRP2

OAT3 —@—> —©@— MRP4
0AT? —@ «~—@— THTR2
<@ — PEPT2

OATP4AC1 —@—> e ENT

Figure 4. Membrane transporters in therenal proximal tubular epithelia. Figure adapted from
Galetin et al., 2024

1.2.4. Membrane transporters in the blood brain barrier

After renal excretion, another critical barrier influencing drug dispositiorirerdpeutic efficacy

is the bloodbrain barrier.The bloodbrain barrier (BBB) is a highly selective physical and
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biochemical barrier that separates the blood from the brain and the parenchyma of the spinal cord.
In addition to its primary function of pretting the brain from physiological fluctuations in plasma
concentrations of various solutes, the BBB also facilitates the exchange of essential nutrients,
metabolic enegbroducts signalingmolecules and ions between the blood and the interstitial fluid

of the brain(Redzic, 2011)L. Liu & Liu, 2019). Efflux transporters at the blodatain barrier

(BBB) include Rglycoprotein (Pgp), breast cancer resistance protein (BCRP), and multidrug
assaiated resistance proteins (MRPs), which function to remove drugs from the central nervous
system (CNSJFigure 5)(SanchezCovarrubias et al., 2014; Strazielle & Ghdfgea, 2013)In
contrast, influx transporters such as organic atiansporting polypeptides (OATPS), organic
anion transporters (OATS), organic cation transporters (OCTs), andeg#gpnsporters (PEPTS)
facilitate drug entry into the CN&igure 5)(SanchezCovarrubias et al., 2014)

BBB endothelia

Brain ENT1

144

BCRP OATP1A2 THTR2
Blood P-gp MRP4 OATP2B1

Figure 5. Membrane transporters in the blood-brain barrier (BBB) endothelia. Figure is
adapted from Galetin et al., 2024

1.2.5. Membrane transporters in skin and gills T important barriers in fish
Gills are a key interface between fish and tleevironmentand t has been shown that larvae

or adult fish primary routes of xenobiotic entry, except the gut, are skin and Gills provide
excellent conditions for efficient gas and solute exchaaged many function®f mammalian
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kidneys arein fish carried out bygills (Evans et al., 2005; Rombough, 200&part from the
contributionof membrane transporters in maintaining critical physiological functions of fish gills
such ason exchange and pH regulation in the branchial tissue, membrane transporters also have
important homeostatic functipralthoughtheir presence and function in gills isot fully
understoodAs for the fish skin, drmal uptake may contribute t050% of the total uptake of
compounds that are hydrophol§isukardi et al., 2011kE.qg., it has been shown thatpesing
zebrafish to compounds in water relies on aqueous solubility and it is only efficient for hydrophilic
drugs(Guarin et al., 2021)

Furthermore, apart from a relatively well described presence and role of ABC and SLC transporters
in trafficking of physiological and xenobiotic compounds and their metabolite®irand kidney

there isalso evidenceshowingthe presence of function&BC transportes in fish gills. E.g.,

among ABC transporterghe most prominently expressed in gdfsainbow trout Oncorhynchus

mykis3 was shown to bAbcb5 (Kropf et al., 2020and kss expressed, but probably important in
transfer of metabolites and located on the apical and/or basolateral side a$ giilsAbcg2
transporterin the same study authors hypothesized that apically located ABC transporters in gills
probably have roles in toxicological defense: (i) through direct efflux at the surface and thus
preventing chemicals from entering the body, (ii) by excretion of xencb@nd their metabolites.

In contrast to apical extrusion of compounds entering the gills from water, basolateral localization
of ABC transporters is probably due to their function in the transport of substrates from the gills
into the blood and togethevith biotransformation enzymes successfully eliminate metabolites
and conjugates out of the celigcordingly, the presence and activity@fpla(phase land Gstp

(phase Il) enzymes has besrown in fish gills (Kropf et al., 2020)In addition, among analyzed

SLC transporterén zebrafish gills, there was a pronounced dominan&o@floverSlc22genes,

even though they were overall lower expressed in comparison to other tissues. Oatp2bl was found
to be highly expressed, followed by moderate expression of Oatpldl and Oatp3al, Oatp3a,
Oatp2al and Oct2 in both genders. In males, Oatplf2, Octl #ddl@eved moderate expression,

contrary to low expression in femal@opovic et al., 2010)

To summarizealthoughfurther researchs clearlyneededrecent evidence implies that the first

uptake and biotransformation of xenobiotiosfish actually take placen gills which further
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protects other organs fropotentially harmful effects of environmentadnobioticgBarron et al.,
1989; Bartram et al., 2012)

Considering membrane transporters in the Somestudies aimed adlentifying and determining

the expression pattern of the SLC transportehsimanskin showednterindividual variability in

their expression levelsvhich mightbe one of the determints of developing drughduced skin
diseasesTherefore, accumulation of drugs and metabolites in the dermal cells can be a determinant
of the onset of drugnducedskin toxicity. However, comparativelyittle is known about the
expression pattern of humdrug transportens the skin Previouslyreportedexpressioaof ABC
transporters in the human skin reesithat a wide variety of ABC family transporters were highly

or moderately expresse@akenaka et al., 2013)n contrast,amother study revealed that
expression of SLC family transporters in human skin was restricted, while being highly expressed
in the liver, while theexpression levedf SLCO2B1 in the skin asapproximately the same as in

the liver.Labelfree techniques fadate the quantification of several proteins, including enzymes
present in human skin, and this information is crucial for comprehending skin physiology and
function. Recently, a labdtee measurement of enzymes in human skin has been published for the
first time (Couto et al., 2021)n this gudy the aithorsemployed this methodology to compare
proteins present in human skin with those in thdiseensional models that replicate human skin
and ABC transporter{ABCA8 and ABCBL1), along with eight SLC transporters (SLC12A2,
SLC25A3, SLC25A5, SLC25A6, SLCAL, SLC44A1, SLC44A2, SLC4ADave been reported.

In zebrafish, mMRNA expression of zebrafebcb5was found in epidermal cells of the embryo
(Luckenbach et al., 2@), which is consistent with epidermABCB5expression in mammals,
where this protein was hypothesised to regulate membrane potential and cell fusion of skin
progenitor cell§Frank et al., 2003Presencend activity of ABC drug transporters in the teleost
epidermis wagsonfirmedusing a rainbow trout skin primary culture systéhuilleabhain et al.,

2005)

1.3.SLC family of membrane transporters

There are two majoreasons why SLC transporters are so imporaack widely studiedn the
context ofhuman health: (i)heir inactivitydirectly cause diseasasmutations have been linked
to various diseases due to resulting imbalance in the uptake, disposal or absorption of metabolites
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and ions resulting with different phenotypes and disease$(ii) they do not transport only
endogenous compounds and their metabolites, but also drugs and thus indirectly affect disease
outcome through pharmacokinetics and ddugg interactiongEl-Gebali et al., 2013; Lin et al.,

2015; M. D. Pizzagalli edl., 2021)

SLC superfamilyncludes over 400 transport proteinbiquitously distributed in different cells in

both prokaryotes and eukaryotésat are involved in a transport of a wide variety of substances
across cell membranéBai et al., 2017; Povey et al., 200Bpsed on theequence homology and
function human SLCs are classified into 66 fansl{€errada & Superirurga, 2022; Perland &
Frediksson, 2017; Saier et al.,, 202Most SLC transporters act as influx transporters that
facilitate the movement of solutes from the extracellular environment into the cells. This process
can occur by passive diffusiam passive facilitative transpoatong a concentration gradieahd

by cotransport or countdransport, where the movement of a solute against its concentration
gradient is driven by the gradient of another solstecalled secondary active transg@wlas et

al., 2016; X. Liu, 2019; M. DPizzagalli et al., 2021)Facilitative transport is a system that in
which one molecule is transported in thermodynamically favorable dire(@imm & Litman,

2015) In secondary active system, transporters couple the passage of two or more substrates, free
energy is provided by a transport of one substrate down its electrochemical gradient and used to
drive the transport of the other substrate&/g), transport is proportional to the electrochemical
gradient of the coupled ionNVhat makes research on transporters challenging is that SLC
transporters and ABC transporters often have overlapping subspestéicities and shargaeir

tissue distributionThis synergisticcoordination with each otheas well as withphase landl|
biotransformation enzymesnables therto transportawide range of substratgsroviding a more

efficientelimination of end and xenobioticen the indicated tissues

Althoughstructures are still unknowior many transport proteir{most of the available structures
are from the prokaryotic speciespme of the SLC transporters with known structures share a
distinctfeatureanda pseudosymmetry across the transmembrane (TM) do(&sinet al., 2017)
Based on that fact, two of the most common structural famdsng SLC proteins are the major
facilitator superfamily (MFS) and leucine transporter (Lelikg fold (Bai et al., 2017; Shi, 2013)
The differencs are (i)the MFS fold consists of two pseudepeats of six TM helices connected

by a cytoplasmic loop and the Letike fold consist of two fiveTM helices and each of them
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contains a bundle and a scaffold domaind (ii) MFS fold proteins utilize a rocker and switch
mechanism, and LeuT fold proteins utilize a rocking bundle appf{Gantibsingh & Schlessinger,

2019; Shi, 2013)In the rockerswitch mechanism, thereascentrallylocalized substrate binding

site between the two transmembrane domains which is only available on one side of the membrane
at a time. During the interedliate steps of the transport, substrate is occluded from access to the
outer and inner membrane space and finally two transmembrane domains shift around the substrate
binding site, exposing it to the other side of the membrane and releasing the s(bDstfat&
Boudker, 2016)Problem with the researdmn the structure and function of SkE(and membrane
transporterén generalis thatthey are not soluble (they are embedded in the membranes) and it is
very difficult to purify them(Hediger et al., 2013)Consequentlycomputer modeling hdseen

often usedinstead,which relies on the structures of SLC homologues in other spegibs
crystallizedstructures identifiedSchwede et al., 200Hlowever one of the major limitations in
homology modelingvhich is frequently based amsing bacterial transporters to elucidate the
structure and funmin of human onesis that crystalized bacterial proteins can lack long
cytoplasmic tails which play important roles in activity and specificity of the transgbtiieios

& Diallinas, 2019)

1.3.1. The SLCO (formerly SLC21) subfamily of proteins

In this study wehave specificallffocused on the transpor{syof organic anions which belong to
the SLCO subfamily of proteinsnd have been implied as (eco)toxicologically relevant in fish

species

Organic anion transporting polypeptides (OATPs) are membrane proteins that mediate the uptake
of a wide range ofubstrates across the plasma membrane and are expressed in various cells and
tissues, where they mediate the uptake of structurally unrelated organic anions, cations and even
neutral compounds into the cytoplas®@ATPs areclassifiedinto six subfamiliesOATP1 to

OATP6. In humans, there are 12 OATPs encoded by 11 solute carrier of organic anion transporting
polypeptide (SLCO) genes: OATP1A2, OATP1B1, OATP1B3, the splice variant OATRBE3
OATP1C1, OATP2A1, OATP2B1, OATP3Al, OATP4Al, OATP4C1l, OATP5A1 and
OATP6A1, of which OATP1B1 and OATP1B3 are the besaracterizedHagenbuch et al.,
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2025) No OATP homologs were found the prokaryotes and planighat suggestthat OATPs
have evolved with theanimals and furthermore, the have been identified and partially

characterized in essentially every animal spegtegenbuch et al., 2025)

In the nextsections we will focus othe OATP1 subfamilythathas been most extensively studied
because of the link to human diseases and careament In result,knock-out animal models
were so far only generated for the members of this subfamily (Hagenbu&tieger, 2013).

Polymorphic variants of these transporters can impair their function, leading to reduced drug
clearance and increasing the likelihood of adverse drug effects, particularly rhabdomyolysis
caused by statinEor example, a single nucleotigdelymorphism in the SLCO1B1 gene encoding
OATP1B1 protein decreasés ability to transport simvastatin acid from portal circulation into
the liver. As a consequence, increased plasma concentrations of simvastaithaoicesisk of
simvastatin inducednyopathy (Kalliokoski & Niemi, 2009) In addition, the simultaneous
administration of multiple drugs that rely on OATPs for transport (OATP substrates) can lead to

clinically significant ancpotentially harmful drugdrug interactiong Ci ut £ et al ., 202

1.3.1.1.Cellular and tissue distribution of OATPs

The liver facilitates vitabiotransformatiorprocesses due to its strategic location between the gut

and the systemic circulation and has a central role in protecting the body from toxic compounds

by metabolism and excretigqRatel et al., 2016; Schulze et al., 2019ATPs are expressed at the
basolateral membrane, facing the perisinusoidal space (or the space of Disse) and the portal blood
plasma, from where they mediate the uptake of a multitude of endogenous and exogenous
compounds into the cytoplasm of hepatocytes| am et al ., 2018; Ciutt e
Stieger, 2013; Roth et al., 2012)

OATP1AZ2 hasthe strongeséexpres®n in the brain, followed by the lungs, liver, kidneys, and
testes(Kullak-Ublick et al., 2004) At the protein level, OATP1A2 has been detected in brain
capillaries, the apical membrane of the distal nephron, in cholangi¢@aeset al., 2000, 2005)
the basolateral membranéthe pars plana in the ciliary bo@@ao et al., 2005)n the retina, and
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in neurongGao et al., 2015)n addition, welve protein isoformdave been identifiedgncoded

by 30 different transcript$iowever, none of these variants appear to be functionally active.

OATP1B1 and OATP1B3arepr i mar i ly c| apeici ifeéed o.aHowedeh s pert
OATP1B1mRNA hasbeenalsofoundin the placenta(H. Wang et al., 2012)n the hormone
independenbreastcancercell line MDAMB -231 (Banerjee et al., 2012and in several human
cancerqPressler eal., 2011) At the protein level, OATP1B1 ipredominantly localized to the

sinusoidal or basolaterailembranef humanhepatocytes.

As previously noted, OATP1B3 is anothercadled liverspecific OATP . There are twasoforms

of this protein.Isoform 1 has 702 aminoacidsndis knownas the liver-type (LtyOATP1B3.
Isoform 2, referred to as cancéype (CtyOATP1B3 is a 674amino acidsplice variant.This
variant is commonly found in various cancer cell lines and huwwaaoerqgThakkar et al., 2013)
While Lt-OATP1B3 functions as a broaspecificity transporter for both endogenous and
xenobiotic compound<t-OATP1B3 isprimarily localisedntracellularly ina lysosomal fraction
and has anuchreducedunction(Haberkorn et al., 2022; Thakkar et al., 2013)

OATP1B3elB7 (SLCO1B3eSLCO1B?7) is a splice variant of the SLC@GIBSLCO1B7genes
andencodes proteinof 687amino acids. It isnainly expressethtracellularlyin theliver andthe
small intestine, where it might mediate thetransportof drugsinto and out of the smooth

endoplasmieeticulum, facilitatingtheir conjugation(Hagenbuch et al., 2025)

OATP1C1(SLCO1C1)s the third memberof the OATP1 family, isolatedfrom a humanbrain
cDNA library (F. Pizzagalli et al., 2002FFourisoformshavebeenreported encodingfor proteins
with 612to 730aminoacids respectively. Howevennly isoform 2, encodinga 712-amino acid
protein, has been shown to be functional. In&inly expresseth the brain, the testesandthe
heart. Functionally, it is a highaffinity thyroid hormonetransporterwith a narrow substate

specificity (F. Pizzagalli et al., 2002)

1.3.1.2.Mechanism of transport

Althoughit is known todayhow importantOATPsare for the cellular and organism homeostasis,
comparativellylittle is known about their mechanism of transplbiis known thathey are sodium

independent transporters and they work as exchangéish means imported substrate is
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exchanged against another an{ptagenbuch et al., 2025Jhe frst identified counterion was
bicarbonat€Satlin et al., 1997Ayhere rapid intrac&llar acidification acompanying thaurocholate
uptake was observeixamples of ther counterions reported to be involved in OATP transport
are: glutathione (GSH), in research wh¥emopudaevis oocytes expressing rOATP1Ahowed
enchanced uptake of thaurocholate and leukotriene C4 after injecting GSH inta.cellst al.,
1998)and study on rOATP1Ad4gain expressea iX. laevisrevealed GSH, #nethylglutathione,
S-sulfobrom@hthaleinglutathione, Slinitrophenyl glutathione, and ophthalmiecid as
counterions which stimulated uptake of thaurochdlaté.i et al., 2000)

Next factor that influences transport for several OATP proteins i®gH, it was demonstrated
thatuptake mediated by OATP2B1lincreases by lovgeeixtracellular pHKobayashi et al., 2003;
Nozawa et al., 2004Until now research showed that all human OATPs were stimulated by acidic
extracellularenvironmentexcept OATP1C{Leuthold et al., 2009)Additionaly, the level of pH
stimulation was depending on the investigated substeage,transport of prostaglandinzEr
bromosulfophtaleilby OATP2B1 was not stimulatedhenextracellular pH was loered, but the

transport othyroxine or pemetrexed wé¥isentin et al., 2012)

1.3.1.3.Substrate specificityof OATPs

OATP1A2, ubiquitously expressed, transports essential physiological compounds, including
steroid and thyroid hormones, bilirubin, bile salts, and eicosanoids. Except for its role in hormone
and bile salt homeostasis, OATP1A2 also transports various prerticads. Its broad distribution
suggests an important role on the tisspecific disposition, pharmacokinetics, and toxicity of
xenobiotics (Badagnani et al., 2006)n contrast to the ubiquitously expressed OATP1A2,
OATP1B1 and OATP1B3 are primarily livspecific tranporters, expressed on the sinusoidal
membrane of hepatocytésalliokoski & Niemi, 2009)with a largely overlapping substrate range
encompassing steroid conjugates, bile salts, and bilirubin. Délsigiteverlap, their affinities for
specific substrates can vary significanfiyagenbuch & Gui, 2008 0OATP1B1 and OATP1B3

have been widelgtudiesfor their critical role in the transport and clearancevarfious drugs,
including lipid-lowering agents and chemotherapeutics, leading to their biliary excretion. Unlike
most OATPs, OATP1C1 exhibits a narrow substrate range, primarily transporting thyroid
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hormones: thyroxine (T4), triiodothyronine (T3), reveariedothyronine (rT3), and their sulfated
conjugates. Predominantly expressed at the blwaoh barrier (BBB), OATP1C1 is not known to
transport xenobioticRoth et al., 2012)

Consequently, members of the OATP superfamilyracegnize as important drug transporters,

and numerous reports have compiled comprehensive lists of their drug sulflstagesbuch and

Gui, 2008; Fahrmayr et.aR010; Niemi et aJ 2011; Emami Riedmaier et a2012; Grandvuinet

et al, 2012; Nakanishi and Tamai, 2012; Obaidat e28l12; Roth et 812012; Tamai, 2012; Chu

et al, 2013; Hagenbuch and Stieger, 2013; Kovacsics,&Cdl7; Oswald, 2019; Kinzi et al, 2021;

Nies et al, 2022). Besides these reviews, the DRUGBANK On(htgps://go.drugbank.com) is a

good source of substrates and inhibitors of OATPs and other transporters, and access is free for

most academic researchers.

1.3.1.4.Structure vs. transport mechanisms of OATPs

We have already mentionefld and transmembrane topology of members of RhES,
characterized by 12 transmembrane helices, cytoplagmi@cellular) amino and carboxy
terminals, and a pseudosymmetry of théeNminal and @erminal bundle of 6 transmembrane
domain (TM) helicesOATPs share those features and additionabntainlong extracellular
loops (ECLs) and a Kaztike domain in ECL5. The funion of Kazallike domain has remained
unclear.Furthermore OATP transporterfiavea signature motif located at the external half of
TM6 and encompassing part of the ECL3. This motif contains the sequerd@WD(I/V)-
GAWW-x-G-(F/L)-L, x denotes any aminacid residu¢Hagenbuch et al., 2028yigure §.

19



ECL3

Signature
motif

Out

Membrane

Cytoplasm 5w

Figure 6. OATP1B protein topology with transmembrane (TM) helices and extracellular
loops (ECLs) numbered The TM helices are numbered and arranged to highlight the p&eudo
fold rotation symmetry (indicated by red dashed line and ellipse). Thescadearanged from
blue (Nterminus) tored (Gterminus). Extracellular loops (ECLs) are numbered &hd
glycosylation sites (N134J516) are indicated~igure from Hagenbuch et al., 2025.

While the role of liver OATPs in endogenous substrate transport and drug disposition is well
establishedtheir mechanisnof transporhas remained unclear. But some proghessbeemade
recently.Recent researchf two groupspresentectryoelectron microscopfcryoEM) structures

of human OATP1B1 and OATP1B®oteins( Ci ut £ et al . , 28han&Etal. Shan
reported structures of OATP1B1 determined without jmdignders but inwo conformations and
bound to disti nct(2023)repprtedistruttsires withi synthdtic Fali fragmlents

of E1Sbound OATP1B1 and another of OATP1B3 without bound drug but, interestingly, with
evidence of bound bicarbonatst. least three states of OATP transport were suggested. State |,
represented by the Edsdund OATP1B1 structure, shows an inwéading conformation and a
polyspecific binding pocket containing a substrate ready for release into the cytosol. In state II,
which is observed in our bicarbondieund OATP1B3 structure, the substrate binding pocket is

narrowed due to a conformational change in TM7 and TM8. This narrowing is allosterically linked
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to bicarbonate binding near the OATP signature motif, effectivielgking substrate rentry.
Probably state Il transitions to an outwardly open conformation (state Ill), waichuccessfully
trap a new substrateom the extracellular environment. So callsstkerswitch alternating access
mechanismi=or cycle to be fully completethe release of bicarbonatkould be involvedbinding

of the substrate and return to the inward openstat€i ut £ e(Figueel7). , 2023)
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Figure 7. Ribbon representation of the bicarbonate and E1Sbound to OATP1B3.A) In the

centre view, the structure is parallel to the membrane. Dotted frames indicate the enlarged areas.
The red arrow indicates the shift in TM8. (right) Clageof the interface between thie and G

terminal bundles showing a shift in ECL4. B) Proposed struttased mechanism of organic

anion substrate transport mediated byg@tsitive OATP proteins. The anionic part of the drug
substrate (orange rectangle) is coloured red. H stands forportant histidine residue, which is
responsible for mediating protonation (adapted from Ciuta et al., 2023).

1.4.Zebrafish as a model organisnior studying membrane transportes
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Having established the crucial physiological and pharmacological relevance of GATRS|
chapters wegoresentan overview of recent knowledge relatedzebrafish as an advantageous
model organism for exploring transporter function and toxicologicalicatpons both in the
context of biomedical and envirnmental reseaiigy formaebrafish Danio rerio), a tropical
freshwater teleost from Cyprinidae familis well established vertebrate modefith cell
development, molecular mechanism and ongaysiology similar to those in humarshas been
used to study chemical toxicjtyertebrate development, genetics, physiologhaviouy cancer,
neurodegenerative, cardiovascular and metabolic disé@saawald & Eisen, 2002; Y. Liu,
2023)

What makes zebrafish greatmodel organisnis the high level of genomsimilarity shared
between zebrafish and humai® be more precise;70% of human genes have at least one
obvious zebrafish ortholog, compared to 80% of human genes with mouse or{htagset al.,

2013; Postlethwait et al., 1998Yhat facthas greatly facilitated the use of zebrafish for
understanding human genetic diseaard relationships between genotype and phenotype of
various human diseas€€hoi et al., 2021)There are also numerous othadvantages and
strengths of using the zebrafish as a model organism. Compared to mammals, maintaining
zebrafish is less expensiva.addition, externdafertilization and the development of hundreds of
embryos in a single clutch allow easy observation and manipulation of embryonic development.
Adult zebrafish reach sexual maturity within three to five months, and their smalbstaeas
embryos and as adultsnablesa costeffectiveresearch and reduces the quantities of expensive
substance®r new drugs required for studi¢Spitsbergen & Kent, 20030ptical clarity or
transparencyf the developing embryo allows live imaging at the organism levetell as the
individual cell fates throughout organogendkisschke & Currie, 2007; Shin & Fishman, 2002)
Additiondly, the use of transgenic anim#istcan be easily generated under the control of various
selected gene promoteend improvement of the TolRased transgenic system in zebrafisia
spatiotemporal manner by coupling with regulatory elements such as GAL4/UAS or Cre/LoxP
(Halpern et al., 2008; Langenau et al., 208%w live imaging of cells and tracking of cellular
dynamicsn vivo. Theseadvantagemake it easieto studyand explaimmolecular mechanisms of

development of various orga(Shoi et al., 2021)
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Furthermore recent advances in genome editing techniques have greatly facilitated targeted
genetic modification. Techniques suchzasc FingerNucleases (ZFNs), Transcription Activator

Like Effector Nucleases (TALENs), morpholino oligonucleotidediated silencing and
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/GasSB&tated

protein 9 (Cas9) have allowed researchers to study molecular pathways and phenotypic outcomes,
enhancing research in the zebrafish model. Of all ¢bbrniques mentionedthe CRISPR/Cas9
approach i€haracterizedby its simplicity and versatility, enabling multiplex géseediting and

precise genome modificatiofldwang et &, 2013; P. Liu et al., 2019; Varshney et al., 2015)

The zebrafish chorion can be thought of as a sieve, but not as a wall, or more precisely as a
permeability barrier for chemicals under certain conditidtishimura et al., 2016)t has pores

about 0.5um in diameter and 2im apart (K. J. Lee et al.,, 2007; Rawson et al., 200t
penetratiorof chemicalghrough the choriolepend on different factors cludingcompound's
physicochemical properti¢&im & Tanguay, 2014; Wiegand et al., 2008harge in the aquatic

test medium(Cameron & Hunter, 1984pand electrostatic attraction between chemicals and the
chorion(Burnison et al., 2006)t is assumed that dechorisaiion facilitates the penetration of
chemicals and increases the sensitivity of the embryo to the tested compgbhaddeen shown

that the sensitivity to detect teratogens was higher in dechorionised embryos than in embryos with
intact chorion(PanzicaKelly et al., 2015) One should also be aware that the specificity in
detecting nofteratogens was lower in dechorionised embryos compared to climach
embryos. Therefore, dechorionisation, especially at very early stageblgstula stage) without
damaging the embryoss, a major challeng@PanzicaKelly et al, 2015; Truong et al., 2014)

Furthermore, tie space between the embryo and the chorion in the teleost egg is filled with an
extraembryonic fluid, which is inherited from the mother and is known as perivitelline fluid (PVF).
The embryo is immersed ingdiPVF and thus partially isolated from the external environriéet.

exact composition of the PVH vertebrate is still unknown. It protectsthe embryofrom
dehydration,helps the embrydo maintain a safe osmotic balance and provicheshanical
protection There is anadence for an immune defensive role of the RAfid trough proteomic
profiling, it was revealed that the composition of the PVF was complex and underwent dynamic

changes during developmédiite la Paz et al., 2020)
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Figure 8. An example of a male zebrafish (A) and a female zebrafish (Bjigure adapted from
(Avdeshet al., 2012). Males have a characteristic tordéaoshape and a golden colour between
the stripes. Females are easily recognised by their larger, light silver belly.

Interestingly, no clear sedetermining chromosome was found in zebrafigbn Hofsten &
Olsson, 2005)Initially, all animals have undifferentiated ovdilye gonads, and in males all
oocytes disappear and males undergo testicular differentiation, which is usually completed by the
third month of developmeriDevlin & Nagahama, 2002; Maack & Segner, 2003)e timing of
gonadal development varies and depends on the husbandry conditions or the type of strain studied
(Maack & Segner, 2003)n addition to genetics, it has also been observed that the sex ratio often
varies and depends on rearing densijypoxia or food availabilitfLawrence et al., 2007; Shang

et al., 2006)environmental changes that involve hormofiéil & Janz, 2003; Westerfield, 1995)

and temperatur@Jchida et al., 2004Females have a larger, light silver belly, their blue stripes
alternate with silver stripes, and their dorsal fin has a stronger yellow hue. Males usually have no
protruding belly and have a torpetlke shape. They also have a goldeddish hue betven the

blue stripes, especially on the anal and caudalfirggire 8)(Nasiadka & Clark, 2012)
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Apart from olfactory perceptions, which play a role in triggering reproduction, other factors such
as visual stimuli and behaviour are probably involved in the selection of mating partners. Previous
studies have shown that zebrafish females favour largégs{Pyron, 2003)and strategically
distribute their eggs differentially toward larger mg®kinner & Watt, 2007)Another interesting

factor ispigmentationSome studies suggest that phenotypic traits such as carotenoid colouration
of males, longitudinal stripes of melanophores and symmetry of caudal fin patterns may influence
mate choicgPritchard, 2001)The importance of visual ¢tors was also investigated using the
preferences of wildype and colour mutant zebrafish. This showed that zebrafish are able to
visually distinguish differences in pigmentation patterns and that their preferences for certain

phenotypes are based on exxgeces during developme(Engeszer edl., 2004)

1.4.1. Embryogenesis and organogenesis

The stages of early development and the period after hatching of zebrafish embryos are described
in the greatest detail in Kimmel et al. (1995). As mentioned above, one of the major advantages of
the zebrafish as a model organism is the transparency daéntiveyos, which facilitates the

observation and monitoring of embryonic development and associated changes.

The followingtextis a brief overview of zebrafish embryonic developmant24 hpf, the basic

body plan of the embryo begins to take shape. Anigimly, the embryo already contains the
notochord, the somites, the otoliths, the developing eyes, the brain and the pericardial cavity
(Figure 9. The embryo also begins to show its first movements, such as the curling of the tall,
which can serve as amportant parameter in assessing the effects of certain chemical exposures
(von Hellfeld et al., 2020)

At 2 dpf the embryodegin to hatch, although most still remain in the chorion. At this stage,
craniofacial development can be assessed, including possible disruption of cartilage structures. In
addition, observations of blood flow and the unlooped heart region, can reveiccand
circulatory malformations. At this stage, the eyes and ears are fully developed, distinct regions of

the brain are visible, and the spine becomes apparent above the notbahoel 1. The caudal
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fin and pectoral fin buds also begin to fornthaligh they are not shown in tffeégure 10)(von
Hellfeld et al., 202Q)

Rhombencephalon
th
4" ventricle
Bpiicestin Cerebellum
D \ Heart anlage
Mesencephalonk ~

Eye
Olfactory placode ——» Otolith

Telencephalon ————*

Pericardial cavity ——— . o
olk sac

/ <+<—— Notochord
Tail / \
Yolk sac extension

Blood island \
Somites

Figure 9. Morphology of normal zebrafish embryo at 1 dpf Figure aapted fromvon Hellfeld
et al., 2020

By 3 dpf, the overall anatomy of the embryos is largely developedre 10. As most embryos

have hatched at this stage, it is possible to assess the curvature of the spine and recognise
phenotypic anomalies such as lordosis, kyphosis and scoliosis. In addition, fin development
continues and behavioural changesspecially in rkation to active swimming can be

guantitatively analysefon Hellfeld et al., 2020)

In embryos at the age of 4 dpf, thdurae of the yolk sac is significantly reduced due to resorption.
The intestinal tract is fully formed and the swim bladder is also devel@pgdre 11)(von
Hellfeld et al., 202Q)

At 5 dpf, the yolk sac is completely absorl{edyure 11) The facial features are flattened,igfh
enables efficient prey capture, and active feeding typically begins between 128 and (uh hpf
Hellfeld et al., 202Q)
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Figure 10.Morphology of normal zebrafish embryos at 2pf (A) and 3 dpf (B).Figure adapted
from von Hellfeld et al., 2020
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Figure 11.Morphology of normal zebrafish embryo at 4dpf (A) and 5dpf (B). Figure adapted
from von Hellfeldet al., 2020
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Regardless of species, the major constituents in yolk are proteins and lipidisEhatence that

yolk and yolk sac are metabolically active. Fostance,yolk concentrations of several lipid
species, cholesterol and sphingomyelins @btuncrease during embryonic development which

is the sign of metabolic function in the ydlkraher et al., 20165econdly, studies investigating

RNA transcripts in oocytes and recently fertilized zebrafish zygotes, showed that maternal transfer
of RNA transcripts have a pareot-origin signature and regulate developmental processes and
contribute to metabolic processes in the oocyte, zygote and erffdyyams & Mullins, 2009;
Rauwerda et al., 2016)he zebrafish model provides researchers a number of tools and strategies
to better study and understand embryonic nutrition, and how it is affected by toxicant exposures
becaise the yolk can selectively aggregate lipophilic xenobiotics from the surrounding aquatic
environmen{Sant & TimmeLaragy, 2018)Uptake of different compounds into the yolk across

the yolk sac epitheliupwhich contains several active receptors for recepiediated endocytosis

or pinocytosis, butlao the arrangement and function of membrane transporters on the epithelium
of the yolk sac and their impairment due to toxicological perturbatistit needs to be

investigatedSant & TimmeLaragy, 2018)

The increasing input adnthropogenisubstances into the environment has necessitated reliable
and accurate acute toxicity assessments. Most legislation to identify environmental hazards and
assess the risks associated with chemicals, pharmaceuticals, biocides, additives and effluents relies
on vertebrate models, including rats and fish. The Fish Embryo Acute Toxicity (FET) test using
zebrafish Danio rerio) embryos, as described in the OECD Test GuidelineZ3®&j serves as an
alternative to conventional acute fish toxicity tests, includimegOECD Acute Fish Toxicity Test

(TG 203). The original FET test was designed to utilise only four core morphological endpoints
coagulation of the embryo, lack of somite development, lack of heartbeat awl@tachment of

the taili to achieve a sertgslity comparable to the acute fish test. A comprehendatabas®f
common and specific morphological changes observed in zebrafish embryos following exposure
to various chemical®ias been buil(Belarger et al., 2013; Scholz et al., 2014Jong with
recommendationstandardised nomenclature and a comprehensive database documenting these
morphological changes zebrafish embryos. Typicahorphological changes and need for
standardized nomenclature weiso formalized byon Hellfeld et al(2020. In addition to the
endpoints described in OECD TG 236, all additional observations documented as lethal or

sublethal endpoints wereeduced kart beat or reduced blood circulation, suppressed or absent
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pigmentation, delayed or altered development, altered locomotion, spinal deformities and the
formation of various oedemas together with the accumulation of blood cells in pericardial and yolk
oecemas, craniofacial malformations, impaired yolk absorption, and changes in zebrafish
embryonic behavioutn summary, rorphological findings can provide important clues to possible
deleterious mechanismslthoughfurther molecular studies argtill required to clarify the

underlying mechanismson Hellfeld et al., 2020)

1.4.2. Zebrafish membrane transporters

There isagrowing number of studieshich emphasise the diversity of membrane transporters in
zebrafishas an established model organismd their similarity to transporters in other vertebrates.
However, drug transporters in zebrafish are still poorly charaaeAstorough characterisation

of the similarities and differences between zebrafish and human transporters is essential to enable
translational studies on transporter activity and bioavailability of drugs in zebrafish.

The first insight into the zebrafisic22 membrane transportevas done in our grou@lihaljevic

et al., 2016) Orthologicalrelationshipswvith related transporters in othezrtebrate species were
found by phylogenetic and syntenic studies of fish Slc22. The expression pattectl of
comparable to that cDCT1 and OCT2 in humans, with very high expression in the kidney,
followed by high expression in the liver and moderate expression in the brain. This suggests that
Octl in zebrafish may have similar functions to OCT1 and 2 in hurfiéoepsell, 2011)In
contrast, the moderate expressiond® in all tissues examinedpart fromthe kidney and testis
suggests a more specialised physiological function and a possible role in the clearance of
endogenous cations and drugs by the kidneys. Therefore, l@Q@GE2Z which is mainly expressed

in the kidney, has a different expression pattern than zebmadtzh(Ciarimboli et al., 2010;
Koepsell et al., 2003Furthermore, since zebrafish lack an orthologuediGiT3 it is plausible

that theiroctl andoct2 transmrters take over the function Q@ICT3 especially given the large
substrate overlap between OCT1, 2 and 3 in mam{Kalspsell et al., 2003; Nies et al., 2009)

Seven genes for organic anion transpsrtegre found in zebrafish. The extensive conservation of

OAT1 and OAT3 function in vertebrate physiology is evidenced by thdaare orthology of
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oatl andoat3to OAT1andOAT3in humangMihaljevic et al., 2016)However, there are some
differences in the tissue expression data between the human orthologues and zebrafigérlpart

in the case obatl The female brain and testis are the sites where oatl is most highly expressed
in zebrafish. Compared watl, tissue expression @at3is more widespread in zebrafish, with

the kidney especially in femaleshowing the high& expression, followed by the testis, large
intestine and brain with moderate expression.oas3 is highly expressed in the kidney in
zebrafish, it may play a similar role in the transport and elimination of xenobiotics as its human
orthologue, OAT3 Five members of thevat2 (de) subfamily were found in zebrafish.
Interestingly, all fish species analysed showed-torrmany orthologues with human genes,
whereas th®©AT?2/oat2genes of higher tetrapods showed-tmene orthologes. This could be

due to futher duplications of single genes or gene clusters, an additional whole genome
duplication (WGD) in salmonids (such as rainbow trout) and an independent WGD in teleost fish
(Berthelot et al., 2014; Howe et al., 201Bhe fact that all other tetrapods studied have only one
OAT?2/Oat2ortholog raises the possibility that the second round of genome duplication triggered

the diversity of Oat2 genes.

Zebrafish Danio rerio) have 52 ABC transporter genes, with orthologs for 77% of the 48 human
ABC transportergAnnilo et al., 2006)Zebrafish have no direct ortholog ABCB1but instead
havetwo genesabcb4andabcb) which have a similar functiolA marked expression in both

male and female gonadd abcclImRNA was showed anébcc5mRNA was highly expressed

in testis(Long, Li, & Cui, 2011; Long, Li, Li, et al., 2011More abait ABC transporters in
zebrafish can be found in recent review on progress in characterizing ABC multidrug transporters
in zebrafis(Thomas et al., 2024)

1.5. Zebrafish Oatp subfamily of proteins

Highly diverse Oatgamily includes over 300 Oatps annotated in different aninfeisgenbuch
& Meier, 2004) Apart from 14 distinct members in zebraf(§topovic et al., 2010, 2013patpl
has been identified in little skaf€ai et al., 2002)rainbow trout(Steiner et aJ] 2014)and in
fathead minnowéMuzzio et al., 2014)They are all expressed predominantly in liver and kidneys,

but also in gills and brain and transport variety of substrates, both endogenous and exogenous
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(Willi & Fent, 2018) By phylogenetic and tissue analysis done in our laborg@opovic et al.,
2010) several Oatpl members have been identified: Oatpldl (only reporteebrafish),
Oatplel, Oatplcl and OatpHd importantly, analyses indicated that Oatpl family in zebrafish
is clearly different from Oatpl family in other vertebrates. The main difference is that thghin
zebrafish genome, orthologs of Oatpla anadinot be foundandphylogenetically closest are
Oatpldl and 1lel.

The diversification of the OATP1/Oatpl family took place after jawed fish appeared, after the
second round dhewhole genome duplication evdiftigure 12) The Oatpld subfamily originated

in teleosts and is not found in tetrapods, while the OATP1A/Oagmth OATP1B/Oatplb
subfamilies arose at the base of the tetrapod linfagschauer et al., 20Q6Jhe aly family

found in all vertebrate from cartilaginous fish to humans is OATP1C/Oatplc which might
representhe sequence most similar to the common ancestor of the OATP1/@atpy (F.
Pizzagalli et al., 2002)
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Figure 12. Schematic representation of evolution ofthe Oatpl family in chordates
Diversification of theOATP1/Oatpl family occurred after the after the split of jawless and jawed
fish which followed the second round of the whole genome duplication event, but before the split

of cartilaginous and bony figffopovic et al., 2013)
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1.5.1. Zebrafish Oatpldl

This study is specificalljocused onn vivo characterization of therganic anion transporting
polypeptide 1d1 (Oatpldlising zebrafish model, and in the followisgctions we will explain

why particularly this transporter is interesting in terms of its ecotoxicological relevance. Briefly,
there are two major reasons. Firse\pous genome and phylogenetic analysis of SLCO/SIco genes

in vertebratesevealed the presce ofanOatp subfamilythat isfish-specific, named Oatpld, that
includes two genes: the ubiquitously expressed Oatpldl and negligibly expressed Gatdld?2.
secondly, our initiain vitro studies showed that thfish specific transmembrane proteinydan

important role in the transport of various endogenous substances and exogenous compounds across

cellular membranes in zebrafish.

1.5.1.1 Cellular and tissue distribution

Oatpldlis ubiguitously expressed in all tissues, with the highest expression in the liver, brain and
testesFollowing these, notablexpressions weralso observed in the intestine, kidney, gills, and
skeletal musclesThere are serifferencesand they are ngi pronounced in testeasoatpldl
expression is 50 times higher than in ovaries. In zebrafish begpldlexpression is 10 times
higher in males and again, it2s5-fold higher in the male kidney. Other tissues investigated did

not show differencesdiweengendergPopovic et al., 2013)

1.5.1.2.Mechanism of transport

As already mentioned, the transport mechanism of OATPs/Oatps is not yet fully unddrstood.

vitro studies have shown that the transport activity of Oatpldl is influenced by chamggs in
bothextracellular (pHo) and intracellular (pHi), which affect proton flux and are closely linked to
bicarbonate concentratioRICOs’). In short, when the extraceldu pH is low (pHo 5.5), i.e. there

i's an exiong,dCOs ®d miHi nes wi t h H to form H O and

effect occurs when the intracellular pH is lower than the extracelluladpél to intracellular

32



acidification or extracellar alkalization(pHo 8.0). Experimental results have shown an increased

transport rate after extracellular acidification (pHo 5.5).

The proposed mechanism suggests that when the
outward and stimulates theisport activity of Oatpld1l. If, on the other hand, the proton gradient

is directed outwards, the transport activity is reduced. This indicates a bicarbonate antiport
mechanism similar to that of mammalian OATPs/OéBupovic et al., 2013Regarding the role

of protonation, the pH dependence of protein activity is thought to be related to protonation of
histidine residues, as is the case in mammalian transporters where His102 hdsrigiexl as a

candidate residue. In our laboratory, mutagenesis studies have demonstrated that protonation of
His79 in intracellular loop 1 (IL1) is critical for the function of Oatpldl. His79 has been shown to

be partially responsible for the reductiontransport activity following intracellular acidification

and is conserved within the vertebrate OATP1/Oatpl fafRibpovic et al., 2013)

Based on Michaelitenten kinetic parameters, Oat{illikely possesses a single binding site for
bothmodel substrategstrone3-sulphate (E3S) and lucifer yellow (LY), similar to OATP1A2. In
contrast, OATP1B1 and OATP1B3 probably have two different binding sites fo(HiGo et
al., 2006; Noét al., 2007; Roth et al., 2011; Tamai et al., 2000)

1.5.1.3.Structure and function of zebrafish Oatpldl

Predicted membrane topology showed that Oatpldl probably has 12 TMDs as hypothesized for
the majority of mammalian Oatps. Furthermore, conserved motifs were identified in all zebrafish
Oatp members: superfamily signature motif, large extracellular loepaelbn TMD9 and TMD10

that contains 10 conserved cysteine residues and Kazal SCL21 domain. Kazal SLC21 domain is
49 amino acids longCX3CXCXePVC XsYXSXCXAGC Xi1Y X2CXCV) and contains eight
conserved cysteine residues from ECL5. Nthe, N-glycosylation atternwhich is involved in
posttranslational processing of mammalian OATPs/Oé#psNang et al., 2008 conserved

within the OATP1/Oatpl family and, with the fourlidked glycosylation $es involved (Asn
122,-133,-499 and-512), is important for membramhacalization, when all of them were mutated

the Oatpldl protein was inactive and remained in cyt(lBopovic et al., 2013)Next, the
evolutionarily conservedh all OATP1/Oatpl family members from fish to mammals, except
OATP1C/Oatplc subfamily.CRAC motif ((L/V)XLi5YX1i5(R/K)) is important for the
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membrane localization of Oatpldfhutation in CRAC motif (Y184A) impairecebrafish Oatpldl
membrane targetingince the CRAC motif is known to be present in many proteins that interact

with cholesterol, it is assumed to play a similar role in the Oatpld1l protein as well.

Interestingly, results showetiat Oatpldl is present the plasma membrane as a dimer and
possibly as a higher order oligomer, with highly conserved glycophorin motifs in TkéBiflues

208 212 and TMD8(residues 385390) involved in oligomer formationChange in these motifs
impaired Oatpldl activity becausé the inability to localize in the plasma membrane and
additionally, after they were mutated, there was the absence of oligomeric form in the total cell
lysates(Popovic et al., 2013Monomes are linked into dimers via disulfide bonds and dimers
organize into the oligomers independently of disulfide bonds and dimerization, through disulfide
bounds, has also been shown for OATP2Banggi et al., 2006)

1.5.1.4Substrate specificity

Oatpldl in teleosts functionally similar to OATP1A/Oatpla and OATP1B/Oatplb members in
mammals (Popovic et al.,, 2013)More specifically, comparison of substrate and inhibitor
preferences of Oatpldl with manmima OATP1/Oatpl transporters clearly indicates that
zebrafish Oatpldl is more similar to OATP1A2, OATP1B1, and OATP1B3 then to OATP1C. Due
to Oatpldl high expression in liver, previous work in our lab proposed its role in the uptake and
elimination of exess steroid hormone metabolites through bile, similar to the role of OATP1A2,
OATP1B1 and OATP1B3.

Transport activity measurements were done on transiently or stably transfected HEK293 cells
overexpressing Oatpldl and compounds were classified as intsr&abhibition of LY uptake

was >50%. Further, to determine the type of interaction and classify compounds as substrates or
inhibitors, kinetic parameters of LY uptake in the presence or absence of interacting compound

were compared.

1.5.1.4.1. Oatpldl transport of endogenous compounds

Oatpldl is high affinity transporter of conjugated steroid hormones esusuléate (E3S),
estradioll 7-glucuronide (E174glucuronide) and dehydroepiandrosterone sulfate (DHEAS), but
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nontconjugated steroids like estradiol, pragesne, androstenedione, dihydrotestosterone and
testosterone inhibit its function. Similar to OATP1A2, Oatpldl transports coftsmenbuch &

Gui, 2008; Popovic et al., 2013)evertheless, differences are present in terms of its substrate
selectivity and affinity in comparison with OATP1A2, OATP1B1, andOATP1B3. For example,
Oatpldl does not transport bilirubin, T3, T4, bidts and ouabai(Popovic et al., 2013)In
mammals, transport of thyroids is primarily done by OATP1C1 and OATP1A2 in the brain,
whereas OATP1BL1 is crucial for their elimination throughrligfeujiwara et al., 2001; van der
Deure et al., 2010) Similar to the function of the OATP6/Oatp6 family in mammalian testes
(Klaassen & Lu, 2008Yhe high expression oftpldlin zebrafish testes suggefPopovic et al.,

2013) a possible role in the uptake of DHEAS as a precursor for androgen and estrogen synthesis
in gonads. In addition, high expression of Oatpl1dl in the brain and its uptake of DHEAS may be
very important in the brain due to function of DHEAS as a neerosi and high expression of
Oatpldl, similar to OATP1AZPopovic et al., 2013)Inhibition of Oatpldl by unconjugated
steroids could reduce the uptake of conjugated steroid hormones ingéetissues and thus
influence the hormone balance in plasma in a way that Oatpldl could play a role in the negative
feedback regulation of steroid hormone synthé3snes, 2011; Popovic et al., 2018nhother

study (Willi & Fent, 2018) showed that many progestins and glucocorticoids show strong
interaction with Oatpldl, either as substrate or inhibitors and the interaction activity showed a
positive correlation with the lipophilicity of the steroidsutAors reported thdCso values were
lowest for P4followed by the following order of increasing valuesaiiydroxyprogesterone >
clobetasol propionate > spironolactone aziydroxyprogesterone > fludrocortisone acetate and

additional glucocorticoids.

1.5.1.4.2. Oatpld1 transport of xenobiotics

Apart from physiological substrates, it has been shown that the uptake of microcystins (MCs)
known as cyanobacetrial secondary metabolites, is mostly mediated by OATP$F3tipsr et

al., 2010) Caynotoxins represent a serious risk to fish, other aquatic organisms and human health
during socalled harmful algal blooms (HABs) and consequent release into the aquatic
environment. Microcystins, most dominant type of cyanotoxins and highly toxicarordp often
associated with hepatotoxicity, nephropathy, neurotox{€ihen et al., 2009Rate of MC uptake
significantly varies for different congeners and zebrafish Oatpldl acts as a ubiquitously expressed,

multi-specific transporters ofavious MC congeners, while for example, members of the Oatplf
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subfamily are expressed exclusively in the kidney and transport only specific MC congeners
(Steineretal.,2016) Mari | et al (2021) showed that the
lipophilic congenersLW and-LF, followed by congenerd A, -LR and-YR, in correlation with

their log POW. Qly truly hydrophilic congener, MRR, with log POW value 0f0.2, was not
significantly transported by Oatpldl, in the same study.

Another in vitro study in our group(Popovic et al., 20143howed that PFOS, nomylenol,
gemfibrozil, diclofenac, EE2 and caffeine are high affinity substrates of zebrafish Oatpldl and
PFOA and synthetic estrogens, E2 and E1 are strong Oatpldl inhibitors. Both groups of
compounds could disrupt normal transport function of Oatpldl rgedeare with transport of
physiological substrates (DHEAS, E3S and Efiituronide)Popovic et al., 2014)

Importantly, onsideringdataobtained so faon the interaction with environmentalbstances, for

the purpose of this study we selected diclofenac and PFOS as highly relevant environmental
pollutants thahave been extensively studied in relation to the function of OatpIdéreforejn

the following paragraphsewvill describe in more detailata related to environmental relevance,
toxicity andinteractionof selected model contaminants with zebrafish Oatpiadisporter

Diclofenac

Diclofenacis a widely used nosteroidal antinflammatory drug (NSAID). In addition to its role

as a pharmautical agent, diclofenac has also attracted attention as an environmental pollutant
due to its widespread use and incomplete removal during wastewater tre@theemy et al.,

2020) The fate of diclofenac in the aquatic environment involves various processes, including
biodegradation, photolysis and sorption to sediment part{Clasz et al., 2015; Escapa et al.,
2018) However, these processes do not always result in the complete removal of diclofenac,
contributing to its persistence and potential accumulation in the aquatic environment. Furthermore,
diclofenac and its metabit®s can be classified as pseygkrsistent compounds, as the greatest
ecological risk is due to its continuous input into the environifi€atio et al., 2010; Mehinto et

al., 2010) Another interesting example is the known toxicity of diclofenaGypsvultures The
authors point out that diclofenac is probably toxic to all eight vulture species witliaypsgenus

and that three endemic vulture species are threatened with extinction following a dramatic decline

in South Asia due to exposure to diclofenac uaeda veterinary drug in the carcasses they
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scavengeAlthough environmental concentratioofdiclofenacdetected in municipal wastewater

effluent, surface water, groundwater and drinking water, could not cause lethal effects on
organisms at concentrati dhes10ienM)Behoti eta@l, 1069; of n
Sacher et al., 2001; TauX®uersch et al., 2005)chronic toxicity is possibleCytological

alterations were olesved in the liver, kidney and gills of rainbow tro@ncorhynchus mykiss

exposure t0 3.38 x1®e M di c | of e n a c Salmb tnuttdexposedto 1t69 s s M (

and the lowest observed effective concentration (LOEC) for renal lesions was 1069exM

(Hoeger et al., 2005; Schwaiger et al., 2004; Triebskbah,e2004)

The primary mode of action of diclofenac is inhibition of cyclooxygenase (COX) enzymes, leading

to dysregulation of prostaglandin synthesis and signaling. This disruption impairs critical
processes such as angiogenesis, cell proliferation and tissuerditigdon, which are essential for
normal embryonic developmefiPraskova et al., 2014Exposure to diclofenac during early
development has been shown to disrupt normal embryogenesis in zebrafish, leading to a spectrum
of developmental abnormalities. Craniofacial defects, aardialformations, spinal deformities

and reduced body size are among the developmental abnormalities observed as a result of
diclofenac exposure. These effects are dbegmendent, with higher concentrations of diclofenac
having more pronounced negativeeets on zebrafish embryg€habchoubi et al., 2023;-B.

Chen et al., 2014) Metabolism of diclofenac in zebrafish involves conversion to reactive
metabolites, including 4iydroxydiclofenac and #lydroxydiclofenac, which are mediated by
cytochrome P450 enzymes. These metabolites contribute to oxidative stress and cellular damage,
which exacerbates the toxic effects of diclofenac on zebrafish emigogji et al., 2020)In

addition, diclofenac exposure activates apoptotic signgatgways and disrupts mitochondrial
function. These molecular changes contribute to the observed developmental defects, including

organspecific damage and morphological abnormalitlesg et al., 2020)
PFOS

Per and polyfluoroalkyl substances (PFAS) are a diverse group chmaae chemicals that have
been widely used in various industrial applications and consumer products since the 1940s. These
substances are characterized by their strong cdhbormne bords, which give them remarkable
resistance to water, oil and heat. This resistance has made PFAS invaluable in numerous areas,

such as nostick cookware, waterepellent clothing, staiesistant fabrics and carpets, food
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packaging, firefighting foams, ampersonal care products such as shampoos and dent€Bilass
et al., 2011) However, the same chemical stability that makes PFAS so useful also leads to
environmental persistence and widespread contamination, raising significant ecological and health

concernglLau et al., 2007)

PFAS are not easily degradable and can persist in the environment for long periods of time
(Prevedouros et al., 2006ljhey have been detected in various environmental media, including
surface waters ifrers, lakes and oceans), groundwater and drinking water supplies, soils and
sediments and even atmospheric disist et al., 2012Environmental concentrations of PFAS

can vary widely, typically ranging from parts per trillion (ppt) to parts per billion (g@pending

on proximity to sources such as industrial sites, firefighting training areas, and wastewater
treatment plant§Y.-Q. Wang etl., 2022) The persistence and bioaccumulative nature of PFAS
results in their accumulation in the tissues of aquatic organisms, leading to higher concentrations
in predators at the top of the food chain. This bioaccumulation poses a risk not oitjlite, w

but also to humans who consume contaminated (Gotsoer et al., 2016[PFAS exposure can

result in various toxic effects on aquatic organisms, including developmeudtakproductive
toxicity, endocrine disruption, immune system effects and behavioral ch@nddsy et al., 2021;

Houde et al., 2006)hese toxic effects can lead to reduced hatching rates, abnormal development,
reproductive failures, altered growth, metabolism and increased susceptibility to diseases.
Additionally, PFAS exposure can result in behavioral changes, such as altered feeding and

avoidance of predators, which can impact survival and reprodytionetal., 2013)

Perfluorooctane sulfonate (PFOS) is a specific type of PFAS that has been widely used due to its
hydrophobic and lipophobic properties. PFOS has been widely produced and utilized in various
industrial and consumer products, including stand aater repellents for textiles, upholstery,
carpets and leather products; firefighting foams used in aqueoufofitmng foams (AFFF) for

fire suppression, particularly at airports and military bases; coating and etching processes in the
metal plating mdustry; electronics manufacturing processes such as photolithography; pesticides
and insecticides; and paper and packaging materials to resist grease and rf®astues al.,

2009)

PFOS poses significant risks to aquatic organisms due to its persistence, bioaccumatiatese

and toxicity. PFOS readily bioaccumulates in aquatic organisms, leading to higher concentrations
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in top predator¢Conder et al., 2008Exposure to PFOS has been associated with various adverse
effects on aquatic organisms, including developmental aptbdactive toxicity, endocrine
disruption, liver toxicity, immune system effects and behavioral chaffgddey et al., 2021)

These toxic effects can result in developmental abnormalities, reduced hatching success, impaired
reproductive function, liver damage, altered lipid metabolism, increased susceptibility to
infections and diseaseand changes in food intake, predator avoidance and mating behavior
(Houde et al., 2006 he effects of PFOS on lipid metabolism, particularlyebrafish embryos,

involve several pathways and cellular processes. PFOS can interact with peroxisome proliferator
activated receptors (PPARs), particularly PPAI
in fatty acid oxidation, lipid transport dripid synthesigRosenmai et al., 201L8PFOS exposure
induces oxidative stress through the generation of reactive oxygen species (ROS), which can
damage cellular components, luding lipids, leading to lipid peroxidatidbau et al., 2007)
PFOSinduced mitochondrial dysfunction can impair lipid metabolism, resulting in energy deficits
and lipid accumulatioiDomingo & Nadal, 2019Additionally, PFOS can induce endoplasmic
reticulum (ER) stress and impair protein folding and lipid homeogasidey et al., 2021). PFOS

can disrupt the normal function of lipoproteins and enzymes involved in lipid transport and storage,
leading to abnormal lipid accumulation or depletion in tissues (Houde et al., 2011). Furthermore,
PFOS exposure can lead taaoles in the expression of key genes involved in lipid metabolism

and hormonal disruption, affecting lipid metabolic proce¢Besenmai et al., 2016)

Studies have shown that PEQexposure leads to increased lipid accumulation in zebrafish
embryos due to impaired lipid catabolism and enhanced lipid synthesis (Domingo & Nadal, 2019).
PFOS exposure can change the composition of lipids in zebrafish embryos, including increased
triglyceride and cholesterol levdllsau et al., 2007)PFOS has been shown to upregulate genes
involved in lipid synthesis and downregulate genes involved in lipid oxidéfiokley et al.,

2021)

PFOS interacts with various organic anion transporters (OATs) and organic anion transporting
polypeptides (OATPs). Research has shown that PFOS caartspdrted by several OATS,
including hOAT4 (Nakagawa et al., 20089nd OATPs such as OATP1A2, OATP1B1 and
OATP1B3, which are expressed in different tissues including the liver, kidreeyngastine.

Studies have shown that hOAT4 is involved in the renal clearance of PFOS and facilitates its
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excretion from the bodyNakagawa et al., 2009%imilarly, OATPs in the liver ah intestine
contribute to the disposition of PFOS by mediating its uptake into hepatocytes and enté@cytes
Kimura et al., 2020)This transport activity affects the bioavailability and toxicity of PFOS,
influencing its accumulation in tissues and its potential health efigbto et al., 2016, p. 201)

An important aspect of PFOS interaction with these transporters is its impact on reproductive
toxicity, particularly thragh OATP3al in Sertoli cells, which may lead to adverse effects on male
reproductive healtiT. Li et al., 2023)

The toxicokinetic of PFOS in zebrafigh determinednfluenced by its interaction with various
transporters, including Oatps and Oats. These interactions can lead to significant changes in the
bioconcentration and tissue distribution of PFOS in ZedtrgConsoer et al., 2016Yebrafish

Oats, including Oatl and Oat3, play an important role in modulating the transport activity of PFOS.
Specifically, zebrafish Oatl and Oat3 #ih interactions with environmental contaminants,
including PFOS, affecting their bioavailability and toxicity in zebrafisbr agoj evi | et a
Oatpldl has a high affinity towards PFOS. This interaction highlights the role of OATP1d1 in
mediating the uptake and potential toxic effects of PFOS in zebr@gbovic et al., 2014)
Additionally, the functional conservation &fATPs/Oatps in vertebrates suggests that zebrafish
Oatpldl might serve as a functional ortholog to human OATP2B1, showing strong interactions
with PFOS and impacting its toxicify Dr a g o j e v i [ Theedxpreasion of dofristPean)
pathways, including those involvin@atps, was significantly altered in zebrafish embryos,
indicating the crucial role of these transporters in mediating the effects of @aGt3en edl.,

2016)

1.6.Aim of researchand key research objectives

Considering that our previous vitro studiesstrongly indicate that Oatpldl is a potentially
importantfish transporter in the context ehvironmental toxicologyand that the physiological
consequences of impaired Oatpldl activity are still unknown, we have generated a CRISPR/Cas9
mutantzebrafishline lacking a functional Oatpldl protein. This mutant line will serve as a key

model forin vivoresearch presented in this thesis
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The main aim of the researchresenteds the detailedn vivo characterizatiorof the Oatpldl
transporter in zebrafish as a model organisnorderto better understanis physiological and
ecotoxicologicalrelevance To fulfill this generalgoal, we have setfour ecific research

objectives:

1) Characterizationf the phenotype of the Oatpld1l mutant line;

2) Development of Oatpldl antibodies ¢baracterizethe Oatpldl mutant line and the

distribution, expression and locadtion of Oatpldl in zebrafish embryos and tissues;

3) Analyss of thechanges in gene expressioroatpldland other organic anion transporter

genes caused [atpldimutation;

4) Analysis ofthe changes caused by exposure of mutant andtyyitel zebrafish embryos

and larvae tselected environmental contaminants.

1.7.Key research hypotheses

Due to the overlapping substrate specificity and the sirdkalizationpattern of the zebrafish
organic anion transporters, \wgpothesize¢hat the mutation of theatpldlgene and the resulting
loss of function of the Oapld1l transporter will not cause deformities and mortality in embryonic

development and that the fish wdévelop normally.

At the gene expression level, we exgeatbserveehanges ithe expression afther organic anion
transporter genewith overlapping substrate preferencdse to possible mechanisms of gene

compensation.

We expect differences in tHerm of both higher and/or lowesensitivity between theéatpldl
mutansand the wild typeebrafishin response to exposure to toKatpldl model environmental
contaminantspossilly depending orthe nature of metabolism of different substrates and the

formation of toxic metabolites.

2. Materials and Methods
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2.1.Materials

2.1.1. Biological models

Competent DH5U0U E. col i cells (Life Technol ogi
were grown on agar plates (SigiAldrich, Taufkirchen, Germany) and in liquid Lwizertani

medium (Becton, Dickinson and Company, Sparks, USA) supplemented @@thpd/ml

ampicillin (SigmaAldrich, Taufkirchen, Germany). Human embryonic kidney cells (HEK293T)

(ATCC, CRL-1573) were used fammunocytochemistry and protein localization analyses.

Zebrafish Danio rerio), AB strain were purchased from the European iadish Resource Centre
(EZRC, Karlsruhe, Germany). All handling and experiments were conducted in accordance with
the EU Guide for the Care and Use of Laboratory Animals, Council Directive (86/609/EEC), and
the Croatian Constitutional Act on the Protectaimnimals (NN 135/06 and 37/13) under the
project license HRPOK-023.

2.1.2. Non-biological materials

Chemicals, enzymes, molecular biology kits, and oligonucleotides used in this study were as
follows: standard chemicalsTdble 1), enzymes(Table 2), commercial kits Table 3),
oligonucleotides Table 4). Oligonucleotides with modifications, used for morpholino
oligonucleotide mediated zebrafish embryos silen¢iraple5). Antibodies used in the western

blot andimmunocytochemistry and immunohistochstry analysis are listed i{iTable 6). All

equipment used in this study is listed Trable7).

Table 1. Standard chemicals used in the study

CHEMICAL SOURCE CAT. NO.
Agarose SigmaAldrich, Germany A9535
BSA (bovine serum albumin) Carl Roth,Germany 8076.4
DMEM Capricorn Scientific, DMEM-HPA
Germany
DNase/RNaséree water Invitrogen, USA 10977035
Ethanol Kemika, Croatia 505655
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FBS (fetal bovine serum) Capricorn Scientific, FBSGI-12A
Germany
GeneRuler DNA ladder mix Thermo Fishe6cientific, SM1551
USA
Methanol Kemika, Croatia P140500
PFA SigmaAldrich, Germany 30525894
Xylol Kemika, Croatia
PTU (phenylthiourea) Sigma 103855
propanole Kemika, Croatia
Saharoza Kemika, Croatia 57-50-1
SDS Roth 0183.1
Triton X-100(T-X-100) Merck 9036195
Tricaine methansulfonate (MS Sigma Aldrich E10521
222)
Dicolofenac sodium salt Sigma Aldrich 15307796
perfluorooctanoic acid (PFOA) Sigma Aldrich 171468
33829100MG
perfluorooctanesulfonic acid Sigma Aldrich
(PFOS), K salt
T3 Sigma Aldrich T6397
T4 Sigma Aldrich T2376
17b-E2 Sigma Aldrich E8875
TCDC Sigma Aldrich T6260
Lucifer Yellow Sigma Aldrich L0144
Calcein Sigma Aldrich C0875
DCFH-DA Sigma Aldrich D6883
Acridine orang AlfaAesar L13159
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Table 2. List of buffers and mediaused in the study

NAME COMPOSITION pH
Citrate buffer (CT3) wi/v (acidium citricum) = 3.0
0.21%
Citrate buffer (CT6) CT3:C18=1:1 6.0
Citrate buffer (CT8) wi/v (sodium citrate x 2 H20 1 8.0
0.294%
PBSt 10x PBS 0.1% Tweer20 =
100:1
High salt PBS w/v (NaCl) = 1.8%
PBS
PBS + NaN3 v/v (NaN3) = 0.1%
E3 medium (NaCl) = 250 mM, c (KCI) = 7.8
8.5 mM, c (CaCl2) = 16.5
mM, ¢ (MgS0O4) = 16.5 mM
OCT medium w/v (polivinil alkohol) =
10.24%, wiv(polietilen glikol)
= 4.26%
Vectashield medium
LB (Lysogeny Broth)
TAE buffer c (Tris) = 40 mM, c (EDTA) = 8.0
1 mM
TBSt ¢ (Tris) = 20 mM, c (NaCl) = 7.6
150 mM, wiv (TweerR0) =
0.1%,
Table 3. List of enzymes used in this study.
ENZYME SOURCE CAT.NO
BamH]|, restriction enzyme New England Biolabs, USA R0O136S
GoTag gPCR mix PROMEGA, USA A6001
Notl, restriction enzyme New England Biolabs, USA R0189S
Phusion polymerase New England Biolabs, USA MO530L
Power SYBR Green PCR Master mi Applied Biosystems, USA 4367659
Reverse transcriptase New England Biolabs, USA 4374966
Xball, restriction enzyme New England Biolabs, USA R0145S
Xholl, restriction enzyme New England Biolabs, USA R0146S
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Table 4. List of commercial kits used inthis study.

MOLECULAR BIOLOGY KIT SOURCE CAT NO
CloneJET PCR Cloning Kit Thermo Fisher Scientific, K1232
USA
In-fusion cloning kit Takara, Japan 638947
Monarch DNA Gel Extraction Kit| New England Biolabs, USA 19783
Monarch Genomic DNA New England Biolabs, USA T3010S
Purification Kit
Monarch PCR & DNA Cleanup Kil New England Biolabs, USA T3010S
Monarch RNA Cleanup Kit New England Biolabs, USA T2040L
Monarch Total RNA Miniprep kit | New England Biolabs, USA T2010S50
Power SYBRGreen PCR Master| Thermo Fisher Scientific, 4367659
Mix USA
ProtoScript Il First Strand cDNA| New England Biolabs, USA E6560I
Synthesis kit
Zyppy Plasmid Miniprep Kit Zymo research, USA D4036

Table 5. List of oligonucleotides used in this study. All oligonucleotides were purchased from
Macrogen EU.

OLIGONUCLEOTIDE SEQUENCE PURPOSE
NAME

DrOatpldigPCRF acgccctgtacagctcatcct gRT-PCR
DrOatpldigPCRR actggtcctttagcgcttgct gRT-PCR
DrOat@2bl-gPCRF acgcagactgggtttgactgt gRT-PCR
DrOat@2bl-gPCRR gcagccaataaaaagaagtggaa gRT-PCR
DrOatbaz2zqPCRF cctgggcggcatcaatatc gRT-PCR
DrOatpba2gPCRR gatccggcagccacaattc gRT-PCR
DrOatflf2-gPCRF acagctgccacccacactaat gRT-PCR
DrOatplf2-gPCRR ggcatccagaaaaaggctgtt gRT-PCR

DrOatl-qPCRF TGCTGTTCTGATCTTGGACGA gRT-PCR
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DrOatl-gPCRR TGCTATTAAACCAGCGATGAC gRT-PCR
DrOaB-qPCRF GGGTCAGCATTTACCTCATCCA gRT-PCR
DrOaB-gPCRR GATGGCCGTCGTCCTAACAT gRT-PCR
DrOaRaqPCRF TCGCCATTGCAAGAACCTTAT gRT-PCR
DrOaRagPCRR AAGGTGCGATGCTTAACATCTG gRT-PCR
DrOaRc-qPCRF GATTGTAAGTGTTCCAGCACAAGAA gRT-PCR
DrOaRc-gPCRR TGAGCTGCTGGACGAGTTTATC gRT-PCR
DrOaRd-qPCRF ACAGTATGGCATGGGCTGTT gRT-PCR
DrOaRd-qPCRR AAGGTGAAGTGACAGCCACT gRT-PCR
DrOareqPCRF GGTGTTATGATCAGTTTGGATT gRT-PCR
DrOareqPCRR TTGGAGCAGTTACTGTGAGG gRT-PCR
DrOct-gPCRF GTTATGTCCCGTACGTTTTAC gRT-PCR
DrOct1-gPCRR TGAATGTGGGCAGAGTCATG gRT-PCR
CyplaqPCRF TGGGCAGCGGAAACCCTG gRT-PCR
CyplaqPCRR CAGGAACTTCTTCATCGTCG gRT-PCR
Cyp3aqPCRF TTCCTGCAGCTGATGGTTG gRT-PCR
Cyp3aqPCRR GGTTGCCAGATTGTAGAAGA gRT-PCR
Gstt1-F ATCTCATGGCTCAAAGGTCT gRT-PCR
Gstt:R AAGACATGTTGAGATCCTCCA gRT-PCR
Gstpt2-F CTACAACCTGTTCGATCTCCT gRT-PCR
Gstpt2-R GGGCAGAGATCTTGTCCAC gRT-PCR
DrAbcg2aqPCRF GTATACAGCCACCGCCATGACT gRT-PCR
DrAbcg2agPCRR AAGACAAAGCTGATGGTCATGAAG gRT-PCR
Oatpldl_ex9 _check F GATGATCACGTTCAAGCCGA gRT-PCR
Oatpldl_ex9_checR_ TGAACAGAAAGCCAGAACCG gRT-PCR
p53_F GGGCAATCAGCGAGCAAA gRT-PCR

p53 R ACTGACCTTCCTGAGTCTCCA gRT-PCR
hhex_F GGTAAGCCTCTGCTGTGGTC gRT-PCR
hhex_R TCTTCTCCAGCTCGATGGTT gRT-PCR
pax8_F GAAGATCGCGGAGTACAAGC gRT-PCR
pax8_R CTGCACTTTAGTACGGATGA gRT-PCR
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casp3a_F CTGCACTTTAGTACGGATGA gRT-PCR
casp3a_R ATCCTTTCACGACCATCT gRT-PCR
casp8_F GGGCAAAGCTGGGAAGATC gRT-PCR
casp8_R CTTCTTCTAGAGGAAGTCTGC gRT-PCR
casp9_F CTGAGGCAAGCCATAATCG gRT-PCR
casp9R AGAGGACATGGGAATAGCGT gRT-PCR

DrSlcoldl_ex2_F ACGGAGAAGAAGAAGGAGCC splice morpholino
efficiency

DrSlcoldl_ex2R CCTTGGAAGAAATGCGGCAT splice morpholino

efficiency

Oatpldl rescue F

AGAGGATCTGCTCGAGATGAGTACGGAGAA
GAAGAAGGAGC

InFusion cloning

Oatpldl rescue F

TCACTATAGTTCTAGATCAGATGGTGGTCTC

InFusion cloning

1d1 rescue verif F CTTGGGCGACCTCACCAT rescue construct
1d1_rescue_verif R GCACATGGCAGCCAAAAAC rescue construct
DrAtp50_gPCR_ex6_ex7 | CTTGCAGAGCTGAAAGTGGC Housekeeping gene,
F2 gRT-PCR
DrAtp50_gPCR_ex6_ex7 | ACCACCAAGGATTGAGGCAT Housekeeping gene,
R2 gRT-PCR
Table 6. List of modified oligonucleotides used in this study.
NAME SEQUENCE MODIFICATION | PURPOSE| SOURCE
oatpldIMO-ATG TTCTTCTTCTCCGTACTCATGGTG Morpholino 5 Nj U7 Genetools
oligonucleotide blocking LLC,
zebrafish USA
oatpldl
oatpldIMO-splice | TGTGATTTCGACTCTCACCGATTTC Morpholino ex2in2 | Genetools
oligonucleotide splice LLC,
blocking, USA
zebrafish
oatpldl
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Table 7. List of antibodies used forimunocitochemistry and immunohistochemistry.

ANTIBODY HOST PRODUCER
Anti-Oatpldl rabbit Genosphere biotechnologies
(epitope644-660) polyclonal Germany
primary
Anti-Oatpldl rabbit Genosphere biotechnologies
(epitope674-689) polyclonal Germany
primary
GAR-CY3 (goat antirabbit goat Jackson ImmunoResearch
IgG conjugated with Cy)3 Laboratories
secondary

Table 8. List of equipment used in this study

EQUIPMENT PRODUCER PURPOSE
PCR, T100 Thermal Cycler Bio-Rad Laboratories, USA PCRs, incubations
Blnocular lupa Motic, China Embryos

Fluorescent loupe

Zeiss Discovery V8

Fluorescence detection

Centrifuge Mikro 120

Hettich, Germany

Sample preparation

Centrifuge Universal 32R

Hettich, Germany

Sample preparation

Fluorescent Microscope

Motic AE31E

Embryos tissuessisualization

Fluorescent Microscope

Axio Imager.Z2, Carl Zeiss,

Oberkochen, Germany

Embryosvisualization

Ultra Turrax T25

IKA, Germany

Homogenization

RealTime PCR System

Applied Biosystems, USA

gPCR analysis

Chemi Doc E XRS| Bio-Rad Laboratories, USA| signal detection on agarose ge
BioSpecnano micrevolume Shimadzu, Kyoto, Japan RNA concentration
spectrophotometer
Infinite 200 Tecan, Switzerland Multimode microplate reader

FemtoJet® 4x, Microinjector

Eppendorf, USA

Microinjections

Cryomicrotome_eicaCM 1850

Leica Instruments, Nussloch
Germany

cryosections

DanioVision observation chamb
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Rocking Platform Labnet, USA Shaking of samples

2.2.Methods

2.2.1. Animals and sample collection

Wild-type (WT) zebrafish, ABO strain (European Zebrafish Resource Centre, Karlsruhe,
Germany), were maintained under standard conditions, withteod#light/18hour dark cycle

and a water temperature ofi2ZB °C. The fish were fed with a standard foodh&f appropriate

size (Gemma Micro, Skretting, Norway). Embryos were obtained by morning spawning from 1 to
1.5 year old zebrafish, transferred to a petri dish containing E3 medium (5 mM NacCl, 0.17 mM
KCI, 0.33 mM CaCl2, 0.33 mM MgSO4) and reared in arulrator at 28 °C with the same
light/dark period as the adults. Embryo development was observed under a dissecting microscope
(Motic AE31E, Motic, Barcelona, Spain) and embryos were staged as previously described
(Kimmel et al., 1995)

2.2.2. Generaion of the oatpld1mutant zebrafish line

Short guide (sg)RNA (5NGGACTCGCATTTGTAAGGCAS3N
using the CRISPR scan algorith(ikielkopf et al., 2020rand generated as previously described
(Modzelewski et al., 2018Figure 13).A mixture of 600 ng/uL of Cas9 protein (NEB: M0386)

and sgRNA complex was prepared at a 1:1 ratio and 1 nL of the mixture was injected into zebrafish
embryos at the oreell stage. When the injected fish (FO) reached adulthood at about thrées mont

of age, they were crossed with WT fish and their progeny were analyzed ngsadtition melting

analysis (HRMA). Embryos positive for mutations were subsequently sequenced and several
mutations were detected in the germline of the FO fish. FemalmaledFO fish that carried the

same mutation (deletion of 5 nucleotides (GTGCC) at position-9119) on the genomic DNA

in the germline, resulting in a premature stop codon mutation at 140 amino acids, were selected as
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founders(Figure 13) The founders wre then crossed with the aim of producing homozygous

mutant embryos. As the offspring grew, their fins were clipped to isolate the genetic material of

each fish for genotyping (IACUC standard procedure, 2
homozygous mutatiofpremature stop codon at 140 amino aci

022). Female and male fish with
ds) were selected for further crosses

to generate F2 generations of fish lacking the functional Oatpldl protein. Genotyping by

sequencing confirmed that all F2 fish were homozygous mutants with 1 or 2 mutations
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Figure 13. Development and confirmation of Oatpldl knockout mutants(a) Schematic

represatation of CRISPR/Cas9 guide design and targeting

of exon 4 afatipddlgene;(b)

Sequences of WT Oatpldl protein and mutants with frameshift causing the stop codon at 140
amino acidjc) western blot results of adult liver lacking the specific Oatpldl signal.

2.2.3. Immunocitochemistry
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A stable HEK293TdrOatpldl cell line was used for sebualar localisation of the Oatpldl
protein by immunofluorescence. The cells were maintained in Dulbecco’'s modified Eagle medium
(DMEM) with 10 % fetal bovine serum (FBS) and stored in a cell incubator at a constant
temperature of 37 °C and a humidifiedhasphere with 5 % CO

For immunocitochemistrythe cells were seeded in a&&ll microplate at a density of 5x10"5
cells/mL on round glass coverslips and incubated in a cell incubator for 24 or 48 hours until 80 %
confluence was reached. The next step was fixation in 4 % paraformaldehyde (PFA) for 2
minutes. They were then washed three times in a 100 mM glycine/PBS solution, permeabilised by
incubation in methanol for 15 minutes and washed again three times in PBS. For antigen retrieval,
SDS heated in a warm bath was used, with an incubation tingenahutes. Blocking was
performed in a 5% solution of milk powder in TTBS with an incubation time of 30 minutes. The
coverslips were then placed on slides and incubated for one hour in a humid chamber at 37 °C with
a primary Oatpldl antibody diluted 1:1i@0PBS. The cells were then washed three times in PBS
and incubated for one hour in a humid chamber at 37 °C with the secondary antibodyY3AR
diluted 1:400. Finally, the samples were washed again three times in PBS. The cell nuclei were
visualised by mcubation with the fluorescent intercalator DAPI (300 nM DAPI/PBS) for 45
minutes at room temperature. After the last wash in PBS, the coverslips with the cells were
mounted on slides in Vectashield Antifade Mounting Medium (Vector Laboratories Ltd, CA,
USA) fluorescence preservation medium and stored at +4 °C until fluorescence detection with an

inverted fluorescence microscope (Motic AE31E).

2.2.4. Preparation of zebrafish embryo cryosections

WT and Oatpldl mutant zebrafish embryos at 5 dpf were fixed usingddied protocol as
described byFerguson & Shive, 2019Fixation was performed in 4% PFA for 1 hour at RT with
constant shaking. After fixation, the embryos were transferred to phodpiféeeed saline with
Tween® 20 (PBSt) and subjected to two wash cycles of 5 minutes each. The embryos were then
incubated in a 30 % sucrose solution until sedimentation was ots#ritee bottom of the tube,

which usually occurred within one hour. The sucrose solution was then replaced with a 2.5 %
bovine gelatine and 25 % sucrose solution in which the embryos were incubated overnight with

constant shaking. For cryopreservationlf the volume of the gelatine/sucrose solution was
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replaced with Optimal Cutting Temperature (OCT) medium, followed by incubation at RT with
constant agitation until the embryos had sunk to the bottom of the 2 mL tube. This procedure was
repeated again &fit half of the solution had been replaced a second time with OCT medium to
ensure complete infiltration. The fixed embryos were aligned laterally in the plastic cryomolds
using fine needles and a magnifying lens for precision. The cryomolds were fdthlf full

with OCT medium and then stored-20 °C. The cryopreservation process was completed by
filling the cryomolds halfway with OCT medium. The samples frozen in OCT medium were
removed from the cryomolds, mounted on cutting holders and furtherdeiad in OCT medium

before being placed in a cryomicrotome (Leica CM 1850, Leica Instruments, Nussloch, Germany)
set to a cutting thickness of 8 um and a temperatw200fC. In order to obtain crosections of

all body parts, each embedded sampleaua$n three series of nine sections each. The first series
mainly included the head region of the embryos, the second series contained internal organs such
as the beginning of the digestive system and the kidneys, while the third series mainly showed the
liver and tail region of the embryos. The samples were carefully sectioned and transferred to
Superfrost®Plus slides (Fisher Scientific, Massachusetts, USAJriad at RT for 23 minutes

and stored at 4 °C until use.

2.2.5. Preparation of zebrafish liver tisste cryosections

Adult WT and Oatpld1l mutant zebrafish were euthanised with Tricair224SAfter cessation

of vital signs, such as eye movement, balance and heartbeat, the abdominal organs were exposed
and isolated by a longitudinal surgical incisionrgdhe ventral side of the zebrafish body. The
cryosections were prepared as previously describgdmaica et al 2023) Isolated abdominal
organs (liver and gastrointestinal tract together) were immersed in 1 mL of 4 % PFA for 24 h at 4
°C and then rinsed twice with 1 mL of 1x PBSt at RT for 5 min. The samples were then incubated
sequentially in 1 mL of 30 % stose in PBS + 0.02 % NaN3 for 1 h and in 1 mL of a mixture of

2.5 % bovine golden gelatin and 25 % sucrose supplemented with 0.02 % NaN3 for 1 h at RT.
Half the volume of the gelatisucrose mixture was then replaced with OCT medium and incubated
for 30 mn at RT. This step was then repeated twice before the samples were carefully transferred
with forceps to a cryomold hafilled with OCT medium and placed in the desired orientation.

The cryomolds were transferred to the cryomicrotome at a set temperfit@@ °C. The frozen
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samples were then placed on the cryomicrotome sample holder, sectioned to 10 um thickness and

transferred to Superfrost®Plus slides;dried for 23 min at RT and stored at 4 °C until use.

2.2.6. Antigen Retrieval

The preparation of sargs for immunohistochemical analysis involves the fixation and
immobilisation of antigens while preserving the cellular and subcellular architecture. Reagents that
create bonds between proteins, e.g. aldehydes that form methylene bridges between amino acid
side chains, are primarily used for this purpose. However, such amdaintermolecular bonds

alter the secondary, tertiary and quaternary structure of proteins and thus reduce the availability of
epitopes for the antibody. Therefore, prior to incuratoth the primary antibody, the sample

must be exposed to conditions that break these bonds and restore the epitope, e.g. by heating or
treatment with enzymes. The optimal method for epitope retrieval depends on the epitope itself,

the primary antibody hie type of tissue and the fixation method.

All protocol steps are listed in Tab® The protocols can be categorised into four groups: DCT
(deparaffinisation and citrate buffer), CT (citrate buffer), SDS and phalloidin. DCT protocols are
the longest, athey involve deparaffinisation processes by incubating the samples in a series of
alcohols. After these steps, the samples are heated in citrate buffer with a pH of 3, 6 or 8 for both
the DCT and CT protocols. SDS-ftotocols are based on (rdincubation of the sample in the
detergent SDS and subsequent washing in a high salt phosphate buffer. The phalloidin protocol is
the shortest and simplest protocol, named after the original protein for which this protocol was

used.

Table 9 Antigen Retrieval i eight conditions were used to optimise the protocol for the best

signal in embryo and adult sections.

DCT CT SDS/+
XYLOL 30 Fridge at +4°C Fridge at +4°C
PROPANOLS”

ETHANOL 98%%"
ETHANOL 75%%"
ETHANOL 60%%°
reDistilledH20- 5
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Rinse in 1x PBSL5” Rinse in 1x PBY5’

Microwave heating (800W) 4x5 Microwave heating (800W) 4xt
in a suitable citrate buffer (pH in a suitable citratduffer (pH 3,
3, 6 or 8) check the level of 6 or 8)¢ check the level of the

the buffer at the end of each 5°  buffer at the end of each 5

interval interval
20" passive cooling at room 20" passive cooling at room
temperature (RT) temperature (RT)
3x5" Rinse in 1x PBS 3x5" Rinse in 1x PBS
0,5% FX-100 in PBS 15’ 0,5% FX-100 in PBS15’

2% FX-100 in PBS 30’ 2% TFX-100 in PBS30° 10" in 1xPBS for SDS+/
Cover the SDS+ slides with fe\
drops of 1% SDS and leave fo
5; Leave SDBSlides in 1xPBS
After 5 SDS +-/slides place in

2x5"Rinse in 1x PBS 2x5" Rinse in 1x PBS IxPBS 4x5

Incubation in humidity chamber Incubation in humidity chamber Incubation in humidity chamber
at RT in 1% BSA (bovine serur at RT in 1% BSA (bovine serui at RT in 1% BSA (bovine serul

albumin)- 30 albumin)- 30 albumin)- 30
PRIMARY ANTIBORY PRIMARY ANTIBOBDY PRIMARY ANTIBORY
INCUBATION in humidity INCUBATION in humidity INCUBATION in humidity

chamber at +4°¢ 12-24h chamber at +4°G 12-24h chamber at +4°G 12-24h
Rinse primary antibody in 0,1% Rinse primary antibody in 0,1% Rinse 2x in HigBalt PBS for 5

T-X-100 in PBS 10° T-X-100 in PBS 10”

Rinse 2x in PBS for 5 Rinse 2x in PBS for 5 Rinse 2x in PBS for 5
SECONDARY ANTIBGDY SECONDARY ANTIB@QDY SECONDARY ANTIB@QDY
INCUBATION ihumidity INCUBATION in humidity INCUBATION in humidity

chamber at RT, 1-2h chamber at RT 1-2h chamber at RT 1-2h

Rinse secondary antibody in Rinse secondary antibody in  Rinse 2x in HigBalt PBS for 5
0,1% FX-100 in PBS 10’ 0,1% FX-100in PBS 10’

Rinse 2x in PBS for 5 Rinse 2x in PBS for 5 Rinse 2x in PBS for 5°

Apply fluorescence preserving  Apply fluorescence preserving Apply fluorescence preserving
medium (10pl VECTASHIELLC medium (10pl VECTASHIELD 1 medium (10ul VECTASHIELD 1
1:2) and cover with a cover and cover with a cover glass and covewith a cover glass

glass (seal the edges with nail (seal the edges with nail polish (seal the edges with nail polish

polish to preventevaporation to prevent evaporation of the  to prevent evaporation of the
of the medium) medium) medium)
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2.2.7. Immunofluorescence staining of zebrafish liver cryosections

To test the specific binding of a n@ommercial affinitypurified rabbit polyclonal antibody
against the @erminal peptide of the zebrafish Oatpldl protein (zfOatpldl antibody, hapten
sequence: 67889 amino acids; Genosphere Biotechnologies, France)lgT@, zebrafish
embryos and adult liver cryosections prepared from WT and Oatpldl mutant zebrafish were used.
Nine antigen retrieval techniques were first applied to WT zebrafish liver cryosections to
determine the optimal binding conditions for the lamdly testedKaraica et al., 2023An optimal
condition using citrate buffer at pH 6 and Trit®R100 detergenwas identified and subsequently

used in zebrafish embryo and liver cryosections, respectively. In brief, zebrafish cryosections were
first hydrated in 1x PBS for 10 min, incubated in CT buffer, pH 6 or 0.1% TKtd00 detergent

for 10 min, rinsed in LPBS for 10 min and incubated in 1% BSA (bovine serum albumin) in a
humid chamber at RT in the dark for 30 min. The samples were then incubated with the zfOatp1d1
antibody (1:500 dilution; 0.46 mg/ml stock concentration) overnight in a humid chamber at 4 °C
rinsed 2x for 5 min in 1x PBS and then incubated with-@y&lled secondary goat anébbit

lgG antibody (GARCY3; 1:800, 1.5 mg/mL stock concentration) for 1 h in a humid chamber at
RT. Finally, the samples were rinsed in 1x PBS for 10 min and coverett h 10 ¢ L Vect

with coverslip and sealed with nail polish for letegm storage at 4 °C.

2.2.8. Fluorescence microscopy

The Opton II RS microscope (Opton Feintechnik, Oberkochen, Germany) with computer
controlled spot RT slider digital camera and Diastic Instruments Software v3.4 (Stearling
Heights, MI, USA) was used for microscopic image acquisition. Images were acquired under 250x
magnification while image processing was performed using FlJl/Image J R0£den et al.,

2017; Schneider et al., 2012)he final images were created using the FlJlI/Image J 2.0.0.
ScientiFig plugin(Aigouy & Mirouse, 2013)

2.2.9. Prediction of the Oatp1d1l protein structure by the AlphaFold 3
algorithm
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With the development of AlphaFoldumper et al., 202J9normous progress has been made in

the predictiorof protein structuredVe used AlphaFold 3 to predict the structure of the monomeric
Oatpldl. The accuracy of the predicted 3D protein structure was determined using AlphaFold's
internal confidence scoring system pLDDT (Predicted local distance diffetestyea peatom
confidence estimate on a scale of Oto 100, with a higher value indicating higher confidence, PAE
(predicted aligned error)an estimate of the error in the relative position and orientation between
two tokens in the predicted structuaaed pTM (predicted template modelling) and iPTM (interface
predicted template modelling) scores, which measure the accuracy of the entire stiap(liké

score above 0.5 means that the predicted overall fold of the complex could be similar to the actual
structure. ipTM measures the accuracy of the predicted relative positions of the subunits within
the complex. Values above 0.8 represent confident duigliity predictions, while values below

0.6 indicate a failed prediction. ipTM values between 0.6 é@di@ a grey area where predictions

can be correct or incorrect. For a detailed descrigdmamson et al., 2024)

The positioning of the 3D structure of a membrane protein intémbrane (lipid bilayer)
involves the calculation of the interactions and free energies of the protein in the membrane and
the prediction of the membrane deformations caused by the protein, taking into account the
hydrophobic thicknesses of the artificii@id bilayers(Lomize et al., 2011)The whole procedure

was optimised on a representative set of membrane proteins from the OPM d@tabaze et

al., 2012) whose 3D structure was determined. We used the PPM 3.0 method, which is
implemented on the web sery@ttps://opm.phar.umich.edu/ppm_serve3dher tools were also

used to psition the membrane protein in the miwane such asDeepTMHMM-1.0
(https://services.healthtech.dtu.dk/services/Deep TMHIUM), TOPCONS
(https://topcons.cbr.su.3e/ and TMDET
(https://facademic.oup.com/bioinformatics/article/21/7/1276/268958l  further details on
protein topology prediction, prediction accuracy and homology analyses of the zeDatfidlal 1

protein can be found in tleipplementary materidt is assumed that most membrane transporters
are not located to the AlphaFold model, the prsaticof multi-chain protein complexes remains

a challenge in many cas¢R. Evans et al., 2022We used AlphaFold Multimemodel on
ColabFold v1.5.5
(https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2,ipynb

which was specifically trained for multimeric inpytdirdita et al., 2022}Jo obtain structures of
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Oatpldl dimer and trimeWe analysed the AlphaFold multimer structures based on a

combination of the previously mentioned metrics, inclugi$yl, ipTM, pLDDT and PAE.

2.2.10.Molecular docking

The docking study was performed using the 3D structure of the Oatpldl protein predicted by
AlphaFold 3 Only protein atoms were used for the docking calculatidhs. hydrogen atoms

were added using the MolProbity progré@dilliams et al., 2018)We selected several substrates

and inhibitors that were identifiad vitro. Three substrates for zebrafish Oatpldl were used for

the docking study: diclofenaPFOSand lucifer yelloma nd i nhi bi t ehlogyrifod® F OA, ]
methy and dofibrate Their D structures werereatedin silico using the Maestro program
(Schrodinger, 2021). Docking preparation was performed with AutoDock Td@s M. Morris

et al.,, 2009)using default settingdDocking calculations were performed for each protein and
compound. In the first set of docking calculations, the grid size was set to the maximum (126 A x

126 x 126 i) and the entire prTade&?d.Thewthes i nc |
docking calculations were performed with a smaller grid (22 A x 22 A x 2T &)leS2) which

covers the transpocavity. Docking studies were performed using AutoDock Vina {r@tt &

Olson, 2009with search exhastiveness set to 3Zhe esults were anaded using AutoDock

Vina, Maestro and VMOHumphrey et al., 1996)

2.2.11.Gene silencing with norpholino oligonucleotides

Morpholino oligonucleotides are stable, uncharged, wsdkmble, chemically modified
oligonucleotides that bind to the complementary RNA sequence of the target gene and thereby
inhibit the translation of mMRNA, the splicing of pr@RNA and the maturationfamiRNA
(Moulton, 2017; Nasevicius & Ekker, 2000)hey are composed of standard nucleic acid bases
(A, C, G and T) but havea different backbone inkich theribose/deoxyribose rings have been
replaced by morpholino rings aritle standard phosphodiestbondshave beerreplaced by
phosphorodiamidateonds(Summerton & Weller, 199 thakingthem resistant to degradation by
nucleasegEimon, 2014; Hudziak et al., 1996)wo morpholino oligonucleotides, one targeting

the 5*UTR region of the zebrafisbatpldlgene and the other targetitige exon 2 intron 2
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boundary, were designed to block zebrafisttpldltranslation and transcripii, respectively,

and ordered from Genetools (USA). One nanolitre of the microinjection mixture contanamgl

100 pMof each MO, 0.3 M KClI and 0.015% pi@ red was injected into each embryo at the one

to four cellstage. One three and fiveday-old morphants were collected as follows: (i) 10
embryos for gPCR analysis to check the efficacy oMReATG and (ii) 10 embryos for RPCR
analysis to check #hefficacy of the splice blocking morpholino. A morpholino oligo directed
against a splice junction is expected to produce either a complete or partial deletion of a single
exon or a complete or partial insertion of a single intron. The mMRNA product tghbyeaMO-
splicewas analysed by RPPCR, and a single set of primers targeting sequences outside (5' and 3')
the predicted deletion or insertion was desigrieble 5). Total RNA was extracted using the
TRIZOL method and transcribed into cDNA accordinghe previously described protocol. The
efficiency of the splicolocking morpholino was checked by FPICR on ng cDNA with primer

pairs annealing upstream and downstream of the morpholino target. Amplicons of WT and the
oatpldlmorphants were separated by agarose gel electrophoresifie slencing efficiency

was quantified using Imageflg) andthe morphantsvere used together with WT a@htpldl
mutants in further exposure experiments with diclofenac and PFOS.

2.2.12.RNA Rescueexperiments/Transient overexpression in zebrafish embryos

To verify the specificity of the phenotype caused thg mutation, we performed rescue
experiments in which we injected mRNA encoding-fatigthoatpldlcoding sequence into one

to four cell stageembryos.Becausehe MO-ATGt ar get s t he enahtplglkinous 5
cannot bind to the mRNA rescue construgtich has a different upstream sequence derived from

the plasmid from which it was in vitro transcribe@he coding sequenceof Oatpldl
(ENSDARG00000104108.3) was amplified using Infusion prim@able 5)on cDNA derived

from adult liver tissue or 5 dpf WT embryos. The PCR product was then cloned into the
pCS2+#6xMyc vector between the Xhol and Xbal restriction sites using the Infusion kiaf@ak

Bio USA, Inc.) The gasmids were lineased using the Notl restriction enzyme amdvitro

transcribed using the HiScritl&P6 RNA kit (NEB, #E2070) in conjunction with the ARCA kit

(NEB, #S1411) to cap the resulting RNAghich were then purified using the Monarch RNA

cleanup kit (NEB, #T2040) for subsequent injections. For injection experiments, 1 nL of a solution

of MRNA@R250 ng/ul) in 300 &M K@rd4oelkstagei nj ect ed bet
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2.2.13.RNA isolation and gene expression analysis embryos and adult tissues

First, we analysed the expressionaaftpldlin mutants, both in embryos and adult tissues,
compared to WT empos and adult animals. To characterise the phenotype of the mutants and to
investigate possible compensatory mechanisms, we analysed the expression of different genes both
under normal conditions and after exposure to specific compounds. Zebrafish vesthetsed

with 0.02% tricaine M&22 and tissues (liver, kidney, intestine, brain, testis, gills, eyes, skin,
muscle and heart) from at least three individual fish were stored in RNA lagfr &€ for RNA
isolation. Two to three independent pools weslected. Embryos (three or more independent
pools, 10i 20 embryos per pool) were collected at different developmental stages {pf),

frozen dry and stored aB0 °C until RNA extraction. Tissues were homogenised using an Ultra
Turrax T25 homogenis€tKA, Germany) at medium intensity (13500 rpm) for 10 s (sometimes
two cycles of 10 s per sample, depending on the tissue) and embryos were homogenised using a
pestle homogenizer. RNA was isolated using the Trizol reagent according to the manufacturer's
instructions (Sigm&ldrich, Taufkirchen, Germany), checked for quality by gel electrophoresis
(expected two bands) and quantified using the BioSpec nano microvolume spectrophotometer
(Shimadzu, Kyoto, Japan). Reverse transcription (1 pg total RNA or 500 logzer RNA
concentrations were obtained) was performed with the ProtoScript Il First Strand cDNA Synthesis
Kit (NEB, E6560L), resulting in cDNA concentrations of 50 and 25 ng/uL, respectively, and with
the HighCapacity cDNA Reverse Transcription KitttwiRNase Inhibitor (Applied Biosystems,
Foster City, CA, USA), resulting in a cDNA concentration of 100 ng/pL.-@nd threeday-old
morphants (10 embryos per sample, three individual replicates) were collected to determine the
gene expression obatpldl after gene silencing (ATG morpholino for gPCR and splice
morpholino samples for RPCR). Embryos were collected at 8 hpf and 1, 2, 3 and 7 dpf for RT
PCR to determine the expression of the injected mMRNA (oatpldl mRNA for the rescue
experiment). Specific JRPCR primers for Slc21 and Slc22 transporters were previously
described in(Mihaljevic et al., 2016; Popovic et al.,, 2018y oxidative stress, apoptosis and
thyroid development (reference) and purchased from Macrogen. The primer efficiencies for the
oxidative stress and thyroid development primers were deternfngder sequences, optimal
concentrations angrimer efficiencief the target gene sequences are given in the table. gqRT
PCR was performed using the GoTAQ gPCR mix (Promega, A6001). Elongation fadtad (U
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was chosen as the housekeeping gene for theetisss its expression is similar in all tissues
analysed, and thaTP50gene atp5pq ATP synthase peripheral stalk subunit OSCP, Gene ID:
335191) was chosen as the housekeeping gene for the embryos as its expression is similar at all
stages of embryo delepment. The gRIPCR reaction mixture was prepared to a final volume of

10 pL with 10 ng of cDNA per reaction, and relative quantification was performed as previously
describped Lon| ar edxced that data 2verd esented as mean normalized expression
(MNE) multiplied by a factor of 10 Arbitrary thresholds for expression of transcripts in gRT
PCR data were defined as follows: genes were considered minimally expressed if theasINE
<999 x10, low if the MNE was 10004,999, mild if the MNE was 5,0008,999, moderate if the

MNE was 9000 19999, moderately high if the MNE was 200029999, ligh if the MNE was
30000- 49999, and very high if it was above 500@hta were analysed using ABI PRISM
Sequence Detection Software 1.4 (Applied Biosystems, Foster City, CA, USA) and GraphPad

Prism Software version 9.0. Equation used to determine the WANIES:
0 0 GO(0UL Y® gOu YBO(QQH NFEQQ Y NP

whereMNE stands for mean normalized expressio(HHKG) is housekeeping gene efficiency; E
(gene)is target gene efficiencyGt (HKG) is mean Ct value for thieousekeeping gerend Ct
(gene) ignean Ct value of the target gene. Data are presented as gene of interest expression relative

to the housekeeping gene expression multiplied by the factof.of 10

2.2.14.Phenotype characterization ofOatpldl mutants

Embryonic deelopment of the mutants was observed from theaetiestage until five days after
fertilisation (5 dpf). Compared to WT embryos, we observed if the development of mutants and
morphants is delayed, whether there are malformations in the developmenrdrtd, osgorption

of the yolk sac and pigmentation of embryos.dgyos, larvae and adult fish were anaesthetised

in icecold water due to the influence dfricaine methansulfonate (M&222) on the
melanophores and photographed with anijapixel Samsung iceera with an aperture of /1.9
attached to the ocular of the Motic SMZ1 binoculars. After observing the pigment changes in
the Oatpldlembryos as well as in the adults, we took the embryo matrix (6otginpf) and
measured the fluorescence with Tecarexcitation/emission 360/420 nithe embryog5 to 10

of them depending on stage, in case of older larvae everwless)ncubated in methanol for 45
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minutes, vortexed 3 x 30 seconds and centrifuged at 10 000 g for 10 minutes. The supernatant was
separged and 150 or 200 uL were taken from each sample for fluorescence measurement. For the
adult fish, the most important factors were the reproduction, swimming, behaviour and size of the
fish. We also wanted to check whether the pigmentation pattern wesdallty the surface of the

tank in which the fish were kept. We reared new mutants in modules with dark and light surfaces
and their offspring were used for fluorescence measurements. To test whether the pigmentation
phenotype can be rescued, mutant maled females were outcrossed to obtain heterozygous
embryos and their pigmentation patterns and maternal effects were studied.

2.2.15.Exposure experiments

Due to bioethical considerations and technical complexity, exposure experiments were performed
on zebrafisrembryos up to 5 dpf. Since most membrane transporters, including Oatpldl, show
the highest expression at-88 hpf (hours post fertilization), it may be necessary to also perform
experiments with older (juvenile) stages. WT daddtpldl mutant embryosere exposed to
selected compounds previously identifigd\(itro) as strong Oatpld1l interactors. After the initial

tests with a wide range of concentrations of the selected compounds, the concentrations causing
sublethal toxic effects were determined anddtiferences in the response of WTs and mutants
were analysed in further replicates. The experiments were performedwiell2dicroplates
containing 1 mL of E3 medium with specific concentrations of compounds and 10 embryos per
well. During the exposure, avobserved: a) phenotypic changes during early embryonic
development as a result of exposure of embryos to Oatpldl protein substrates and b) differences
in the sensitivity omutantembryos compared to WT embryos to the toxic compound present. Due

to the pssible degradation of the compounds after dissolving them in the exposure medium, we
microinjected.Y, model fluorescent substrate of Oatplidig the yolk sac of the embryo. Some

of the embryos were manually dechorionated using tweezers prior to expesause chorion is

not equally permeable for different compounds.

Phenotype analyses were performed on mutants to determine phenotype changes caused by the
mutation itself, but also in parallel on mutant and WT embryos due to changes caused by exposure
to substrates and/or inhibitors of the Oatpldl protein previously identifiglo. All phenotypic

changes were observed under a magnifying glass and a fluorescence microscope was used due to
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exposure to fluorescent substrates. Methods sudiBARS (for oxidative stress)staining with
fluorescentdyes DCFHDA for ROS detectiomnd acridine orang®r apoptosis detectiomyere

used to quantify the observed changes on a biochemical/molecular level.

2.2.15.1. Diclofenac exposure experiments with zebrafish embryos

To investigate the effects of diclofenac (CAS: 158270, monopotassium salt) on embryonic
development, we performed exposure experiments with diclofenac concentrations ranging from 5
to 40 puM. Diclofenac stock solutions (100 mM) were prepared in dimstlifgxide (DMSO) and
working solutions were prepared in E3 medium (DMSO <0.05%). Negative controls were
prepared with E3 medium and DMSO. Sets of ten embryos were distributedwiall2dlates
containing 1 mL of E3 medium per well. Exposure to diclofereggah oril dpfand continued for

up to 4 dpf or three days posixposure (dpe). During this time, lethality and developmental

abnormalities caused by diclofenac were recorded.

2.2.15.2. PFOS exposure experiments with zebrafish embryos

To investigate the effects of PFOS (CAS: 1-2Z&31, Heptadecafluorooctanesulfonic Acid
Potassium Saltpn embryonic development, we performed exposure experiments with PFOS
concentrations ranging from 5 to 30 uM. PFOS stock solutions (100 mM) were prep@i80

and working solutions in E3 medium (DMSO <0.05%). Negative controls were prepared with E3
medium and DMSO. Sets of ten embryiasdpf) were distributed in 24vell plates containing 1

mL of exposuremedium per wellExposure lastedp to5 dpf or 3-4 days posexposure (dpe).
During this time, mortality, developmental abnormalisash asrain necrosis, inflation of swim

bladder and scoliosis caused by PFOS were recorded.

2.2.16.Phalloidin staining

Embryos previously exposed to diclofenac (10 of thepoegd to diclofenac in duplicates and
randomly selected 7 to 10 of them for staining) were anesthesized in Tricair22@Sixed in

4% PFA over night at RT on shaker. PFA was rinsed off next day 3 x 5 min with PBDT (1x PBS,
0.1% Tween 20, pH 7.4 + 1% DBO) at RT on a shaker. Samples were incubated with fluorescein
phalloidin (green) diluted 1:100 in 1% NGS (Normal Goat Serum) / PBDT over night at 4 °C and
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on shaker. Next day samples were rinsed/washed 6 x 30 min with PBDT at RT on a shaker and
stored inPBDT + 0.02 % Azide (ABNs) at 4°C. Finally, stained embryos were chosen under the
binocular and tissues (heads and tails) were prepared with needles and forceps. Tissues were
mounted in 10 eL of Vectashield Ant,CA&8% Mount
within a Vaseline ring. Samples were visualised under a fluorescence microscope (Axio

Imager.Z2, Carl Zeiss, Oberkochen, Germany).

2.2.17 Acridine orange staining @poptosisassay)

Apoptotic cells in zebrafish embryos were visualised using acridine orange (AO), a nucleic acid
selective metachromatic dye that emits green fluorescence when intercalated with DNA. It is often
used to detect apoptosis in zebrafish because it can perapegiitic cells and bind to DNA,
whereas normal cells are nonpermeable to acridine of&sgarani et al., 2008 After exposure

to 15 uM PFOS, at 120 hpf (5 dpf) zebrafish embryos were selected and stained with AO (5 pg/mL)
for 20 min in the dark according to the protogééma et al., 2023%tained embryos were wash

3x 5 minin E3, anesthetised in 0.02 % Tricaine {R22) and dead/apoptotic cells were visualized
under a fluorescence microscope using a green fluorescence filter (ex@itd86mm, emission

T 535 nm).

2.2.18.Lipid peroxidation assay (TBARS)

Lipid peroxdation, an indicator of excessive ROS formation, generates the highly reactive by
product malondialdehyde, which was determined using the thiobarbituric acid reactive substances
(TBARS)assayAdeyemi et al., 2015)t was performed according to the proto@duthulakshmi

et al., 2018)with slight modifications. In brief, about 10 embryos previously exposed to diclofenac
were sonicated for about 10 s in 100 pL of RIPA buffer (0.1 % SDS). dimples were then
placed on ice for 30 min and centrifuged at 10,000 g for 5 min. The homogenate was mixed with
100 uL of 5% trichloroacetic acid (TCA) and then incubated on ice for 15 min. The sample was
then mixed with 100 pl of 0.67 % thiobarbituric aeidd centrifuged at 2200 g for 10 min at 4 °C.
After centrifugation, the supernatant (200 pL) was boiled for 10 min, cooled to room temperature

and centrifuged at 13 000 g for 5 min. The absorbance was then measured at 535 nm in a microplate
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reader (Tecargnd protein quantification was performed using the Bradford #Ksaliopf et al.,
2020)

2.2.19.ROS (Reactive Oxygen Spees)assay

PFOSinduced ROS  formation was visualised with qeler meabl-e 2 Nj,
dichlorodihydrofluorescein diacetate (H2DCFDAThis is a norluorescent fluorescein
derivative that is celpermeable and is commonly used as a reagent to stughratiection of
reactive oxygen species in living celMore specifically, DCFFDA is taken up by the cells where
cellular esterases cleave off the acetyl groups, forming DCFH. This DCFH is thesedxgi

ROS and converted to DCF, which emits green flscgace at an excitation wavelength of 485

nm and an emission wavelength of 530 (Hn Kim & Xue, 2020) Zebrafishembryos(WT and
MO-splice exposed t®0, 15 and 1M PFOS(96 hours of exposurg)vere randomly selected

from duplicates of ten embryos per weliashed with PBS and incubated in 10 PK@FH-DA for

20 min in the dark. After incubation, embryos were washedith E3 and 1x withPBS to remove

excess dyeanaesthetised with.02 % Tricaine (M&22) and observed undarfluorescence
microscope using green fluorescence filter (excitaiiod80 nm, enissioni 535 nm). The
experiments were repeated three times, and seven to ten embryos were used for ihn@ging.
fluorescence signal was quantified using ImageJ software and the statistical analyses were
performed using GraphPad Prism 9.0.0 software.

2.2.20.Locomotor activity assessment upon exposure to PFOS

One of the approaches determinephenotypic changes and to compare behavioural differences
between WT and Oatpldl mutant embryos was the quantification of swimming behaviour. Since
we observed behaviourahanges after PFOS exposure, the WT embagpsearedo be more
active, especiallgluring the first days of exposure, while the Oatpldl mutants showed a lower
response to mechanical stimuli (e.g. plate movements), we decided to quantify this behaviour.

We chose a sublethal concentration of PFOS (10 tli)does not cause any visible phenotypic
changes at the time of measurement. Embryos were exposed from 24 hpf untipthevben
swimming behaviour was recorded. Due to the long expdsue(4 days), embryos (10 per

condition) were kept in 2dvell plates and then transferred individually tc\9éll plates on the
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day of measurement. After &5 hours of exposure, a locomotor behavior testpea®rmed with

both PFOSreated and untreated ggms andwith both WT andOatpldl mutant embryos.

The experiment was repeated twice, with approximately 10 embryos per condition. Locomotor
activity was measured using the DanioVision system (Noldus Information Technology,
Netherlands) as describedCr n | e v i | .Tketnmeaaurements @ededérfprmed over a period

of 20 minutesand consistedf alternating light and danghases, 5 minutes of darkness followed

by 10 minutes of light. The temperature during the measurements was kept at 27.5 °C. A smoothing
profile with a minimum distance threshold of 0.2 cm was applied to reduce background noise.
After tracking, embryos werexaminedunder an inverted microscope and malformed or dead
embryos were excluded from the analysis. Further data analysis and statistical evaluation was

performed using GraphP&itism 9.0.0 software.

2.2.21.Statistical Analysis

Quantification of morpholino oligonucleotiduediated silencing efficiency and fluorescence
signalling in zebrafish embryos matrix was performed using ImageJ. software and Microsoft Excel
(Microsoft Office 2013). GraphPad Prism 9.0.0 Software was useptdphical visualisation and
statistical analysis. The normality of the data was tested using the SWélhirest (alpha = 0.05)

when the number of replicates was at least three. When comparing two groups (WT and Oatpldl
mutants), a multiple unpairedtast with False Discovery Rate (FDR) correction for multiple
comparisons (significance threshold Q = 1%) was performed as a parametric test for data that
passed normality. A neparametric Marn¥Whitney test was used if the data did not have a
Gaussian (norntpdistribution or the number of replicates was less than three. Significance was
declared when p O 0.05 for the differences bet
used when q values were below the .Opewayi fi ed
analysis of variance (ANOVA) and Tukey's post hoc test were used to assess the significance of

differences between the behaviour of WT and mutant embryos.

3. RESULTS

3.1.Characterisation of Oatpldl zebrafish mutant line
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Using the CRISPR/Cas9 systemebrafish strain with deficient Oatpldl protein was created. We
confirmed the successful creation of mutation in F2 generation by sequencing, which showed
deletion of 5 nucleotides (GTGCC) at a position 99139 of genomic DNA, which resulted in
frameshif mutation and premature stop codon mutation at 140 amino acid pd¢Bigone 13.

To confirm the absence of the Oatpld1l protein in the mutant embryos and adults two customized
Oatpldl antibodies were designed: abl 1@EHREKKQALKDQLKAPE) and ab2_ 1dl
(CSSAIVKCENPDQETTI). Due to the transmembrane nature of transporter localization, the
epitopes of Oatpld1l are largely obscured by the plasma membrane. Therefore, the antibodies were
designed to target the more open intriadat C-terminus of the protein at amino acids 64860

and 674 689, respectively. Using a custom designed zebrafish Oatpldl antibody we confirmed
the absence of Oatpldl protein in the liver of both, zebrafish males and females. Specificity of
custom Ogpldl antibody was tested on HEK293 cell line stably overexpressing zebrafish
Oatpldl in the plasma membrane (FlpIn293/Oatpldl)cdistibody was further used for
immunohistochemistry analyses of protein localization and lack of the same in mutarsr Furt
characterization also included gene expression analyses and comparison of mutants and wild types

(both embryos and adults) and subsequently phenotype characterization of Oatpld1l mutants

3.1.1. Lack of protein expression and locakation in Oatpldl mutants

Initial verification of specificity of the developed antibodies was conducted on HEK293 cell line
stably overexpressing zebrafish Oatpldl in the plasma membrane (FIpIn293/Oatpldl cells).
Immunocytochemistry revealed the localisation of Oatpldl in plasma raeejbstaining the

membrane in red with both developed antibo@égure 14a

Furthermore, Oatpldl protein expression was confirmed in the tested cells and liver of adult
zebrafish using western blot analysis with both antibodies, showing the bancegpduoted size

at 75 kDa(Vuijica et al., 2024)As a negativeontrol for testing custom antibodies specificities,
mocktransfected cells and Oatpld1l mutant fish were used, which showed no signal in the plasma

membranes and lacked the expected band in western blot afgigaie 14a)
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FIpIn293/Oatp1d1 cells 5 dpf WT embryo/signal in 5 dpf oatpld1’- embryo
canalicular membranes /no signal in canalicular
of hepatocytes membranes
of hepatocytes

Adult WT liver/signal in Adult oatp1d1”- liver/no signal
canalicular membranes in canalicular membranes
of hepatocytes of hepatocytes

Figure 14.Immunohistological localisation of Oatpldl in Flpin293/Oatpldl stable cell line,
zebrafish embryo and adults (Cy3 red signal)(a) Membrane locasation of Oatpldl in
FIpin293/Oatpl1dl cellgp) Localisation of a specific Oatpldl signal in canalicular membranes
of hepatocytes in 5 dpf WT embry() Lack of Oatpldl specific signal in 5dpatpldimutant
embryo;(d) Specific Oatpldl signal in canalicular membranes of liver hepatocytes of adult WT
zebrafishje) Lack of Oatpldl specific signal in liver Gatpld1imutants.

Immunohistochemistry on 5 dpf embryos showed the lsaigdin of Oatpldl in the canalicular
membranes of hepatocytes, whereas the specific signal was ab8atpidlmutant embryos

(Figure b and ¢. The same locaation of Oatpldl in the canalicular membranes of hepatocytes
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was confirmed in the adult liver as walhd lack of the locadation in adult mutant livefFigure
14d and g In the nembranes of glomerular podocytbe signal was also absent in the mutant

fish andused as a negative cont{éigure S6)

3.1.2. Expression profiles of oatpldlin WT and Oatpldl mutant embryos

To determine the effects of the Oatpldl mutation, we first analyzed the changes in transcript
expression, primarily of the target gene itself, during embryonic development from 6 hpf to 5 dpf
and compared mutant and WT embryos. The results showdtptd. expression is dynamically
regulated during zebrafish development, peaking in early gastrulation and during late embryonic
and larval stages. The expressionoaitpldlin WT embryos increased during embryonic
development from 3 d@ind reached a maximum at 5 dpf, while the expressioatpfldlin the

mutant embryos remained at a lower level during the first five days of development, confirming
that we actually observed differences at the transcriptional level in addition tomtiferat the
protein level(Figure 15. There are statistically significant differences at 1 dpf, 3 dpf and 4 dpf.
Although multiple unpairedtest revealed no statistically significant difference between WT and

mutant embryos at 5 dpf, there is a notatilference in expressiorigure 195.

At 7 dpf, we observed an increase in expression in the mutants, which would be worth investigating
further as it is unclear whether this represents an alternative transcript variant th&tisational

and possiblya compensatory response of the organism to the mut&igure 15.
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Figure 15. Expression patterns ofoatpldlin WT and Oatpldl mutant embryos during

embryonic development St ati stically significant differe
0.01), *** (p < 0.001), **** (p < 0.0001). Data represent MNE (mean normalised expression) +

SD (n = 4- 5 biological replicates) normalised to the housekeeping §8®5Q The stastical

tests used are the ShapiMilk test for normality of distribution and the multiple unpaireedt

with false discovery rate (FDR) correction for multiple comparisons to determine the significance

of differences in stages between WT and Oatpldirgms. The individual p and g values are

listed in Supplememnmaterial Table S3. Statistical analyses and graphical representations were
performed using GraphPad Prism 9.0.0 software.

3.1.3. Gene expressions of other transporterésic21and slc22family) in
Oatpldl mutant embryos

To identify the effects of theatpldlmutation, we next examined the changes in transcript
expression of the other transporters of gfle21family and the organic anion transporters of the
slc22family. Expression of theatp2blgene showed a slightly different pattern than that of the
oatpldlgene, with higher expression in the mutant embryos at 1 dpf. However, the expression

pattern shifts after 2 dpf, with higher expressionoatp2blin WT embryos than in mutant
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embryos(Figure 16). Otherslc21genes showed variable expression patterns between WT and

mutants, but with lower expression compareddtpldlandoatp2bl(Figure 7.

Organic anion transporters from tle22family also showed altered expression patterns in mutant
embryos. Differences in expression between WT and mutants were obseroatlionly after 4

dpf, where the mutants showed -#081 upregulation, while the expression pattern changed the
next day, after 5 dpf, and a #&d downregulation ofoatl was obseved (Figure 1§. The
expression ofoat2a was downregulated in the mutant embryos throughout almost the entire
embryonic development, starting at 2 dpibure 1§. Oat2dshowed a peak in expression at 1 and

2 dpfwith a clear 4to 7-fold upregulation in the mutants, followed by lower expression at later
stages Figure 16. Oat2e oscillated between upregulation and downregulation in the mutants
throughout development, with af@d upregulation at 1 hpf and a Jdld upregulation at 4 hpf,
while it showed a 2to 3-fold downregulation in the mutants at the remaining staggsite 16.
Oat3was upregulated-®ld in the mutants at 1 and 4 dpf, while expression levels were similar at
5 dpf (Figure 16).
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Figure 16. Expression fold change (mutants/WT) of genes encoding for zebrafish organic
anion transporters (oapldl, oatp2bl, oatl, oat2and oat3d during the first five days of
embryonic development.Upregulation in the mutant transcript expression is presented as a
positive foldchange and the downregulation as a negativediotthge {1/fold). Results of two to

three independent determinations for each developmental stage (pools of 10 embryos) are
presented. Data represent MNE (mean normalized expression) £ SE normalized e 5ite

3.1.4. Comparative analysis ofoatpldlgeneexpression intissues of WI' and
Oatpldl mutant adult fish

In adultfish, the result®btainedare consistent with previous findingBopovic et al., 2013pr

the following tissues: liver, kidney, intestine, gills, brain, gonads and skeletal muscle, while
expression in t skin, eyes and heart had not been studied at that(kigare 17) The
relationships between male and female expression levels in WT tissues remain the same as
reported in Popovic et al. (2013) with the only difference that the overall expressiondeels

slightly higher in our case, probably due to improved and optimized RNA extraction methods.

The highest expression oatpldlis observed in the liver, brain and intest{ifggure 17) The
difference between WT males and females in the expressaatpdfdlis most pronounced in the

liver, where expression is five times higher in males than in females. In the gills, expression is
about two times higher in males. Conversely, females show 2.5 times higher expression in the skin
and 3 times higher express in the skeletal muscles than males. In kidney, intestine, brain, gonads

and eyes, the expressionaaitpldlis similarly high in both sexg&igure 17)
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Figure 17.Tissue expression pattern obatpldlin WT and Oatpldl fish. A) tissue samples

from males; B) tissue samples from femalgstistically significant differences are marked with

* (p O 0.05), ** (p < 0. 01)Datatepresent MNE ¢mead. 0 0 1)
normalized expressiony SD (n =2) normalized tothe housekeeping geredongation factor

( E F 1TH9 individual p and q values are listed in Supplement matdiéll¢s S4 and $5

Statistical test used is multiple unpaire@st obtained in GraphPad Prism software version 9.0.0.
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In mutants, the expression ohatpldlis generally strongly reduced. Statistically significant
differences in the expression @dtpldlbetween mutant and WT tissues in males were found in
the liver (p < 0.01), where expression isfbld lower in mutantsin the intestine (p < 0.01) with

a 7-fold lower expression, in the brain (p < 0.001) with-fold lower expression and in the skin

(p < 0.01) with &-fold lower expressiofFigure 17) In the gills of mutant males, the expression

of oatpldlis also muchlower than in WT males, although statistical analysis revealed no
significant difference. The kidney, testis, muscle and heart also generally show low expression
levels in the tissues of WT males, so they are not as relevant for comparison with the,mutant

which nevertheless still show lower expression leyeigure 17)

In females, the overall expressionoaitpldlis significantly reduced in the mutants in every tissue
analyzed(Figure 17).The greatest differences between WT and mutant fetisdees were
observed in the liver, where expression was reduceddl@6n the mutants, :8lId in the gills,
13-fold in the intestine and i@ld in the musclegFigure 17)

3.1.5. Tissueexpressionprofile of oatp2b1(Slc21) in WT and Oatpldl mutant
adult fish

As previously reporte@Popovic et al., 2010}he highest expression oatp2blin WTs is found

in the gills,but also in skinwith no significant differences between the sexes. When comparing
WTs and mutants, the expression in the liver of m2diedd higher than in mutants and in females
almost 3fold higher in the liver of mutants. In the brain of malesreggion is 1.90ld higher in
mutants, whereas it is downregulated in the brain of females-&id Bbwer in mutants. In the
skin of females 1-3old higher in mutantthan in WTg(Figure 18)
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Figure 18.Tissue expression pattern obatp2blin WT and Oatpldl fish. A) tissue samples

from males; B) tissue samples from females. Data represent MNE (mean normalized expression)
+ SD (n = 2) normalized to the housekeeping gene elongation {addf 1Stadistical test used

is multiple unpaired-test obtained in GraphPad Prism software version 9.0.0 and there were no
statistically significant differences between WT and mutant tissues.
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Although no significant changes oatb2blexpression were observed between WT and mutant
tissues, the results suggl a moderate vpnd dowrregulation, possibly reflecting compensatory

regulation or disruption of the common transport pathwaystgfldlandoatp2bl

3.1.6. Tissue expression profile obat2a (Slc22) in WT and Oatpld1l mutant
adult fish

In the case obat2g the highest expression was observed in WTs in skin, eye and brain, both in
males and females with similar levels in the mentioned tissues, thus no sex differences. In males,

minimal changes were observed between WTs and mutants, which are not sigffifguamet 19)

In females, mutants show increased expressioatain the skin and eye, especially in the skin,
where expression is twiold higher than in WT femalegFigure 19) This may indicate a
compensatory upregulation o&t2ain the absence of functional Oatpldl. Statistical data for skin
and muscle in femalessues showed uncorrectegtigdues below 0.05, these differences remained
statistically insignificant after applying the FDR (False Discovery Rate) correction for multiple
comparisons (gyalues = 0.045). Therefore, no tissue showed a statistically signitidéerence

at the conventional g < 0.05 threshold. These results suggest potentiaspissifie trends that

merit further investigation with larger sample sizes.
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Figure 19.Tissue expression pattern obat2ain WT and Oatpld1l fish.A) tissue samples from

males; B) tissue samples from females. Data represent MNE (mean normalized expression) = SD
(n = 2) normalized to the housekeeping gene elongation faceiF 1Sihjistical test used is
multiple unpaired-test obtained in GraphPd&tism software version 9.0.0 and there were no
statistically significant differences between WT and mutant tissues.
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3.2.Phenotype characterization ofOatpldl mutants

To characteriz¢he phenotype of the mutant embryos, their development was observettiggm

to 5 dpf. The embryos are expected to survive because Oatpldhimessentiaprotein as there
areprobablyother similar proteins that can take over its role. Each generation of mutants produced
embryos that had particles between the chorion and the embryd@Higelfe 20) These particles,

which we have not yet been ablect@racterizedisappeared with traevelopment of the embryos

by aboutl dpf, as they were either absorbed or degraded. In the progeny of Oatpldl males crossed
with WT females, the particles were not present, whereas crossing mutant females with WT males
again resulted in embryos with tleegarticles. This indicates that the particles are a result of the

maternal transfer that takes place in the ovaries of the mutants.

chorion chorion

perivitelline

perivitelline
space space
vitelline vitelline
membrane membrane

Figure 20. Oatpldl mutation causes changes in early embrpec development Particles
observed in the perivitelline fluid (PVF) a2-3 hpf oldOatpldl mutant embry@). WT embryo
(2-3 hpf old)embryo without particles in the PMB). Arrows showparts of an early develom

zebrafish embryochorion, perivitelline space andelline membrane.
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Next, we observed changes in pigments in Oatpldl embryos. The absence of yellow pigments,
pteridines and probably also carotenoids during later larval development became visible under the
magnifying glass and also when expodenyae ad embryodo methylene blue (methylthionium
chloride) (Figures 21 and 22B)a redox dye that specifically labels xanthophores and
pterinosomes. Since it is already known tkeaitophoresutofluorescenceapon excitation with

UV light, the anesthetize@mbryos were imaged with a fluorescence microscope and a clear
difference in the fluorescence of pteridines was observed between WT embryos and the absence
of fluorescence inOatpldl embryos Higure 22A. We developed an assay to track the
fluorescence of the yellow pigment cells using a spectrophotometer, and at each stage, after about
20 hpf, when the pigment cells begin to differentiate, we observed significantly lower fluorescence
in the mutant embryo samples compared to the WT samplastatievelopmental stage (p values

in (Figure 22C; Table S@. After crossing male or female mutants with WT fish, the pigments
returned to the WT pattern and the phenotype disappeared. This was confirmed by both methylene
blue (data not shownand fluorescece measuremenggigure 23A and B This confirms that the

lack of yellow pigments iselatedto the mutation of the Oatpldl protein or to compensatory

mechanisms resulting from this mutation a@naltis not related to maternal transmission.
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Figure 21. Zebrafish larvae at 18 dpf with and without methylene blue staining the
xanthophores.A) WT larvae (top) and Oatpld1l mutant larvae (bottom) without methylene blue,
visible yellow color the head and dorsal part of the WT larvae. B)-Widd larvae (top) hee a
greenblue staining in the xanthophores stained with methylene blue (black triangle); Oatpldl
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mutant larvae (bottom) without methylene blue staining, as no xanthophores are present (red
triangles).
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Oatpildl

C . WT
30000
= Oatpid1

20000
10000 I I
200

f.u. (360/420 nm)

S
RIS ,»bQQ PR RS
S

Vv

Figure 22. Oatpldl mutant embryos show a lack of yellow pigmentsAutofluorescence of
xanthophores in embryos (A), imaged with a fluorescence microscope under a UV filter (red
triangle shows blue dots). Embryos treated with methylene blue (B) imaged under a light
microscope. The black triangle indicates the xanthophores stained with methylene blue in WT
embryos, which is probably localised in the pterinosomes of the xanthophores, the red triangle
indicates the absence of methylene blue staining and thus the abseptirafsomes or
xanthophores or the transport of methylene blue into pigment cells. Stained xanthophores can be
seen on the top of the head, around the olfactory pit (B bottom) and in the ear region (B top). C)
Measurements of the fluorescence signalhef matrix of zebrafish embryos at wavelengths
360/420.At each stage, the fluorescence of the matrix of Oatpldl embryos differed significantly
from the fluorescence of the matrix of WT embrybstails in Supplemer{fTable S6)
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Adult fish of the Oatpldl mutariine showed normabehaviorand swimmingbehaviorand
developed and spawned normally. The phenotypic change observed was indeed the opposite
pigmentation pattern compared to the embryos. As previously mentioned, the eanuyas/ae

of the mutants lacked the yellow pigment cells, the xanthophores, while the adult fish showed a
higher number of xanthophores and probably also melanophores (not quantified). The fish
appeared much darker than adult WT fiBlg(re 24A and B making them easy to distinguish.
Figure 22Cshows that the fluorescence of Oatpldl larvae increases arwardonths after
fertilization and approaches the values measured in WT larvae. It is likely that a change in
pigmentation occurs during the transitifrom the larval to the adult stage, which has already been
demonstrate{Saunders et al., 201,$nd that a disruption of tipggmentation pattern occurs again

during ths transition.
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Figure 23. Crossing Oatpldl males and females with WT females and males to obtain
heterozygous embryos and rescue the pigment phenotyp®) Heterozygous embryos (2 dpf)

have yellow pigments in theead, like the WT embryos. B) The measurement of the fluorescence
signal (excitation/emission 360/420) shows the rescue of the fluorescence signal of the pteridines

in heterozygous embryos.

Figure 24. Oatpldl mutation alters pigment pattern in adult fish.A) WT male Oatpldimale,

WT female, and Oatpldfemale. The images reveal noticeable differences between males and
females. Males have a more spindl@ped body, while females have a rounder abdomen,
especially when ready for spawning. A clear difference in pigmentation is also observed, as
Oatpldladults appear darker and have more xanthoptierdarged photos BL) Red spots on

the skin of the Oatpld1l mutant fish
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In addition to thealtered pigmentation in adult mutants, red spots were observed on the skin of the
Oatpldl mutant fisfFigure 24C) appearing in the head aaddominalarea at around 9 months

of age. They occasionally disappear and then reappear. This coincides with gpzoveing
performance, as evidenced by a higher numbenfafrtilizedembryos, and the fish stop spawning

after about a year and a half.

3.2.1. T3 and T4 alter pigmentation patterns in WT embryos, recapitulating
Oatpldl mutant phenotype

Since thyroid hormones T3 and T4 have been shown to affect pigment development in both the
adult and larval stagdSaunders et al., 201,9)ve wanted to determine whether they also affect
pigmentation during embryonic development, particularly with regard to the disrupted
pigmentation pattern observed in Oatpldl mutant embryos. Embryos at 24 hours hpf were exposed
to 10 uM T4 and 1 uM T3. Inthree independent experiments, embryos were treated in duplicate
wells (n = 10 per well) and both hormones produced the same effects. As early as 48 hpf, a
reduction in yellow pigmentation was observed in the treated embryos, resulting in a phenotype
similar to that of the Oatpldl mutants. In both the WT and mutant groups, melanophores appeared
shrinkedand clustered into punctate patterns in response to T4 and T3 exgeégure 5A and

26). Measurement of the fluorescence signal of T4 exposed WT emdrgadpf confirmed lower

signal in T4 exposed embrydsigure 25).

82



Oatpldl

T4 lowers pteridine levels in WT embryos
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Figure 25. Exposure with thyroid hormone (T4) induces a pigment phenotypsimilar to that

of Oatpldl mutant embryos.Wild-type (WT) and Oatpldl mutant embryos were exposed to 10
MM T4 24 hours post fertilisation (hpf) and imaged at 48 hpf. A distinguishing feature between
untreated WT and Oatpldl embryos is the absence of yellow pigmentation in the dorsal head
region ofthe mutants (A). After T4 exposure, both WT and mutant embryos showed reduced and
contracted melanophores, indicated by red arrows, an effect consistent with hormone treatment. In
addition, WT embryos exposed to T4 showed a loss of yellow pigmentatiortrigadle)
resembling the phenotype observed in untreated mutants. These results suggest that elevated
thyroid hormone levels in WT embryos can induce similar pigmentation changes as in Oatpldl
mutantsB) The measurement of the fluorescence signal (aiait@mission 360/420) shows the
reducedluorescence signal of the pteridinesT#h exposed WT embryos
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It is hypothesizedhat thyroid hormones inhibit the Oatpldl protein in WT embryos, leading to a
mutationlike phenotype. The exact role of Oatpldihe pteridine biosynthetic pathway and how

thyroid hormones contribute to its regulation remains to be investigated.

Oatpldl WT + T3 - Oatpldl +T3

Figure 26. Thyroid hormone (T 3) treatment induces a pigment phenotype resembling that

of Oatpldl mutant embryos.Wild-type (WT) and Oatpldl mutant embryos were treated with 1
UM triiodothyronine (T3) 24 hours post fertilisation (hpf) and imaged at 48 hpf. As with previous
observationsa clear phenotypic difference between untreated WT and Oatpldl embryos is the
absence of yellow pigmentation in the dorsal head region of the mutants (A). After T3 exposure,
both WT and mutant embryos showed contraetedaggregated melanophores markegdréd

arrows a typical response to thyroid hormones. In addition, WT embryos treated with T3 showed
a loss of yellow pigmentation (red triangle), consistent with the appearance of untreated Oatpldl
mutants. These results indicate that elevated T3 lewel&T embryos may recapitulate the
pigmentation defects observed in Oatpldl mutants.
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3.2.2. Exposure to fluorescent substrateseveals differential gut uptake in WT
and Oatpldl mutant embryos

Embryos(5 dpf)were exposed to 50 pMiciferyellow, amodelsubstrate of the Oatpldl protein
(Popovic et al., 2013}o assess possible differences in accumulagivimer in signal intensity or
locdisation, between WT and Oatpldl embryos due to theemte of the proteinThe
accumulation of lucifer yellow appears as a fluorescent signal in the gut of WT embryos, while
the samdocalisation of lucifer yellowis seen in Oatpldl embryos, but with a stronger sjgnal

which was confirmed with quantificatiaf the fluorescent signaF{gure 27Aand B)
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Figure 27.Oatpldl embryos show a stronger accumulation of lucifer yellow compared to
WT embryos. A substrate of the Oatpldl proteiacifer yellow, shows more intense signal in
the intestineof Oatpldl embryosEmbryos (5 dpf) were exposed ftrreehours, and imaged
under a stereomicroscope with a GFP filter. The red triangles indicatgdaseneof the embryo.
The experiments were repeated three timiés 7 to 10 embryos per exposui®) Quantification

of the fluorescete signal in GraphPad Prism 9.0.The dcata Represent mean fluorescence
intensity + SD0.0064
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Whenlucifer yellow was microinjected into the yolk and observed over the nexhbwoes, the
fluorescence initially spread throughout the yolk within the first hour, possibly reaching the
pronephrogFigure 28) Compared to the starting point (O hps), a weak fluorescent signal was also
visible in the rest mdbablydtuetothedraulgtiondosluciteoydllpy wh i
throughout the organism. After two hours, the signal in the yolk weakened, suggesting that lucifer
yellow was excreted from the embryo. The yolk itself exhibits autofluorescence at similar
wavelengths to lcifer yellow, so it is preferable to perform the exposure on older embryos when
there is less yolk. Due to the absence of pteridines in Oatpld1l mutants, we were unable to measure
fluorescence with a spectrophotometer to confirm our microscopic observétimsnglanned to

perform microinjections in older embryos when most of the yolk has been absorbed and to compare
WT and mutant embryos to determine whether LY is equally transported from the injection site to
the rest of the embryo. This microinjectioxperiment thus served as a procepsmizationfor

future experiments.

10uM_72hpf_Ohps

10uM_72hps_1hps

10uM_72hpf_2hps

Figure 28. Accumulation of the fluorescent dye LY in zebrafish embryos after
microinjection. The fluorescent signal is initially localiséd the yolk sac 1 hour post exposure
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(hpe) (A). At 2 hpe (B), the signal begins to spread dorsally throughout the embryo, probably due
to uptake from the yolk sac and subsequent distribution via the bloodstream. At 3 hpe (C) the
fluorescence intensity ithe yolk sac is reduced, indicating a redistribution of the dye.

As with exposure to lucifer yellow, the same result was obtained with calcein. Embryos 5 dpf were
exposed for 90 minutes, washed with E3 medium and visualised under a fluorescence microscope
Again, Oatpldl embryos showed a stronger signal in the intestine, indicating a reduced

metabolism of calcein and its less efficient excretion from the embifygisre 29)
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Figure 29. Oatp1dl embryos (B) show a higher accumulation of calcein, a substrate of the
Oatpldl protein, compared to WT embryos (A) Five-day-old embryos were exposed for 90
minutes, washed with E3 medium, anaesthetised with-2RES and imaged under a
stereomicroscapwith a GFP filterThe ed triangles indicate thiatestineof the embryos. The
experiments were repeated three times Witb 10 embryos per exposur®) Quantification of
the fluorescent signal in GraphPad Prism 9.0h@ dhtarepresenthemean flusescence intensity
+ SD.

3.2.3. WT embryos exhibit greater sensitivity to diclofenaccompared to
Oatpldl mutants
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Exposure of embryos to increasing concentrations of diclofenac resulted in lethal effects at higher
concentrations, with some characteristic sublethal effects at lower concentration frges.
typical duration of the experiment was up to 3 dpf, with thst fsublethal effects, such as
haemorrhagand oedema around the heart, occurring on the second day (the first day of exposure),
depending on the diclofenac concentration. After two days of exposure or at 3 dpf, the effects were
more pronounced, with musgcldegradation observed in WT embryos at 20 uM and higher
concentrations. At the highest concentrations, many WT embryos remained in the chorion and
were developmentally delayed, eventually leading to death. In addition, significant oedema around
the heartvas observed on the third day at a concentration of 20 uM, together with deformation of
the atrium and ventricle and a slowed heart rate in WT embryos. In the mutants, effects such as
greater oedema around the heart and body curvature only occurredeattcatians of 30 uM and
higher, while at 10, 15 and 3@M concentrations of diclofenac there were no effects. Mutant
embryos showed different phenotypes in terms of higher resistance to diclofenac exposure and
delayed onset of sublethal effects, as sunsmdrin (Figure 31).Mortality rates (LGo) differed
between WT and mutant embryos with a calculate@olo 35.91 for WT and 23.48 uM for
Oatpldimutants, respectively={gure 30Q. The mortality rates of the unexposed and the DMSO
exposed negativeontrol groups were below 5 %-igure S). Exposure of WT embryos to
diclofenac concentrations as low as 20 puM resulted in delayed development and other
abnormalities that manifested as muscle degradation in the form of spinal curvature deformities,
pericadial oedema, and blood pooling in the heart region, and were lethal at higher concentrations
(Figure 31).
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Figure 30. Dosé response curves used for théCso calculations for zebrafish WT and
Oatpldl mutant embryos exposedto diclofenacfor 72 h. Datarepresent results from three
independent experiments done in triplicatésror bars indicate standard deviations (STChe
dosé response curves were generated using GraphPad ®A€rsoftware
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DICLOFENAC Oatp1d1” WT Oatp1d1” WT Oatp1d1” WT

10uM

20 uM

30 uM

40 uM

24 hpe (48 hpf) 48 hpe (72 hpf) 72 hpe (96 hpf)

Figure 31. Effects of diclofenac exposure on embryonal development of WT ar@atpld1l mutant embryos over the exposure
period of 72 hours Reported developmental abnormalities caused by diclofenac exposure are yolk sac edema (arrow), blood
accumulation (etcled), spine curvature (dashed arrow), delayed hatching (asterisk), necrosis and death (x).
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3.2.3.1 Effect of diclofenac on gene expression in WT and Oatpldl mutant
embryos

Exposure of both WT and mutant embryos to sublethal concentrations of diclofenac resulted in
significant changes in the gene expression of organic anion transporters. In particular, exposure of
3 dpf embryos to 15 uM diclofenac led to pronounced chang#seiexpression of monitored
genes. Fomatpldl downregulation of 15old was observed in unexposed embryos, while
exposure to diclofenac increased downregulation-tolc8 indicating thatoatpldlexpression
decreased-fold in the mutantsKigure 32). Conversely, botloatl and oat3 showed a similar
expression pattern when exposed to diclofenac, with downregulation in unexposed embryos
shifting to upregulation when exposed to the drug.dataandoatp2bl a different pattern of
expression change wabserved, while downregulation in the mutants was present regardless of

diclofenac exposure, it decreased significantly upon exposure to theFiyuge(33.
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Figure 32 Transcript expression fold changes of observed genesafpldl oatl, oat2g oat3

and oatp2b) in WT and Oatpldl mutant embryos (3 dpf) when exposed to diclofenac (25

uUM). Data are presented as MNE expression fold (oatpltiT) of two independent experants

+ standard deviations (SD). Upregulation in the mutant transcript expression is presented as
positive fold change and downregulation as negative fold chabjeld). Statistically significant
changes as a result from unpaired Studei¢'sttare sbwn as *p < 0.05, **p <0.01, **p <0.001.

3.2.3.2.Gene silencing with morpholinos

After both morpholinos, the splice and the ATG variants, were injected into embryos a4 the 1
cell stage at concentrations of 300, 150 and 5(qléi¥a not shown}he two highest concentrations

were discarded due to toxic effects and embryo degradation. The concentrations chosen for further
experiments were 100 and 75 pM for both morpholinos, as they showed no lethal effects and the
embryos were eleloping normally. At the same time, the efficacy and specificity of the
morpholinos were investigated. For the MOG, due to technical difficulties with membrane
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transporters and their detection in embryos with Western blot method,-RQRTWwas perfored
instead to verify at least a reductiondatpldlexpression. However, this does not provide a
complete verification of the M@ATG as it stops translation, so even if mMRNA is still detected,
this does not mean that the protein is present and functideakrtheless, some reduction in
expression was observdd the case of the M@plice, embryos were taken at 1, 3 and 5 dpf, as
we wanted to know how long the morpholino would be active. AftelPRR, we expected the
most common consequence of defectipkceg due to the action of morpholino, exon skipping.
However, we observed a less frequent occurrence: cryptic intron retéignme 33A. After
sequencing, it was clear that the extra batnaround 2000 bactually contained part of an intron

2 which leads to frameshift and premature stop codon and these transcripts are potentially
eliminated by nonsenseediated decayBill et al., 2009) The efficiency of the splicing
morpholinodepended on the concentration of morpholifigre 33D on the first and third day

of embryoage, while it appears to decreassablyon the fifth day(Figure 33D)regardless of
morpholino concentratiorschematic representation of Msplice is in (Figure 33B) and embryos
injected with bothtMO-ATG (75 puM) andMO-splice(75 and 100 puMmorpholinos developed
normally (Figure 33E).
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Figure 33. Splice morpholino optimization for oatpldlgene silencingA) possible outcomes

of gene silencing usinglO-splicetargeting exon 2 intron 2 boundarB) Enlarged image from
SnapGene showing the coding sequence (CD&tpfldland theMO-splicebinding siteC) RT-

PCR testing of 75 uM and 100 uM splice morpholino on cDNA samples from embryos at day 1,
3 and 5 (dpf) using specially designed primers targehe start of theatpldlsequence and exon

3. The expected wiltype (WT) band is 326 bp (51 bp of exon 1, 142 bp of exon 2 and 133 bp of
exon 3). Additional bands observed at approximately 2000 bp represent cryptic intronic sequences
due to the morptiino effect and retention of intron 2 (1565 bp). Quantification of gel bands
corresponding to the WT band expressed as percentage of silencing effiégnicyected
embryos at 24 hpf appeared morphologically normal and developed correctly at th®lmorp
concentrations testef) Injected embryos developed normally.
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No pigment changes were observed with the morpholino injected embryos, which we had
expected. However, another possibility is that the absence of pteridines or some precursors for
their formation is actually a consequence of compensatory mechanismbeftartation and not

of the mutation itself. Morpholinos do not trigger compensatory mechafi&ossi et al., 2015a)
Therefore, we would not expect to observe the gameaotype in WT embryos after injection. For

this reason, we continued to use morphaelimected embryos in exposure/toxicity experiments

with diclofenac and PFOS to see if we obtain the same or similar phenotype in WT embryos as in
Oatpldl mutants.

The rext step was to verify both morpholinos. From embryos injected withAQ at 24 and 48
hpf, RNA was isolated, converted to cDNA and gRTR was performed to verify the reduction
in oatpldlgene expression. The graph shows the results of three indepesplardtes (three

different injections) of 7.0 embryos each.

96



A WT B MO-ATG 75 pM

MO-splice 100 uM

¢ i )
i [ |
Jii s

-

Figure 34. Testing MO-ATG 75 uM (B) and MO-splice 75 uM (C) and 150uM (D) after
exposure t020 uM diclofenac A) WT embryosexposed to diclofenadt can be observed that

the B)embryos look better than the others; they were not curved by diclofenac, although major
oedema around the heart and muscle degradation were rarely obsdmwedthEyshow the
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expected effect dknockdownthe oatpldlgene. For further experiments with ldienac,MO-
ATG 75 pM wasused.

After determining the efficacy of morpholinos and the concentrations that are not toxic to embryos,
75 uM and 100 uM were selectéat exposure experiments with diclofenac (Figure 35B)

A WT B MO-ATG 75 uM C Oatpldl

DCLF 20 uM

Figure 35. Silencing ofoatpldlgene reduces sensitivity of WT embryos to diclofena®VT
embryospatpldimorphants injected with 75 uMIO-ATG andOatpldl mutants exposed to 20

UM diclofenac. Compared to WT embryos, thi®-ATG embryosshowed milder phenotypic
effects after diclofenac exposure. Although pericardial oedema was present, the morphants
exhibited less or no body curvature and muscle degjeadaas less pronounced than in WT
embryos. The results from embryos injected with 100M®1-ATG (data not shown)ecause

of higher morpholino concentration induced repecific body curvature, which could lead to
misinterpretation as a false negativieet.
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WT MO-ATG 100 pM

A L
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Figure 36. Representative images of WT and MQ@-injected embryos exposed to 20 uM
diclofenac. Different levels of effects were observed in WT embryos at this diclofenac
concentration on the second day of exposure (3 daysgrtiization, dpf). MQL-ATG injected
embryos progressed to stage 3. No body curvature or muscle degradation was ohstrese, o
effects were only mildly expressed, and no embryos remained curled within the cApid0-

ATG embryo showing no signs of muscle degradation following diclofenac exposure; muscle
segmentation is clearly visibl8) WT embryo displaying pronounceduscle degradation after

diclofenac treatment.
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In the next phase of our study, we aimed to examine muscle degradation and the differences
between WT embryos, M@jected embryos and Oatpldl mutants in more detail and therefore
chose a method for labelbfstaining actin filaments in embryos. The image shows the tail region

of embryos exposed to 20 uM diclofenac and incubated with phalloidin FITC staining. In WT
embryos (Figures 37 and 38) diclofenac exposure resulted in muscle degradation and
disorganization of myofibrils. In contragdatpldl mutant embryos exposed to diclofgifagure

37), showed welorganised actin fillaments. In the case of MDG, a phenotype intermediate
between WTand mutants is observed; the actin filaments are not fully organized, but they are also
not degraded as in Wa@xposed embryo®echorionisation of the embryos had no effect on the

results obtaine¢Figure 38)

untreated WT Oatpldl+ 20 uM DCLF

WT + 20 uM DCLF MO-ATG + 20 pM DCLF
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Figure 37.Phalloidin staining reveals mugle degradation following diclofenac exposurerhe
effect of diclofenac in 3 dpf embryos can be observed as muscle degradation and daagani
of myofibrils, in contrast to Oatpldl embryadth 20 uM diclofenac. In the case afatpldl
morpholino knockdown(MO-ATG), a phenotype intermediate between WT and mutants is
observed. Embryos wegained with phalloidin FITC (1:100) to visusdi muscle filbes (actin
filaments) and visualized under a fluoreseee microscope (Axio Imager.Z2, Carl Zeiss,
Oberkochen, Germany).

WT + 20 uM diclofenac Oatpld1l + 20 uM DCLF

dechorionated

heads

WT + 20 uM diclofenac Oatpldl + 20 uM DCLF

Figure 38. Visualisation of diclofenacinduced muscle damage using phalloidin stainingthe

effect of diclofenac in 3 dpdld zebrafish embryos can be observed as muscle degradation and
disorganisation of myofibrils, in contrast to Oatpldl embryos with 20 puM diclofenac.
Dechorionisation has no influence on the observed effects when the embryos are exposed without
dechorioniation. The dorsal head regions show the same effects as the tails of the embryos. The
embryos were stained with phalloidin FITC (1:100) to visualise muscle fibres (actin filaments) and
viewed under a fluorescence microscope (Axio Imager.Z2, Carl Zeisgkd@ghen, Germany).
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3.2.4. PFOS exposure experiments Oatpldl embryos exhibit greater
sensitivity to compared to WT embryos

Exposure of WT and mutant embryos to PFOS resulted in changes in normal embryonic
development. Increasing concentrations of PF&38lted in lethal effects at later stages and higher
concentrations, with some characteristic sublethal effects at lower concentration ranges. Mortality
rates (LGo) differed between WT and mutant embryos with a calculateg €C23.57 for WT

and 16.71 M for Oatpldl mutantd~{gure 39.
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Figure 38. Dosé response curves used to calculate the LC50 of zebrafish WT and oatpldl
mutant embryos exposed to increasing concentrations of PFOS for 96 hourBhe data are
results of a typical experimemqterformed in triplicate. The error bars indicate the standard
deviations (SD). The doseesponse curves were generated using GraphPad Prism 9.0.0 software
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The most prominent effects of PFOS exposure and differences bebtafedd 1 mutants were

visible from 4 dpf and later. PFOS impaired the normal development of the swim bladder and
resulted in a nomxistent or very small and rounded swim bladder, causing the embryos to lie on
their side, be less acti\(€igures 39 and 4(nd eventually lead to bodayrvature(Figure 41 A

and B) Oatpldl mutants showed all the effects of PFOS exposure before the WT embryos, with
a shift of about 1224 hours. The percentage of embryos with deformed swim bladders was higher
in Oatpldimutant embryos and increased with higher concentrations of ER@8e 40B) This

effect also contributed to the lower activities of PFOS exposed mutant embinggswould not
respond to mechanical or light stimuli. While WT embryos were even hyperatt84 dpf, they

also became slower afterwards, depending on the PFOS concentration. In addition, the exposed
mutant embryos developed necrosis in the head (visible as a grey "surface") and in the intestinal
area(Figures 39 and 40A)

10 pM

WT

Oatpldl

Figure 39.A range of PFOS concentrations, 10, 15, 20, 30 uM, showed effects on the mutants
at different concentrations, starting at 10 uM, at which the mutantsié on their side and
brain necrosisis visible. At higher concentrations, intestinal necrosis, deformed swim bladders
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and scoliosis were observed in the mutants@atpf or 34 dpe in addition to brain necrosigvVT
embryos showed all these effects later,-&tdpf or around 5 dpe, and at concentragiof 20 pM

and higher

Representative images highlighting impaired swim bladder development in Oatpldl matants

its absence accompanied by visible head necr@sgure 40A.

A
WT Oatpldl

PFOS 5 pM

PFOS 10 uM w———-
PFOS 20 uM ”-.—-Ww, &_

PFOS 30 M ?‘*"—“""" k"""’

Swim bladder deformations

100 H WT

80- 3 Oatp1d1

40+

% of embryos

204

1 1 ] 1
10uM 15uM 20pM 30uM

PFOS concentration

Figure 40.Effects of PFOS exposure on the development of Oatpldl mutant embryos (4 dpf).

The onset of necrosis in the head and gut is visible (A), together with deformations of the swim
bladder that cause the mutant embryos to lie on their side and be less Briyeaitification of

swim bladder deformations at different PFOS concentrations. At each concentration, a higher
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number of Oatpld1l mutant embryos exhibited a deformed swim bladder. Data were obtained from
at least three independent experiments.
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Figure 41. The occurrence of scoliosis irDatpldl mutant embryos as an effect of PFOS
treatment. (A) Imagesshowing the scoliosis effect in mutant embryos atAdpfand different
PFOS concentrations(B) Dose response dhe occurrenceof the scoliosisin PFOStreated
Oatpldl mutant embryoBata were obtained from at least three independent experiments.

In additionto thedevelopmentathanges and differencebservedwe measurkthe behaviorof

the exposed embryassing the EthoVision software page Importantly we decided not to
monitor behavior of embryos at points and concentratidren the macroscopic effects of PFOS

were already visible, but when the Oatpldl embryos were sl@ser was critical that the
embryos showed no degradation, 0se or scoliosis, otherwise the results would not be valid.
During each experiment, we observed the embryos and their responses to stimuli, and depending
on the concentration (earlier at higher concentration), around the fourtbf dagposure we
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monitoredthe behaviorand responsesf embryosto daynight changes. The resulibtainedare

shown in Figure 42.

- = WT == WT + PFOS
-= QOatp1di™ -~ Qatp1d1™ + PFOS
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400-
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1o o il
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Figure 42.Changes in the locomotor activity of Oatpldl mutant embryogs dpf) exposed to

PFOS at a concentration of 10 uM4 dpe) Control larvae were exposed to E3 medium only. A)
Mean distance travelled (mm) per minute by each experimental group during-th@n2de
measurement, white boxes indicate dark phases and white boxeste light phases during the
measurement. B) Total distance travelled (mm), again under dark and light conditions. The data
are shown as mean = SE. Statistically significant differences are marked with asterisks, and
analysis was performed in GraphPati Software 9.0 using ANOVA. Details of the statistical

analyses are given ifable S7
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3.2.4.1 PFOS exposure alters transporter gene expression

PFOS exposure caused changes in the transcript expression of numerous genes involved in
biotransformation processé&3atpldishowed a 15old upregulation in 5 dpf WT embryos after
exposure to 15 uM PFOS for 1 h, while the mutant embryos showed no difagge 438B).
Prolonged exposure to 5 pM PFOS caused no changes in the transcript expresatphdifin

both WT and mutant embryoBigure 43\). However, after 4 dpf, wembryos showed a down
regulation of 0.190ld after exposure to 30 uM PFOS for three désigure 4A). On the other

hand, a lower PFOS concentration (15 uM) led to a-2ah@ 3.23fold upregulation obatp2bl

at 4 dpf and 3 days of exposure in both Widl enutant embryod=(gure 4B).

Oapt2blshowed a 15old upregulation in 5 dpf WT embryos after exposure to 15 uM PFOS for
1 h, and a 1.24old upregulation in mutant embryoBigure 4B). Prolonged exposure to 5 uM
PFOS caused minor change®atp2bltranscript expression in both WT and mutant embryos by
1.12 and 1.2fold, respectively Figure 43). WT embryos (4 dpf) showed a 0-fid down
regulation after three days of exposure to 15 uM PFOS, while mutant embryos showetb&l1.73
up-regulation Figure 4B).

Both oatl and oat3 genes showed generally low expression under all conditions, with weak
modulations of transcript expression upon exposure to different PFOS concen{ftgans 43
and 49.

Abcg2ashowed 1.5old upregulation in 5 dpf WT empos after exposure to 15 uM PFOS for 1
h and a 1.14old upregulation in mutant embryoBEigure 438). Prolonged exposure to 5 uM

PFOS caused no changes in the transcript expressaitglain both WT and mutant embryos
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(Figure 43). However, at 4 dpf WE&mbryos showed high downregulation of GfaRl in wt and
0.46fold in mutant embryos after three days of exposure to 30 uM PFQ&¢ 41A).

Expression of transporters at 5 dpf and 4 days exposure of 5 uM PFOS
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embryos per sample are shown. Data represent
normalised to thMRaPhOReskeepi hgogmepeoeol s of 10
shown. Data represent MNE (mean nor malei gedee x
AT RS

Expression of transporters at 4 dpf and 3 days exposure of 30 uM PFOS
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Figure 44. Transcriptional patterns of oatpldl oatp2bl oatl, oat3 and abcg2ain WT and

Oatpldl mutant embryos at 4 dpf with and without threeday exposure to 30 uM PFOS.
Results from pools of 10 embryos per sample are shown. Data represent MNE (mean normalised
expression) £ SD, normalised to the house g€he50 B) Transcription patterns of oatpldl

oatp2bl oatl, oat3in WT and Oatpldl mutant embryos at 4 dpf with and vithout three-day
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exposure to 15 puM PFOSResults from pools of 10 embryos per sample are shown. Data
represent MNE (mean normalised expression) £ SD, normalised to the housd §&ite

3.2.4.2 PFOS exposurealters transcriptional modulation of phasel and phasell
enzymes

Thecyplagene showed generally low expression under all conditions, with weak modulations of
transcript expression upon exposure to different PFOS concentrdtignee(45) Cyp3ashowed

a 2.16fold upregulation in 5 dp?WT embryos after exposure to 15 puM PFO® Ich Figure 45
whereas mutant embryos showadigher upregulation of 4.7#®ld (Figure 45).Prolonged
exposure to 5 uM PFOS caused 6f@lsl downregulation ofyp3atranscript inWT embryos, and
3.12fold upregulation in mutant embry@sigure 458. However, at 4 dpfWT embryos showed

high downregulation of 0.08Ild upon exposure to 30 uM PFOS for three days, and lower

downregulation of 0.72 in mutant embryésgure 4).
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Figure 45. Transcription patterns of cypla and cyp3a in WT and oatpldl mutant embryos
A) at5 dpf with and withoubnehour exposure to 15 uM PFOS; B) at 5 dpf with and witiourt-
day exposure to 5 uM PFOS. The results of pools of 10 embryos per sample are steodetal
represent MNE (mean normalised expression) £ SD, normalised to the housd §&ite
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