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Summary

Summary

Druginduced liver injury (DILI) is a major concern for patients, pharmaceutical companies, as well as
clinicians due to its poor predictability. Recently, we have developed an in vitro/in silico test system
for the prediction ofhumanDILI in relation to oral doses and blood concentratidhis based on the
determination ofeffective concentratioe(EC)n vitrousing a cytabxicitytest (CTB assawith primary

human hepatocytes(PHH) and comparisonto in vivo concentratioa determined in silico by
physiologically based pharmacokinetic modeliAglditionally,two indices, the toxicity separation
index (TSI) and the toxicity estimation index (TEI) were introduced for the quantitative evaluation of a

test system and its input panaeters.

In thisPhDthesis | studiedwhether extending the in vitro tedbattery, so far consistingnly of the
cytotoxicity test,by additional functional readouts would lead to improved performararal thus
allow a more accurate predictiorin total, three diferent approacheghat address putative DH.I
relevant mechanismsvere explored. For this purpose, test compounds with known hepatotoxicity

status (for specific human dosem)d weltestablished pharmacokinetics were considered.

In the first approah, theinfluence of a bile ad mixon the cytotoxicity of test compounds in cultivated
primary human hepatocytewas investigatedTherefore, PHHRvere incubated with or withoubile
acidsin combination with aest compound followed by theCTB assayrhebile acid mix consisted of
physiological ratios of the most abundant human bile acids at a cholestatic sum concentration of 0.5
mM, which corresponds to 50% of the jk(&ytotoxicity) of the mixCytotoxicity of in total 18 test
compounds with and withouthe addition of the bile acid mix was measuréfbnsidering the €
medianfrom at least three different human donagr¢he initial TSI of 0.79 decreased slightly to 0.77
and the TEI of 0.73 to 0.69 with the addition of klgds Also, a combination dfoth assays only
resulted in a TSI and TEI of 0.80 and 0.76, respectirelgummary, increased and decreased
susceptibility to both hepatotoxic and ndrepatotoxic substances was obserwgith the addition of
bile acids which did not improve the indiceend therefore the assay was not included in the in vitro

test battery.

Next,an assayvas evaluatedhat measures the inhibition of bile acid export carridfsr this purpose,
PHH were incubated with a test compound aBehloromethylfluorescein diacetat (CMFDA
Subsequently, the intraand extracellular fluorescence of the CMF@&ived 5CMF, which is a
substrate of known bileacid transporters such as BSEP and MRP2, was measilictdlly 36
compoundswere tested by theCMFDA assay andrapared to thecytotoxicity test Sibstantially

lower EG values were obtained using the CMFDA assay for several known BSEP and/or MRP2



Summary

inhibitors. When combining both assays, using toever EGo value of the two tests the TSI was
increased to 0.8%and TEI to 0.83 copared to the CTB assay aloniES( and TEI 0.77 afd69,
respectively. In conclusionthe CMFDA assay is able to detect bile acid export carrier inhibition in PHH
and integrationinto the in vitro test battery improves the differentiation of hepatotoxand non

hepatotoxic compounds

In athird approachthe AdipoRed assayas establishedntracelluladipid accumulation in HepG2 cells
wasinvestigated for a total of 66ompounds For this purpose, HepG2 cells were artificially fattened
by the addition d free fatty acids and simultaneous incubation with a test compo@tdining of the
cells with AdipoRe@nd subsequenmeasurementand analysisshowed thatwith addition of the
AdipoRed assay, both TSI (0£40.80) and TEI (0.6 0.81) were improved copared to the
cytotoxicity assay in primatyumanhepatocytes aloneln conclusion, itvasshownthat the addition

of the AdipoRed assay improvedth indices.

In summarythree assays were developed for the in vitro test battefia test system to predialrug-
induced liver injury. Quantitative analysis revealed thab of the three assays lead to improved
separation of hepatotoxic and nemepatotoxic compounds, as well as improved estimation of in vivo
relevantblood concentrationsThese improvementallow more accurate prediction of DILI by the test

system.

Vi



Zusammenfassung

Zusammenfassung

Arzneimittebedingte Leberschadesind aufgrund ihrer schlechten Vorhersagbarkeit ein grof3es
Problem fir Patienten, Pharmaunternehmen unaiker. Vor kirzem haben wir @& in vitrd/in silico
Testsystem flr die Vorhersage varzneimittebedingten Leberschadeim Menschenin Bezugzu
oralen Dosen und Blutkonzentrationen entwickelt. Es basiert auf der Bestimmung effektiver
Konzentrationen (EGh vitro, unter Verwendungeines Zytotoxizitatstests (CTRes) mit primaren
menschlichen Hepatozyten (PHihd dem Vergleich mit in viuGonzentrationen, die in silico durch
physiologisch basiertgpharmakokinetischeModellierung bestimmiverden Zusatzlich wurden zwei
MaRzahlendera ¢ 2 EA OA (i & & TS Ndd denzty2 EA YRS B & S&TEN, Yur dien 2 v

quantitative Bewertung eines Testsystems und seiner Biggarameter eingefihrt.

In dieser Dissertatiohabe ich untersuchtob die Erweiterung der in vitrbestbatterie die bisher nur
aus dem Zytotoxizitatstestesteht durch zusatzliche funktionellessungereu einerVerbesserung
fuhrt und somit eine genauere Vorhersage ermddlithsgesamt wurden drei verschiedene Aaséat
getestet die mutmallichielevante Mechanismefir arzneimittebedingteLeberschddeangehen Zu
diesem Zweck wurden Prifsubstanzen emivieseneHepatotoxizitat(fir bestimmte lumanre Dosen)

und gutbekannterPharmakokinetikverwendet

Im ersten Ansatz wurde der Einflusner Gallensduremischunguf die Zytotoxizitat von
Tessubstanzernn kultivierten primaren menschlichen Hepatozyten untersucht. Dazu wurden PHH mit
oder ohne Gallenséaurein Kombination mit einer Testsubstammkubiert und anschlieend der CTB
Test durchgefiihrtDie Gallensauremiscaing bestand aus physiologischen Verhaltnissder am
haufigsten vorkommenden menschlichen Gallenséuren in einer cholestatiS#gsamtkonzentration

von 0,5 mM, welch&0 % der EG (Zytotoxizitat) deiGallensaurernschungentspricht Von insgesamt

18 Prifsibstanzen wurdelie Zytotoxizitéatmit und ohne Zugabder Gallenséremischunggemessen.
Unter Beriicksichtigung des ®ledians von mindestens drei verschiedenen menschlichen Spendern

sank der urspringliche T8It dem Zusatz von Gallensaurkichtvon 079 auf 0,77 und der TEI von

%

0,73 auf 0,69. Auch eine Kombination aus beiden Tests ergab nur einen TSI und TEI von 0,80 bzw. 0,76.

Zusammenfassend lasst sich sagen, dass durch den Zusatz von Gallensduren eine erhdhte bzw.

verringerteAnfélligkeitsowohl gegniber hepatotoxischen als auch gegeniber niugpatotoxischen
Substanzen beobachtet wurd®a dies jedochicht zu einer Verbesserung dktaRzahlenfihrte,

wurde derTestnicht in die in vitro Testbatterie aufgenommen.

Als nachstes wurde eifestevaluiat, der die Hemmung von Gallensatremsporternmisst. Zu diesem

Zweck wurden PHH mit einer Tsgbstanz und 5ChlooomethylfluoresceirDiacetat (CMFDA)

Vi
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inkubiert. AnschlieRend wurde die intrand extrazellulare Fluoreszenz des von CMFDA abgeleiteten
5-CMF, welchesein Substrat bekannter Gallensauretransporter wie BSEP und 4RR@2messen.
Insgesamt wurdeder CMFDATest auf 36 Substanzenangewendetund mit dem Zytotoxizitatstest
verglichen. Fur mehrere bekannte BSERd/oder MRP2nhibitoren wurden mitdem CMFDA est
wesentlich niedrigere B&Werte ermittelt.Im Vergleich zu dem CA@st alleine (TSI und TEI 0,77 bzw.
0,69)wurde kei der Kombination beidefestsunter Verwendung deriedrigerenEGo-Wertesbeider
Tests der TSI auf@@und der TEI auf,83 erhéht.Zusammenfassend lasst sich sagen, dass der CMFDA
Testin der Lage ist, die Hemmung des Gallensdureexports in PHH nachzuweidedass die
Integration in die n vitro-Testbatterie die Trennung zwischen hepatotoxischen und niecht

hepatotoxischerSubstanzewerbessert.

In einem dritten Ansatz wurde der AdipoRe&dst etabliert. Hierbei wurde @ intrazellulare
Fettakkumulation in HepGZellen wurde fir insgesamt 6Destsubstanzemntersucht. Zu diesem
Zweck wurden HepGz2ellen durch Zugabe von fem Fettsauren und gleichitiger Inkubation mit
einer Testsubstankunstlich verfettet. Die Farbung der Zellen mit AdipoRexd anschlie3ende
Messung undAnalysezeigte, dassm Vergleich zum Zytotoxizitatstest in primaren menschlichen
Hepatozytendurch Zusatz des AdipoRelkstssowohlder TSI (0,74, 0,80) als auchder TEI (0,6A

0,81) verbessert wurden.

Zusammegefasstvurden dreiTests flr dieni vitro Testbatterie eiesTestsysterazur Vorhersaggon
arzneimittebedingter Leberschadernm Menschenentwickelt. Die quantitative Analyse ergab, dass
zwei der dreiTestszu einer verbesserten Trennung von hepatotoxischen und 4iepatotoxischen
Testsubstanzeisowie zu einer verbesserten Schatzung der in vivo relevanten Blutkonzentrationen
fuhren. Diese Mibesserungen ermdglichen eine genauere Vorhersage araneimittebedingten

Leberschaden im Menschelirch das Testsystem.

VIii
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Introduction

1 Introduction

1.1 The liver and drugnduced liver injury

The liver is the central metabolic organ in humamsl is involved iressential task®f the energy
metabolismanddetoxification.It is connected to thgastrointestinatract via the hepatic portal vein,

through which nutriendrich blood is transported for further processifit], [2]. Glucose absorbed from

the blood can be stored in the liver in form dfgpgen (glycogessis) and released again if required
(glycogenolysis]3]. In addition, glucose can be synthesized from 4sanbohydrate precursors kk

pyruvate (gluconeogenesigjurthermore, lipids can be taken up or newly synthesized in the (ideer

novo lipogaesis). Triglyceride synthasindlipid droplet formation together with lipid consumption,

AyOf dzRAY3 FlL GdGe | OA Rxidfod,JaNd Re sedretigh ofo Viedpwdiensiya A & 0
lipoproteins are further important elements forthe regulation ofthe energy homeostasipt]¢[6].

Other functions include regulating blood volume and filtration, supporting the immune system, and

producing and secretingile, proteins, and coagulation factor], [7]¢[9].

As the mairdetoxification organ, the liver is involved in thmactivation of toxins and xenobiotics and
the excretion of exogenous and endogenaanpound[10]. Many toxiccompoundsare well soluble

in fat and poorly soluble in wateand have to be processed bye liverbefore they can be excreted.
These reactions can be divided irttree phaseswhich can occur consecutively or independently,
depending on thecompound[11]. In phase,ltoxins are converted into less harmfebmpound
through oxidation, redution, and hydrolysis reactiomaediatedmainlyby enzymes of the cytochrome
P450 enzyme groufl2], [13] During theseprocesgs reactive metabolites and free radicals cam b
formed, which are neutralized by antioxidaritee glutathione(GSH)Inthe secondphase chemicals
are bound by conjugation tiunctional groups such as cysteifidnese reactiosare mainly performed
by transferases like UDRglucuronosyltransferases, ubotransferases, Mcetyltransferases,
glutathione Stransferasesand methyltransferaseld 4]. Consequently, theecompound becomdess
harmful and more soible in water, allowing theno be excretedom the body through the kidneys
via urine[10], [11], [15], [16] Excretionof compound via transport enzymes of the Abding
cassette and solute caeni transporter superfamilies referred to as the third phadé&7]. A majority

of the biotransformation takes place in the liver, especially in the hepagscytowever, several of the
involvedenzymes are also expresseceitrahepatic tissu¢l8]. The function asidetoxification organ
often results inliver drug concentratios multiple times higher than the blood concentraticaand in
combination with thedescribedprocesses, this leads to a particular susceptibility of the liver to-drug

induced injurieg19], [20]
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Druginduced liver injury (DILI} the leading causfor sevek liver disease in \stern countries and
posesa major challenge for the pharmaceutical industry, physiciand patents becaus¢he current

in vivo and in vitro methods do not allow aocarrate prediction of the ris1]. Up to 50% of the cases
of acute liver failuren Western countriesare due to DIL&nd, in addition,it is the major reasonfor
drug failure or withdrawal of drugs from the markietl]¢[23]. Reliable data on the incidence of DILI
are difficult togather, but studies in Véstern countries expedhat there are approximately 14 to 19
cases of drugnduced liver injury per 1000® patients, with liverelated death rates ranging from 1
to 5.8%[24]c[28]. Paraceamol toxicity is of particldr relevance, as it accounts for between 40 and
70% of all DILI cases in Western countj2&y.

1.2 Mechanisms of DILI

DILI can be divided into two differembxicity types; intrinsic and idiosyncratic toxicifg0]¢[32].

Intrinsic toxicity is doselependent and usually predictable wherrtain doses or exposure limits are
exceeded. Idiosyncratic toxicity is difficult to pretd limited dosedependent, and usually involves an
immune response. Compared to intrinsic toxicity, which usually occurs after a few days, idiosyncratic
toxicity often takes weeks or months to manifest. To identify DILI in the clinic, liver functicnatest
performed that determine the increase, decreaaador ratio ofspecifidiver enzymes such as alanine
aminotransferase (ALT) and alkaline phosphatase (ALP). Based on these measurements, a distinction
is made between hepatocellular (more severe,vaked ALT levelsand cholestatic (elevated ALP

levelg damage A mixed phenotype is characterized by increased total bilirubin l@velsmbination

with increased ALT level$he underlying mechanismaghich resultin the clinical assessment @ILI

are dverse and often a dig induces not one but sevel@3], [34]

At the cellular level, DILI can occur through a variety of chemical reactions and interactions of the
parent drug or its metabolitesTheseinclude alterations in mitochondrial functiongading to
adenosine triphosphatéATB depletion and impaired fxidationwith subsequent lipid accumulation,
generation of reactive oxygen species and GSH depletaivation of immune responsethe release

of inflammatory cytokines, and inhibition of transpers and other important enzym¢31], [35K[37].
Manyof these processes areproducible and measurable withvitro systems The detection of these
mechanismsn vitro is an attempt to identify markers for hepatotoxiompound and thus to predict

in vivo hepatotoxicity. Approaches include measuring GSHd aATP depletion, alteration of
mitochondrial membrane potential inhibition of liver-specific transporters abnormal lipid

accumulationor altered gene expressidis].
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This thesis largelyeadls with the inhibition of bilacidtransport, so this mechanism will be explained
in more detail Bile acidgBA)are synthesized from cholesterol in hepatocytdss processaccounts
for a large part of cholesterol breakdovimthe liver[39]. As a major component of bilbile acidsare
essential fotthe lipid metabolism by breaking down lipidscathus makinghem accessible fdipases
[40], [41] In additionbile acidsare essential for the transport and absorption of-ftluble vitamins
[42]. After synthesisind conjugation, bile acids are transported into the bile canaliculi byillbesalt
export pump (BSEPand the multidrug resistanceassociatedprotein 2 (MRP2)43] (Figurel). In
additionto bile acidsorganic anions and glutathione conjugates alsotransported viaVIPR2. Other
canalicular transporters arthe multidrug resistancegene producs 1 and 3 fIDR1and 3) and the
breast cancer resistance prote{BCRE through which organic cations, phospholipidsd sulfated
organicanionsare exported, respectively. Biacids enter the gastrointestinal tract via the canalicular
network. Up to 95% of them can be recycleom the intestine by transport through the portal vein
and subsequent uptake likie Na+taurocholate cotransporting polypeptid®TCPandorganicanion
transporting polypeptide QATPR into the hepatocyteq44]. In addition to the canalicular routebile
acidscan also be exported to atain degree via the MRP3, MRP4, dne organic solute transporter
(OST K), but this acts more as a compensatory mechanism when the intracellular bile acid

concentration is too higié5], [46](Figurel).

4 A

|
|

Hepatocytes

I

MRPs 0OSTa/B

MDR1 i < : .
NTCP . Organic cations MRP2 Bile acids Bile acids
Bile acids / < Conj: bilirubin,
BCRP glutathione, bile acids
Bile acids, sulfated 3 '
organic anions
OATPs . I \ : BSEP

i i Bile acids
gfgeaﬁcd;}wions MDR3 ’ q
Phospholipids
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Figurel: Transporters in human hepatocytedNTCP: Nataurocholate cotranspding polypeptide, OATP: organic anion
transporting polypeptide, MDRnultidrug resistancgiene product BCRP: breast cancer resistance protein, MRP: multidrug
resistanceassociatedrotein, BSEP: bile salt export pump, OST: organic solute treasp@dapted from[47]).

Bile acid accumulation, also called cholestasis, can occur thradigkct inhibition of the bileacid
transporters particularlyBSEP and MRP@r indirectly by the presence oha&xogenousubstrate of

these tansporters In addition, impaired functions of the endoplasmic reticulum or the mitochondria
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caninfluencethe bileacidconcentration, for exampléf ATRdependent transport is no long@ossible
due to ATP depletiof8], [49] Furthermore, genetic predispositioasd mutationscan aso lead to a
malfunction of thesetransporters and thus to a disturbed bideid balance[50], [51] If the bile acid

concentration reaches certain thresholds it becomes cytotoxic and can finally lead to cell death.

Some hepatotoxic drugs currently time market, as well as withdrawn ones, are known inhibitors of
bile acidtransporters andcanlead to cholestasis in viv8tudies have shown that inhibition bile acid
transportoften occurs at concentrations that are not yet cytotoxiovitro, suggeting that this might

be a potertial marker forthe risk assessmemn the hepatotoxicity of drugg?2], [53]

1.3 Curent test systems; advantages and limitations

Contrary to public perception, in vitro models are already used in many areas of drug development
and contritute to bringing safe and effective medicines the market. Nevertheless and ekpite all
efforts to develop alternativesunder current law, drugs must undergo toxicity studies in animals,
particularlyin mice and rats, before they can be appro\éd], [55] However, these toxicity studies

are not optimal, as translatability is often not given due to species differefa@sin addition, the

time ard costs involved are immense, aethical reasons oppose animal testifiy], [58]

To avoid species differences in the dey@inent of alternative noranimal test systems, a major focus
is placed on the use of human cells, especially hepatocytes, which mak@wpd 80% of the liver
tissue volume59]. There are different cell systenavailable for example pluripotent stem cells,
whichcan bedifferentiated into hepatic cellike cells, hepatocellular carcinoma cell lines, wiviehe
isolated fromtumor tissue, or primarjiumanhepatocytefPHH)which are isolated from human livers
that are no longer considered for transplantation. Each of these csiesys has advantages and
disadvantages[60], [61] Pluripotent stem cells requirecomplex differentiation protocols and
ultimately gain only partial functions compared to primary humiaepatocytes but they can be
cultivated and allowpatient-specific applicationfs2], [63]. Liver cacinoma cell lines such as HepG2
have the advantage of being easy to handle and-effsictive. However, they also lack livgpecific
functions in metabolism and transpgriwhich are crucial for detoxification processggl], [65]
Primary humarhepatocytesare the gold standar@s they possess most livepecific functions like
phase | and Il metabolism, expression of import and export caamel the formation of bile canaliculi
like structures under sgcific culture conditiong60]. However, theyare limited in availability and

dedifferentiate rapidlyunder standard cultivation conditionin addition, they showarge donordonor
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differences which reflectthe individuality of patients, but complicatélse generation of reliableand
reproducibledata[60], [66)[68].

Various cultivation techniques are usedth hepatocytes in vitro to simulate thie vivosituation of

the liver and to obtain livespecific functions and propertief50]. This is done, for example, by
cultivating cells between extracellular matrixes or as sphenaitishallowlonger cultivatiorperiods

the formation of bile canaliculike structures and the activity and maintenae of liverspecific
functions [69]¢[72]. In addition, there are approaches to cultivate liver cells together with- non
parenchymal cefl as well asgenetic engineering approachegd3]¢[75]. Despite these many
possibilities and great advances, robust in vieet systems fothe prediction ofdrug-induced liver
toxidty have not yet been developedmong others, the following three test systems have been
developed and introduced in the last years. All of these utilized primary human hepatocytes as their

cell gystem.

Khetani et al., 204: Primary human hepatocytes were cultured in a micro pattern surrounded by 3T3

J2 murine embryonic fibroblasts for 14 days and received four repketig administrations in total.
Afterward, ATP and GSH levelsre measured andtatistical analysisesultedin 65.7%sensitivity and
90% specificity76].

Proctor et al., 2017Primary human hepatocytes culturad a twodimensional (2D) formabn a

collagen monolayer or ia threedimensional 8D) formatas spheroidsATP levels were measured and
statistical analysisesulted in 40.6% and 59.4% sensitivity and 97.6% and 80.5% specificity for the 2D

and 3D configuration, respectively7].

Xu et al., 2008Primary human hepatocytewere cultured on a collagen layewith subsequent

matrigel overlay Mitochondrial damage, oxidative stress, intracellular glutathione, and cell nuclei

were stained and analyzedhe approach yielde@0% sensitivity md 100% specificityr8].

Although these test systems achiela high specificity, they lack the sensitivity to detect potentially
harmfulcompounds In addition, these approackenly aim to classify@mpoundas hepatotoxic or
non-hepatotoxic, whereby it is also of interest at what concentratiaroenpoundshows an increased
risk of hgoatotoxicity.To address this issue, a novel test system was developed and collaboration

partnersto determine the risk of hepatotoxicity in relation to in vitro toxicity and the oral @9¢
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1.4 Test system applied and further developed in the present study
We propose the following three steps ftive predictionof human hepatotoxidy:

(1) determinationof the lowest compound concentrations positive in an in vitro test rafevfor in
Vivo hepatotoxicity(2) extrapolation to in vivo blood concentration, and (3) reverse modeling to obtain

the lowest oral hepatotoxic doggigure2) [79].

Step 1 Step 2 Step 3
In vitro In vivo In vivo
In vitro test
Lowest concentration in system with Lowest plasma Reverse Lowest oral (repeated)
‘ L hepatocytes concentration that modelling dose that causes an
vitro that causes positive | ——» . —_—> . .
test results causes an increased increased risk of
risk of hepatotoxicity hepatotoxicity

Figure2: Concept of in vitrato in vivo extrapolation(Takenfrom [79]).

The basic idea behind this test system is the assumption that there is a specificsigiibetween
hepatotoxic relevant concentrations of a teagsimpoundin vitro and the concentration in vivo, which

indicates an inreased risk of hepatotoxicity.

To investigate thig;ytotoxicityof 28 compoundswith knownhepataoxicity status for a spefic dose

was determined in primary human hepatocytes. Next, a blood concentration of the specific dose was
determined usingpharmacokinetianodeling. Subsequently, both concentrations were correlated by
plotting the in vivo concentrationsn the yaxis andhe in vitro concentratios on the xaxis of a 2D
coordinate system. The plot showed a clear separation between hepatodoxicon-hepatotoxic
compound. Furthermore, cytotoxicity of hepatotoxic compounds was determineith atvo relevant
concentrdions (Figure4). Thisunderlinesthat there is a specific relationshipetween hepatotoxic

relevant in vitro and in vivo concentrations.

The gparation of hepatotoxic and nehepatotoxiccompoundss of particular integst. Afterplotting
the data pairganto the 2D coordinate system, th@oints can be separatedtilizing a support vector
machine. The support vector machine separates the-lnepatotoxic and hepatotoxic compound with
a function which is a straight linetine simplest caseThis allows not only the binary classification into
WHon-hepatotoxi€and \Hepatotoxi€bf the existing test system@.3) but rather the determination of
the riskfor hepatotoxicity A dot on this line indidas that for the corresponding in vivo concentration
there is a 50% chance of an increased risk for liver toxicity. By shifting this fupatadlel downright

a 10%, 1%wor arbitraryrisk chance can be determined. Whidbk thresholdis most appropriat or

acceptable needs to be addressed in further studies.
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To evaluate the performance of an in vitro test method, two new metritte toxicity separation
index (TSI) and toxicity estimation index (TE¥ere introduced, where TSI considers the separation
of hepatotoxic from norhepatotoxic compounds, and TEI estimates how well hepatotoxic blood

concentrations in vivo can be estimated for hepatotoxic compoyrék

The two metrics can not only be used to test whether a readout improves the testsybut also
which test parametr is most appropriateFor example, it can be tested whether the traditionally used
EGo for cytotoxicity lead to better separation and estimation than values of earlier.EGr later
(EGo) cytotoxicity. Similarly, itam be evaluated whether, for example, tineodeledin vivo blood,

plasma, or total (blood plasma) concentration leads to a better prediction.

Exemplary data graphs of fictionatd pairs describe the two indis with hepatotoxic (red) and nen

hepatotoxt (green}compounds(Figure3). The maximum value of both indices is 1. Thus, a TSI of 1
represents a perfect separation of hepatotoxic and #mpatotoxic compound and aTEl of 1

expresses that the imivo concentation for an increased risk of liver injuryappropriatelyreflected

by the in vitro concentrationd O2 Y OSY i N} G A2y Ay @A (fddhepaxtoxio2 y OSy i

compounds.

A good separation of the hypothetic compounds is illustrated by the dotsiradidated by a TSI of
0.962(Figure3A/B). The good estimation is reflected by the value 0.958, which means that the in vitro
values of the hepatotoxicompound are close to the in vivo concentration, which leadsan

increased risk of hepatotoxicitfFigure3A/C).

In the case of poor separation, ndrepatotoxic and hepatotoxicompound are close together, as
reflected by a low TSI of 0.53Bigure3dD). If the estimation is poor, the hepatotoxédompounds
move away from the istine, on which in vivo and in vitro concentrations are equal, and the TEI
decreasesHKigure3B/D).Since separatiois more important for the prediction than the estimation, a
high TSI is preferred to a high TEI.
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TSI: Toxicity Separation Index TEI: Toxicity Estimation Index

@ Hepatotoxic

@ Non-hepatotoxic

TSI: How well a test system differentiates between hepatotoxic and non-hepatotoxic compounds

TEl: How well hepatotoxic blood concentrations in vivo can be estimated by an in vitro test system for

hepatotoxic compounds

Figure3: Conceptof the toxicity separation (TSI) and toxicity estimation (TEI) indideigtional data pairs show exemplary
consellations for different metrics values. Green dots represent-hepatotoxic compounds and red hepatotoxicesn

Dashed diagonal line: idme (identical concentrations in vivo and in vitr¢}\) Scenario with good separation and good
estimation.(B)Scemrio with good separation and worse estimati¢@)Scenario with worse separation and good estimation.
(D) Scenario with worse separation and worse estimatitakenfrom [79]).

The starting point of the doctoral thesis was the test system bamedytotoxicity in primary

hepatocytes after 48 hours of exposuwielding a nearly optimal TSI of 0.996 and a TEI of OF8gdré

4)[79]. The Gax (total blood 95% percentileds in vivo parameteand the EG, medianas in vitro

parameter resulted in the highest possible amion, which is why they were used in the further

experimental approachesf this thesis
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Figure4: Test system based o#8 hourscytotoxicity test in primary human hepatocytesExtrapolation plot of the &g
median EGo values for each donor are given by a diamond, and the three diamonds corresponding to one test compound
are connected by a line. The vertical lines crossing each mediarnv&l@e illustrde the ranges between 5th and 95th
percentiles of Gax (total maximal blood concentrations). The 95th percentile coincides with the median diamond, the
horizontal dashes below are median values and 5th percentiles. Dashed diagonal liee {gdenticalconcentrations in

vivo and in vitro)Green dots represent nehepatotoxic compounds and red dots represent hepatotoxic compo(falen

from [79]).

1.5 Aim of this work

The aim of this work was to improvbke before introducedtest system forthe prediction of drug
induced liver injury in relation to blood concentrations and oral doses. It should be investigated
whether the addition of functional readouts tthe in vitro test battery provides an improvement
compared to cytotoxicityneasurement in gmary human hepatocytealone. For this purpose, in vitro
approaches representing specific mechanisms involved im@teldeveloped and evaluated for their

performance in comparison and combination with igotoxicitytest.

In the first approach, its investigated whether an adaptation of the in vitro culturing situatimin
primary human hepatocyte® the in vivo situation improves the test system. For this purpose, the
influence of bile acids in the culture medium on the cytotoxicity of tshpound is examined Of
special interest are compounds that inhibit bile acid transporters and thus lead to an accumulation of

toxic bile acids.



Introduction

Next, another approach is presented to detect compounds that inhibitdild transport For this
purpose,5-Chloomethylfluoresceindiacetate (CMFDA)a nonfluorescentmoleculeis used, which
becomes fluorescent after uptake in the cell and is a substrate foabitdransporters. By incubating
primary human hepatocytes with a test compoursshd CMFDA and subsequeriluorescence
measurement, it will be investigated whetharhibition of bile acid transportan be specifically

detected and whether this assay is a suitable addition to the cytotoxicity test.

In the last approach, it is investigated whether the detectmfndruginduced lipid accumulation
improves our test system. For this purpose, HepG2 cells are incubated with free fatty acids together

with a test compound, followed by staining and measuring of intracellular lipid droplets.

In conclusion, three in vitrapproaches are presented and their performance is determined using the
TSI and TEI. This is followed by a recommendation for or against implementation in the in vitro test

battery to improve the test system and thus the prediction of DILI.

1.6 Contribution satement

Excerpts of tfs thesis have been published.adNB O1 f A y 3 K | Thé hefatocylte exgoXt camiary M &
inhibition assay improves the separation of hepatotoxic from -hepatotoxic compounds A Y

ChemiceBiological Interactionf80]. This concernparagraph?2.2; 3.2, 4.2

| would like to thank all the cauthors for their input and contribution&specially | would like to thank
Ahmed Ghallab for the intravital imagingigure13) and Geeogia Guinther for the primary mouse
hepatocyte experimentsHjgure 14). Furthermore, | would like to thank the IfADo core facility
Analytische Chemie for the glutathione measuremefigfre19). Pharmacokinetic modeling by Dr.
Mian Zhaw, Dr. lain Gardneand Dr. Wiebke Albrecht was essential for this publication as well as the
whole project Dr. Wiebke Albrecht also contributed to the collection of the cytatity datain PHH

and HepG2 cellsSpecial thanks go to the statisticians Branziska Kappenberg and Juliad®, who

performed most of thestatistical analyses.

Excerpts of this thesiwere submitted (27.10.2021) tdoxicology in Vitras Brecklinghaust al.,
dnfluence of bile acids on the cytotoxicity of chemicals in cultivated human hepatécytesL ¢ 2 dzf R
to thank the already before mentioned -@uthors for their contributions and suppogspecially in the

PBPK modeling and statistical analyBigs concernparagraph?.2; 3.1; 4.1.
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2 Material and Methods

2.1 Material

2.1.1 Technical equipment

Tablel: Technical equipment in the laboratory

Material and Methods

Equipment Specification Company
2-photon microscope, LSM MP7 Zeiss
Autoclave, 5075 ELV Tuttenauer
Autoclave, Systec V260 Systec
Balance, EW Kern
Bright field microscope, Primovert Zeiss

Bunsen burner, IBS Fireboy
Cell counter, Casy®

Centrifuge with cooling function, 5424R

Centrifuge with cooling function, Biofuge Fresco

Centrifuge, Centrifuge 5415R
Centrifuge, Megafuge 1.0R
Confocal microscope, LSM880
Freezing containeMr. Frosty

Fume hood

Fume hood, Electronics FAZ 2
Hemocytometer cover glasses
Hemocytometer Neubauer improved
HPLC column, Nucleodur PolarTec
Incubatbn chamber

Incubator, C150 R Hinge 230
Laminar flow hood

Laminar flow hood, HERASAFE
Laminar flow hood, LaminAir HBB 2472
Magnetic stirrer, IKAMAG RCT
Mass spectrometer, QExactive
Microcentrifuge, Mini Spin Plus
Multichannel pipette, Discovery
Multichannel pipette, Research
Multichannel pipette, Research Plus

Multichannel pipette, Research Pro

Integra Bioscences
Innovatis
Eppendorf
Heraeus

Eppendorf

Thermo Scientific
Zeiss

Thermo Fisher Scientific
Koéttermann
Waldner

Marienfeld Superior
Marienfeld Superior
MachereyNagel
Solent Scientific Ltd
Binder

CLEAN AIR SYSTEMS
Heraeus

Heraeus

IKA

Thermo Scientific
Eppendorf

Abimed

Eppendorf
Eppendorf
Eppendorf

11
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Equipment Specification Company
Multichannel pipette Xplorer Eppendorf
pH Meter, CG 842 Schott
Pipeteboy Integra
Pipettes, ErgoOne Starlab
Pipettes, Pipetman Gibson
Pipettes, Reference Eppendorf
Pipettes, Research Eppendorf
Pipettes, Research Plus Eppendorf
Plate reader, Infinite M200 Pro Tecan
Precision balance, AE 240 Mettler
Precision balance, ALJ 2BDA EW15e3M Kern & Sohn
Precision balance, ME235P Sartorius

Reagent reservoir, Dual solution

Reagent reservoir, StarTub PP

Real time PCR system, 7500 REale P& System
Sonicator, Bandelin

Sonification bath, Labson 200

Spectrometer, NanoDrop 2000

Thermocycler, Gradient

UHPLC system, Vanquish Horizon

Vacuum pump, Diaphgm Vacuum Pump
Vortex, Vortexgenie 2

Water bath, GFL 1083

Water bath, Precision GP28

Water purification system, Maxima UltRure Water

Water purification system, MilQ® Integral 15 System

Heathrow Scientific
Starlab

Applied Biosystems
SONOPLUS
Bender& Hobein
Thermo Scientific
Biometra

Thermo Scientific
Vacuumbrand
Bender&Hobein
Gesellschatft fur Labortechnik
Thermo Scientific
ELGA

Merck

Table2: Commercial chemicals and kits

Compound Company

Catalog number

5-Chloromethylfluorescein diacetate = Cayman Chemicals, Ann Arbor, MI, USA 19583

Acetaminophen SigmaAldrich Corp, St. Louis, MOSH A7085
Acetic acid CartRoth, Karlsruhe, Germany 3738.5
l RALRWSRux ! dal & w Lonza, Basel, Switzerland PF7009

Amiodarone hydrochloride

SigmaAldrich Corp, St. Louis, MO, USA A8423

Aspirin SigmaAldrich Corp, St. Louis, MO, USA A5376

Atorvastatincalcium salt

Cayman Chemicals, Ann Arbor, MI, USA 10493
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Compound

Company

Catalog number

Atropine sulfate monohydrate
Benztropine mesylate
Bosentan hydrate

Buspirone hydrochloride

Carbamazepine

CellTiterBlue® Cell Viability Assay
/ Sttt ¢NI Ol SN DNES

Chenodeoxycholic acid
Chlorpheniramine maleate
Clofibrate

Clonidine hydrochloride
Deoxycholic acid

DEPC sterile water
Diclofenac sodium

Digoxin

Dimethyl sulfoxide

Dimethyl sulfoxide
Diphenhydramine hydrochloride
Disodium hydrogen phospla
DL:-buthionine-sulfoximine
Entacapone

Ethanol

Glucose monohydrate
Glycochenodeoxycholic acid
Glycocholic acid
Glycodeoxycholic acid

High Capacity cDNReverse
Transcription Ki

Hoechst 33342 solution
Hydroxyzine hydrochloride
Ibuprofen

Indomethacin

Isoniazid

Isosorbide dinitrate
Ketoconazole

Lovastatin

Melatonin

Santa Cruz, Dallas, TX, USA

Cayman Chemicals, Ann Arbor, MI, USA
SigmaAldrich Corp, St. Louis, MO, USA
SigmaAldrich Corp, St. Louis, MO, USA
SigmaAldrich Corp, St. Louis, MO, USA
Promega, Madison, WI, USA

Thermo Fisher Scientifigyaltham, MA, USA
SigmaAldrich Corp, St. Louis, MO, USA
SigmaAldrich Corp, St. Louis, MO, USA
SigmaAldrich Corp, St. Louis, MO, USA
SigmaAldrich Corp, St. Louis, MO, USA
SigmaAldrich Corp, St. Louis, MO, USA
Thermo Fisher Scientific, Waltham, MA, US/
SigmaAldrich Corp, St. Louis, MO, USA
Cayman Chemical8nn Arbor, MI, USA
SigmaAldrich Corp, St. Louis, MO, USA
PanReac Applichem, Darmstadt, Germany
Santa Cruz, Dallas, TX, USA

CartRoth, Karlsruhe, Germany
SigmaAldrich Corp, St. Louis, MO, USA
BIOZOL, Eching, Germany

VWR Chemicals, Germany

SigmaAldrich Corp, St. Louis, MO,AJS
SigmaAldrich Corp, St. Louis, MO, USA
SigmaAldrich Corp, St. Louis, MO, USA
SigmaAldrich Corp, St. Louis, MO, USA
Applied Biosystems, Waltham, MA, USA

Thermo Fisher Scientific, Waltham, MA, US/
SigmaAldrich Corp, St. Louis, MO, USA
SigmaAldrich Corp, St. Louis, MO, USA
Santa Cruz, Dallas TX, USA

SigmaAldrich Corp, St. Louis, MO, USA
Cayman Chemicals, Ann Arbor, MI, USA
SigmaAldrich Corp, St. Louis, MO, USA
SigmaAldrich Corp, tSLouis, MO, USA
SigmaAldrich Corp, St. Louis, MO, USA

sG203322
16214
SML 1265
B7148
C4024
G8081
C7025
C8261
C3025
C6643
C7897
D6750
AM9906
D6899
22266
34869M
A36720050
SG204729
T876.2
19176
TGMT2216
20821.2
49159
GO0759
G7132
G9910
4368813

H3570
H8885
17905
Sc200503
13377
23990
K1003
M2147
M5250
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Compound Company Catalog number
Methanol SigmaAldrich Corp, St. Louis, MO, USA 322415
Methotrexate SigmaAldrich Corp, St. Louis, MO, USA PHR1396
N-acetylcysteine SigmaAldrich Corp, St. Louis, MO, USA A9165
N-ethylmaleimide Thermo Fisher Scientific, Waltham, MA, US/ 23030
Nevirapine Cayman Chemicals, Ann Arbor, MI, USA 15117
Nifedipine Cayman Chemicals, Ann Arbor, MI, USA 11106
Nimesulide SigmaAldrich Corp, St. Louis, MO, USA N1016
Nitrofurantoin SgmaAldrich Corp, St. Louis, MO, USA N7878
Oxycodone hydrochloride SigmaAldrich Corp, St. Louis, MO, USA 1378
Oxymorphone hydrochloride LGC Standards, Teddington, United Kingdor MM0673.00
monohydrate

Pazopanib Cayman Chemicals, Ann Arbor, MI, USA 12097
Pindolol SigmaAldrich Corp, St. Louis, MO, USA PO778
Pioglitazone hydrochloride SigmaAldrich Corp, St. Louis, MO, USA PHR1632
Potassium chloride Fluka Chemie AG, Switzerland 60129
Potassium dihydrogen phosphate Merck, Darmstadt, Germany 1.04873.1000
Primaquine phosphate Santa Cruz, Dallas TX, USA s¢205817
Primidone Santa Cruz, Dallas TX, USA sc-204861
Promethazine hydrochloride SigmaAldrich Corp, St. Louis, MO, USA P4651
Propranolol hydrochloride SigmaAldrich Corp, St. Louis, MO, USA P08884
Pyridoxine hydrochloride SigmaAldrich Corp, St. Louis, MO, USA P9755
Qiazol®Lysis Reagent Qiagen Sciences, Maryland, USA 79306
Rifampicin SigmaAldrich Corp, St. Louis, MO, USA R3501
Rosiglitazone maleate TRC, North York, ON, Canada R693500
Rosuvasttin calcium salt Cayman Chemicals, Ann Arbor, MI, USA 18813
ROTI®Histofix 4% CartRoth, Karlsruhe, Germany P087.X
Simvastatin SigmaAldrich Corp, St. Louis, MO, USA S6196
Sitaxentan sodium BIOZOL, Eching, Germany T6672
Sodium chloride CartRoth, Karlarthe, Germany 3957.2
Sodium hydroxzide Merck, Darmstadt, Germany 1.06482
Sodium oleate SigmaAldrich Corp, St. Louis, MO, USA 07501
Sodium palmitate SigmaAldrich Corp, St. Louis, MO, USA P9767
Sodium phenylbutyrate Cayman Chemicals, Ann Arbor, MI, USA 11323
Stavudine Cayman Chemicals, Ann Arbor, MI, USA 14975
¢lljalyn | yA@SNAI t Applied Biosystems, Waltham, MA, USA 4305719
tert-Butylhydroquinone SigmaAldrich Corp, St. Louis, MO, USA 112941
Tetracycline hydrochloride SigmaAldrich Corpst. Louis, MO, USA T7660
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Compound

Company

Catalog number

Tetramethylrhodamine  thyl
perchlorate

Theophylline

Tolcapone

Tolterodine tartrate
Triclosan

Triprolidine hydrochloride
¢ NR G AG0u
Troglitazone

Valproic acid

Vitamin C

Zaleplon

ester

Thermo Fisher Scientific, Waltham, MA, US/

Cayman Chemicals, Ann Arbor, MI, USA
SigmaAldrich Corp, St. Louis, MO, USA
TargetMol, Boston, MA, USA
SigmaAldrich Corp, St. Louis, MO, USA
SigmaAldrich Corp, St. Louis, MO, USA
Fluka Chemie AG, Switzerland

Cayman Chemicals, Annbar, Ml, USA
SigmaAldrich Corp, St. Louis, MO, USA
SigmaAldrich Corp, St. Louis, MO, USA

Mikromol Luckenwalde, Germany

T669

23760
1670207
TGMT0099
PHR1338
T6764
93418
71750
PHR1061
A0278
MM1322.00

Table3: Chemicals provided by industri@boperation partners

Compound

Company

Benzbromarone

Perhexiline maleate

Astra Zeneca

Astra Zeneca

2.1.2 Consumables

Table4: Consumables

Consumable Company Catalog number
CASY cups OMNI Life Science, Bremen, German' OLS5651794
Cdl culture microtiter plate black, 96 well ~ Greiner  BieOne,  Kremsmunster 655986

Austria

Centrifugation tube, 15nL
Centrifugation tube, 5nL
CryoPure cryovials,rhL
Filtropur S 0.2 syringe filter
Glass bottom cultureidh
DN} @AGEet [ {n
IBIDI j1Slide 4 Well

Omnifix syringe, 1énL

Parafilm wap

Pasteur pipette, glass, 150 mm

PipetteipsmHpn >f X

PipettetA LJA~Z MAnnn

KFEy3ay

f2y3

> f

Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany
Sarsedt, Numbrecht, Germany

Sarstedt, Numbrecht, Germany

MatTek Corporation, Ashland, MA, U¢

Ibidi, Grafelfing, Germany

B. Braun, Melsungen, Germany
ColeParmer, Kehl/Rhein, Germany
Carl Roth, Karlsruhe, Germany
Sarstedt, Numbrecht, Germany

Sarstedt, Numbrecht, Germany

InSphero AG, Schlieren, Switzerland

62.554.512
62.547.254
72377992
83.1826.001
P35G
ISP06-001/010
80426
1616103V
PM-992
4518.1
70.1186
70.762
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Consumable

Company

Catalog number

PipetteA LJa X HnNn >¢€
Pipette A LJa X
Pipette A LJa >

Hnn >f
pnnann >f
RNaseZap® RNase decontaminatmotion
SafeSealD.5 microtube
SafeSeall.5mLmicrotube
SafeSeal mLmicrotube
SafeSeab mLmicrotube
Serological jpette, 10mL
Serologicapipette, 25mL
Serologicapipette, 5mL
Serologicapipette, 50mL

Tail vein catheter

Tissue culturelfsk T175
Tissueculture fask T25

Tissueculture fask T75

Tissue ualture plate, FlaiBottom 24 Well

plate

Tisse alture plate, FlatBottom 96 Well

plate

Vacuunfiltration uy” A (i =
Weighing tray

Weighing tray

ndémb >°

Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany

Eppendorf, Hamburg, Germany

70.1116
70.760.002
22492080

Ambion, Thermo Fischer Scientific, U: AM9780/AM9782

Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany
SAdinfusion, Lake Villa, IL, USA
Sarstedt, Numbrdat, Germany

Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany

Sarstedt, Numbrecht, Germany

Sarstedt, Numbrecht, Germany

Sarstedt, Numbrecht, Germany

Sarstedt, Numbrecht, Germany

Sarstedt, Numbrecht, Germany

72.699
72.706
72.695.500
72.701
86.1254.001
86.1685.001
86.1253.001
86.1256.001
MTV-01
83.3912.002
83.3910.002
83.3911.002
83.1836

83.3924

83.1822.001

719923211
719923212

2.1.3 Cell culture supplies

Table5: Cell culture supplies

Supply

Company

Catalog number

CASYton solution

Collagen lyophilized (rat tail), 10 mg

Dexamethasone

Dulbecco'smodified eagles medium (DMEM

high glucose (4.5 g/l), 1x concentrated

Roche Diagnostics GmbH, Mannhei 5651808001

Germany

Roche Diagnostics GmbHakhheim, 11171179001

Germany

SigmaAldrich Corp, St. Louis, MC D4902

USA

Germany

PAN Biotech GmbH, Aidenbac P0404500
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Supply Company

Catalog number

Dulbecco's modified eagles mediumMEM), BioConcept, Allschwil, Switzerland

low glucose (1.0 g/l), 10x concentrated

Gentamicin sulfate, 10 mgiL PAN Biotech GmbH, Aidenbac
Germany
Hepatocyte growth factor R&D Systems, Minneapolis, MN, U¢

Insulin transérrin selenite supplement (ITS) SigmaAldrich Corp, St. Louis, M(
USA

Penicillin/Streptomycin10,000 UmL Penicillin, PAN Biotech GmbH, Aidenbac

10 mgmL Streptomycin Germany

SeraPlus (Special Processed FBS) PAN Biotech GmbH, Aiderdig
Germany

StableGutamine, 200 mM PAN Biotech GmbH, Aidenbac
Germany

Trypan blue solution 0.4% SigmaAldrich Corp, St. Louis, M(
USA

Trypsin 0.05 %/EDTA 0.02 % in PBS, w/o: Ce SigmaAldrich Corp, St. Louis, M(

Mg USA

William's E medium, w/o: -Glutamine, w/o: PAN Biotech GmbH, Aidenbac

Phenol red, w: 2.24 g/L NaHCO3 Germany

1-25K03I

P0603021

2207HG025
13146

P0607100

3702P103009

P0482100

T8154

P16023100

P0429510

2.1.4 Antibodies

Table6: Antibodies for immunostaining

Antibody Company

Order number

Anti-BSEPRolyclonal Antibody Thermo Fisher Scientific, Waltham, MA, US PA578690
Secondary Antibody, Alexa Fluor Plus 4{ Thermo Fisher Scientific, Waltham, MA, US A32790

2.1.5 Caell culture media and buffers

Table7: Recipe for 5 1 10xPBSrfeell culture.

Compound Amount [g]
KCl 10

KHPO 10
NaHPQ 46

NacCl 400
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The reagents iMable 7 were dissolved in double distilled watahe pH was adjusted to 7.4 and
autoclavedUnless otherwise stated xXPBS was used for the experiments, therefore theRBSwas

diluted 1:10in doubledistilled water and autoclaved.

2.1.6 Primes

Table8: TagMan probes from Applied Biosystems for gene expression quantification.

Gene Company Assay ID

BSEP Thermo Fisher Scientific, Waltham, MA, USA Hs00994811_m1
GAPDH Thermo Fisher Scientific, Waltham, MA, USA Hs99999905 m1
MRP2 Thermo Fisher Scientific, Waltham, MA, USA Hs00960488 m1

Table9: PHH plating medium
Component Volume[my

William's E mediumw/o: L-Glutamine, w/o: Phenol red, w: 2.24 g 500

NaHC®

Sera Plus, EU approved regions, special processed FBS, 0.2 um 50
filtered

PenicillinStreptomycin, 10,000 UmL Penicillin, 10 mghL Streptomycin 5
Stable Gutamine, 200 mM 5
Gentamicirsulfate, 10 mgmL 0.5
Dexamethasong2.5 mM in EtOH 0.02

ITS supplementl.0 mgmL recombinant human insulin, 0.55 mgL 0.005
KdzYl y { NI y & ALSodiNG sélEniten dp > Ik

Tablel0: PHHculture medium
Component Volume mU

William's E medium, w/o:-Glutamine, w/o: Phenol red, w: 2.24 g 500

NaHC®

PenicillinStreptomycin, 10,000 UmLPenicilln, 10 mgmL Streptomycin 5
Stable Glutaming200 mM 5
Gentamicin sulfate, 10 mgiL 0.5
Dexamethasone, 2.5 mM in EtOH 0.02

ITS supplement, 1.0 mg/mL recombinant human insulin, 0.55 m¢ 0.005
KdzYl'y GNI YAFSNNAYS nop >3IkY[ a
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Table11l: HepGZulture medium
Component Volume my

DMEM, w: 4.5 g/L Glucose, w: stable Glutamine, w/o: Sodium pyruvate, w: 3.7 g/L N¢ 500
Heat inactivated Sera Plus, EU approved regions, special processed FBS, 0.2 pr 50
filtered

PenicillinStreptomycin, 10,000 UmLPenicillin, 10 mghL Streptomycin 5

For heat inactivation FB&as placed in a water bath at 3€for 30 minutesand rotated every 10
minutes

Table12: PMH Aggregation medium

Component Volume [my
William's E medium, w/o:-Glutamine, w/o: Phenol red, w: 2.24 g/L NaHCO3 8

Sera Plus, EU approved regions, special processed FBS, 0.2 um sterile filtered 2
PenicillinStreptomycin, 0.1

10,000 UmLPenicillin, 10 mghL Streptomycin

Stable Gltamine, 200 mM 0.1
Hepatocyte growth factor (20 pgil) 0.01

2.1.7 Cell line and cryopreserved human hepatocytes
2.1.7.1 Primary cells
Cryopreserved human hepatocytes were purchased from BiolVT (product numbers MB0995

FO0995T-CER;Tand FO0995°) aml Lonza (catalogumber HUCPRANd stored inthe vapor phase of

liquid nitrogen Detailed information about the donors is givertlire Electronic supplement
2.1.7.2 Secondary cell line

The HepG2 cell line is an adherent human hepatocellular carcinotimealerived from cells of a 15
yearold male Caucasian dondéfozerHepG2 cells were purchased from ATCC LGC Standards (product

number HB3065)and stored irthe vapor phase of liquid nitrogen

2.2 Methods

2.2.1 Collagen coatingf cell culture plates

To achievecell adhesiorof primary human hepatocytesell culture plates were coated with collagen
before plating. Similarly, this was done for HepG2 cells to have a more uniform gefl, feo clump

formation, and to allow geater comparability between HefgandPHHcultures

Monolayer(ML}) For collagen coating of cell culture plate25mg/mLcollagen solution was prepared

by dissolving 10 miyophilizedrat tail collager for at least 4 hours at 4Cin 40mL0.2% sterile acetic
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acid Next, 100 pL of the collagen solution was transferred into each wefl a 96well plate and
removed after 32 minutesincubation time The plats were left to dry for at least 2 hourédeally
overnight)andwere washed 3 times withPBS before usagé-well IBIDI chambers wer@ated with

350puL per wellusing the same procedure.

Sandwich(SC) 1.1 mgmL collagen solution was prepared by dissolving 10 Iyughilizedrat tail
collageni for at least 12 hours at 4Cin 9mL0.2% sterile acetic aciBeforecoating, ImLof 10xDMEM
was addedfollowed by NaOH titration till a pink color changeoccurred resulting in a final
concentration of Img/mL For a 4well IBIDI chamber, 200L collagen solution watansferred into
eachwell andpolymerizedat 37 °Cin the incubator for 45 miates. After plating, attachmenand
washingof the cellghe second layer, 200Lof 1 mginLcollagen solutionywas added ang@olymerized

for 30 minutes at 37Cin the incubator.

2.2.2 Cell culture of pmary human hepatocytes

Cryopreservethumanhepatocytes vere thawedfor 2 minutes in a 37Cwater batht Y R 2y & @A |
x 10° cell§ was transferred into L pre-warmed plating mediunfTable 9 .@Il number and vitality

were determined viathe trypan blue exclusion method using a hemocytometer. Thereforglséell
suspension waadded to 350uL plating medium and 10QL trypan blue solutionThe mixture was

filled into the hemocytometer and vital, unstained cells as well as dead-daloged cel were

counted and the cell yie|das well as the cell viabifitwas calculated.
Cell yield [cellshl] = total number ofcells/ number of counted square grids) & x 10 (dilution factor)
Cell viability [%] = (number of vital cells / total number of cell€)0

For 96well plates the cell suspension was dilutedth plating mediunto a final concentration 08.5

x 10° cells/mL and subsequentlyl00 pL were transferred into each wellTo avoid edge effects, the
outer wells were filled withPBS onlyAfter 3¢ 4 hours of attachmentthe cells were washed gently
three times with PBS to get rid of cell debris, dead calisl serum. Finallycultivation medium was
added (Table 10) and the cells weremaintainedunder standard cell culture conditions (3Tin a
humidified atmosplere with 5% Cg).

2.2.3 Caell culture of pmary mouse hepatocytes

The performed experiments were approved by the animal welfare authority. Mice were handled
according to the Principles of Laboratory Care and recommendations of the Society of Laboratory

Animal Sience (Gesellschaft fir Versuchstierkunde; 8M_AS5ermany).
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Mouse hepatocytes were isolated using a published standard operating prociljrédepatocytes

from tdTomato mice (Gt(BSA)26Sortm14(CAGTomato)Hze, Jackson lab, male; 82 weeks old)

were used to establish spheroid and sandwich cultures.

Spheroidd dzf G dzZNBE& 6SNB Sadlof AaKSR dzi A YiaSphierkd AGFDINI DA G &t
5 mLof 0.5xPBS with 0.1% Tritox100 was added to the bottom of the 98ell reservoir plate. Next,

40 uL of aggregation mediunfTable12) was pipetted with a multichannel pipette at 1000 cells per

well. The cell suspension was gently agitatetbbe each pipetting. Afterward, the plate was incubated

for 5 days at 37Cand 5% C® Spheroids were rinsed into the petri dish placed below by adding 100

pLof aggregation medium without FCS. Finally, the spigisrwere collected individually arfckedin

a collagercoated 35 mm, 1.5 coverslip and d¥n glass diameter culture dish.

For sandwich culturegprimary mouse hepatocytes were cultivated in the samediumas primary
human hepatocytesTable 9, Table 10). Hepatocytes were isolated from the same mouse strai
(tdTomato) and2 mLplating medium witHl x 10°cellsof primary mouse hepatocyte(tdTomato) were
seeded on a glagsottom aulture dish precoated with a firstayer of 20QuLcollagen Q.25mg/mLrat
tail collagen bolution). Three hours after attachment, the cells were washaith culture mediumand
250pLof the second layefl mgimLcollagen solutionjvasadded and incubated for 30 minutes at 37
°Cand 5% O©,. Finally,the cells were covered with EnL culture mediumand maintained in the

incubator. The nedium was changed every second day during cultivation.

Mouse perfusion and cultivation of hepatocytes were carried out at the IfADo by Georgia Gunther

2.2.4 Cellculture of theHepG2 cell line
2.2.4.1 Cultivation and seeding of HepG2 cells

HepG2 cells were cultivated in Dulbecco's modified eaghedium (DMEM) containing 4.5% glucose,
1% peniclin/streptomycin mixture, and 1% heatinactivated FBSTéble 11). The cells were
maintained in conventional T#&Il cultureflasisand kept at 37Cwith constant humidity and% CQ

content. The nmedium was changed everycZ days.

Whenreaching 8@ 90% confluency, the cells were saobltured or platedfor experiments First the
cells were washed witRBS and then dissolved witlrltrypsin for 5 minutes at 37C The enzymatic
reaction was stopped by addingmL medium and after transfer to 80 mL centrifugation tubethe
cell suspenisn was pelleted for 5 minutes at 6@Pm. After discarding the supernatant, the pellet was
carefully dissolved in finL of medium and then diluted with another @L For sukculturing, 1:3or
1:10 dilutions of cell suspension:medium were made transferedinto a new T75 cell culture flask

For seedingcell yied and viability were determing with a hemocytometer Z.2.3 or aCASXell
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counter. For theCASell counter, 10QuLof cell suspension was transfed to 10mLof CAS¥n and
then measuredFinally, the cell suspension was diluted to the desired concentration and the cells were
plated in the respective plate format for the corresponding assays. Cell number and plate format are

specified in the respeite chapters.

2.2.4.2 Storage of HepG2 cells

For storage, BIpG2 cells cultured in T7&ll culture flasksvere first washed withPBS and then
detached with ImLtrypsin at 37°Cfor approximately 5 minutes. The reaction was stopped by adding
9 mL culture mediumand the cell suspension was centrifuged at 600 rpm for 5 minutes. After
aspiration of the supernatant, the pellet was resuspended withL3of freezingsolution (90% FBS +
10% DMSO) and transferrado acryovial (1 mL per vial)The vialsvere stored forat least one day at
-80 °Cin afreezing container filled with isopropanol elgr.Fosty and transferred tdhe vapor

phase of anitrogen tank for longerm storageafter amycoplasma testvas performed

2.2.4.3 Thawing of HepG2 cells

For thawing,cryopreservedHepG?2 cells weralefrostedat 37 °Cin awater bath andsubsequently
diluted with 10 mL culture mediumin a 50 mL centrifugation tuheThe cell solution was then
centrifuged for 5 minutes at 60@m and the supernatant was aspirate8ubsequently e pelletwas
resuspended with L of culture mediumand transferred to a T78ell cultureflaskwith additional 9
mL of culture medium Before being used for experiments, each passageswisultured at least 2

times after thawing.

2.2.5 Compound treatment

Depending a the solubility, testtompound were either dissolved directly in medium or a solvent
stock with DMSO detOHwas prepared, which was then added to the medium. The maximum solvent
concentration was limited to 0.5% and appropriatelvent controls were intuded. Otherwise,
medium was used as a control. Usually, 5 concentrations with a dilution fackdp aivere applied.

Exceptions and a detailed list of all concentrations used are provided El¢iseronic supplement

To removethe culture mediumfor the treatment, 96well plates were tapped on paper towels one
day after the cells were plated. This procedure is faster ttheEnaspiration of single wellsyhich
prevents the cells from drying out and also avoids the risk of dargaginaspirating cell lawns.
Afterward, the cells were exposedith the test compounds and the appropriate controls using a

multichannel pipette. For largeculture plateformats, the medium was aspirated with a vacuum

pump.
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2.2.6 CellTiterBlue assafCTBassay

The CellTiteBlue (CTBRssayis a commercially available fluorescent method to monitor cell viability
[82]. The assay is based on tmetabolic capacityf living cells to convert glightly fluorescentedox

dye (resazurin) into &ighly fluorescent end product (resorufinkiving cells have a highetabolic
capacity, which leads to an increase in fluorescence in the cell culture superafiizmhe addition

of CTBIn dead or nosviable cells, the reduction reaction does not take place or only to a limited
extent, resultingm no or only a weak flarescentsignal.In this work, the CTB assay was used to
determine the viability of primaryiumanhepatocytes and HepG2 celBue to the light sensitivity,
work was carried out in the dar&nd the CTB reagent was covered with aluminum foil. Since the
protocol was adapted in the course of the thesis, there are different procedures, which have the
following stepsin common:After reaching the intende@xposuretime, the cell culture @tes were
washed 3 times witfPBS to exclude possible interference wiiik testcompound A20% CTBnixture
consisting of one part CTB reagent and four pautture mediumwas then applied to each well. &Ns
without cells but with CTBiixture were used as background contr@fter a color change was visible
to the bare eyethe fluorescehsignal was measured in a black\®6ll plate using the Tecan Infinite

M200 Pro plate readd(i-control software version 1.7.1.12) 540 nm excitation and 594 nm emission.

PHH (old): In the old protocdl,5x 1(° living cells were seeded @ollagencoated clear 9évell plates
in 200uLplating medium(2.2.7; 2.2.2). After compound exposure and washing of the cdlBOULCTB
mixture was added. &llowing color change after 84 hours,100uLof each well was transferred to a

black 96well plate and finallfluorescence wameasured.

PHH (new)To save time and reduce the risk of errors, the cells were directly plated on a callagen
coated black 96vell plate,incubated with the test comound, andsubsequentifthe CTB fluorescence
was measured. Beforehanging the protocolthe reproducibility of both methods was confirmed in

detail with and without testompoundsin several donors.

HepG2 (old)0.625x 1(° cells in 0.5mLwere seeded ortlear 24well plateswithout collagen coating
(2.2.4.9. Aftercompound incubatiomnd washing, 0.B0LCTBmixture was transferred into each well.
Followingcolor change (approximately 1 hour), 100of one wellwas transferreceachinto 3 wells of

a black 96éwell plate, resulting in 3 technical replicates. Subsequently, fluorescence was determined

with the plate reader.

HepG2 (new): To simplify the work and harmonize the cytotoxicity determination between the two
cell culture gstems0.15x 10° HepG2Xells were plated on collageroated black 9vell plates(2.2.1;
2.2.4.7). Following compound exposuand washing of the cells, 1@ CTB mixture was added and

the fluoresence was determined aftex visible color chang@pproximatelyl hour).
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All cytotoxicity experiments were performed in at least three biological replicates with at least 3
technical replicates each. For primary hepatocytes, cells from different donors eoemted as
biological replicates and 3 simultaneoushgcubatedwells from one donor were used as technical
replicates. For HepG2 cells, different passages were used as biological replicates and 3 identically
exposedwells of one passagéew protocol)or one well divided into three ¢ld protoco) were
considered as technical replicatesll cytotoxicity curves and the corresponding raw and pssee

data are in theElectronic supplement

2.2.7 Bileacid mix assay (BAd$say

The purpoe of the bile acid mixBAM)assay was to investigate the effect of a biteédamixon the
cytotoxicity oftest compoundsin primary human hepatocytes. For this, PHH were exposed to a test

compound and a bile acid mix and subsequently the viability wasraéried using the CTB assay.

In detail,0.5 x 1C° living PHH were plated on a collagemated black 98vell plate(2.2.1; 2.2.2. The

next day after plating, the cell&vere exposed to 10QuL of the test compound for 2 hours.
Subsequently, 10ALconsisting othe test compoundind bile acid mix was adde@hisdid not change

the concentration of the tescompoundbut increased thdinal DMSO concentration by 0/ which

was taken into account in the corresponding control. The bile acid mix composition was adapted from
Chatterjee and colleagud83] and consistedf 46.5% glycochenodeoxyaic acid (GCDCA), 13.7%
chenodeoxycholic acid (CDCA), 13.4% glycodeoxycholic acid (GDCA), 14.1% deagitCiDIEA)

and 12.3% glycocholic acid (GCRYr the treatment a total bile acid concentration of 0.5 mM was
applied Following dditional 46 hour incubation timeviability was determined using the CTB assay
(2.2.6. As a cotrol for comparison cells werancubatedwith the same protocol but without the bile

acid mix.

All experiments were performed with at least three biological and thoetour technical replicates.
The raw data, processed data, amdlated cytotoxicity cuwves can be found in thélectronic

supplement

2.2.8 (hloromethylfluorescein diacetatessayCMFDAassay

The CMFDA assay is used to investigate the inbribitf bile salt carriers in PHMRhe assay is based on
5-chloromethylfluorescei diacetate (CMFDA), which is converted intracellularly into fluorescent 5
CMF. As a substrate of important béeidtransporters, SCMF accumulates upon inhibition of these

transporters, leading to a detectable increase in intracellular fluorescdfigargl?2).

In detail,0.5x 10° living PHHvere plated on a collageooated black 96vell plate .2.1; 2.2.2. On

the next daythe cells werancubatedwith 200 uL of the respective test compound for erhour. A
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fresh CMFDA solutiowas prepared by mixing rhL of culture mediumand 20uL of CMFDA stock [1
mg/mLin DMSO]. Next, 10Lof this solution was added to the cells. Afteragher 20 minutes100uL

of the cell culture supernatant was transferred to a black-v@él plate and fluorescence was
determined at520 nm emissiomith 485 nm excitation. Subsequently, the cells were washed 3 times
with 200 pL of culture medium, coveredavith 100 uL of culture medium followed by fluorescence

measuremenwith a plate readeat 485 nm excitation and 520 nm emission.

To control for possible quenching effectshe test compounds were incubated with 247
Dichlorofluorescein in a concentratiadlependent manner and subsequently the fluorescence was

detected with the plate readerAppendixTable24).

The CMFDA assay was performed in hepatocytes of 3 different human donors #dachtedghnical
replicates. Raw datgyrocessed dataand concentratiorresponse curvesf the CMFDA assay are

documented irthe Electronic supplement

2.2.9 AdipoRedssayARassay

The AdipoRed(AR)assayexamines the effect of a testompound on lipid droplet accumulation
HepG2 cellsFor this purpose, HepG2 cells are incubated with a test compound in the presence of free
fatty acids(FFA) Subsequently, the lipid droplets are stained with AdipoRed, a commercially available
dye tha binds to intracellular lipidand Hoechsto stain the cell nuclei for normalizatipimtracellular

fluorescence ishen measured with a plate reader.

In detail,0.15x 10° HepG2 cells per well were seeded anllagencoated 96well plates (2.2.1; 2.2.4)
and incubated for 24 hourslext the cells were exposedith the test compound and FFA for 48 hours.
For this purpose, 0.413L Palmitde [50 mM MeOH stock] and 0.8 Oleate [50 mMDMEMstock]
per mL culture mediumwere mixed and incubated at 37Cfor 30 minutesin an ultrasonic bath.
Afterward, the testtompoundwas added and the cells weexposedo 200uLof the compoundFFA
solution for 48 hours.Subsequentlythe plates were washed 3 times witRBS and stained with
AdipoRed and Hoechst. For this purpose, 3@0staining solution(195uLPBS+ 5 uL AdipoRed + 0.2
pL16.2mM Hoechst solution) was applied to each well and stored for 10 minutes at room temperature
in the dark.Finally intracellular fluorescence was detected at 460 @mmd 572 nm emissiorwith
excitation of 340 nmand 485 nm for Hoechst anddipoRed, respectively. Empty wells without cells
but staining solution were usedsa background controlTheAdipoRed assawas performed in 3
biological replicates with 4 technical replicates. Raw dat@acessed datzand concentratiorresponse

curvesof the AdipoRed assagre documented in th&lectronic supplement
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To study the effecof increasing fatty acids on mitochondrial membrane puia, cells wereexposed
to FFA as described befor2 2.9 andstained for 10minutes withtetramethylrhodamineethyl ester
(TMREand Hoechsat room temperature in thedark Therefore,200 ul staining solutionZ00ul PBS
+ 02 pyl 16.2mM Hoechst solution + 0.yl 2 mM TMRE stock) was transferred each well and
subsequenthffluorescencevas measuredwith a plate reader at84 nm and460 nm emissionwith
excitation of545nm and340nm for TMRE and HoechsespectivelyWellswith staining solution but

without cells served as background control.

2.2.10 Measurement of5SHn primary human hepatocytes

To obtain further insight into the mechanism and to clarify if the thiol eoi@tion influences the
CMFDA assay, primary human hepatocytes of three different donors were incubated for 48 hours with
DL:-buthionine-sulfoximine (BSO), a selective intor of glutathione synthesjsand the antioxidant
tert-butylhydroquinone (tBHQ). fferward, the CTB and CMFDA assays were performed and total
reduced glutathione (GSH) and oxidized glutathione (GSSG) wereeghbly mass spectrometry.

Here, samples were derivatized usingetiylmaleimide as described by New and Cf&#, followed

by separation on 8 x 150 mm Nucleodur PolarTec (3 um) reversed phase column using a Vanquish
Horizon UHPLC coupled online to a QExactive mass spectrometer (both ThermoFisher, Germany)

operating in PRMnode. Generated data were quantified using Skylgt.

GSH and GSSG quantificatieas carried out by the IfADo cerunit of AnalyticaChemistry (Dr. J6rg

Reinders).

2.2.11 Gene expression analysigrimary human hepatocytes

2.2.11.1 RNA isolation

Gene expresion experiments were performed for three different human donoysculturingl.5x 10°
cellsfor 24 hourson collagercoated6-well plates(2.2.1; 2.2.2). Afterward, the plates were transferred

on ice and thenedium was aspirated immediatelgells were lysed withrhLQIAzol lysis reagent and
mechanical scraping, followeddly transfer of the solutiorinto a sterile 2mL Eppendorf tube As a
control, 1.5x 10° freshly thawed cells were transferrédto a 2mL Eppendorf tubeand centrifuged

for 5 minutes at500 rpm and 4°C The supernatant was discarded and the pellet digssblin 1mL
QIAzol lysis reagent. Subsequently, the saswyiere sonicated on ice for 30 seconds (5 second pulse,
2 second pausefor phase separation, the samples were mixed with gD@hloroform, shaken
vigorously for 15 secondand then incubated fof ¢ 3 minutes at room temperaturéollowed by
centrifugation at 12000 rpm and “4Cfor 15 minutes. Theolorlessupperaqueousphase was mixed

with 500pLisopropanol in a new 1.BLRNaefree Eppendorf tube and incubated for 10 minutes at
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room temperatue. Next, the sample was centrifuged at 12000 rpm for 20 minutes &t 4he
supernatant was discarded, and the pellet was washed with 808f 100% ethanol. After vortexing

for 20 seconds and centrifugation for 5 minutes at 10000 rpm &, 4he supermatant was discarded
and 800puL of 75% icecold ethanol was added to the pellet. Following 20 seconds of vortexing, the
pellet was centrifuged again at 10000 rpm for 5 minutes &t4he supernatant was discarded, and
the pellet was dried for 5 minutesirfally, the pellet was dissolved with il DEPC water and the RNA

concentration was determineghotometrically with the Nanof»p 2000

2.2.11.2 cDNA synthesis

For quantification of gene expression, the isolated RNA had to be reversely transcribed intdbBNA
cDNA synthesis was performed using the High Capacity cDNA Reverse Transcription Kit from Applied
Biosystem$ OO2 NRAYy 3 (2 (KS .Forihdzfulpasé, tmiSayaniTahlaiIére O 2 f

mixed on ice and tbn processedn a thermocycleraccording to theprotocol inTablel14.

Tablel3: Reaction mix for cDNA synthesis

Compound Volume per reaction
Mixture 1 10pL

RNA 500 ngg 2 ug
DEPC 0 up to 10pL
Mixture 2 10pL

10x RT buffer 2 yL
Random primers 2 uL

dNTPs 0.8puL
Reverseranscriptase 1L

DEPC {0 4.2l

Final volume 20 L

Tablel14: Thermal conditions for cDNSynthesis

Step Temperature Time
Incubation 25°C 10 min
Reversenanscription 37°C 120 min
Inactivation 85°C 5 sec
4°C hold

2.2.11.3 Quantitativereattime PCRRTqPCR)

During the RGPCR, cDNA is amplified using DNA polymerasefangated primers and targeted
primers and allow quantification by combining each amplification cycle with a fluorescent signal.

Everyamplification stegncreaseshe PCR product concentration afidorescence signal resulting in
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a socalled cycle threshold (Ct) which represents the number of cycles needeshth a certain
fluorescence threshold.

For quantitative reatime PCRhe ¢ | lj a Y u | Y A @S N& Ffrdm Applied Biestiead@sSwed a A E
used. Tle reagents inable15were mixed and then processed according te firotocol inTablel16

using ar500 Reallime PCR System

Tablel5: Reaction mix for gPCR

Component Volume
Universal PCR Master Mix 10uL
DEPC+O 6.5uL
Tagman probe 1puL
Mmn y3ak>ft O5Db! 2.5uL
Final volume 20pL

Tablel16: Thermal conditions for qPCR

Stage Temperature Time Repetitions
1 50°C 2 min 1
2 95°C 10 min 1
3 94°C 15 sec 40¢ 45
60°C 30 sec
72°C 35 sec
4 95°C 15 sec 1
60°C 20 sec
95°C 15 sec
60°C 15 sec

Analysis was performed using the commonly kn@&? " ' thethod[86]:

Equationl: D & C correspond to the target gene (in this thesis BSEP) and B & A to a referenicetigisrsti{dy GAPDH).

YY6 'Y Y6 "0 Hi QOG [ a % Y QQQ1 Q@@ @Y 6°Y 6°Y 6°Y

2.2.12 Intravital imagingn mice

The performed experiments were approved by the animal welfare authority. Mice were handled
according tothe Principles of Laboratory Care and recommendations of the Society of Laboratory

Animal Science (Gesellschaft fir VersuchstierkundeSGNVAS, Germany).

Functional intravital imaging of CMFDA clearance in the livers of mT/mG mice was performed using an
inverted two-photon microscope LSM MPWith an LD @\pochromat 48/1.1 water immersion
objective, as previously describgl7], [88] A bolus of 20 pg CMFDas intravenously administered

using a tail vein catheter. Quantification of mean fluorescence intensity-OM5% in the hepatic
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sinusoids, hepatocytes, and bile céioali was done in a specified region of interest using ZEN software
(Zeiss, Jena, Germany) as indidatethe corresponding figurggigurel3).
Measurements and quantificationgere carried out at the IfADo by Dhhmed Ghallab

2.2.13 Fluorescence microscopy

2.2.13.1 CMFDA kinetiin primary mouse hepatocytes

(V)
™

To study the CMFDAinetics, the spheroid(2.23) was exposed to 80QuL2 A f t Al YQa 9 Y
containing a final concentration of 3.2 yM CMF®maintained at 37Cand 5% C@n an incubation

chamber Images were acquired usirrgcustommade inverted LSM 7MRith an LD éApochromat

40x/1.1 water immersion objective. For twmhoton excitation, a Chameleon Ultra Il laser (Coherent)

tuned to 870 nm was used.

For sandwich cture the cells were cultivated for three daga 2.3, nextculture mediumwas removed
and 800uL ¥ NB & K 2EAmiediufn lwhQ0Z05 mM Hoechst dywas added. CMFDA at a final
concentration of 1.6 uM ithe medium was repeatedly added. Images were acquired by the same

microscope (LSM 7MP) as for spheroid cultures
Cultivation, measuremenand quantificatiorwere carried out at the IfADo by Georgia Gunther

2.2.13.2 CMFDA kinetign primary human hepatocytes

ForCMFDA kinetic studies in primary human hepatocy2es]0° cells were seeded imonolayerand
sandwichformat in 4well IBIDI chamber@.2.1;, 2.2.2. The day after seeding, cells were acclimatized
in the climatecontrol chamber at 37Cand 5% Cg) images were taken on a Zeiss LSM880 confocal
microscopewith the corresponding softwarand an EC PlaiNeofluar 4&/1.30 Oli DIC (monolayer)
and LD @pochromat 46/1.1 water immersion (sandwich) objectiv Image acquisition was
performed with a 488 nm Argon lasand emission bands set to 503 nm and 558 nm. Pictures were

taken before and aftethe treatment with 2 uM CMFDA.

2.2.13.3 Immunofluorescence staining of BSEP in PHH

To detect the localization of BSEP ionulayer cultured hepatocyte x 10° cells were seeded in
collagencoated4-well IBIDI chambear@.2.1; 2.2.2). The day after seeding, the cells wavashed 2
times with PBS anéixedwith 4% paraformaldehyd@ROTI®Histofig)r 20 minutesAfter washing with
PBS for 5 minutes, the samples were permezdiliwith 0.5% Triton-X00 inPBS for 10 minutesnd
washed again 3 times witRBS for 5 minutes each. After bloakiwith 5% BS# PBS for 90 minutes,
cells were stained overnight on a shaker &Cvith the primary antibody PA38690 (1:200)n PBS+
2% BSAThe next dg, after washing 3 times witRPBS+ 2% BSA, the cells were stained with the
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correspondingseconday antibody A32790 (1:200) for 2 hours. This was followgdvashing for 5

minutes withPBS and staining for 30 minutes with Hoechst 33342. After washing 3 times, the cells

were covered withculture medium Images were taken on &8s LSM880 confocal misampeusing

an EC PlaNeofluar 4/1.30 Oil DIC objective antl K S Y I y dzF I O dzNB NIBrissibdNE O A RS
bands were set to 423475 nm and 50@ 608 nm with excitation at 405 nm and 488 nm for Hoechst

and BSEP, respectively.

2.2.13.4 Microscopic analysis lipid accumulatiomn HepG2 cells

For the observation of lipid accumulation in HepG2 cells at increasing fatty acid concentf@fiéns,
10° cells were plated on collagezoatedIBIDI4-well chamberg2.2.1; 2.2.4.1). The rext day, the cells
were exposed ta free fatty acid mix (1:2 gimitate:oleate) for 48 hours. Subsequently, cells were
washed 3imes withPBS and stained with 7@@Q.culture medium+ 17.5uLAdipoRed + 0.dLHoechst
[16.2 mM stocK. Imageacquisition was performeafter 15 minutes of incubation usirgLSM880
confocal microscop&ith a GApochromat 63/1.20 water immersiorobjectiveand the appropriate
software.Emission bands were set #21¢ 479 nm and %0 ¢ 615 nm with excitaton at 405 nm and

488 nm for Hoechst andldipoRed respectively.

2.2.14 Transporter prediction

Quantitative StructureActivity Relationship (QSABgscribes mathematical models that explore the
relationship between pharmacological, chemj@aid biological activiés of a givemompoundand its
chemical structureThe correlation is used to develop a reliable prediction model and estimate the

activity of an unknowrcompoundbased on its chemical structufg9], [90]

In this thesisa publicly available web service was used that predicts if small molecules inhibit the
export carriers BSEP, MRBBd MRP4 of hepatocyt¢d1]. The web service predicts a binary outcome,
indicating whether the query compound is active or not. Each transporter model is based on a different
classifier and the structure of the moleculésdescribed with RDKit descriptors. A detailed description

of the models is giveat https://livertox.univie.acat [91].

2.2.15 Statistical analyse

Satistical analyss were performed in close cooperation with the statisticians Prof. Dr. Jorg
Rahnenfuhrer, D Franziska Kappenbergnd M.Sc. Julia Duda from tieepartment of Statistics at
the TU Dortmund University

Satistical analyss were performed with the statistical programming language=ision 4.0.492].
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2.2.15.1 Curve fitting and calculation of EC values

Concentratioaresponse curves were generated from the CTB data to determinectafé
concentration values (BE@lues). Effective concentratisfEG) are concentrations at which (180%
viability is reachediFor exampleEGo is the concentration at which 90% viability is presdwir the
determination, three models were initially fitted to the data and the most appropriate was selected.

After normalization, the EC values were finally calculated.

First, the background signal was subtracted by averaging the fluorescence of wells without cells but
with CTB medium mixture and then subtracting this value from all fluorescence vBluesescence
values of altechnicalreplicates wereassigned to the corresponding concentrati@mldivided by the
corresponding averaged control values and multiplied by 100 to obtain percenfyesbtained data

were subsequently fittedvith three modelsutilizing the drcpackage version 3:0 [93]; a four
parameter loglogistic model (4pLL)R BrainCousens mode(BC)[94], and a flat pofile with the

following equations:

Equation2: 4pLL functionThe oncentration is represented bykxjndicates the slope, andd denote lower and uppe
asymptote value, respectively and@ is the inflection point, wheréhe halfmaximal effect can be observed.

~~~~~ . Q ®
p Qoupatéd® a¢Q

Equation3: BC functionThe parametric function of the Bra@ousens model differs from the 4ghbdel in the addibn of a
fifth parameter (2 0, that indicates the strength of the hormesis effétte concentration is represented by X, ¢ and d
denote lower and upper asymptote value, respectiaely coand {2>0 do not have a direct interpretation anymore.

“Q ‘Iv';'lwrlv, Iv, V“Q - ’Q (I) “Q(b
“ P Qojatm af0

Equationd: Hat profile. A flat profile means that no relevant changes in cytotoxicity occurred with respect to the test
compound concentrations. In thiage a constant, calculated as the mean viability across all concentrations, was fitted to
the cytotoxicity dataHere yidenotes thaesponse for a concentratiomand n the number of concentratisn

B
Qw

For model selection, #h Akaike Information Criterion (Al{Sp], an estimator oprediction error, was
calculated for each model and the one with the lowest AIC value was selected. The data was then
normalized. In the case of the 4pLL function, the data was divided by the value of d (upper asymptote)

and multiplied by 100. For the Bf@nction, the left asymptote was used instead of the upper
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asymptote, and for the flat profile, the average was set to 100%. The confidence intervals of the EC

values were calculated by the delta methi@db].

To check bw well the fitted model matchethe data, a goodness of fit (GoF) was calculalteshould
be mentioned that for he flat function the GoF is always = 0 and therefore only for the 4pLL and BC

function reasonable GoF can be determined.
Equation5: Godness of fit.

BQMOMG Qt NQO ®OQL Q

"0t "0
P B @it 0t a0GEQl NELi ©

A GoF of 1 indicates a perfect fit. A GoF close to 0 indicates a poor fit. For the EC value determination,
only curves with a GoF(:55 and a response at the highest tested concentrati®% were used. If

one or both of these criteria were not fulfilled, the EC value was sehighest concentration tested.
Similarly, only EC values that were within the rangexd@vest concentratiortested to 5x highest
concentration tested were accepted. Those belowabove this range were marked aslowest
concentrationtested and>highestconcentrationtested. A penalty factor of 5 was applied to calculate
minimum, median, and maximum. EC valudewest concentration tested werdivided by 5 Q0.2 x

lowest concelration tested) and > highest concentration tested multiplied by & x highest
concentration testedl If a donor of cryopreserved human hepatocytes was used twice, both resulting
EC values with a weight of 0.5 were used to calculate the minimum,ameztid maximum oveall

donors.

For the CMFDA assay, concentrati@esponse curves were also generated to derive an effective
concentration. Since the curve shape was uncertain in comparison to the cytototlieiylCRMod
(Multiple Comparison Procedure andobleling), a twestep modeling approach that considers model
uncertainty[97], was applied bfitting several candidate modets the dataand then determining the

most appropriate oneThe packag®oseFinding version 057 [98] wasused for this purpose.

For this purpose, the averaged background fluorescence for the(well with cells without CMFDA)

and the supernatant data (well without cells wittMEDA) was determined and subtracted from the
respective fluorescence values. After assigning the corresponding concentrations, the values were
divided by the corresponding averaged control values and multiplied by 100 to obtain percentages.
Based on MCP,aeh concentratiomesponsemodel was evaluated with respect to the compound
effect, considering candidatmodelsas illustrated inFigure5. For the set of candidatenodels a

multivariate two-sided contrasttest tailored to the shapes of the candidateodelswas calculated

for each concentratiomesponse data setatafamigyA 8 S SNNBNJ NI GS 2F h [ non
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testing. Either the test selected one model according to the AIC (inatdsast ongp-value < 0.05) or,
if no model was selected (in caakp-@ | £ dzS x n ®n p 0 Z-redponIefprofile wasssyh@S vy (i NI
indicated by a horizontal red liresthe concentrationrresponse curves. In the Megtep, the chosen

model was fitted to the data.
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Figure5: MCRMod candidate models(A) Increasingandidate models an(B)decreasing aadidate models. The associated
functions aregivenin the AppendixTable25 (Taken and adapteftom [80]).

To compensate for uncertainties and increase sensitivity, the difference between the cell and
supernatant data waalso calculated. For this purpose two methods were used, in the first one the
obtained concentratiorresponse curves of the cell and supernatant data ofompound were
subtracted from each other and in the second one the corresponding supernatant rawaae
subtracted from the cell raw data and the M@ d procedure was applied again. Consequently, three
'measurements' were generated; (1) cells, (2) supernatant, and (3) difference divided into (3.1) model
difference and (3.2) dataifference (Figure 6). The curves were shifted so that at control
(concentration 0) they were 100% for (1) and (2) and 0% for (3)vdhies were calculated as the
lowest concentration where the curve attains the response of (1004 %4 ), (106x)% for (2)x% for

(3). Subsequently, the minimum, median, and maximum for the three donors were determined across
all EQvalues. For the cases where BG: value could be calculated, the previously mentioned penalty
factor was used. In thisase, the EC value was set toxHhighest tested concentration for the
calculation. This was used for the analyses where the CMFDA assay was considered alone. When
analyzing the combination of CMFDA asbagedEG values and CTB assbgsedEG values, he
compoundwise minimum was used and only the CTB abtsased values were replaced by highest

tested concentrationn the case of missing values.
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Figure6: Exemplary curvesf the CMFDAassay.Fitted concentratiorresponsecurves of the CMFDA assay after 1 hour
rifampicin exposure aan example for the different measurementBlack dotsrepresentthe mean value ofhree technical
replicates (gray). The intersection of the red and blue lines marks th€Te®enfrom [80]).

Concentrationresponse curves for th&dipoRed assayere generated using the sameémciple as for

the CMFDA cell data. First, the background fluorescence (well with dye, without cell) was subtracted
from the fluorescence values obtained. Then, the AdipoRed signal was divided by the Hoechst signal
for normalization. The MCWFlod procedurewas applied to the normalized data. Briefly, several
candidate modelsKigure5) were fitted to the normalized data and the most appropriate model was
selected using the AIC. If no model fitted (in calig-valuex n ®np v X |  Fréspase 02y OSYy
profile was assumed and plotted as a red liB& values were calculated as the lowest concentration
where the curve attains the response of (100+x)%. For the cases wheEGnalue could be
calculated, the previasly mentioned penalty factor was used. In this case, the EC value was setto 5
highest tested concentration for the calculation. This was used for the analyses whehéifeRed
assaywas considered alone. When analyzing the combinatiohdipoRed assrbasedEG values and

CTB assayasedEG values,the compoundwise minimum was used and only the CTB assesgd

values were replaced byxshighest tested concentratioin the case of missing values.

2.2.15.2 Calculation ofoxicity separation and toxicity estition index

For quantitative evaluation of the test system, two recently introduced indices were [U€¢dThe
toxicity separation index (T)Sguantifies how well a test methowr chosen test parameter
differentiates between hepatotoxic and ndrepatotoxic compounds, and the toxicity estimation
index (TBImeasures how well hepatotoxic blood concentrations in vivo can be estimated by an in vitro

test systen79].

Input data for TStalculationare the effective concentrations derived the different in vitroassays
(e.g. E@) and the in vivo modeled blood concentratio(Gnay derived from specific human doses.

Furthermore the toxicity status for the specific human dose is heeded.

First, the differences calculated as the ratio betwadhe in vitro concentrations for a given scenario

and the in vivo concentrations for each compound on aglegale.
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Equation6: Calculation of in vivo in vitro difference. C represents the concentration.

. .. 0Qd QU E
Y I Go———. .

Qo Qoi ¢
Next, the differencesEquation6) are sorted in ascending order afmt each interval between two
consecutive differences, a cutoff val(€V)is selected.Furtheamore, one cutoff value below the
minimal difference and one cutoff value above the maximal differeareechosen.Thus, all possible
cutoff values are present in the range of the calculated differences, sincetaff galues in the same

interval have tle same sensitivity and specificity.

Sensitivity and specificity calhen be calculated for each cutofilued @ Of F aaAFe@Ay 3 | O2Y
if the difference igreateNJ G Ky (KS OdZANRZARBR O@S A dk éRBto dRd FFSNB
smaller than the cutoff valué B{CV)andsubsequenthcomparing this classification to the trtexicity

status(Equaton 7).

Equatbon 7: Equations to calculate sensitivity and specificity.
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Finally, theTSI is calculated by plottingspecificity against the sensitivity for each cutoff and
calculating the area under the ROC curve. For calculative®k package pRQ€rsion 1.13 was used
[99]. The TSI ranges from50to 1, where 1 stands for perfect separation and 0.5 for random

distribution of the compounds.

Since the TEI measures how well hepatotoxic blood concentrations in vivo can be estimated only toxic
compounds are considered for calculation. Input parameters are the effective concentrations derived

by the different in vitro asays(e.g. E&) and the in vivo modeled blood concentrations.{derived

from specific human doses.

Equation8: TEl equatios K SNB AT mMI XXy NBLINB&aASYy(d (KS O2YLlRdzyRa Ay ljdzSaidaz,

value of compound i, respectively, and 1_((condition))(i) the indicator function which takes the value 1 if the condition is
fulfilled by the compound i, otherwise 0.

B 0 g1 ¢ 022 s
"YO'Op P wQ
v B Q
Among thetest compounds(i), only those that fulfi the conditions and ( ) are

included inthe calculation;in detail,only hepatotoxic compounds whetée in vitro concentration
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w "Q isgreater than the in vivo concentrationd(Q). For thesecompound, the absolute difference
of the in vivo and in vitro concentration is calculatedi (C — 9. Subsequently, the sum of the

differences is calculated and divided by the total number of hepatotogiopound. Finally, it is
multiplied by a factor of 0.2 and subtracted from 1. As a result, a perfect estimation yield®flTEI
and a reduction of the TEI by 0.2 corresponds to an average distance adrtipoundsrom the ise

line by a factor of 10.

2.2.15.3 Calculation of significance

Satistical analyss wereperformedusing GaphPad Prism Versiof@aphpad Software, Inc.

w»
QX

Statigical significance was calculated using a-wray ANOVA withpoK 2 O 5dzyy Sia i Qa

multiple comparison. The number of replicates used is indicates in the figure description.

2.2.16 Physiologically based pharmacokinetic modeling (PBPK)

In order to compare th concentrations generated in vitro with the situation in vivo, blood
concentrations were obtained for specific human doses upmgsiologically based pharmacokinetic
(PBPK) modeling

PBPK modeling involves tigeneration ofcompoundspecific moded that can be used to determine
blood concentratios for a given doseThis requires data on both theompoundand the organism

[100]. The2 NAH | YiAf@nyafiba includesthe anatomy and physiology such as the organ volumes,
the blood flow rate, and the expression of certain enzynk@s.the ompound, information about the
absorption, distribution, metabolism, and elimination (ADME), as well as its physicochemical
properties are required. The ADME data can be determined either by in vitro or in vivo experiments or

predicted by a program basechdhe compound's physicochemical properties.

For each test compound, a PBPK model was constructed as desoridbrecht et al., 201979] using

the Simcyp Simulator (commercial software, Verdibn18,19; SimCyp, Sheffield, UR)e simulatioms
were done with a virtual population of 100 healthy North European Caucasian subjectgnalié,

half male, aged 2@ 50. Compound information was taken from the literature or predictéd.
treatment regimens of the analyzed compounds and input patms of the pharmacokinetic
simulations are given ithe Electronic supplemeniCertera UK (Simcyp Division) granted free access

to the Simcyp Simulators through an academic license (subject to conditions).

The simulations wer@erformed by Dr. lain Gardner an®r. Mian Zhang fronCertaraUK Simcyp

Divisior) and Dr. Wiebke Albrecht from the IfADo.
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3 Results

3.1 Bile acid mix assay

Inhibition of export carriers in hepatocytes is one mechanism by which drugs can damage the liver.
addition, higherintracellularbile acid concentrations are observed in vivo compared to in vitro, which
may have an impact on cytotoxicitgs an addition to the in vitro test battery of the presented test
system(1.4), a concept was elaborated to detect this mechanism in vitro and thus dhagsnhibit

bile acid export carriersr the bile acid transportThis concept redted in the bile acid mix assay.

3.1.1 Concepbf the bile acid mix assay

In vivo(Figure?, top row), bile acids are absorbed from the intestine and transported to the liver via
the portal vein. Here they are taken up into the cell via the carriers NTCP and OATP. In addition, bile
acids are also synthesized iatellularly via cholesterol, but this contributes only a smaller amount of
bile acids per time unit. After uptake into hepatocytes, bile acids are secreted into the bile canaliculi
primarily by the bile acid carriers BSEP and MRP2. When the export ofdhes is inhibited,
intracellular bile acid concentrations increase and may exceed cytotoxic thresholds. Under standard in
vitro conditions(Figure 7, middle row), intracellular bile acid concentrations usuadlg not reach
cytotoxic levels because the culture medium does not contain bile acids and the rate of synthesis in
hepatocytes is low. To simulate the in vivo situation and to investigate the cytotoxicity of compounds
that inhibit bile acidtransport or the correspondingexport carriers, bile acids were added to the

culture medium in vitrdFigure7, bottom row).
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Figure7: Concept of bile acid induced cytotoxicity in vivo and in aitdue to the inhibition of bile acid export inhibitors.

NTCP = Nataurocholate cotransporting polypeptide, OATP = Organic anion transporting polypeptide, BSERIteRpert
pump, MRP2 = Multidrug resistanessociated protein Zsraphical elements gre taken from Servier Medical Art by Servier.
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3.1.2 Cytotoxicity of bile acids primaryhuman hepatocytes

Cytotoxic bile acid concentrations were first determined in cultured PHH to identify concentrations
where cytotoxicity was not yet evident, for exahagslightly below or at the onset of cytotoxicity, e.g.

50% of the Ef This was necessary since a relatively small increase in intracellular bile acid
concentration due to the inhibition of bile acid carriers by a test compound may then exceed cytotoxic

thresholds leading to cell death.

For this purpose, PHH were incubated with a physiologicayant bile acid migBAM)consisting of
the five most common bile acids in a ratio that is present in humanTiile bile acid mix consisted of
46.5% glycochmodeoxycholic acid (GCDCA4,.1% deoxycholic acid (DCA3.7% cheodeoxycholic
acid (CDCA), 134 glycodeoxycholic acid (GDCA), and 12.3% glycocholic acid R@@A)y human
hepatocytes were exposed to the mix for 48 hours and viability weerikined using a CellTiteBlue

assay.

The gtotoxicity test in primary human hepatocytes from four different donors revealed beginning
cytotoxicity (E@) of the bile acid miat 0.91¢ 1.08 mM andalmost complete cell death (&fcat 1.20

¢ 1.61 mM(Figure8). Based on this observation 0.5 mihs determinedas theappropriatebile acid
concentration in the culture medium during exposure to the test compound since cytotoxicity was not
yet evident, but a relatively small ineasein bile acidsdue to inhibition of bile acid cders would

induce cell death.

Donor 1 Donor 2 Donor 3 Donor 4
120 | : 120 120 T 120
o 100+, 100, ——— 100 100 4.
S g 80 80 {* 80
E‘ 80 60 60 1 60
% 40 40 40 40 A
> 201gc,=108mM 201 Ec,y=0.92 mM 201 Eg,y=1.05mm 201 Ec,y= 091 mM
0 - : . 01, i ! 01 . ] 01, i i
0 0.1 1 0 0.1 1 0 0.1 1 0 0.1 1
Bile acid mix [mM] Bile acid mix [mM] Bile acid mix [mM] Bile acid mix [mM]

Figure 8: Cytotoxicity test with cultivated human hepatocytes with the addition of a bile acid mRrimary human
hepatocytes were cultured orolagen and exposed for 48 hours to increasing concentrations of the bile aciGreixdots
represent technical replicates and black dots the méfare red and blue lireindicatethe EGy and thedotted grey line the
confidence interval of the B

3.1.3 Influence of bile acids on the cytotoxicity of test compounds

After the determination ofan appropriate bile acid concentration, the next step was to investigate
whether the addition of 0.5 mM bile acidimto the culture medium of PHWould increase the

cytotoxicity of the test compounds. Since we have shelat 48 hoursncubation timewasadequate
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for separation of norhepatotoxic and hepatotoxicompounds based on cytotoxicitj79], this
incubation period was also usddr the bile acid mix asgaTo ensure that the bile acid carriers are
successfully inhibited before being exposed to B¥#M a protocol was used where bile acids were
added 2 lours after the test compounds, followed by cytotoxicity measureméfigure 9). As a
control, cells were exposet the testcompoundfor 48 hours wihout the addition of the bile acid
mix. Subsequently, th&€TBassay was performedh& whole approach was applied to a set of test
compoundsconsistingof 18 compound with known hepatotoxicity status for specific human doses
(Table17). For two compounds (acetaminophen and ethanol) a hepatotoxic and d@epaotoxic

scenario was available.

N Plating of cells
3h  16-20h 2h 46h 1| Vedium change
L 1 1 ] >I
I I 1 | R
-1 0 1 2 1| Addition of BAM
ﬂ 1lr 1Lﬂ 11' ’, CTB assay

Williams E Medium
2 Test substance

100 U/ml penicillin, 0.1 mg/ml streptomycin, 10 ug/ml gentamycin, ‘
100 nM dexamethasone, 2 mM glutamine, 10 ng/ml insulin

10% 0% FBS

Figure9: Exgerimental schedule of the cytotoxicity test with and without the addition of a bile acid mBAM = Bile acid
mix; CTB = CellTit&lue; FBS = Fetal bovine serum.

exposure

The cytotoxicity data shows different effects of the bile acid mix on the cytotoxicitheoftdst
compounds. Both, increased and decreased cytotoxicity were observed, which is illustrated by the
example of two test compoundsFigure 10). For promethazine there was no bile acid induced
cytotoxicity obsered with EG values of 0.04; 0.7 and 0.@5mM for three donors without bile acid

mix and 0.@3; 0.0Z7 and 0.@2 mM with additional bile acid exposure, respectively. For cyclosporin A
increased cytotoxicity was observed for all three donors, wherehyJadlies decreased from (LG,

0.016 and 0.9 mM to 0.003; 0.08 and 0.00 mM with BAMexposure, respectivelyF{gurel0). In
summary, a protocol was established that allows the analysis, if addition of a bilmixcid the cell

culture medium enhances the cytotoxicity of individual test compounds.
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Tablel7: Summary of the results of the cytotoxicity test with and without bile acid mix and pharmacokinetic modeling of
the test compounds. Minimum, medianand maximum values were Icalated from experiments with hepatocytes from at
least three different human donors. All generated data including the raw data can be found Hiettteonic supplement
Inhibition of hepatocellular carrierswa§ RA O 1 SR |
gLt dzSo al ¢

AYRAOL GS4

K@

a aesSa¢

AT R20dzYSyiGSR Ay |0
O2y NI RAOGAY I Ay T2NYlidedtilegt KI &
The in vivo concentration is the 95% pertiknof the peak total systemic blood concentration modeled for a specific dose.

Concentration [mM]

Compound Abbre-  Hepato-  InvivoGnax In vitro cyto- In vitro cyto- Inhibition of
viation  toxicity whole toxicity -BAM  toxicity +BAM  hepato-
reported blood 95% EGo[mM] EGo[mM] cellular
total [nM]  median median export
[min/max] [min/max] [BSEPMRP2]
Acetaminophen APAP no/ 1.09x16* 1.403 2.398 no no
yes 1.21x10° [0.500/2.833] [0.826/3.596]
Aspirin ASP yes 2.4x10 2.004 2.122 no no
[0.335/4.179] [0.843/3.209]
Atorvastatin AVS yes 1.5x10° 0.138 0.076 yes yes

[0.064/0.208]

[0.068/0.148]
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Compound Abbre-  Hepato-  InVvivoGnax In vitro cyto- In vitro cyto- Inhibition of
viation  toxicity whole toxicity -BAM  toxicity +BAM  hepato-
reported blood 95% EGo[mM] EGo[mM] cellular
total [MM]  median median export

[min/max] [min/max] [BSEPMRP2]

Chlorpheniramine CHL no 6.49%x10° 0.044 0.024 no no
[0.014/0.155] [0.024/>0.316]

Clonidine CLON no 9.4x10° 0.317 0.082 no N/A
[0.0.057/ [0.066/
0.555] 0.911]

Cyclosporin A CSA yes 7.34x10° 0.014 0.007 yes yes
[0.008/0.031] [0.003/0.008]

Ethanol ETOH no/ 5.76x1C° 10.218 >1000 N/A  N/A

yes 1.01x10'  [2.050/ [>1000/

170.502] >1000]

Glucose GLC no 7.15x10° 119.713 63.808 N/A N/A
[71.940/ [21.775/
>316] 95.325]

Ketoconazole KC yes 1.62x10 0.026 0.013 yes no
[0.008/0.100] [0.009/0.023]

Lovastatin LO yes 8.48x10° >0.245 >0.245 yes yes
[0.024/ [>0.245/
>0.245] >0.245]

Melatonin MEL no 2.7x10° 0.687 0.795 no no
[0.040/>5] [0.029/1.207]

Promethazine PMz no 3.72x1® 0.014 0.023 no no
[0.004/0.032] [0.002/0.027]

Progranolol PPL no 2.2x10 0.021 0.025 no no
[0.003/0.080] [0.004/0.033]

Rifampicin RIF yes 2.01x1 0.262 0.053 yes yes
[0.121/0.424] [0.049/0.146]

Triclosan TSN no 2.6x10* 0.136 0.107 N/A N/A
[0.047/0.250] [0.052/0.107]

Trogltazone TROG  yes 2.21x16° 0.011 0.017 yes yes#
[0.009/0.022] [0.010/0.020]

Valproic acid VPA yes 5.69x10 10.134 10.006 no no
[8.462/22.132] [3.202/12.068]

Vitamin C VITC no 6.98x10° 3.701 3.005 no no

[0.282/>10]

[1.546/>10]

3.1.4 Evaluation of the bile atmixassay

Finally, we studied if the addition of the bile acid mix to hepatocytes improves the separation of
hepatotoxic and nofhepatotoxic compounds and the estimation of hepatotoxic blood concentrations.
For this purposgthe toxicity separation inde (TSI) and the toxicity estimation index (Wgje used.

These indices were calculated based on the ®vhole blood concentration; totad free and protein
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boundcconcentration, 95% percentile) as in vivo value and thg @i&dian) as in vitro valud &ble

17).

Cytotoxicity of hepatocytes withouhe addition of the bile acid mix led to a TSI of 0.79 and a TEI of
0.73 for the analyzd set of test compoundsT@ble18A). The addition of the bile acid mix decreased

the indices slightly to 0.77 and 0.69 for TSI and TEI, respectively. In addition to the individual analysis,
a combination of both approaches was also evaluassdit might showa beneficial effect.A
combination was achieved by using the lowerE@edian value from both approaches for each
compound which resulted in a slightly increased TSI of 0.80 and TEI ofnOor@er to visualize the
results, in vitrein vivo plots were generated using the approach with athout bile acid mix, either

alone or as a combination of bo{Rigure11A, B, C).

In previous studies, the E{median) was used because it allowed the best separation of hepatotoxic

and nonhepatotoxic compoungibased oncytotoxicity. To verify whether another parameter would

give better results for this study, a comprehensive TSI and TEI analysis was performed withffsll cut
(EGo-EGo) andmeasuregminimum, medianand maximum). For the cytotoxicity testtivout bile acid

mix, the best parameter was the EOminimum with a TSI of 0.86 and TEI of 0.68ble 18B).
Compared to this, the best parameter gg@aximum) for the approach with bile acid mix performed
slightly worse with 0.84 and 0.63 for TSI and TEI, respectively. The highest TSI (0.86) and TEI (0.76) for
the combination of both assays were reached by using thed®@ EGy minimum from the approach

without and with bile acid mix, respectivelyn conclusiononly minor differences for the separation

of hepatotoxic and nofepatotoxic compounds were obtained between the two approaches with and

without the addition of a bile acidhix for cytotoxicity testing.

Tablel8: Toxicity separabn index (TSI) and toxicity estimation index (TEI) for the cytotoxicity assay with and without bile
acid mix alone and in combination.

A TSI and TEI based on the;E@alues of both approaches
Approach EC value Classification TSI TEI
Without bile acid mt EGo median 0.79 0.73
With bile acid mix EGo median 0.77 0.69
Combination EGo median 0.80 0.76
B TSI and TEI for all possible parameter combinations considering, EGo2 ~ Xgdas @éll as median, minimum
and maximum values. The parameters resng in the highest TSI are given for both approaches alone and in combination.
Approach EC value Classification TSI TEI
Without bile acid EGo minimum 0.86 0.69
mix
With bile acid mix EGo maximum 0.84 0.63
Combination [EGY/EG] minimum 0.86 0.76
[without/with]
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To obtain an overview of the influence of the bile acid mix on cytotoxicity of the test compounds, the
donor-specific ratios of the BEvalues (median) without and with bile acids @agtios) were
calculated Figurel1D). Logratios higher than zero indicate that the susceptibility of the hepatocytes
was increased by the addition of the bile acid mix, while values lower than zero indicate increased
resistance. For ten compounds the ratio was higtremt zero of which only five were hepatotoxic
compounds known to inhibit canaliculexport Whereas five compounds had a calculated lagjo
smaller than zero. For ethanol, lovastai@md vitamin C no ratio could be calculated as no cytotoxicity
was re@hed up to the highest test concentration in at least two donors. In conclusion, the results
demonstrate that the ceexposure of cultivated hepatocytes to test compounds and to a bile acid mix
did not improve the separation of hepatotoxic and RbepatotoXc compounds, because the
susceptibility increased for both hepatotoxic as well as some-hepatotoxic compounds.
Furthermore, the influence of the bile acid mix appears to be complex, because it also decreased

susceptibility to some known hepatotoxic cpounds.
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Figurell: In vitrogin vivo plotsof the BAM assay(A) In vitro-in vivo plot of the Gax(whole blood, total concentration, 95%
percentile) and the E@median of compound exposure without the bile acid nfB.in vitro-in vivo plot of the Gax (whole
blood, total concentration, 95% percentile) and the&@edian of compound exposure with bile acid n§@.in vitro-in vivo
plot of the Giaxand the E@ median of the combination of both approach&®) Donorspecific dbg ratio plot comparing
cytotoxicity with and without bile acid mix. For the calculatiomoB@dian values were used and a diamond indicates when
this value was not reached up to the highest tested concentration in at least 2 donors of one approach.

3.2 CMFDA assay

Since the bile acid mix assay was not a suitable candidatedan vitro battery, a new concept was
developed to detect export carrier inhibitimpmpounds. This concepesulted in the secalledCMFDA

assay.
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3.2.1 Concepbf the CMFDA assay

In the following, a schematic illustration of the principle of the CMFDA assay is ¢jivdris assay,
primary human hepatocytes aréncubated with the membranepermeable, norfluorescent
compound, 5chloromethylfluorescein diacetate (CMFDA), which is catalywedluorescent 5
chloromethylfluorescein (8MF) upon entering the cell by napecific cytosolic esterases.
Importantly, 5CMF is unable to cross the cell membrane, but instead can be actively exported by
membrane transporters, such as BSEP and MRP2y eithits own or conjugated tglutathione GSH

[101]. Consequently, the CMFDA assay can be used to investigate export inhibition by test compounds
by detecting the delayed clearance ofCbFassociated green fluorescence from hégeytes, or the

delayed increase in fluorescence in the culture medium.
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Figurel2: Principle of the CMFDA assdychloromethylfluorescein (CMFDA) freely passes through cell membranes into the
cytoplasm, where it is transformetb the highly fluorescent Bhloromethylfluorescein (.£MF) by esterases-GMF is
actively exported byhe bile salt export pumpBSEPor multidrug resistancessociatedorotein 2 (MRP2 either as parent
compound or after conjugation with glutathione (8S Therefore, inhibitors of BSEP or MRP2 increase intracellular
fluorescence while extracellular concentrations éEBF or its GSH conjugate decrease. Graphical elements were taken from
Servier Medical Art by Servig€lTaken from[80]).

3.2.2 CMFDA kinet&in vivo (mouse)

First, the question arosehich cultivation formatis suitableto investigate SCMF secretionas there

are several different techniques for cultivating cells, especially primary hepatocytes, with advantages
and disadvantages$iepatocytes can be cultivatddr example ashree-dimension& spherical cellular
aggregates, further named spheroid cultures, or as sheets of cells that can either be cultivated between
two layers of collagen (sandwich cultyreor on a collageroated dish, further referred to as
monolayer. Since previous studiescommended the use of spheroids for in vitro tedtge to their

higher complexity and possible longer cultivation timesr first aim was to clarify if spheroid or

sandwich cultures are more suited for the CMFDA asEayinvestigate whether in vivo relamt
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mechanisms are captured in the CMFDA assay and which culture format is most siditathle
primary human hepatocytesve wanted to compare-EMF secretion in vitro to in vivRue to the
limitations of live imaging in humans, we used intravital imggih mice and compared the GMF
secretion results to the results of isolated mouse hepatocytes cultivategpheroid and sandwich
format. To analyze hepatocyte secretion ofCB/F in vivo, we applied a previously established-two
photon microscopy technige in anesthetized me[102], [103]using the mT/mG mouse strain which
has red fluorescence on all cell membranes due to a membtamyeted tandem dimer tomato
sequence[102]. After injection of CMFDA into the tail vein,CMFassociated green fluorescence
transiently increased in hepatocytes, followed by accumulation in bile canallotdacellular
fluorescence increased rapidly during the firstrhbhutes and decreased consistently thereafter. In
the bile canaliculi, the maximum fluorescence was much higher, as expected, and retzipedk

after about 12 minutesKigurel3).

A Pre-injection Hepatocytes Canaliculi

5-CMF - td-Tomato

B Sinusoids Hepatocytes Canaliculi

Mean fluorescence
intensity [AU]
Mean fluorescence
intensity [AU]
Mean fluorescence
Intensity [AU]

0 10 20 30 40 50 0 10 20 30 40 50 (I) 1‘0 2‘0 3‘0 4‘0 5‘0
Time after CMFDA injection [minutes] Time after CMFDA injection [minutes] Time after CMFDA injection [minutes]

Figurel3: Intravital imaging of the mouse liver after CMFDA injectig@) Stills of intravital twephoton imaging of &CMF
secretion by mouse hepatocytes into bile canaliculi after tail vein injection of CMFDA. Green fluorescence occurs initially i
the cytoplasm of hepatocytes and subsequently is enriched in bile canal{®)liQuantification of SCMF associated
fluorescence in the indicated regions of interest. Circle: sinusoid; square: hepatocyte; arrow: bile canaliculus. Time after
injection of CMFDA igiven in the upper left corner of the panels.-fiinato: membrane targeted tandem dimer tomato
sequence that expresses red fluorescence on the cell membrane. The upper panel shows the merged imageahtite td

(red) and the BCMF (green) associated diescence, the lower panel only the green signal-6f\8F (Taken from[80]).
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3.2.3 CMFDA kinet&in primary mouse hepatocytes

Next, we performedthe in vitro experimentsfor whichwe used hepatocytes from the same mT/mG

mouse strain, which allowed us to directly compare theéMF export to that observed vivo.

Hepatocyte spheroids showed an increase in fluoresceRkaguie 14A, B) followed by canalicular
secretion Figurel4C). However, hepatocytes at the margin of théeqmid showed a much stronger
5-CMF associated signal than cells at the center of the spheroid. Quantification of the time
fluorescence profile of 13 hepatocytes along the diameter of the spheroid demonstrated a large
heterogeneity among hepatocyted-{gure 14B), which hampers the establishment of a quantitative

assay.

In contrast, SCMF associated fluorescence was homogeneous among all 19 hepatocytes quantified in
hepatocytes that were cultivateid a sandwich formt as one cell layer between two layers of collagen
(Figure 14D). Interestingly, adding CMFDA four times to the culture medium still led to a similar
transient increase in green fluorescence in hepatocytes, suppptiie suitability of this model for the
export assay. In addition, excretion 6f2MF occurred faster in the sandwich culture compared to the
spheroid culture. Since homogeneity among hepatocytes is important for the establishment of
automated quantificaibn, and considering that in vivo hepatocytes are organized in sheets that rather
resemble layers than spheroids along the blood sinusdiigute 13A), we conducted all further

experiments using hepatocytes cultied as sheets, i.e. as sandwichnoonolayer cultures.
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Figurel4: Export of 5CMF from cultivated mouse hepatocyteA-C) Spheroid cultures(D-F) Sandwich cultureqA) Stills

from an intravital video. The upper panel showsrged red and green fluorescence, the lower panel only the green signal.
Time afterthe addition of CMFDA is given in the upper left corner. The numbers in the spheroid (top panel, 2nd from left)
indicate the regions of interest, where green fluorescencs gaantified (B) Quantification of green fluorescence in the cells
indicated by the numbers in AC Quantification of green fluorescence in the bile canaliculus indicated by the arrow in A
(bottom right panel)(D) Stills from a sandwich culture aftezpeated addition of CMFDA (four times) to the culture medium.
The numbers indicate regions of interest, where green fluorescence was quar(tf}€liantification in hepatocytes ar(@)

a bile canaliculugTaken fron{80]).
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3.2.4 CMFDA kinet&in primary human hepatocytes

After the in vivo in vitro comp#son in mice showed that the cultivation of cells in a sheet format is
more appropriate forthe CMFDA assay,-GMF secretion in both sheet formats (monolayer and
sandwich) was tested with primary human hepatocytes. The monolayer format, in which the
hepatacytes attach to collagenoated plates, isasy to handlewhereas the sandwich format, in which
the hepatocytes are cultured between two layers of collagen, is more complex and, for extawpis,

the formation of bile canaliculi.

To compare the excretiokinetics of SCMF cryopreserved human hepatocytegere incubated with
CMFDA one day after seeding. Following the addition of CMFDA to the culture mediuraCME 5
associated signal showed a transient increase in the cytoplasm of the hepatocytestfondrmtlayer
and sandwicl{Figurel5A). For themonolayer an increase in intracellular fluorescence was observed
immediatdy after the addition of CMFDAgllowed by a decrease in intracellular fluorescentae
fluorescence irthe bile canalicullike structuresremaineddetectableuntil the end of the imaging
period (60 mimtes). In contrast, it took 15 mirtes before the maximum intracellular intensity was
observed in thesandwich culture. A possible explanatian this may be the delayed passage of the
CMFDA to the hepatocytes caused by the upper collagen |&@rertheless, the canaliculi were
already visible at 5 miutes, most likely due to the high affinity of export carriers taCMF that
facilitated its enichment in the canaliculi at already low intracellular concentratisitich were

present 5 minitesafter the addition of CMFDA.

Quantification of cytoplasmic fluorescence over time confirmed that both the increase and decrease
of cytoplasmic BCMFassoci#ed fluorescence occurred earlierimonolayerthan insandwich culture
(Figure 15B). Moreover, the hallife of 5CMF was shorter in ML (8 nuites) compared to SC (16
minutes). Thus, although botlsandwich cultureand monolayer successfully cleared-6MF from
hepatocytes, supporting their suitability for the export inhibition assay, we nevertheless selected the
monolayer culture for subsequent studies, primarily because they are easier to handle and
standardize. A mjor challenge faced with usirsgandwich culturés the layer of collagen on top of the
hepatocytes that influences clearance kinetics. Consequently, it is not sufficient to only standardize its
thickness, but also to control the individual collagen géthes with respect to their capacity to bind
CMFDA and-EMF.
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Figure 15: Optimization of the CMFDA assay in human hepatocytés) Human hepatocytes cultivated as collagen
sandwiches or monolayer cultures in the presence of CMMoale bar: 50 pr(B) Fluorescence (excitation: 488n; emission

band 503558nm) in sandwich culture and monolayer were detected by laser scanning microscopy (LSM880). The three lines
of the plots represent mean values and standard deviations of %omegof interest from each condition. Maximum
fluorescence was set as 100% for each conditibaken fron{80]).

Since the assay was intended for a-@éll format using fluorescence measured with a
spectrophotometer as the quantifiable endpoint, we next studied the reproducibility of the assay using
hepatocytes from three donors plated icollagencoated 96well plates Measurement with the
spectrophotometetead to a pealof intracellular fluorescence at approximately 10 oties after the
addition of CMFDA followed by a decrease with relatively smtall-individual differencesHigurel6).

Since the degree of clearance obtained with thev@8l fluorescence reader was similar to that
observed with the confocal microscope, and the results were reproducible gtherdifferent donors,

subsequent experiments were performed using thev@d| format.
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Figurel6: Intracellular fluorescence of primary human hepatocytes cultured in collageated 96well plates from three

donors after additiomn of CMFDA to the culture medium detected with a spectrophotometéExcitation: 485; emission:

520). Data is expressed as mean+SD with 6 technical replicates per donor. Maximum fluorescence was set as 100% for each
donorindividually (Taken fron{80]).

3.2.5 Transport carrier expression in primary hurhapatocytes

Since previous studies with rodent hepatocytes showed a rapid loss of ecqroktrsin monolayer
culture [104],[105], we investigated the gene expression of two important expartriers(BSEP and
MRP2).

Primary human hepatocytes were harvestéiectly after thawingdd0) and one day after seeding (d1).
Subsequent gene expressianalysis showed thdahere wereinter-individualdifferences between the
three donors but in total MRP2 was still expressafter one day of cultivation, whereas BSEP

expressiorwas almost abserdfter 24 hourqFigurel?).
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Figurel7: Gene expression of MRP2 and BSEP in primary human hepatocytes after thawing and one day after seeding.
Three differenthumandonors were tested. Data is expressed as mean+SD from 3 technical replicates pettimdicates
p < 0.01, *** ndicates p < 0.00&ompared to d®f the respective donor
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Since RNA can be degraded quite quickly, but the protein can have a much longéde halé
investigated BSEP expression via immunostaining and confocal microscopy in monolayer cultured
primary luman hepatocyte®ne day after seedingVe observed a relatively large fraction of BSEP in
the cytoplasm and cytoplasmic vesicles; however, the carrier was also located at the cell membrane
(Figurel8), which correponds to the observed export activityhese results suggested the use of an

early time pointd ¥day) for the CMFDA assay.

negative control

Figurel8: Visualization of the export transporter BSEP by immunostaining and confocal microscopy in monolayer cultured,
cryopreserved human hepatocyte8SEP = green, Hoechst = bMembrane loc#ization is indicated by the white arrow.
Scale bar: 10 pnfTaken and adapteftom [80]).

3.2.6 Influence ofglutathione levedon the CMFDA kinetic

5-CMF is exported from hepatocytes as either itself or as a glutathione (GSH) configate12),

and to our knowedge, the export kinetics of either has not yet been quantified in human hepatocytes.
In order to test the robustness of the assay, we investigated whether glutathione depletion or
oxidation ¢ relatively frequent mechanisms of hepatotoxic compounds, mélyénce the results.

Thus, if 3CMF and its GSH conjugate are exporadlifferent rates, then compounds that alter
cytoplasmic GSH levels, for example, by conjugating to GSH, may influence the results of the CMFDA
assay. Therefore, we used two compouriat have been reported to alter intracellular GSH levels,
DL:buthionine-sulfoximine (BSO), an inhibitor of gara-glutamylcysteine synthetadd06], the rate

limiting enzyme in GSH synthesis, and the NRF2 activaetbbutylhydroquinone (tBHQ)107].
Incubations with BSO and tBHQ were performed foh#&forethe CMFDA assay. BSO reduced both
GSH and GSSBdurel94), while tBHQ decreased GSH and increased G536 9B). However, at
non-cytotoxic comentrations neither BSO nor tBHi@luenced the results of the CMFDA asdayg\re

19). Only at concentrations where cytotoxicity occurredl(>uM), we observed a decrease HCMF
associated fluorescence. In conclusion, these experiments show that neither decreased intracellular
glutathione levels with BSO norS@ oxidation with tBHQ at negsytotoxic test compound

concentrations influenced the results of the CMFDA assay
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Figurel19: Influence of the glutathione content on the CMFDA ass&ultivated human hepatocytes (monolayers) were
concentrationdependently incubated with BS@) or tBHQ(B) for 48 hours. Intracellular concentrations of reduced (GSH)
and oxidized (GSSH) glutathiottee fluorescence of 8£MF in hepatocytes after exposure to CMFDA, and cytotoxicity (CTB)
are shown. Dat is given as mean+3® at least Zechnical replicates indicates p < 0.05* indicates p< 0.01, *** indicates

p < 0.001, ns indicates no significant changes comparedntrol. For the CTB assay only a significant decrease in response
is given(Taken from[80]).

3.2.7 Graphical SO&#hd exemplary auesof the CMFDAassay

Based on these preliminary experiments, we defined all relevant experimemditioms in a standard
operatingprocedure (SORwith the following main steps: (1) Thawing and plating of cryopreserved
hepatocytes on dayl; (2) testcompound exposure for one hour on day 0, followed by 20utes
incubation with CMFDA (in the presence of test compound); (3) analysis of fluorescence in the cell
culture supernatant; and (4) analysis of intracellular fluorescence after washing celBB&thigure

20A).
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Figure20: Experimental schedule (A) and results of the CMFDA assay of four test compoundBh@jndicated protocol
was applied to primary human hepatocytes and corication-response curves were determineBxemplary curves are
shown representing the median of 3 dono@Grey dots represent the results of three technical replicates, black dots denote
the concentrationwise meanThe blue and red lines matike EGo. (Taken from[80]).
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We next analyzed different ogentrations of 36 test compounds with the CMFDA assay using
hepatocytes from at least three human donof@ablel9). The test compounds were chosen based on
their known capacity to induce human hepatotoxycind o inhibit BSEP and MRPEh increased risk

of human hepatotoxicity has been documented for 18 compounds based on a specific treatment
regimen; whereas, 17 compounds are not known to cause an increadedfrisepatotoxicity
Acetaminophen (APAP) was alsolided among the test compounds because of its ebsgendent
hepataoxicity, i.e: a Guaxof up to 1.09 x 16 mM does not induce hepatotoxicity, while afof 1.21

mM or higher is associated with an increased risk of human hepatotoxicity. For the ssleeted
compounds, it is not possible to make such a differentiation because information on whether the risk
of hepatotoxicity increases with dose is only reliably documented for the therapeutic regimen. Twenty

of the 36 test compounds are known to ibitiBSEP atior MRP2 Tablel9).

In principle, a test compound can interact withCBF and alter its fluorescence which would
compromise the results of the CMFDA assay. To control for such effects, fluorescencuzded

with all test compounds using the concentration range of the CMFDA assay without the presence of
cells AppendixTable24). None of the test compounds caused a change of the feamece intensity

that exceeded 10%, demonstrating that interaction of the tested chemicals with the fluorophore did

not compromise the results of the CMFDA assay.

To illustrate representative results of the CM¥FRssayKigure20A), two examples with expected
positive (cyclosporine A and troglitazone) and two with expected negative results (chlorpheniramine
and theophylline) are showrF{gure20B). Data from the complete setf compounds are available in

the Electronic supplementCyclosporine A caused a concentrati@pendent increase in fluorescence

in the hepatocytes, while the fluorescence signal decreased in the correspondingecuoiadium
supernatantsigure20B), a scenario that fits to the inhibition of®GMF export. However, fluorescence

in the cell and the supernatant were not just an inverse of each other, but rather the intracellular
increase in signal occurred at lower concentrations compared to decreased extracellular fluorescence.
The reasons for this deviation may be manifold, e.g. dilution -&M3 in the volume of the
supernatant, or compoungdpecific mechanisms not specificalgdressed in this study. Troglitazone,
another hepatotoxic compound and known BSEP inhibitor, caused a concentapemdent
increase in intracellular fluorescence values, and a concurrent decrease in the superrsatimilar
scenario as seen for dgsporine A Figure20B). However, the dramatic decrease in fluorescence
values observed at the highest tested concentration of troglitazone (100 uM) was due to cytotoxicity.
In contrast, the norhepatotoxic compouds, chlorpheniramine and theophylline (both known not to

inhibit BSEP or MRP2) did not cause any statistically significant increase in fluorescence inside the cells
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nor a decrease in the supernatafigure20B). Tke decrease in intracellular fluorescence observed for

the three highest concentrations of chlorpheniramine is probably due to cytotoxicity.

3.2.8 Graphical SO&hd exemplargurvesof the CTBassay

Cybtoxicity was tested by the CTa&ssay Figure 21), where primary human hepatocytes were
cultivated under the same conditions as for the CMFDA assay, analyzing at least three donors per
compound. The same test compounds are illustrateigure22 as for the CMFDA assdiqure20B),

with data from allbthers summarized in thElectronic supplemeniThe comparison of the CTHdure

22) and the CMFDAF{gure20B) assays shathat cyclosporine A and troglitazone inhibited export
carriers at norcytotoxic concentrations; whereas, naytotoxic concentrations of chlorphenirangin

and theophylline did not block the export ofGVF.
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3h 16-20h 48h , Medium change
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LI 1 g Tescomsouna

100 U/ml penicillin, 0.1 mg/ml spreptomycin, 10 ug/ml gentamicin,
100 nM dexamethasone, 2 mM glutamine, 10 ng/ml insulin

10% 0% FBS

Figure21: Experimental schedule of the CTB assayB: Celliter Blue, FBS: fetal bovine seruifT.aken from[80]).
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Figure22: Exemplary cytotoxicity curves from the CMFDA assay coombset The CTB assay was utilized with primary
human hepatocytes after 48 h compound exposure. Shown concentregigponse curves represent the median of at least
3 biological replicatesGrey dots represent the results of three to four technical ks, black dots denote the
concentrationwise mean The blue and red liremarkthe EGo. (Taken fron80]).
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