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Abstract

Theet er mionfpd n wtnoixs cam yi mportant el ement in th
various substances, with the purpose of preve
human health. Genottoxiedt yoteatingliassege of

bi ol ogical agents, which can |l ead to a wide r
decades, there has been an ongoing shift towal
since a singlud fiesenisfootthe detection of a
consequently, a variety of complementary test]
used. I n addition, increasiimg vemaigreoas | swhsclgi ¥
on t h et ogxeinc effects of chemical s and envir
contributing to the reduction of animals used
I n t ox,i choel poagtivi wd iamensi onal (2D) cenvemoidenasl! I
used for deterimmgiefgf ¢éebtes daimglvemithall £ s s, t he
demand for new approachesobasewcuyiehdl ymi ekead
because they | ack expressiondnoft hi mportspretct m

develionp evdhtrdepeme nsi on &la s(exdD )moadellls are gaining i
more realistiikcal icied d mibtealtam inttodmel ccnrdoi t i ons 3D mo
give more accurate results compared to 2D <cu

alternatamemal testing. Even though 3D cell m
they |l ack standardizati on, in particular i n

characterwhiach omrevent their gener al use in t|
Thi ssitsheai ms to validate and optimize an appt
of chemi catlsc elinlnualvade pceel | model (spheroid) dev
hepatocellular carcinoma (HepG2 and Hep@pG2/ C3A
and cultured in a dynamic bioreactor (Cel Vivo
the newly developed 3D tal wiomaddlisontse ttthearn itlrl
monol ayer cell cul t ur es mastirnicxe -atahldd ryaiehttdivaen s ,mpa ¢
wel |l as ipr eecsiesNrov epdhenot ypes. Moreover, we showe
the cultivation period -apdcafhicghenceéxpmaessaindr
phase | and Il metabolic emRdDymodeils.3D model s
I n the present studypcwhblnapwgbDirmddebsetuhepred
static and dynamic conditions for the assess
xenobiotic compounds. Compar ed tv@tzZ@®|ldelnmodmedd
showed i ncreased stability -taemrdm vexapdd urtes, tvhl
particularly important in studying genotoxic
humans are exposed in everydaysds freev evolreed vtehr
cel l model s express meanadthar akcote hetpad metaakedll i
hi gher extent than 2D model s, showing -a highe
acting genotoxic compounds.

We believe t haltopehdd dweephdllDu Icdeelvie model s, due t
complex structure and i mproved metabolic capac
for genotoxicity studies as well as the regul
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Povzetek

Ocenaot gksai Cnosti je pomemben el ement pri dol o
in sicer z namenom, da bi preprecil:i vpliv s
testiranje genotoksi cnosti potrebhmo bial usli |
dejavni kov, K i |l ahko privedejo do stevilnih

adnjih desetletjih vedno bolmetospgotkess@ajinamnaon
am test ne zadostuje za odkriviamkeve stedirt @@jojme
a testpoampobniabridazl i ¢ne Kktoanprdiekmenitrmrmet odol oc
ega je vse vecCji p dwnd aviedkd @h a h al tker nsaet i v éd
enotoksi ¢ne ucinke kemikal.i]j i n roinsepsenvaazjeov ak
manj sanju stevila Zivali, ki se uporabljajo

Trenutno se za wugotavljanje skodljivih ucin
vi tdvmdi menzi modehi cle@DPojlavlija pa seewaendineo v e
po novih pristopih, kar pomeni , da je treba
nadgraditi, S aj pogosto dajejo l aznokapozi ti
pomembni h presnwevnciehl i eabi nmoeviz a modiiel o v ga s e

pomemisn novoimawxwitirehmenzi onal ni h (3D) celi ¢
realistic¢no poshamajnoda¢e¢mnmj eaatahiCoejns evirterzoul
V primerjavi z 2D kulturami. Tako novoénoazvit
alternativo poskusom na zivalih. Ceprav imajo
tradicionalnih 2D celi¢nih model ov, jih je z
Predvsem je treba pril agdgusliteéezrmpoionbkmtiletbagroj e
omogocCil o njihovona spedrlonéjnw guepmetasbkoe t oksi kol
Cil | doktorske disertacije je validirati i n
aktivnosti k e mi k av3iij rcoed i jCentermn enro d eol ug a( srfaezrvoiildi)
dveh ¢l oveskih hepatocelul arnih karcinogenih
met odo, ki uporablja centrifugalno silo za n
stati¢nem sistemu in v dinamic¢nemob)oséeakemus

al
c

NQ *+*N O N

Pokaz i s mo , da novo razviti 3D ime |lvkiovho mo d
tradi ionalne 2D celi¢ne kulture, s aj i maj o
matri ksom ter med sami mii nceviéevca mii P okload atlwi.d is nooh,
da se v novih jetrnih 3D modelih proliferaciij:
z 2D model.i pa je povecano izrazZzanje jetrno
presnovne encime faze | in 1.

V. doktorski disejeiarw negd3 D smmod enloev, goj ene Vv S
dinami ¢nih pogojih, uporabilii za ocenel esd ot o
t ujsiphoj i n. V primerjavi z 2D model:i so 3D mod
celic. Z i zrtamie n i3nD noadsetlnios omogocaj o prouc
i zpostavl jenosti razli¢nim spojinam. Pomemb |
genotoksi ¢nih spojin pri nizjih koncentracijal
Poleg tega so aneairiazvpnoik azet anskdeai pDomsel i €ni mc



Xii Povzetek

ki seza@awiv z met hhst njgtanonmihi nve lvie€ ji meri kot 2D m
kaze na vecCjo obCutljivost za odkrivanje posredn
Z raziskavami s noo rpac3kmnptailel ] gde@tnavh celic zar a
zapl etene strukture i n i zbol jsane presnovne
eksperimentalni mo d e | Za truide g tei rgaemjoe orkosvi i¢hn okse m
in izdel kov. Kl jbunbo t3eDmuc epa Cjnee protdred e nadal j e op
obnasgalneddeel i t @ vo dczenla cgenot oksi ¢ni stres, da bi ©bo
l astnosti celic v 3D model u. Novi jetrni 3D mode
med r aziiskiatvraomst udi j a mi na zivalih.
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Chapter 1

Int roductio n

1.1 Genotoxicity Risk Assessment to Protect Human and
Animal Health

The determination of genotoxicity iod amulitmmpadret

types of product s, including i ndustrial che
additives, cosmetics and veterinary drugs, Wi
environment al health (Corvi & Maids apanrt0ildyl air
i mportant due to the increased number of <che
which humans are potentially exposed (Claxton
mechani sm i s damage to t he genetiideer magertiheel
carcinogenicity of chemical s ulDNAda naghee(nGuo e
not epailreaad, rtroever si bl e damage, such as gene

aberrahi@téams be transmitted to the gexm gehksat
For a sufficient assessment of genotoxic eff

evaluated (structur al chromosome aberrations,
aberrations) and the foll owingngrwicteldua ec a sc &
s hetretritn vgdont @ X it eisttys endorsed by several i nt
( OECD, |l HC etc.) (Corvi et al ., 2013) . I f a ¢

basic teditns vmdtarhod hiegt i ¢ gtmedi,ed odrleowedr fimm spe
in uviewdaing (Corvi & Madi a, 2017 ; Kirkland et

for humans (Kirkland et al ., 2005) . At this
met abol i-campgt @aon r odcertl dr nfesmgrhuman | ymphob
mouse | ymphoma cells (L5178Y) or Chinese hams
increased number of compounds i s subjedtvot o

genotoxicity testingson oenl eal .e,t 2a014) .2012; Wa
Al t hough maniyn ofastsmgse are Dbeing used succ
genotoxicity, they cannot fully replace ani ma
safety of swibsetanale.s, (200dUi3nNk ke &mudlt.hefr2moC=, 2006
and Speit, 2008) questioned the specifi-city o

mentioned | imitations and misl|l eadiondyevpd soipt i v
i mprovedi mémeieonal (3Dhathuamae model seltievant i
vigonditions and could be considered as a pr ac
Mor eover , the 3R strategy (reduce, repl ace, r e
Eval uati on, Aut hotriioznatafonChaenrdi craelsst)r ifcocuses G

optimization of time vtuessat ionfg a(nGomavis & oMadi a, 2 C



2 Chapter 1. Introduction

2009) and highlights the ne-bdsiemr vnitottdreeol e \t hlad p me r
can more readlcinmtwielad | pemami or and can provide m
compared to 2D conditions.

1.2 Xenobhiotics

Xenobiotics are chemical compounds (pl ant i ngr
flavorings, food additives, ipoadlulst paetsiencthhe mi cal :
l' i ving organisms but foreign to them, meaning th
metabolic pathways (Park et al ., 2014). The maj c
the body tshrdoiuegth, odnrei nki nga dwaitreirs,t raatri,ora,ndt layw gar
present 4 haarni mhler concentrati ons and | at er enc
detoxi fication processes (Patterson et al., 2010
is a biochemical modi fi cadmebtpa beol zicmea® bhabl es su
excirodnydrophilic products in | ivipnhgassodisgpasne sms. Tl

enzymes (cytochrome P450 oxidases) introduce

iPhak ek, the modifiedcocompganedd @o pod aby compoun

I

[

transferasePlakllmest;hada idgnjugated xenobiotics ar
in the next step recognized by efflux transport e
Sen, 2013). Oodgatnhat xiemdbbdetda damaging effect or
i nto two typaecst,i nig. ea.nadd fiicnedgi proeucriichsc k owi ak & Wang,
2016; Patel & Jyoadt iSreq ,x @dlB88 b e Dt & eqriitri é ¢ tcl yan d
react wimbh eaules to pr.od@Qncet hteoxotcheddternd, i ndi
chemicals are not primarily reactint®, reactheg
el ectrophililm igretmn&eemthdj at ety of environmental po
acg(Rark et al., 2014).

1.3 Hepat ocellular Cell Modelsin Genotoxicity —Studies

1.3.1 Two -dimensional (2D) cell models

on developed the <cell culturing process i
of nerve fibres (majrar siompredv erhent sl 9v0€Er) e
cel l culture technique, such as the devel
urce of nutrition was supplemented by a sy
iotics and antif dmgalcseltlhactul ambar ésxHrBd prsil a tn

ocogow

The standard toxicological approacihn twi veoval uat
studi es. Due to concerns about ani mal wel |l bei ng
strategy, the devienwiofwmdrnturef syusitteanls| ehas become
toxicology research (Soldatow et al ., 2013) . Th
met abolism of various xenobiotics in which the ¢
meaning thabht eaommounds mi ght be donwearnead ait mtso
(Hinson et al .f urdd®Y)ep alcheeli Imualvrawot dreol i's to be abl e



1.3 Hepatocellular Cell Models in Genotoxicity Studies 3

detect relevant endpoints, i n particul ar as
compounds ( RYfif8i)n et al .,

Tradi tiionatiéiylo cul tures are typically grown
sur face, mo st frequently in cdishesg, fiWab&B en
cetladel | contact only at thei opeedphatp. aAsmsmoan

il

f
mor phol ogy rather than p ng on top of one 8
homogenous amount of nutrients and growth fact

Edmondson et al ., 2014; WiHEtesicmskiur @&dFéewn, 2P0 ¢
of ten proliferatei nmotrimei wweomidd,Iltyi mamdamore cel | .
synchronized in the same point of the cell cy«
the surfaces and can behazmageé |l gf remevmddit hmo ( £
2015; Edmondson et al ., 201 4; Fey & Wrzesinski
Cells grown in monolayer neamdi tsit gretviowhoeval dgener
noappear v(iiFviogu)le (Ti&dbAnDset h, 20009) . Mor eover
processes, including cell differentiation, pr.
expression, can be affected by the unnatur al
ton wiodel s (Kyf fi2r0l1le8t; &mith et al ., 2012) . C

may not adequat el ymiwmamienvi h®nment uanmbraadah yt h
respond to toxid eiards tlot miwHiealitnlgpemr esul t s.

Figudtdhe effect of changi nign tyld rdoamiolno | @iy @ wn
model . Over the time of cultivation, the cel
USA, 2020) .

13.1.1 Primary human hepatocytes (PHH)

I't is gener alhluynaac pe p tmad yt hatpat ocytes (PHH) s
for metabolic and toxicity studies. This is d
phase | and || met abolic enzymes relevant to
ot her characstieach sascthe -ep@ciefsisc omnr @ s ploirvteerr
detoxi fication, glucose metabolism, as well a
& Wr zesinski, 201 2; Godoy et al ., 201 3; Har ri
2001) .

Neverthel ese, idohaesswrbea cakrse r el at edi solRthledappl i c
vi tTlbese include: c ccnup Iteuxr i inggmladbti ilcdert yasnt b e x p an
dedi fferentiation and | oss of the flepatciec phe

to the polymorphism of donor s olfitmint @d eswaitl ab

and high costs related to the performance of
l' i mitations, PHH are not sutiyt atbelset ifrogg, rsoouta neo
has shifted t oowaeldtise tuesviendg cheelplatl i nes and ot her
et al , 2011; Dvor ak, 2016 ; Kyffin et al ., 20
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13.1.2 Hepat ocarcinoma -derived cell lines

I n recent dyesctaedness , wittehs t h esp a t-doecreil vl eud ahlr u ntaanr cd enlolmal
such as Hep G2, C3A, HepaRGTabuEHG6E WhAadH mBeay easts htE

assessabl e, have a high reproducibility of resu
met abol i d nemwayhmevse been introduced to routine ge
et al . | 2015; Guill ouzo et al . | 2007 ; Shah et al
Fey, 2013). The aforementioned cells are a good
t he eesxspiron of several i mportant enzymes involved
al ., 200 8; Nakamur a et al ., 2011; Wil kening et a
characteristics and the nuclear trangrcadatpti on f
i mportance for drug metabolism and toxicity resp
of hoecpealtt el as ( Dur et et al ., 2007 ; Hurrell et a l
Nonet hel es s, the cruci al l i mitations while usi
low expression of CYP450 enzymes, xenobiotic rece
Hughreusl f ord, 2009; Kyffin et al.,imRO0A4AiB®a nds a r e

adequately expressed. mh prmreofdurce, md wedod achéiIrclp | Mo o é
datwdi ch tloeadsnhecesusparaynifnoalll dawsti ngThES&eabbgseet al

mentioned | imitations have | ed to the devel opme
t hrdeiemensi onal (3D) <cell modenl sworwhit cbnsmornedclgoy
more promising results regarding human exposure
repl aceidme wi onal (2D) models on a | arge scale.

TablleProperties/ char actaoidatrii v dodcerediderdttiende sa s
advantages and di ssadvantages

Cel | [
Properties/ characteristi
(2D mod
-Nucl ear transcriptiof@l §6hckawa3)dtfa). egx
Wi Hdy pe tumor s uexpprees(slsere nPP3r k, 2015)
-Avai | gICialsittey I et al ., 2006)
8 -Growt h without | ickiwodtddmarrandriaei da e
a resgiCastell et al., 2006)
;’ Simple wandal iemgy cu{(deneepretoabl s 201
-The phendothy phiewat dcsytheot compl;etely repi
-Many phase | and |1l enzymeSJamnmremodt sa
-The assessment of many genotoxic com
inaccuCadteel |l et al ., 2006)
—~ -Moraedvant ageous arheardemeadmspgatced t oHdmhG
Y g celFey & Wrzesinski, 2012)
8/ o -Exprestsyme |tdumor s u(plpeae s& oRrRgrTkP,532015)
- ; -A more reflective mode(Fépr&hWpae it oxk
8 o -Cont-achi bited growth <char afcdateaprsdti eisn
o z producti ono, paboilliifteyr at e an-deftihcii evrdt F & me
g Wr zesinski, 2012)

-More diffamenhame @edmet abol i cadeélyp mEdadtv)
comparison with the(pateonn Héep&2.celRD1
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-When grown as 2D, they showed | ow funa
to human hiepaYicegkes!| et al., 2016)
‘Low CYP activity andNedoorn seus tadi.na Ri0llii
-Hepatocell ulder i v2dcicedmal i ne;
-Expr estsy pvé | tdu neosrs osru(ppps8en et al ., 201¢C
Sevephlds ¢ enzymes and me médr an e x pwha ke
comparable to freshly isolated Odecmén
2010)
-An undi fferent iaztgadwhmesr ppbededy at Man d @nv
201%9)
o -improved CYP450 expriehabieon espeaetvibtaerc W
?é (Mandon et; al ., 2019)
o -More sensitive to expression of phase
I ce(Kyffin et al., 2018)
-Require long culture procgdXKwrfd i(hcoegt ad
AAvailability to al(lMamaosmaredheads ,i 201191
-Derived from an individual with poor

(Kammerer & Kiupper, 2018)

2D cultures of HepaRG celpasthd@hanbbedttv
2011)

-The | iver met alolei zierpgo aft wmdotnied ns(i khagnhnee r(
Kipper, 2018)

1.3.2 Three -dimensional (3D) cell cultures

1321  Asystematic overview of the field

When culturing ytshemsel Itheiyn fdDms aggregates a
(Mehta et.TAk. us20a@af2)3D models has significant]|

as novel preclinical test systems and as alte
desire tothemp3Rmetntategy in research (Augusty!
201 4; Pfuhler et al ., 2020) . T hien rwvemloened sc @ so f
al so highlighted i n t he Eur speRBACHhepi ¢e@d an
(Regi str adtuiacstni,on EvaAut hori sati on and Restrict
(2007/2006)), as they decrease both the cost

ri sk assessment

I n order to provide a quantitatiowaeelsBltaermat i
modeansd spebeéepictedIBIDYy model s i n human toxicolog
bi bliometric anadtuyssitsqg iwdhe thi fayl | tolwe most si g
aut hor s, journal s and countries in t hteedf i el d
bi bliographic and <citation data from the We
appropriate operators OR and ANDEBace wled moadsl |
B cel |l octud AHdeieme nsi onalo® tdkdeiemmodelonal ecel | (

s pheo diedp,at @dyeteeeHE p @ANd N wWi.GQuro search yielde
publications oxzedBYP2 mwgehaspat
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A quick overview of the dataset reveals that t

from 1991. The mwmmbegrr aodfuaddlyl iicmeactrieased from 3 i
In the | ast couple of years, the field started
articles in 2015 to 178 and 166 pub(FBYedeartic
1 )2 These reesstulttlsatsutglpe reseaoch|l BDIl eddstltsdybsng
relatively young. Furthermore, the number of <cit
2014 to 6050 citations in 2018. This exponenti a
i mport amce ionft er est in applygcebBBhdeldlevmbdepl a8g h
the |l ast 5 years, the research field has also
countries publisbialgB RBrrad ddles roemv dialpatt hat reseal
on nearly all continents in the world. The main
508 published articles, followed by China (286),

200+ = G000
1604 5000
F
g‘lm- = 2000 %
: 5
f 20= = 2000
0= == T T - T 1 T 9
191 1895 1688 2003 2007 2011 2043 2018

Year
No.of citetions === No. of publications

Figd2€he numbecaobifopsb(lieft) and the number of ¢

on 3D model s, showing an inccelh&ildaeéInlt emeddel $.n a
To get a better grasp of the structure of t he
coupling, wHucbdwhyg Kessber in 1963 and connects
jourlmamadestdhennumber of citations theWYsismagrtehil ®o mi |
apprpopawé utilized the VOSviewer software package
a thorough discussion see Eck and Waltman (2010
steps, Ftrstquires a similarity matrix as input
normalize it. Second, it uses the similarity mat
map . ltems with a higher degree of similarity
mimizing the weighted sum of the squared Eucl i d:¢
Third, it performs three different types of tran
and reflection, in order to produce consistent r

The map of mpbet amots t(iogukByeal Bows wus to disentan

structure of the oecsleDIchodealed .d Wen shegaftour di ff
of journal s. The Dblue <cluster generally repres
bi ochemgicraderci ngedtBDhaeapat models and the enginee
ti ssues faoer $ao bheecpea.t The green cluster is strong
cluster and contains journals that dedls with bi
interested i n topics that concern cancer bi ol
devel opment . The smaller yellow cluster of jour
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(geno)toxicology research, pharmaceutisal app
The | eadi ng jmoruginmdcedruisrigerhear e Bi otechnol ogy
Ti ssue Engineering Part A, Artificial Organs
|l eadi ng | oadbri manladoeitri attl g ar e Bi o maadretrsi aa nsd, AScctic
Bi omateri alamcerlabltansebgry, the | eading journals
Bi ol ogy, wdeg d reo )itnoat lkkewd togry, iTmxVamwmd o §ychi ves
Toxicology are the | eading oneos.nsWdetawrewmbst
journals indicating a higher degree of interat
some strong connections, mo sae n g b h @dlt ysntheert waered
journal sbiionmatiadesl iuslt e r , as weal | tbhiees mg toaarnidall ss
Gfeno)t oaxcilcucsltoegys. We can adlcedt3@bmedeéest hat pa
i mportance in journals concerned with toxicol

art !lt:*prp:s

tisaue afjgineering

o ‘:'W“°ﬂfcall tradgiantation

ENGIEETNG [Clma

» - ] bt
bistechrolopyiand bicenginesg aochermicat

tissue engif@ering Nnﬂ w

tissue enginesfifig pastie-meth FRaE oF Ce
r, -

@

AN jousigl of pahology
jetrual Calfgpalciany

nal of maagriss pplerpt s b'lﬂwl IS
el intanatona

reth A phTe S WO il o gl st rce Tl O

i

L -

pinfaamiearion o -gcta.blqyterlﬁla bl Heaceshios - Carilic @eeech
-

bt 5._*-1 R oy lop e

tokiColaRy Tn vitrohe, 1 = SRt o Rl rug v gy
¢ 3 L]
- g e
cologgresearth —=SERe pOITs .

b i el st e oo

vehc Mgy ancd apgibed phariag

penotgenca #renives of toxioalogy

B VOIS ewer

Fi gu8e Groups of foelk daddcde IhBalpladgheel | cul tures. T
were obtained wusing bibli&gmehr icod sciagumdhldenlyy ( V
VOSvi ewétwapresents a Tdhid felrreemeplictek tutseites .j our na
are focused onng¢gihmeeabn d cthpheemiecragi neeer i ng of or ge
a hopaet $ ab.dleg r ecelnust er sjrepefresdeursteido mant, ehii laéd s

redc | ugtepmr ejsewnnesles ncianngc er bi ol ogy and astdem ce
vel ewtast andj@uf ofedisenl( wgeno)t oxicol ogy research
applications and thes metabolism of xenobiotic

1322 Hepat ocellular 3D cell models wspheroids

Spheroids arcealud@Bebshemnuct uromme rodprtexee moistg com
to culture cells in 3D (Fphlarmrei ds 49 o ntMeihrt ac elt |
stages, which often comprises proliferating,
( Km, 2005) . Because of t hecenmodr ei nntaetruarcatli o3 B
extracellul ar matrix interactions that appeat
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nat uirnal winwd r onment and create a complex microen

Gody et al . 2013; Mandon et al . 2019; Pfuhl er et
al. 2019; Wrzesinski and Fey 2013). Due to the 3
in comparison to 2D model s, as regulear atlrypsini

2014; Wr zesi nsKki & Fey, 2013) .

v .
. —_— / .
e/ /e
® / N7 W) ) »
L0 ) /
~ - /
. /_. . \

.Tissue
Figa4a€he effect of changi ng v3 e(oscpeh d rsoligde)o wmo d enl .a
presence of anelBICGih iadtl miwis & h3ED cstatuiCoORepeoanrtl or ga
USA, 2020) .

Spheroids provide a closer depi-di mensibodbnalkl!lfopwml
(monol ayer) the cells are omry sgadt i al2l0yl 3P ol &rpih:
are usually comprised amf otuhtreere pmailn fzormdd:ngi rin
viabl e zone, and iii) an inner necrotic cor e, w h
of nutrients and oxygen creating hypoxic conditi
al ., 2012, WrzeBlayp kX )Feglmids kind of cellul ar f
remar kabl yi nsiwiiM@awes o( Mehta et al ., 2012).

CO,, wastes

——————————————————
O,, nutrients,
growth factors

Proliferating zone -

Quiescent viable -\ ----
cell zone

Necrotic core

FigdahA map of the wusual zones-do fmeaeslihierrpotiodlsipf er at

where the models of oxygenati on, nutrition, and
al ., 2014).

An additional i mpor baeti 8 &dlealalnt mgde loF2 herpmar ed t o
model s is that they enabl e pegaodeod getda leixlpiotswr ®isn «
retain a high sctedhib ewihaoldiolgiyt yoveerd sever al weeks (
Finally, through an anal ysiasbunfdamaeremed xafprod s <i or
profil es, it has been demopmethrnaiy@ei ft haantslpyhhemort
relevant wiseacaompared to 2D monol ayer cultures (S
al ., 20109; Wr zesi nski et al . | 2014) .
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13.23 Techniques for forming spheroids

I n order tno piikaeucsa ructur es,ersfeuvseiroanl tsetcahtniicq t
culturing 3D cell model s (spheroi dadhehsaiviee b ¢
surfaces, spinner flasks, hang-mogldraog ¢B8Fearl
ODriscol I, 2013; Fey & Wrlzb)s.i nAlkti h o 2gOhl 2t; h eRsaev i
which we detail bel ow, of fer sever al advantag
chall enging, and require appropriate faciliti
met hods for generationgcd8®d Bpbatbndsmatbodheéel ¥
2006) and the hanging drop method (Kelm et al
are that they are easy to handl e, are gener al
densely packed r atgireerg attheasn, laonods et hceeyl |s haogy | 0w
(Bresl iDmi &c @I | 2013) . Particularly when wusi
generated spheroids are easily accessible fo
addition, the meitthtlodhhirgdughmppuatt idorlueg ww esti ng si
are usually geme3ddeld pilnatae ,96whi ch facilitates:

number s odfogmaragHoy homoglkwascsu s@hEubbdes, 200 ¢
advanced t ecyhnnaidgiacesd aapprdoaches for the creat

can be split into two categories: (i) spinner
bi oreactors (Fey & Wr zesinski, 201 2; Goodwin
spheroi ccsedarientwl aa bi oreactor and the content
gently stirred or the container is rotated. T
spheroi ds, resulting in a higher diffusion of
preventing the formation NOfi sacokktyo20t3coFey (&
2012; Gong et al ., 2015) .

1324  Hepat ocellular 3D models in toxicology

Thbramdhresearch conceacmdlnigulteBiret rooede bt hepahe

of ogeriicd tyt il | relativel yt yoallBlfulcah|l | emode | § i
mostly used for drug development, extensive i
devel opment of 3D cell model s used for stu
chmos omal instability (Shah et al. 2018) and I
al. 2019; Stampar et al. 2019) induced by chei
al ., 2020) . For this purpose, progrebseenn t he
made for skin, airway and I|liver tissue equiva
Even so, thei nnvE@re@eli oncofture models i s pr ¢
protocol standardization and iem®ufdfsiciAeintanahy
publications describing the application of 3
coupling confir ms t hat t heir use for t he pu
Further morlé, shiogvisr e hat theseopnudlicathoese da
clusters, each of which i nvesadelaBtelsmodd eflfse.r en
The blue cluster can be divided into two sma
publ i cati ons odceesl @Brhil lmien ¢gf dmo maedpsl i cati on i n ecot
environment al studi es, and the second part cor
of the publications can be found in the red cl
topiions:vdtu@ducsemonrseed ermomgduced hepatotoxic
metabolism, and repeated dose toxicity. The g
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subl usters of publ tcdautsitoerrs .o fT hpeu bfl iircsatt i sonbs conc el
of new 3Dr mbdedrsatte ri sk assessment and environm
cluster concerns the use of 3D models for (geno

monol ayer cul turecl usndcerthteonbastssob publicatio
physi ol dgincai oce! Dl mopat s .

Before concluding, we would Iike to mention son
concern primarily the fact that all our data was
As a result, wecadtllyd asstessysthemasteil ecti on bias
were unable to verify whether our analysis inclu
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kiiridang(2007) e 2 :J;lr L e ﬁ'ﬂu?ﬂ"'
e i mﬁm.. gt 7y Ocheeo s 8
DI Pure Ty - p_.n-m“h’iw ;.ﬁpu.- g ©
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Fi gu6el usters of publdcacealtlB ®Inkre hnosd enlgs hiepatthe f i e
toxicBaohycol ourt M&OSSivg eenck thwapeesents a different
The bl uer ecpruespuebat ¢ sdoe s cg h & ppacte | 13Dl acrel | i model s
ecot oxiicall oand enviaoghmaemmad o lsdad giidhegerlsecadriusd iea s

repr gmehliiocnastc d etbi en gap pdn ¢ aaif$s enew 3 Dr mobdel satf ®

ri sk assessment andf oernv(igreonnometnotxailc ihtegarl atshs, ¢ ¥y € me nt
to monol ayThre ecduu grymrree speunbd tiico@as cg i tdhne vd rturgo

i nducsepdo nrsee-ser moinmgmduced hepatotoxicity, xenobioti
dose toxicity.

1.4 Scientific Problems and Aims of the Thesis

Liver cel | l'ines cultured in 2D <conditions are
i nvesttimatdaamgagi ng ef fect si of v(Sordalitotwi @tc @ampqu 2
NeverthelrRrspgat orceegltllusl agr own i n monol ayer (2D) c
rel egehatacteristic mbstleypatdue tel lthe I-i mi t ed e X
met abaing enzymes (Kirkland et al. 2007; Shah e
These shortcomings can | ead tbnimersp dtdatthgeo m es ul
outcomes questionable (Guo et al ., 2019). Theref
experiment al models in toxicological studi es has

toxicolo
model s t
order to

gy, the 3R strategy strongliynewtcbuoages
0 assess the genotoxic effemttss ofn c hemi
reduce the use of animals in preclinica
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di mensi onal (3D) cul t ume sveiovwedhii tciho nbse,t t &@mre redn
effective model for drug devel apmenhasardi mpxro
ceddl | amad rdexl li nteractions, aisn weidlld aphemetsyep
(Aucamp et al ., 2017; Loespatto Sd®lt malderd s20&dpr
exhibit a hi ghpeercilfeivce I wdnfe dliiimvgpessrmet abol i ¢ enzym
t@a cell modeRO8lOBManpeordg@ESdmpan)Let al

The determination of the genotoxic potenti al
[ sorts of sabstafoes, asdchi aes¢chemiac me
di ent s, et c. (Corvi et al ., 2013) . Curr
ardi zeidn av8idhi mnawWed ts, whi chi heevihweo r ommeat e
he toxicidryi taiscsaels senecp otradtnd i oh e d h g u basbtoa
icals, food additives, phar maceutical s, €
, 2019; Mandon et al ., ©wd 9{f i Pdftu hthheem et
torawad hesi devel op, opti mize, val i dat e, ar
ture conditions for obtaining viable HepG2
haracteristics Fofr hdp st ipurgpelsles we tested dif
r the devel opment of spheroi ds, which were
rthermore, wexpees$sor mpsdep e@gfeirlds o that code f
oli fermetabpldziugg enzymesspeciahispofrdaetrer, s .a
I n the next part, we focused on the genot ox
representing different classes of genotoxic ¢c
to electrophilic intermediates: polyay®)ic ar
mycotoxin aflatoxin B1 (AFB1), t wo heterocycl
di r-&ctti ng compound etoposide (ET). All select
damage; ther sfecrowas atian det er mi ne whetnhetrhet her
assessment of genotoxic effects between 2D an
We developed and optimized a novel approac!t
processes related t ol agleenloltiamg cwibbwghd eede thegc tmud nt i
flow cyt omét ray [-toiwrso thg gthut anat heeshi Wdseakedhor e
show that the newly developed HepG2 3D model

by applying the flow cytometric analysis and
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model isenmoneve for the detection of adverse
compared to 2D cultures. Further mor e, we eval .l
devel oped met hodologies to the evaluation of
nat ur al pollutant, the cyanobactTerrei dlo utrdxhi mi an
was to successfully assess the influence of CY
and the expression of genes involved, imandel |
response to DNA damage.

I'n thetrt of the PhD thesi s, hepatspbhellonlde
HepG2/ C3A cells weagpscusinmgedhé oadl2dnced dyna
tissue culturing techniqueée.i Meretathegspbherea
the rotation causes growth media to flow arou
hi gher diffusion of oxygen and nutrients to t|
formation of a necrnostkiic, c200rle2 ;( FGoyn g& eWr zaels.i, 2C

Asbi oreactprel engbtdecul turing of spheroids (se
devel opment of sidinketcechas awitteln itsitd e and st abl
suchi he balniakd csutlriuct u-t e k e anwlea snitaeelds vtaddiu la ¢ e
aprpr inastsetdfe nfoared gernibsyssmenThudshe f i f twhasaitm
determine t he -ciyntfoltuoexnicce coofncreont r at i ons of BaP
96 h of exposure on the fadmrwadi €8 Ao fsTthBeRA 0 d d o
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sixtrhwasg to show that the 3D model utilizing He
dynamic clinostat condi tiinonvsiotdraoh, rewpbrebeaanaber a
in genotoxicity studies and can contribute to a
activity odl puae whlmiads. compl ex mixtures

1.5 Research Hypothes es

1. The stiativlep @2 3D cell model nbedaredi triednsects
compared to traditional 2D cell model s. Spec
that:

-the ti me ioofn caunldt iivraitt i al density of <cells in

outcome and sensitivity of the 3D cell model ;

-t htreepat oc3eDl Icwelldr model -hat!|l i empadtordextl licnetlelr act i on
pr eseirnvedtievd phenotypes, endf thha¢atiitng sa cragrae | c
mi croenvironment compared to the 2D monol ayer;

-the proliferation of cells is decreaisred i n the
vieonditions;

-t hrepat oc3eD lcuellalr model has a Bipghberfiexpuassi or
compared to 2D model s.

2. The Hep@®2vBbroell model esipfefcarfs ci mprloipweert i es
the gene expression of met abolic enzymes conm
monol ayer HepG2 cultures. Specifically, it 1is

-h e pacthiacrraics{tted cp ot o antdi yawad more strongly expre

3D cell system compared to a 2D system,;

-t he expression of genes encoding phase | and |

cell cmompdred to the 2D cell mo d e |

3.Dynaimt culturing conditions in bioreactors e
reproduci ble and uniform HepG2/ C3A spheroids
exposure studies. Specifically, it is hypot he

-the constant flow of media er@ss!| asndi Pmxygglkeingha
the inner parts of the spheroids and a concomit:
spheroids, which maintains high cell viability;

-the geneshegpmuarth amygs are expressed in the dynan

4 Theheaot oceldml &vd3Dr oc el | mo d e | (grown wunder st
dynamic conditions) is suitable for the eval
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effects of diract iamgd giemaitroedtc ciocnapl ouynd si.t
i s hypothesized that:

-the higher suabitidpgytodhd3dd Icuellalr modetl sr ml | ow:
exposures to genotoxic compounds at | ower <con

-the 3D cell mo d e | i's more seqdacsitiinge glfeammot bR
compounds dueenteo eax phriegshsa boonh iocf enzy mes

1.6 Publications Included and the Candidate's Contributions

The first manur@ld aidpdct er i 2z &t ivdD rowél lanmodel dev
from human hepatocell ul amprcavicda® matng) ¢hernp &2He d

characterizati on, opt i nhiezpaatti codnenl alviidt avee@ell il d artoidoen
The influence of spheroidal age on cell prol i
a Haday cultivation period, mpaiprhion @ ggrceadt eamdi mpdi
characteristics of HepG2 spheroids. | am the f
t hecaobhor s, I designed and performed the expe
mo d e | I also perfduaameedt hre amtaéwypi et actioon of
drafted the manuscript.

I n the second, mamtsevirdldotp meantv3 Dfroel | mo d e | f
hepatocellular carcinoma (HepG2) <cel |INtlhiene an:
formepderoi ds were compared to a 2D monol ayer.
of the 3D model for detecting-abNAng agaget o
compounds and i mproved metabolic capacity, w I
genot oxsiscéa sssyment of chemicals. | am the first
with talud hoo s, I designed the study, prepared
Vi texggeri ments, and conducted the anal yesd s and
in the design and validation of the applied f
analysis of proliferation, <cell cycle distrib

manuscript.

The third maheapG2 ippgher oi d$ i &lsel akkds @ enpgDtr en
no)toxicithNg &eseaskeapaomnocBdelsuplhaerr oi d model a
' ication of flow cytometric methodol ogi es
ated pathways. The approach wayst ot @i & a taend
genotoxic activadtiesgodo@peamdsRPBleR,t studied b
assay and fl ow cyt ometArXy floyc i me a sewsrpiercg itvhed y . |
of this publication. -dwt kkorld,ablorddsiogqinevd tdind h
experimente®stuabhgsWwetf teecMh$ qaesay, flow cyto
mi croscopy, anwdedP&Rd inbhemapreted the data, a
an MSc st wdugrhto,r avhcoo perf ormed the MTS assays
flow cytometry. I also prepared the manuscrinp

The fourth manmwpddrciagti on of an caedlvianmedie IHefp
studying genotoxiciiNyoofiseyl omdtrbepefmepsi of
exposure on HepG2 cel |l s -aiunt h3oD sopfh etrhoei dsst.u dly .a ni
the other authors, | desi gnetdh e nfdorpmatfioameaf td
and the qPCR experiments. I also coll aborated

(ge
app
r el
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flow cytometry method for the simultaneous analy
and yH2AX formati on.

The fifth mavausordi pftor spheroids disassembl e i
downstream applications such as flow cytometry,
and | ipnhdgml cghts the protdazwlolfdrsphermacisegsnbil nthng

and t he rdiim.i ohn ade manuscript shows t he wides
measuring various eanudphooirntosf. tlheansttuhdey .coToget her
aut hor s, | designed the protocol for the disasse
the manuscript

I n the sixth, Hmpatscadlpltul ar car ci-maogmad (HR2p G2/ C
mod el for genotoxi cNweg diemded ngo ofl exédleanp cahsappr
genotoxicity testi-dgyodbl dhemhenbsdasfaogmed from
utlizing the dynamic bioreactor system. The genc
exposed to model genotoxic compounds BaP and Phl
time. Cytotoxicity was evaluated wit hsstahye, ATP as
the deregul ation of seédrcHiediPERNes was theses
t author of this pudltikarts onll degiedgmed amnd hp

a
f
t experiments as well as analuszad ptthe resul ts

> '35
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Abstract: In genetic toxicology, there is a trend against the increased use of in vivo models as
highlighted by the 3R strategy, thus encouraging the development and implementation of
alternative models. Two-dimensional (2D) hepatic cell models, which are generally used for
studying the adverse effects of chemicals and consumer products, are prone to giving misleading
results. On the other hand, newly developed hepatic three-dimensional (3D) cell models provide an
attractive alternative, which, due to improved cell interactions and a higher level of liver-specific
functions, including metabolic enzymes, reflect in vivo conditions more accurately. We developed
an in vitro 3D cell model from the human hepatocellular carcinoma (HepG2) cell line. The spheroids
were cultured under static conditions and characterised by monitoring their growth, morphology,
and cell viability during the time of cultivation. A time-dependent suppression of cell division was
observed. Cell cycle analysis showed time-dependent accumulation of cells in the G0O/G1 phase.
Moreover, time-dependent downregulation of proliferation markers was shown at the mRNA level.
Genes encoding hepatic markers, metabolic phase I/Il enzymes, were time-dependently deregulated
compared to monolayers. New knowledge on the characteristics of the 3D cell model is of great
importance for its further development and application in the safety assessment of chemicals, food
products, and complex mixtures.

Keywords: 3D cell model; HepG2; cell proliferation; cell cycle; gene expression

1. Introduction

In recent years, considerable efforts have been made to develop hepatic in vitro 3D cell models
with higher predictability for detecting the genotoxic effects of chemicals and environmental
particular liver, which is the main target organ of chemical activation and detoxification processes
[1,2]. In toxicology, it is nowadays recommended to use alternative in vitro models for the
implementation of the 3R (reduce, refine, and replace) strategy as well as considering the inaccurate
prediction of animal models due to inter-species variability. This demands an urgent need for
advanced, robust, cost, and time-efficient in vitro models for the safety assessment [3,4]. It is widely
recognised that human primary hepatocytes (PHH) are the golden standard for studying metabolism
and toxicity, as they are of human origin and express metabolic enzymes that are relevant for human
metabolism of xenobiotics [5-9]. However, there are several shortcomings related to the application
of PHH such as limited availability, the complexity of isolation and culturing of cells as their
expansion in culture is not possible, short life span, rapid dedifferentiation, loss of many hepatocyte
functions and hepatic phenotype when cultured in monolayer cultures, high costs associated with

Cells 2020, 9, 2557; doi:10.3390/cells9122557 www.mdpi.com/journal/cells
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the performance of the experiments, and the most important—genetic and metabolic differences due
to polymorphism of donors. Due to the above-mentioned facts, PHH are not suitable for routine use
for genotoxicity testing [5,10-12]. Alternatively, hepatic carcinoma-derived cell lines, such as HepG2,
C3A, HepaRG, HuH6, and many others, are frequently used in genotoxicity studies, due to their
unlimited growth, availability, and high reproducibility of results. These cell lines [13-16] have
several phenotypic characteristics and some functional properties of liver cells [17,18] and therefore,
represent an effective compromise between the ease of culturing and the expression of several key
enzymes involved in xenobiotic metabolism [19-21]. However, the major limitations of hepatic cells
cultured in two (2D) dimensions are the low expression of CYP450 enzymes, xenobiotic receptors,
and phase II enzymes [5,22] and thus, inadequate expression of liver cell function in vivo.
Consequently, it is highly plausible that such cell models give inaccurate and false-positive results
[23].

In drug development and hepatotoxicity research, there is a high demand for establishing new,
reliable, and uniformed models [24] with higher predictability for the consequences of human
exposure. The report from the Workshop on Genotoxicity Testing (IWGT) recommends focusing on
the development of 3D models, which better reflect the in vivo conditions and are capable of creating
the complex microenvironment with the purpose of advancing our understanding of complex
biological phenomena [4]. Another important advantage of 3D cell models compared to 2D cell
models is that they enable prolonged exposures, due to their increased stability as they retain high
cell viability and morphology over the period of several weeks [25]. Many static and perfused
techniques for culturing 3D cell models (spheroids) are available, such as non-adhesive surfaces,
hanging drop cultures, spinner flasks, bioreactors, and micro-moulding [9,26,27]. Each of these
techniques offers various advantages; however, many are technically challenging, expensive, and
need appropriate facilities [28]. The most important advantages of culturing cells in the form of 3D
are increased cell-cell and cell-matrix interactions and higher expression of liver-specific functions
(albumin content, urea synthesis, and expression of cytochromes), thus providing a physiologically
more relevant model in vivo [29-35]. In recent years, hepatic 3D cell models are, in addition to being
used for drug development, also applied for studying genotoxic effects, such as chromosomal
instability [28] and DNA damage [32,35,36] induced by various chemicals and environmental
samples [37]. Although 3D cell models are superior to 2D cell models, the lack of standardisation of
3D cell culture protocols and insufficient characterisation of the spheroids prevent the integration of
3D cell culture models into the field of toxicology research, particularly due to variability in structure
and composition of the formed spheroids [38,39].

The aim of the present study was to characterise the HepG2 cells grown in 3D conformation in
terms of hepatic properties and the mRNA expression profile of selected genes coding for cell
proliferation, drug-metabolising enzymes, transporters, and liver-specific factors. The HepG2
spheroids were formed by the forced floating method from an initial cell density of 6000 and 3000
cells/spheroid. As the age of the spheroids can influence the outcome and sensitivity of the cell model
[40], spheroid growth, quality parameters (surface area and perimeter), and viability of cells were
monitored over a period of 6 days and 12 days, respectively. The viability of cells in spheroids was
determined by the Live/Dead staining using confocal microscopy, while the proliferation of cells
(KI67 marker) in spheroids of different age and cell cycle analysis was assessed with flow cytometry.
The mRNA expression of selected hepatic markers, genes involved in cell proliferation, and those
involved in phase I/Il metabolism in spheroids with an initial density of 3000 cells/spheroid was
assessed using real-time quantitative PCR (Fluidigm).

2. Materials and Methods

2.1. Chemicals

Minimum essential medium eagle (MEME), penicillin/streptomycin, Na-pyruvate, non-essential
amino acids (NEAA), L-glutamine, NaHCOs, dimethylsulphoxide (DMSQO), methylcellulose,
propidium iodide (PI), and fluorescein diacetate (FDA) were purchased from Sigma (St. Louis, MO,
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USA). Trypsin-EDTA (0.25%), foetal bovine serum (FBS), and TRIzol® reagent were obtained from
Gibco (Praisley, Scotland, UK). Hoechst 33258 dye was obtained from Invitrogen (Waltham, MA,
USA). Phosphate-buffered saline (PBS), methanol, and ethanol were purchased from PAA
Laboratories (Dartmouth, NH, USA). Triton X-100 was obtained from Fisher Sciences (Massachusetts,
NJ, USA), while the high capacity cDNA archive kit, TagMan Universal PCR Master Mix (4440038),
and TagMan Gene Expression Assays were from Applied Biosystems (Massachusetts,, NJ, USA). The
PreAmp GrandMasterMix (TA05-50) was obtained from TATAA Biocenter AB (Goteborg, Sweden).
GE 48.48 Dynamic Array Sample & Assay loading Reagent Kit—10 IFCs (85000821) and 48.48
Dynamic Array: Gene expression chip were obtained from Fluidigm (South San Francisco). Anti-Ki-
67-FITC (130-107-586) antibodies and REA Control (I)-FITC (131-104-611) were obtained from
Miltenyi Biotec (Bergisch Gladbach, Germany).

2.2. Cell Culture and Formation of 3D Spheroids

The HepG2 cell line was obtained from the ATCC cell bank (HB-8065™) and was grown in
MEME media supplemented with 10% FBS, 1% NEAA, 100 TU/mL pen/strep, 0.1 g/mL NaHCO3, 0.1
g/mL Na-pyruvate, and 2 mM L-glutamine at 37 °C in 5% CO: atmosphere. The spheroids were
developed by the forced floating method described in Stampar et al. (2019) [35] using a growth
medium supplemented with 4% methylcellulose [41]. Two culture conditions for spheroids
formation were used. The spheroids with an initial density of 3000 cells/spheroid and 6000
cells/spheroid were seeded and grown for 12 and 4 days, respectively, depending on the specific
endpoint measured. The culture media was changed every 2-3 days to obtain the optimal growth of
spheroids.

2.3. Monitoring the Growth and Morphology of Spheroids

The surface area of at least 10 spheroids with the initial density of 3000 cells/spheroid and 6000
cells/spheroid was monitored during the time of cultivation (up to 12 and 4 days, respectively). The
surface area (mm?) of each spheroid was monitored microscopically every day and determined by
planimetry at 40x magnification using the NIS elements software 4.13 v (Nikon Instruments, Melville,
NY, USA) connected with the Ti Eclipse inverted microscope (Nikon, Japan). Evaluation of the
spheroid growth was determined three times independently.

2.4, Quantification and Viability Determination of the Whole Spheroid by Live/Dead Staining

At least three spheroids for each condition (3000 and 6000 cells/spheroid) were stained and
monitored during the time of cultivation. The culture media were replaced with FBS-free media
supplemented with FDA (8 pg/mL) and incubated for 1 h in darkness at 37 °C in a 5% CO:
atmosphere. After staining, the cells were washed with PBS. Subsequently, PI (20 pg/mL) was added
and incubated in the dark for an additional 5 min. Following the incubation, the staining mixture was
washed with PBS and substituted with fresh serum-free MEME media (100 pL). The staining was
performed according to [37] with modifications. The Z-stacks images of single spheroids were
captured using the confocal laser scanning microscope Leica TCS SP8 at 100x magnification. Z-stacks
of optical sections were captured across the entire spheroid thickness using excitation and emission
(PI: 493/636 nm, FD A: 488/530 nm) settings for simultaneous dual-channel recordings; approximately
50 Z-stacks per spheroid were taken. Z-stacks were processed and analysed using the Leica confocal
software and presented as a “maximum intensity projection image” gallery. Three independent
experiments were performed (N = 3). The quantification of Z-stacks was proceeded in the program
Image-Pro 10 (Media Cybernetics, Inc., Rockville, MD, USA), where at least 20 Z-stacks per spheroid
were quantified. The percentage of dead cells in the spheroid was calculated as a ratio between the
spheroid area and the number of dead cells.
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2.5. Analyses of Cell Cycle and Cell Proliferation by Flow Cytometry

The analyses of cell cycle and cell proliferation in spheroids were performed with flow
cytometry. The cells from spheroids with an initial density of 3000 and 6000/cells were collected
during the time of cultivation for 18 and 4 days, respectively. For the analysis, 30 spheroids per
sample were collected and dissociated with enzymatic digestion and mechanical degradation, as
described by Stampar et al. (2019). The obtained single-cell suspension was washed (1x PBS), fixed in
ethanol, and kept at —20 °C until the analysis (for details see Hercog et al. (2019 [42]; 2020 [37])). After
the fixation step, the cells were washed in cold PBS, centrifuged, and labelled with anti-KI67-FITC
(50-fold diluted antibodies in 1% BSA). Subsequently, the cells were washed with BSA and PBS and
afterwards stained with Hoechst 33258 dye (diluted in 0.1% Triton X-100 1:500). The cell analyses
were performed on a MACSQuant Analyzer 10 (Miltenyi Biotech, Bergisch Gladbach, Germany),
where the FITC intensity, corresponding to the proliferation marker KI67+, was detected in the Bl
(525/550 nm) channel and the analysis of the cell cycle was proceeded in the V1 (450/550 nm) channel.
Rea-FITC control (Miltenyi Biotec, Bergisch Gladbach, Germany) was used to exclude unspecific
binding. The experiments were repeated in three independent biological repetitions, where each time,
2.5 x 10* single cells per experimental point were recorded. The obtained data were analysed and the
graphics were prepared in Flow]Jo software V10 (Becton Dickinson, Franklin Lakes, NJ, USA). The
cell cycle distribution of the solvent control and treated samples and KI67-positive cells for each day
was compared to the first day of the measurements. The statistical analysis for cell cycle was
performed by the two-way ANOVA with Bonferroni’s multiple comparisons test, alpha 0.05%, while
the statistical significance of KI67-positive cells was assessed by one-way ANOVA with Dunnett’s
multiple comparisons test, ®0.05, both using GraphPad Prism V6 (GraphPad Software, San Diego,
CA, USA).

2.6. The qPCR Analyses of the Expression of Selected Genes

For the gene expression analysis, only spheroids with a density of 3000 cells/spheroid were
collected during the time of cultivation (every two to three days, starting with day three of
cultivation). The basal expression of the selected genes was determined in HepG2 monolayer cultures
(2D) cultured for 2 days (this is usually the time when in 2D, the gene expression is evaluated after
the exposure to various compounds; 24 h for cells to attach to the surface of the plastic and 24 h of
subsequent exposure) and in spheroids (3D) cultured for 3, 5, 7, 10, 12, 14, and 17 days. Total mRNA
was isolated from one T25 plate in the case of 2D and from a pool of 25 spheroids per sample in the
case of 3D, using the TRIzol reagent. The quality and the concentration of total mMRNA were measured
with a NanoDrop 1000 spectrophotometer (Thermo Fischer Scientific, Wilmington, DE, USA), while
degradation was checked by gel-electrophoresis (BioRad Power PAC 3000 and UVP Chem Studio
PLUS, Analytik Jena AG, Upland, CA, USA). The cDNA High Capacity Archive Kit was applied for
the reverse transcription of 1 ug of total mRNA per sample. The expression of selected genes was
quantified by the qPCR on 48.48 Dynamic Array™ IFC method, where TagMan Universal PCR
Master Mix and the pre-amplificated (TATAA PreAmp GrandMasterMix, Tataa Biocenter,
Gothenburg, Sweden) Tagman Gene Expression Assays were used. To eliminate the effects of
inhibition and to assess the performance of a primer set, a series of 5-fold dilutions of each target gene
was analysed. The qPCR experiments were performed on 48.48 Dynamic Array™ IFC chips for gene
expression on the BioMark HD machine system (Fluidigm, UK) and data were analysed with an open
web program QuantGenious [43]. Experiments were repeated three times independently, each time
in two replicates. The difference (2D versus 3D) in gene expression greater than 1.5-fold was
considered as up/downregulation (relative expression >1.5 or <0.66, respectively).

The selected genes: ALB (albumin, Hs00910225_m1); AFP (a-fetoprotein), Hs00173490_m1;
ALDH3A1 (aldehyde dehydrogenase 3 family member A1), Hs00964880_m1; TOP2A (topoisomerase
2-a), Hs01032137_m1; PCNA (Proliferating cell nuclear antigen), Hs00427214_g1; KI67 (cellular
marker for proliferation), Hs01032443_m1; CCND1 (encodes the cyclin D1 protein), Hs00765553_m1;
CDKN1A (Cyclin Dependent Kinase Inhibitor 1A), Hs00355782_m1; CYP1A2 (cytochrome P450
family 1 subfamily A member 2), Hs00167927_m1; CYP1A1 (cytochrome P450 family 1 subfamily A
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member 1), Hs01054797_g1; CYP3A4 (cytochrome P450 family 3 subfamily A member 4),
Hs02514989_s1; AHR (aryl hydrocarbon receptor), Hs00169233_ml1; UGT2B7 (UDP
glucuronosyltransferase  family 2 member B7), Hs00426592_ml; UGTI1IA1 (UDP
glucuronosyltransferase 1 family, polypeptide Al), Hs02511055_s1; SULTIC2 (sulfotransferase
family 1C member 2), Hs00602560_m1; SULT1B1 (sulfotransferase family 1B member 1),
Hs00234899 m1; NATI (N-acetyltransferase 1), Hs02511243 s1; NAT2 (N-acetyltransferase 2),
Hs01854954_s1; HIF1a (Hypoxia-inducible factor 1-alpha), Hs00153153_m1; BBC3 (p53 upregulated
modulator of apoptosis), Hs00248075_m1 were pre-amplificated. In all experiments, GAPDH
(Human Endogenous Control, Hs99999905_m1) and HPRTI (Hypoxanthine
phosphoribosyltransferase 1), Hs02800695_m1) were used as reference genes.

The different tests were performed between the 2 days old monolayer and spheroids on day 3
and all subsequent days with the two-way ANOVA (Dunnett’s test) by multiple unpaired t-test
analysis using the Sidak-Bonferroni method (* p < 0.05, * p < 0.05, respectively). The statistical
significance within days was conducted by the two-way ANOVA, considering Tukey’s multiple
comparisons test (+ p <0.05).

3. Results and Discussion

The 2D cultures traditionally used for studying the genotoxic effects of chemicals have several
limitations, which consequently lead to misleading results. This has become even more evident with
the development of in vitro models that enable the growth of cells in three dimensions (3D), which is
physiologically more similar to in vivo conditions [44]. However, before 3D cell models can be
integrated for genotoxicity testing research, there is a need for the development and subsequent
standardisation of robust models that accurately predict the possible effects of studied compounds
[45].

To our knowledge, the present study is the first where a comprehensive characterisation of the
HepG2 3D cell model was performed. Based on previous results, two initial cell densities of 3000 and
6000 cells per spheroid were selected for the development of 3D cell models [35]. The HepG2
spheroids were formed by the forced floating method and cultured under static conditions for several
days. During the time of cultivation, the spheroids were characterised by measuring the surface area,
and viability of cells in spheroids. The characterisation is a very important step in the development
of 3D cell models as the obtained data provide the information on whether the model is comparable
to the liver in vivo conditions and is thus, more accurate than traditional monolayer culture.

3.1. The Effects on Growth and Morphological Changes over Time

The growth of at least 10 spheroids with the initial density of 3000 cells/spheroid (Figure S1A,B)
and 6000 cells/spheroid (Figure S1C,D) was daily measured from 24 h to 7 days. The surface area was
monitored by light microscopy and planimetry. The size of the spheroids varied according to the
number of cells seeded in each well and increased with time of incubation. The spheroids with an
initial density of 3000 cells/spheroid (Figure S1A) grew time-dependently from the first day of
seeding. At the end of the cultivation (7 days), the surface area (0.39 + 0.01 mm?) increased 95%
compared to the surface area at 24 h (0.2 + 0.02 mm?) (Figure S1B). In contrast to this, the spheroids
with an initial density of 6000 cells/spheroid (Figure S1C) grew slower and the surface area after 7
days of cultivation increased for only 20% (0.56 + 0.03 mm?) compared to 24 h (0.45 + 0.05 mm?) (Figure
51D). At both initial densities, the spheroids maintained uniform spherical shape over the course of
the culturing. These results show a steady growth of spheroids during the time of culture, which is
in line with other studies on HepG2 spheroids [18,32]. The increase in the average surface area was
higher at the lower initial cell density, meaning that the cells proliferated at a higher rate compared
to spheroids with higher initial density, which was also reported by Lee et al. (2009) [46]. Based on
these results, we concluded that 3000 cells per well was the more optimal density for the formation
of spheroids that could be used for long-term exposures; therefore, this density was selected for
further characterisation of the spheroids.
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3.2. Determination of Live/Dead Cells in Spheroids over Cultivation Time

Live/Dead staining enabled us to investigate at which initial density and time of cultivation the
viability of cells started to decrease and consequently, form the necrotic core. A very well-known
limitation of aged spheroids is the formation of a necrotic core, which results from the accumulation
of metabolic waste products and insufficient diffusion of oxygen/nutrients into the centre of the
spheroid starting at a diameter above 200 to 500 um, as reported by Nath and Devi (2016) [47]. The
visual analysis of HepG2 spheroids by confocal microscopy verified the time-resolved viability of the
cells in a 3D culture, which was more or less stable over the cultivation time. In Figure 1A,B,
representative spheroids from day 3 until day 12 and day 6 in the case of 3000 and 6000 cells/spheroid,
respectively, stained with FDA (live) and PI (dead) are shown. Although the percentage of PI-positive
cells in spheroids with an initial density of 3000 cells/spheroid increased from 10 days of cultivation
onwards, we noticed that only a few dead cells were observed in the centre of the spheroids, meaning
that no necrotic core was formed. The quantification of PI-positive cells representing dead cells
confirmed a time-dependent increase in non-viable cells that was significant after 10 and 12 days,
reaching 14.5% and 18.9% on average (Figure 1C,D), respectively. In spheroids with an initial density
of 6000 cells/spheroid, a higher percentage of dead cells compared to 3000 cells/spheroid was
observed already after 3 days of cultivation that was 8.4% and 4.0% on average, respectively.
Correlating these results with the spheroid growth data, the spheroids with an initial density of 3000
cells/spheroid gradually increased in size and stayed uniformly spherical with limited degrees of
necrosis up to day 12. However, in larger spheroids, small patches of death cells started to occur
approximately on day 4 and by day 6, reached 16.5% dead cells on average with the visible formation
of a necrotic core. Spheroids usually consist of three main zones—an outer proliferating rim, a
quiescent viable zone, and an inner necrotic core that can develop due to lower diffusion of nutrients
and oxygen forming hypoxic conditions [48-50]. In cancer research, the zones in larger tumour
spheroids with a necrotic core resemble the cellular heterogeneity of solid in vivo tumours [51] and
the necrosis occurring in the centre of the spheroid is a desirable characteristic as it mimics in vivo
conditions. However, in genetic toxicology, where a model has to recapitulate an in vivo-like liver
microenvironment, this is an undesirable characteristic. There are only a few studies so far that
specifically determined the size or time at which hepatic spheroids develop necrosis that is associated
with the cell type, cell number, and culture conditions [32,52]; therefore, the present study contributes
new knowledge on the formation of a necrotic core in spheroids with time of cultivation. Previously,
in encapsulated 3D HepG2 aggregates, no necrotic core was observed up to three days of culturing,
while with prolonged cultivation, the thickness of aggregates disabled the determination of necrotic
cells in the centre of the 3D cell model [19]. Elje et al. reported [32] a small necrotic core in HepG2 3D
spheroids developed in hanging drops after 1 day of culturing, which was more represented as
separate dead cells ; however, the viability was stable over time and the cells were cultured for up to
21 days. Furthermore, in hepatic C3A spheroids with initial density of 2500 cells/spheroid, small
patches of cell death started to occur approximately at day 14 and, by day 18, a necrotic core was
formed [52]. Altogether, these studies, including ours, show that necrosis occurs in the core of the
spheroid with time of cultivation and depends on the cell type and 3D conformation.
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Figure 1. Images of Live/Dead-stained spheroids(A,B) and the quantification of the percentage of PI-
positive cells in images of spheroids (C,D) captured over the period of cultivation at different
densities (A—C) 3000 cells/spheroid and (B-D) 6000 cells/spheroid. The cells in spheroids were stained
with FDA (green, live cells) and PI (red, dead cells). The Z-stacks were obtained using a confocal
microscope at 100x magnification (N = 3). A “maximum intensity projection image” of the spheroid
was generated from 50 Z-stacks images (A,B). Z-stacks were quantified with the Image-Pro 10
software (C,D) where at least 20 Z-stacks per spheroid were measured and the percentage of dead
cells in the spheroid was calculated (N = 3). The statistical significance was calculated with the Student
t-test, with alpha 0.05, * p < 0.05, ** p < 0.01, *** p <0.001, *** p < 0.0001.

3.3. Distribution of Cells within the Cell Cycle and Cell Proliferation during the Time of Cultivation

Previous studies on HepG2 3D models reported a strong decrease in cell proliferation, which is
associated with a time-dependent cell differentiation process [32,53]. In our study, the proliferation
of cells and their distribution within the cell cycle of spheroids with the initial density of 3000 and
6000 cells/spheroid were determined by flow cytometry over the time of cultivation, with
simultaneous detection of the fluorescent signals of FITC corresponding to the proliferation marker
K167 and Hoechst 33258 corresponding to the cell cycle distribution. It is well known that KI67 protein
is present during all active phases of the cell cycle (G1, 5, G2, and M), and it is absent from the resting
cells (GO) [54,55]. Therefore, the novel approach of simultaneous staining allowed us to further
distinguish the distribution of cells in the GO (non-proliferating) and G1 (proliferating) phase. The
results showed that the overall number of proliferating cells and the number of proliferating cells
within the GO/G1 phase decreased over the time of cultivation, which is clearly the consequence of
the time-dependent increase in non-proliferating cells (G0) within the G0/G1 peak (Figure 2A-C). The
percentage of proliferating cells gradually declined with the time reaching 50% decrease after
approximately 7 and 2 days of cultivation at an initial density of 3000 (Figure 2A) and 6000 (Figure
2B) cells/spheroid, respectively. At higher cell density, we noticed that already after 24 h, only 65.5%
of cells proliferated and by day 4, only 28% of cells expressed KI67 protein, meaning that at day 4,
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the majority of cells did not proliferate. On the contrary, at lower initial cell density, the decrease in
cell proliferation was slower. After 3 days of spheroid cultivation, 82% of cells proliferated, while
with further cultivation, the proliferation rate decreased to approximately 68%, 54%, and 13% after
5,7, and 18 days, respectively. The same trend was observed for proliferating cells within the G0/G1
phase. Similarly, a decrease in the number of proliferating cells in HepG2 spheroids and spheroids
cultured in hydrogels was reported by Ramaiahgari et al. (2014) [31] and Lee et al. (2009) [46]. Our
results clearly showed that spheroids with lower initial density maintain the proliferation of cells at
a higher rate and over the longer period compared to the spheroids with higher initial density,
meaning that spheroids with lower initial density are more suitable for long-term exposures.
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Figure 2. The proliferation of cells and the distribution of cells in different phases of the cell cycle
during the time of cultivation. Percentage of KI67-positive cells and the percentage of KI67-positive
cells within the GO/G1 phase of cell cycle overtime at density 6000 cells/spheroid (A). Percentage of
KI67-positive cells and the percentage of KI67-positive cells within the G0/G1 phase of cell cycle
overtime at density 3000 cells/spheroid (B). Distribution of cells in different phases of the cell cycle
over the period of cultivation (C). Representative overlays of simultaneous staining with Hoechst for
the cell cycle (red) and anti-KI67 antibody (blue) (D). The results are presented as the mean + SD (N
= 3). The statistical analysis was conducted in GraphPad Prism 6, by the two-way ANOVA using the
Bonferroni multiple comparisons test, * p <0.05, ** p < 0.01, ** p < 0.001, *** p < 0.0001.

The cell cycle duration determines the unique doubling time of the cells [26] that is coordinately
controlled by cyclin-dependent kinases and their cyclin partners, whose levels fluctuate throughout
the phases of the cell cycle [56] (Figure 2C). In the G1 phase of the cell cycle, crucial decisions on DNA
replication and completion of the cell division are made [57]. From the obtained results, we can see
that at the initial density of 3000 cells/spheroid, the distribution of cells by phases does not change
over time of cultivation. At all measured time points during the time of cultivation, approximately
67.7 £ 3.4% of proliferating cells were in the G1 phase, 14 + 1.8% of cells were in the S phase, and 15.8
* 1.7% were in the G2 phase, meaning that the cell cycle was not disturbed during 18 days, only the
ratio of proliferating/non-proliferating cells in GO/G1 cells changed. On the contrary, in spheroids
with the initial density of 6000 cells/spheroid, a slight increase in proliferating cells in the G1 phase
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over the time of cultivation was observed, with 61.3% of cells in G1 after 24 h reaching up to 73.9%
after 4 days, with a concurrent decrease in cells in the S and G2 phase from 21% and 17% after 24 h
to 13.8% and 11.77% after 4 days, respectively (Figure 2D), suggesting cell cycle arrest and thus, the
accumulation of cells in the GO/G1 phase with a time of spheroid cultivation. The cell cycle arrest can
lead to the inhibition of cell proliferation and/or apoptosis [56], which is in line with the obtained
data of the KI67 proliferation marker. These results again show that spheroids with lower initial
density maintain a higher rate of cell proliferation compared to spheroids with higher initial density.

3.4. Gene Expression in Spheroids

For the first time, analysis of the expression of genes involved in the proliferation (TOP2A4,
PCNA, KI67, CCND1, and CDKN1A), apoptosis (BBC3), genes of hepatic markers (AFP and ALB), and
gene a transcription factor encoding aryl hydrocarbon receptor (AHR), phase I (CYP1A1, CYP1A2,
and CYP3A4), and phase II (UGT1A1, UGT2B7, SULT1B1, SULTIC2, NAT1, and NAT2) xenobiotic-
metabolising enzymes was studied in HepG2 spheroids. Gene expression was evaluated in spheroids
formed from the lower initial density, namely 3000 cells/spheroid that were cultured for 3, 5, 7, 10,
12, 14, and 17 days. Data for the individual genes were compared to the expression of genes from the
monolayer culture at the age of 2 days and are presented as the ratio between 2D (at 2 days of
culturing) and 3D at the corresponding time point.

3.4.1. Expression of Genes Involved in Cell Proliferation

Cell proliferation can be regulated by several factors, such as mitogens, growth factors, and
survival factors [58]. We studied the genes PCNA, KI67, and TOP2A over the time of culturing, as the
expression of the genes involved in the process of cell proliferation may be affected by the time the
cells are in culture. A proliferating cell nuclear antigen (PCNA), a protein with an important role in
DNA replication, has many cell cycle-dependent properties and its absence leads to cell cycle arrest
in the S and G2/M phase [59]. Another important proliferation marker KI67 encodes a nuclear antigen
during the G1, 5, and G2-M phases of proliferating cells, meaning that it is present during all active
phases of the cell cycle, except the GO phase [60,61]. The expression of TOP2« is cell cycle-dependent
and encodes DNA topoisomerase, which is an enzyme that controls and alters the topologic states of
DNA during transcription [60,62]. The results showed that all three studied genes, TOP2A, PCNA,
and KI67, were time-dependently downregulated compared to 2 days old monolayer culture (Figure
3A). The major shift in the downregulation of the proliferation markers occurred approximately at
day seven.

The changes in KI67 on the mRNA level showed the same trend as the data obtained with flow
cytometry, where a decrease in KI67-positive cells over the time of cultivation, with approximately
50% of proliferating cells, was detected at day seven. As described before, HepG2 cells accumulated
in the G1/GO phase, due to arrested division in the GO phase, which is especially noticeable at the
initial density of 6000 cells/spheroid. The low proliferation rate in the 3D model can therefore be
effectively utilised for studying the effects of long term exposure to various compounds, which is not
feasible in a 2D model as the confluence limits the duration of culturing [31,63]. A decrease in cell
proliferation in different 3D cell models overtime was reported in several studies with HepG2, using
extra-cellular matrix-based hydrogel [31] and spheroids prepared by the hanging drop method [32],
and HepG2/C3A, culturing in rotating bioreactors [30]. The occurrence of reduced proliferation over
the time of cultivation may also have an impact on the decreased expression of cyclin protein coding
genes that control cell cycle progression [64]. In our study, the expression of cyclin protein coding
gene CCND1 was downregulated and a decrease in the first seven days was noticed from a —4.76-fold
change after 3 days of cultivation to —-8.33-fold change after 7 days of cultivation (Figure 3B). The
CCND1 encodes the cyclin D1 protein, whose elevated expression has been reported in many human
tumours and correlates with increased cell proliferation and differentiation due to the reduced G1/5
transition [65]. The expression of CDKN1A, which is the cell cycle-related gene responsible for the
G2/M checkpoint [66], was downregulated (-9.09-fold at day 3) compared to monolayer culture. We
noticed a slight increase in CDKNI1A expression with time of incubation reaching the maximal level
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at day 7 (-7.14-fold) (Figure 3B). After the seventh day, the expression of both cyclin protein coding
genesremained unchanged, which, compared to 2D monolayer culture, indicates the non-
proliferating differentiated phenotype of HepG2 spheroids as described by Hiemstra et al. (2019) [67]
and by Ramaiahgari et al. (2014) [31].
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Figure 3. Relative expression of genes involved in the proliferation process (A,B) and apoptosis (C)
over time from 3 to 17 days. The significant difference between (i) the monolayer culture (2D) and the
spheroids (3D) (+ p < 0.05, ++ p < 0.01, +++ p < 0.001); (ii) the first day (at day 3) of measurement and
all subsequent days (* p < 0.05, ** p <0.01, ** p <0.001); and (iii) within days (t+1 p <0.01, +tt p <0.001)
was calculated in GraphPad Prism 6, by two-way ANOVA considering Dunnett’s multiple
comparisons test. Results are presented as the mean + SD (N = 3). The dotted line denotes the
expression of the corresponding gene in monolayer culture (1-fold change), the grey line indicates up-
or downregulation of genes with the threshold set at 1.5-fold, which is more than 1.5 or less than 0.66
relative expression, respectively.

Altogether, the results suggest that the expression of gene markers related to the proliferation
and division of cells decreased over time. Similarly, the expression of BBC3, a gene related to
apoptosis, was downregulated in spheroids at the age of 3 days (-8.7-fold) compared to monolayer
culture; however, with further incubation, the expression of BBC3 increased, reaching the highest
level after day 12 (=2.56-fold change) and then, declining again (Figure 3C). The pro-apoptotic protein
BBC3 interacts with anti-apoptotic Bcl-2 family members, resulting in mitochondria-induced
apoptosis and cell death through the caspase cascade [68]. It was reported that the diffusion of oxygen
into the centre of spheroids is difficult if a diameter is larger than 200 um (larger spheroids), which
consequently causes hypoxia in the core [49]. Live/Dead stained spheroids (density 3000
cells/spheroid) showed no signs of necrosis in the centre; however, in spheroids with a higher initial
density (6000 cells/spheroid), necrosis was observed at day 6. This could be related to the hypoxia as
reported by Ramaiahgari et al. (2014) [31] (Figure 3). We further investigated the transcription level
of the HIFla gene, one of the hypoxia-inducible factors, which mediates cellular adaptation to
hypoxic conditions [69]. The obtained results showed that at lower initial density (3000
cells/spheroid) during 17-day cultivation, the HIFlo was downregulated compared to monolayer
culture and the changes were significantly different from day 7 onwards with no further time-
dependent deregulations (Figure 3C), which indicates that no excessive hypoxia was present in
HepG2 spheroids up to 17 days.
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3.4.2. Expression of Genes Encoding Hepatic Markers

Long-term cultivation of HepG2 cells in 3D conformation led to the enhancement of the
expression of liver-specific markers, as shown for alpha-fetoprotein (AFP) and albumin (ALB)
compared to monolayer culture (Figure 4). Alpha-fetoprotein is involved in pleiotropic activities
affecting the processes of cell differentiation and growth regulation [70]. Compared to 2D, AFP
expression in spheroids was 4.57-fold higher, which was statistically significant, at the age of 3 days
and reached the maximal mRNA level at day 7 (6.84-fold). With further cultivation, the expression of
AFP did not change much. Similarly, the expression of ALB in 3D significantly differed from the
expression in 2D and was 4.95-fold upregulated at day 7. The ALB expression gradually increased
and reached the maximal level at day 10 (9.56-fold) with a slightly decrease after 12 and 17 days (7.67-
fold and 8.03-fold, respectively). Albumin is a stable protein and has a serum half-life of 20 days. Its
synthesis is typically regulated on the transcriptional level [71]. Previously, the elevated expression
of albumin in HepG2 spheroids compared to monolayer cultures was reported at mRNA [22,35] and
protein [31] levels. Altogether, these studies show that hepatic functions are strongly enhanced in 3D
systems compared to the 2D monolayer cultures [15,18,19,25,38,53].
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Figure 4. Monitoring the mRNA expression of hepatic markers over time. The significant difference
between (i) the monolayer culture (2D) and the spheroids (3D) (+++ p< 0.001) and (ii) the first day (at
day 3) of measurement and all subsequent days (* p <0.05, ** p <0.01, *** p <0.001); was calculated in
GraphPad Prism 6, by the two-way ANOVA considering Dunnett’s multiple comparisons test.
Results are presented as the mean + SD (N = 3). The dotted line denotes the expression of the
corresponding gene in monolayer culture (1-fold change); the grey line indicates up- or
downregulation of genes with the threshold set at 1.5-fold, which is more than 1.5 or less than 0.66
relative expression, respectively.

3.4.3. Expression of Genes Involved in the Xenobiotic Metabolism

Biotransformation of xenobiotic substances is divided into phase I and II reactions, where phase
I reactions include the transformation of a parent compound to more polar metabolite(s), while phase
II biotransformation results in metabolic inactivation by conjugating reactions including
glucuronidation, sulfation, acetylation, methylation, glutathione, and amino acid conjugation. In
general, the respective conjugates are more hydrophilic than the parent compounds and are excreted
from the organism [72,73]. The most important enzymes from phase I reactions belong to the
superfamily CYP450 and play an important role in cellular metabolism and homeostasis, and
detoxification and metabolic activation of xenobiotic compounds into reactive metabolites [74,75]. In
general, hepatocellular carcinoma monolayer cell cultures exhibit low expression of drug-
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