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• Hepatic 3D cell models have more com-
plex structure and improved metabolic
capacity compared to 2D.

• HepG2/C3A 3D model provide physio-
logically more relevant information for
human exposure.

• Hepatic 3D cell model can contribute to
trustworthy risk assessment genotoxic
compounds.

• Dynamic HepG2/C3A 3D model enables
prolonged exposures to low doses of xe-
nobiotics.

• Comet assay was successfully imple-
mented to the dynamic HepG2/C3A 3D
cell model.
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The major weakness of the current in vitro genotoxicity test systems is the inability of the indicator cells to ex-
press metabolic enzymes needed for the activation and detoxification of genotoxic compounds, which conse-
quently can lead to misleading results. Thus, there is a significant emphasis on developing hepatic cell models,
including advanced in vitro three-dimensional (3D) cell-based systems, which better imitate in vivo cell behav-
iour and offer more accurate and predictive data for human exposures. In this study, we developed an approach
for genotoxicity testing with 21-day old spheroids formed from human hepatocellular carcinoma cells (HepG2/
C3A) using the dynamic clinostat bioreactor system (CelVivo BAM/bioreactor) under controlled conditions. The
spheroids were exposed to indirect-acting genotoxic compounds, polycyclic aromatic hydrocarbon [PAH; benzo
(a) pyrene B(a)P], and heterocyclic aromatic amine [PhIP]) at non-cytotoxic concentrations for 24 and 96 h. The
results showed that both environmental pollutants B(a)P and PhIP significantly increased the level of DNA strand
breaks assessed by the comet assay. Further, themRNA level of selected genes encodingmetabolic enzymes from
phase I and II, and DNA damage responsive genes was determined (qPCR). The 21-day old spheroids showed
higher basal expression of genes encodingmetabolic enzymes compared tomonolayer culture. In spheroids,
B(a)P or PhIP induced compound-specific up-regulation of genes implicated in theirmetabolism, and dereg-
ulation of genes implicated in DNAdamage and immediate-early response. The study demonstrated that this
model utilizing HepG2/C3A spheroids grown under dynamic clinostat conditions represents a very sensitive
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and promising in vitromodel for genotoxicity and environmental studies and can thus significantly contrib-
ute to amore reliable assessment of genotoxic activities of pure chemicals, and complex environmental sam-
ples even at very low for environmental exposure relevant concentrations.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cell-based assays play an important role in the drug development
process and safety assessment of chemicals and drugs as a fast, cost-
effective and straightforward approach to reduce animal testing
(Burden et al., 2015; Pfuhler et al., 2020; Schechtman, 2002).
Genotoxicity testing is an essential element of the safety assessment
of nearly all types of compounds on the market. It is also a very impor-
tant issue when evaluating the possible adverse health effects of com-
plex environmental samples to which humans can be exposed in their
everyday life, to avoid unforeseen genotoxic effects on human health
and the environment as well (Dix et al., 2007). The testing begins with
a series of in vitro bacterial and mammalian cell-based assays, and in
case of positive results, it is followed by in vivo testing in rodents. How-
ever, in vitro genotoxicity tests with mammalian cells are prone to mis-
leading results. One of the crucial elements contributing to a relatively
high percentage of in vitromisleading results is an insufficient represen-
tation of enzymes implicated in the metabolism of genotoxic com-
pounds in cell lines used for routine genotoxicity testing (Kirkland
et al., 2007). Over the last two decades, test systems with human hepa-
tocellular carcinoma-derived cell lines such as HepG2with the retained
activity of specific metabolic enzymes in vitro have been introduced to
the routine genotoxicity testing (Shah et al., 2018; Yang et al., 2018).
Traditionally, in vitro test systems are based onmonolayer [two-dimen-
sional (2D)] cell cultures,which are associatedwith inherent limitations
(Edmondson et al., 2014; Wrzesinski and Fey, 2015). The most impor-
tant is the lack of multiple biological functions such as cell-to-cell and
cell-to-matrix contacts. These result in reduced cell differentiation,
modified cell signalling pathways, and the reduced expression and ac-
tivities of several hepatic enzymes implicated in the metabolism of xe-
nobiotic substances (phase I and II enzymes) (Aucamp et al., 2017;
Edmondson et al., 2014; Hurrell et al., 2019).

Furthermore, 2D cell cultures do not adequately mimic the natural
cellmicroenvironment represented by surrounding extracellularmatrix
and nearby cells. The 3R's strategy (reduce, replace, refine), focus on the
reduction and optimization of the use of animals for in vivo testing
(Corvi and Madia, 2017; Pfuhler et al., 2009). To follow this strategy it
is essential to develop alternative in vitro cell-based systems, which
more realistically resemble in vivo cell behaviour and microenviron-
ment and thus ensure additional predictive data compared to 2D
conditions.

The hepatic 3D cell models exhibit a greater level of liver-specific
functions, including metabolic enzyme activities. Furthermore, the cell
morphology and their biochemical properties are more similar to
in vivo tissues (Aucamp et al., 2017; Loessner et al., 2010). Spheroids
represent a very promising 3D cell model that can be cultured under
static or dynamic conditions, using many techniques, ranging from
hanging drop cultures, spinner flasks, non-adhesive surfaces, micro-
moulding, NASA rotary system (developed by National Aeronautics
and Space Administration), bioreactors, and many more (Basu et al.,
2020; Breslin and O'Driscoll, 2013; Lin et al., 2008), each offering nu-
merous advantages and disadvantages.

In addition to mechanistic studies (Elje et al., 2019; Mandon et al.,
2019; Štampar et al., 2019), 3D models have also proven to be a very
useful tool in environmental toxicology, including effect-based moni-
toring of various environmental natural and man-made pollutants
(Basu et al., 2018; Hercog et al., 2020). The 3D models allow long-
term repeat dose studies (Wong et al., 2011) enabling the exposure to
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lower concentrations of pollutants that are relevant for the environ-
ment and thus, real human exposure.

In the present study, the spheroids were developed using the ad-
vanced dynamic clinostat micro-tissue culturing technique, which ap-
plies rotating bioreactors, which provide better resemblance to in vivo
conditions than 2D cell cultures (Fey and Wrzesinski, 2012; Wojdyla
et al., 2016; Wrzesinski and Fey, 2015). The rotation of bioreactors
causes the flow of growth media around the spheroids, resulting in
higher diffusion of oxygen and nutrients into the spheroids and
preventing the generation of a necrotic core (Fey and Wrzesinski,
2012; Gong et al., 2015; Lin et al., 2008). During prolonged culturing
of several weeks, the spheroids develop structures with characteristics
resembling tissues and stable physiological functionality such as bile
canaliculi-like structures and sinusoid-like channels (Wrzesinski and
Fey, 2013). Due to the advanced morphology and biochemical proper-
ties, the spheroids grown under dynamic conditions provide more pre-
dictive data for human exposure in comparison to classically cultured
(2D) immortal or primary human hepatocytes and therefore represent
an alternative approach for animal studies (Wrzesinski and Fey, 2013,
2015). Moreover, a dynamic clinostat micro-tissue culturing technique
enables the formation of up to three hundred spheroids in one bioreac-
tor at the same time (Fey and Wrzesinski, 2012) and thereby offers a
simple high-throughput system for culturing uniform spheroids,
where several down-stream techniques can be applied and various end-
pointmeasured on the same population of spheroids that is particularly
suitable in the environmental contamination studies.

This study aimed to develop an approach for genotoxicity testing of
chemicals using 21-day old spheroids formed from human hepatocellu-
lar carcinoma (HepG2/C3A) cells utilizing the dynamic bioreactor
(CelVivo BAM/bioreactor) system (Fig. 1). The age of 21 days was se-
lected, since after this time the spheroids reach maturity and provide
metabolically competent cell model (Fey and Wrzesinski, 2012;
Wrzesinski et al., 2013;Wrzesinski and Fey, 2013). For the spheroid for-
mation, the hepatocellular HepG2/C3A cell line (HepG2 cell subclone)
was chosen due to its strong contact-inhibited growth characteristics,
high transferrin and albumin production, alpha-fetoprotein synthesis,
and the ability to grow in media containing a physiological level of glu-
cose (Iyer et al., 2010; Sun et al., 2014; Tamta et al., 2012; Wrzesinski
et al., 2013). When cultured in the form of spheroids HepG2/C3A cells
have several advantages over other cell lines, such as reduced prolifera-
tion, the reestablishment of crucial functions (cholesterol and urea syn-
thesis, cellular organization and expression of cytochrome P450) and
can be utilised for studying long-term repeated dose exposures
(Nibourg et al., 2012; Ramaiahgari et al., 2014; Wrzesinski and Fey,
2013). In addition, the HepG2/C3A spheroids have epigenetic markers
that are present in the liver but are lost when cultured under 2D condi-
tions (Tvardovskiy et al., 2015). However, recovery of physiological
functions when grown in 3D is not limited to HepG2/C3A but is also
seen with other cell lines, such as HepaRG, HepG2 and many others
(Mandon et al., 2019; Štampar et al., 2019; Wrzesinski and Fey, 2013,
2015; Young and Young, 2019). The response of 21-day old HepG2/
C3A spheroids for detection of indirect-acting genotoxic chemicals
were tested with two model genotoxic compounds; benzo(a)pyrene
(B(a)P) and 2-Amino-1-methyl-6-phenylimidazo(4,5-b)pyridine
(PhIP) that are ubiquitously found in the environment and thus repre-
sent a risk for human health. Environmental pollution is a wide-
reaching problem associated with the health of the ecosystem and
humans, as well as global climate change (Hartig et al., 2014). Human
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Fig. 1. The formation of the 3D HepG2/C3A spheroid cultures and treatment approach for genotoxicity assessment. First, the HepG2/C3A cells were seeded in the AggreWell™ plates and
were left for 24 h at 37 °C. After that, the aggregateswere transferred to the pre-wetted bioreactors. Spheroidswere cultivated for 21 days until treatedwith B(a)p and PhIP for 24 and 96 h.
After the treatment different end-point measurements were performed (cell viability, DNA damage and gene expression).

M. Štampar, H. Sedighi Frandsen, A. Rogowska-Wrzesinska et al. Science of the Total Environment 755 (2021) 143255
exposure to B(a)P is inevitable and is associated with pollution of the
natural environment (water, air, soil), as well as with the intake of
food, mainly grilled, charcoal-broiled, and smoked meat and fish
(Baan et al., 2009). The second indirect-acting genotoxic chemical
used in the present study belongs to the group of heterocyclic aromatic
amines (HAAs) (Skog et al., 1998) and occurs in almost all types of food
of animal origin (meat and fish) heated at high temperatures (Baird
et al., 2005). PhIP has been detected not only in products of animal ori-
gin, but also in wine, beer (Manabe et al., 1993), and smoked cheese
(Naccari et al., 2009), meaning that humans can be exposed to PhIP in
their everyday environment due to their lifestyle. Moreover, it can
occur in rainwater and cigarette smoke condensate (Naccari et al.,
2009).

In the present study, the spheroids were exposed to BaP or PhIP for
24 and 96 h, and DNA damage was studied with the comet assay,
which detects DNA lesions in the form of DNA strand breaks. To explore
themetabolic competence of the spheroidmodel, the basal and induced
mRNA level of genes, encoding selected enzymes implicated in xenobi-
otic metabolism induction, was determined. Besides, the effects of the
tested compounds on deregulation of selected genes involved in the re-
sponse to DNA damage and immediate-early response related to carci-
nogenesis were investigated.
2. Materials and methods

2.1. Chemicals

Dulbecco's Modified Eagle's Medium with 1 g Glucose/L (DMEM),
GlutaMAX, Hanks' buffered saline solution and Trypsin-EDTA (10×;
0.50%) were from Gibco (Carlsbad, CA). Normal (NMP) and low (LMP)
melting point agaroses, TRIzol® reagent and Trypan Blue (15250-061)
were from Gibco (Praisley, Scotland, UK). Foetal calf serum (FCS),
dimethylsulphoxide (DMSO), DEPC-treated water (w4502), non-
essential amino acids (NEAA), penicillin/streptomycin (pen/strep),
and benzo(a)pyrene (B(a)P; CAS-No. 50-32-8) were purchased from
Sigma (St. Louis, USA). Cell-Titer-Glo luminescent cell viability assay
(G7571) was obtained from Promega (Madison, USA). Amino-1-
methyl-6-phenylimidazo[4,5-b] pyridine (PhIP; CAS-No. 105650-23-5)
was fromToronto Research Chemicals Inc. (Canada).Methanol, ethanol,
3

andphosphate-buffered saline (PBS)were fromPAALaboratories (Dart-
mouth, NH, USA). GelRed solutionwas from Biotium (Fremont, CA) and
Triton X-100 from Fisher Sciences (New Jersey, USA). TaqMan Gene Ex-
pression Assays, the high capacity cDNA kit, and TaqMan Universal PCR
Master Mix (4440038) were purchased from Applied Biosystems (New
Jersey, USA). The PreAmpGrandMasterMix (TA05-50) was from TATAA
Biocenter AB (Göteborg, Sweden). GE 48.48 Dynamic Array Sample and
Assay loading Reagent Kit – 10 IFCs (85000821), and 48.48 Dynamic
Array: Gene expression chip were obtained from Fluidigm (South San
Francisco, USA). The B(a)P (9.9 mM) and PhIP (20 mM) stock solutions
were prepared in DMSO and stored at−20 °C.

2.2. Cell culture

The immortalized human hepatocellular carcinoma cell line, HepG2/
C3A, was bought at American Type Culture Collection (ATCC, CRL-
10741). Cells were grown at standard culture conditions as described
by Wrzesinski and Fey (2013) in DMEM (31885-023) supplemented
with 10% FCS (Sigma F7524), 0.5% pen/strep (15140-122), 1% NEAA
(11140-035), 1% GlutaMAX (35050-038), at 37 °C, 5% CO2 atmosphere
(Wrzesinski and Fey, 2013). HepG2/C3A cells were used between pas-
sage 6 and 9 and were regularly checked for mycoplasma (MycoAlert™
kit; Lonza, Walkersville, MD, USA).

2.3. Development of 3D spheroids and culture conditions

The spheroids made of HepG2/C3A cells were created using
AggreWell™ 400 plates (Stemcell Technologies, 27845) as described
byWrzesinski and Fey (2013). In brief, the plates were first prewashed
with the DMEM growth medium. Subsequently, the air bubbles
were cleared away from the well surfaces by prefilling the plates with
growth medium (0.5 ml) and centrifuging for 3 min at 3000g. Subse-
quently, 1.2 × 106 cells were added to the well resulting in 1000 cells
per spheroid initially. The plates were centrifuged for 3 min at 100g
and left overnight for spheroid formation. After the formation of spher-
oids, they were detached from the AggreWell™ plate by washing the
well with growth medium pre-warmed to 37 °C and subsequently col-
lected into a Petri-dish, and their quality was examined by microscopy
(Olympus IX81, 4x). Cell aggregates, unlike the major population, if
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any, have been removed to facilitate uniformity and the remaining
spheroids were transferred, with cut p200 pipette tips, into the pre-
equilibrated bioreactors (CelVivo BAM/bioreactor), which was subse-
quently filled with growth medium. The spheroids were cultured at
37 °C and 5% CO2 for 21 days, replacing medium accordingly to 48/48/
72 hour schedule (Fey and Wrzesinski, 2012). The day of the transfer
of cell aggregates from AggreWell™ plates into the bioreactors is de-
fined as day 0 (Wrzesinski and Fey, 2013). Optimal growth conditions
were achieved by rotating bioreactors at appropriate speeds using the
16 axels BioArray Matrix drive BAM v4 (CelVivo, Blommenslyst)
(Wojdyla et al., 2016).

2.4. Treatment of HepG2/C3A spheroids with model genotoxic compounds

After the spheroid cultures werematured for 21 days in bioreactors,
spheroids have been divided into experimental subpopulation (50
spheroids in each bioreactor). The spheroids were treated with
indirect-acting genotoxic compounds, namely polycyclic aromatic hy-
drocarbon benzo(a)pyrene (B(a)P) and heterocyclic aromatic amine
amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) for 24 and
96 h. The spheroid size corresponded to approximately 9 million cells
or 1.5 mg protein after 24 h of exposure and approximately 7 million
cells or 1mg protein after 96 h of exposure. The protein contentwas cal-
culated from the standard curve (planimetry standardised table histor-
ical data) correlating the protein content and spheroid size. To initiate
the chemical treatment, the rotation of bioreactors was terminated for
a short time to allow the spheroids to descend to the bottom of the bio-
reactor. The media was replaced with fresh media containing B(a)P or
PhIP. The concentrations of B(a)P and PhIP in the treatment media
were adjusted to doses resulting in spheroids exposure to 0.15 and
0.011 μg B(a)P/μg cellular protein (corresponding to 40 and 4 μM) for
24 (short term) and 96 h (long term), respectively or 0.34 and 0.68 μg
PhIP/μg cellular protein (corresponding to 200 and 400 μM) for 24-
hour exposure and 0.246 μg PhIP/μg protein (corresponding to
100 μM) for 96-h. The dose is given as μg of chemical per μg of cellular
protein (μg/μg P). The unit was converted from the concentration
(mM) to the dose (e.g., mg compound per mg cellular protein) based
on the size of spheroids (Fey and Wrzesinski, 2012; Piccinini et al.,
2015;Wrzesinski and Fey, 2015). The doses of genotoxinswere selected
according to previous studies with 2D models of HepG2 cells (Gajski
et al., 2016; Pezdirc et al., 2013). The solvent (medium containing
DMSO) and negative (growthmedium) controlswere included in all ex-
periments. The final solvent dose was adjusted to be the same as the
amount of the solvent in the exposure conditions. The experiments
were performed in three independent repetitions and several spheroids
were used for each time point and dose. The number of spheroids
depended on the end-point evaluated.

2.5. Measurement of the surface area of spheroids (planimetry)

Spheroids were cultivated under dynamic clinostat conditions for
21 days, as described previously. Before and after the treatment, the
quality, compactness, size, and roundness of at least 15 spheroids
were documented at 4× magnification by light microscopy (Olympus
IX81 motorized microscope). The images of spheroids were taken
with the Olympus DP71 camera and analysed with Olympus AnalySiS
Docu program (Soft Imaging System) where the spheroid area was
measured in μm2. This procedure was described in details by Fey and
Wrzesinski in 2012.

2.6. Viability of spheroids after the treatment with genotoxic compounds –
ATP assay

The 21-day old spheroids were treated with indirect-acting model
genotoxins, B(a)P and PhIP, for 24 (short term) and 96 h (long term)
in rotating bioreactors. In each bioreactor, 50 spheroids were grown.
4

The viability of cells in spheroids was assessed after the treatment by
measuring the ATP content of spheroids referring to themanufacturer's
protocol (CellTiter-Glo, Cat. no. G7571) with minor modifications de-
scribed by Wrzesinski and Fey (2013). Briefly, five spheroids from
each treatment were collected at specific time points and each trans-
ferred to a well of microtiter plates (Nunc, 165306). The final volume
of the growthmediumwas 100 μl, and spheroids were lysed by shaking
in the darkness (40 min). Luminescence was determined using the
FluoStar Omega® luminometer (BMG Labtech, Germany). Three inde-
pendent experimentswere performed.Datawere normalized to the ref-
erence ATP standard curve, to the untreated control, and the surface
area of each spheroid (determined with planimetry). Statistical rele-
vance between solvent control and treated groups was calculated by
unpaired parametric t-test with Welch's correction (*p < 0.05).

2.7. DNA damage induced by genotoxic compounds – comet assay

After the treatment, a suspension of viable single cells was obtained
by the combination of enzymatic digestion andmechanical degradation.
Each spheroid was put in trypsin-EDTA (0.05%; 3 min) and afterwards,
using cut pipette tips, disassembled into a suspension of single cells.
The viability of the single cells was immediately evaluated by staining
with Trypan Blue (0.4%). The comet assay was conducted according to
Štraser et al. (2011) with modifications by Štampar et al. (2019). The
images were captured with the fluorescence microscope Eclipse 800
(Nikon, Japan) with a Basler camera and analysed using Comet IV
image analysis software (Perceptive Instruments, UK). Each spheroid
represented one unit, and at least four spheroids were investigated
per experimental point. In each spheroid, 50 randomly captured nuclei
were analysed, and experiments were repeated three times indepen-
dently. The results are shown as % of tail DNA. Statistic calculations
were done by one-way ANOVA using Dunnett's Multiple Comparison
test to test the differences in % of tail DNA of treatments vs control,
and to compare the treated groups to solvent control (*p < 0.01).

2.8. Gene expression analysis

The expression of studied genes involved in themetabolism of xeno-
biotics, immediate-early response and response to DNA damage were
determined by quantitative real-time PCR (qPCR) on gene expression
48.48 Dynamic Array™ IFC (Fluidigm, US). The basal mRNA level of
studied liver-specific and metabolic genes was determined in HepG2/
C3A monolayers (2D) cultured for 48 h and in spheroids (3D) cultured
for 22 and 25 days in bioreactors under dynamic conditions. Further,
the expression of studiedmetabolic genes and genes encoding response
to DNA damage and immediate-early response were evaluated in 21-
day old spheroids exposed to B(a)P (0.15 μg/μg P and 0.011 μg/μg P for
24 and 96 h, respectively) or PhIP (0.34, 0.68 μg/μg P and 0.25 μg/μg P
for 24 and 96 h, respectively). From the pool of 25 spheroids for each
genotoxic compound and control, the mRNA was isolated using TRIzol
Gibco BRL. The mRNA concentration and the purity were assessed
using NanoDrop 1000 Spectrophotometer (Thermo Fischer Scientific,
Wilmington, USA), while degradation was checked by gel-
electrophoresis (BioRad Power PAC 3000 and UVP Chem Studio PLUS,
Analytik Jena AG, US). Reverse transcription of total mRNA (1 μg) per
samplewas performedusing the cDNAHigh Capacity Archive Kit. Quan-
tification of studied geneswas determinedwith qPCRon 48.48Dynamic
Array™ IFC method where TaqMan Universal PCR Master Mix and pre-
amplificated (TATAA PreAmp GrandMasterMix) Taqman Gene Expres-
sion Assays listed in Table 1 were applied. All genes were preamplified.
To eliminate the effects of inhibition and to evaluate the performance of
the primer set, a serial of 5-fold dilutions of each target gene was
analysed. The qPCR experiments were run on 48.48 Dynamic Array™
IFC chips for gene expression on the BioMark HD machine system
(Fluidigm, UK). The program QuantGenious was used for data process-
ing using the relative quantification regarding solvent control (Baebler



Table 1
The list of Taqman gene expression assays.

Gene
symbol

Entire gene name Assay ID

Cellular function Reference genes GAPDH Human Endogenous Control Hs99999905_m1
HPRT1 Hypoxanthine phosphoribosyl transferase 1 Hs02800695_m1

DNA-damage response genes TP53 Tumour protein P53 Hs00153349_m1
MDM2 Oncogene, E3 ubiquitin-protein ligase Hs00234753_m1
GADD45α Growth arrest and DNA damage-inducible gene, alpha Hs00169255_m1
CDKN1A Cyclin dependent kinase inhibitor 1A0 Hs00355782_m1
ERCC4 Excision repair cross-complementing rodent repair deficiency, complementation group 4 Hs00193342_m1

Immediate-early response genes JUNB JunB proto-oncogene, AP-1 transcription factor subunit Hs00357891_s1
MYC V-myc avian myelocytomatosis viral oncogene homolog Hs00153408_m1

Genes involved in metabolism CYP1A1 Cytochrome P450 family 1 subfamily A member 1 Hs01054797_g1
CYP1A2 Cytochrome P450 family 1 subfamily A member 2 Hs00167927_m1
CYP3A4 Cytochrome P450 family 3 subfamilies A member 4 Hs02514989_s1
UGT1A1 UDP glucuronosyltransferase 1 family, polypeptide A1 Hs02511055_s1
UGT2B7 UDP glucuronosyltransferase family 2 member B7 Hs00426592_m1
NAT1 N-acetyltransferase 1 Hs02511243_s1
NAT2 N-acetyltransferase 2 Hs01854954_s1
SULT1B1 Sulfotransferase family 1B member 1 Hs00234899_m1
SULT1C2 Sulfotransferase family 1C member Hs00602560_m1

Hepatic markers ALDH3A1 Aldehyde dehydrogenase 3 family member A1 Hs00964880_m1
ALB Albumin Hs00910225_m1
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et al., 2017). If the difference was higher/lower than 1.5-fold, than the
expression was considered as up/down-regulation (relative expression
>1.5 or <0.66 fold change, respectively). The inverse value of the rela-
tive expression (1/RE) was calculated, to acquire a fold change from
the relative expression for down-regulated genes (RE < 1). The expres-
sion of each gene was assessed in duplicates and three experiments
were done independently. Statistical analysis was done by the multiple
unpaired t-tests with the Sidak-Bonferroni method (*p < 0.05).

3. Results and discussion

In vitro3D cell cultures are experimentalmodels increasingly used in
preclinical studies, pharmacology, and toxicology. Recently, they have
been applied also for studying the adverse effects of natural toxins and
complex environmental samples and proved to be a very sensitive
model (Basu et al., 2018; Flampouri et al., 2019; Hercog et al., 2020).

In genetic toxicology, the use of 3D culture models is still in its in-
fancy, but at a recent International Workshop on Genotoxicity Testing
(IWGT), their use for genotoxicity testingwas recognized as very prom-
ising (Pfuhler et al., 2020). However, for the use in routine genotoxicity
testing, further development and validation is needed (Pfuhler et al.,
2020). In the present study, we established and validated a genotoxicity
test system with 21-day old spheroids developed from the HepG2/C3A
cell line that enables short-term and long-term exposure to xenobiotic
pollutants under controlled dynamic clinostat conditions. One of the
very important and crucial issues in genotoxicity studies is that the ap-
plied model enables long-term and repeated exposures to low doses of
studied compounds, which is very important for the risk assessment of
environmental contaminants. Namely in the environment, animals and
humans can be continuously and/or repeatedly exposed to very low
concentrations of various compounds.

3.1. The influence of model genotoxic compounds on HepG2/C3A spheroid
growth and viability of cells

To determine the influence of B(a)P and PhIP on the growth of 21-
day old spheroids, the surface area (planimetry) of at least 15 spheroids
per experimental point was measured after 24 and 96 h of exposure
(Fig. 2). The average surface area of spheroids exposed to B(a)P was af-
fected after 24 h (0.15 μg/μg P) and 96 h (0.01 μg/μg P) exposure. After
24 hour and 96 hour exposure, the surface area was 0.97 ± 0.19 mm2

and 0.98± 0.07mm2, respectively, while the surface area of the control
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group was 1.23 ± 0.11 mm2 and 1.14 ± 0.23 mm2, respectively. The re-
sults of PhIP exposure revealed that the heterocyclic aromatic amine
(HAA) affected the growth of HepG2/C3A spheroids only after short (24
h) exposure. The surface area of spheroids exposed to PhIP at the dose
of 0.34 and 0.68 μg/μg P was 1.20 ± 0.10 mm2 and 1.17 ± 0.07 mm2,
respectively, while the average control surface area was 1.27 ± 0.11
mm2 and 1.23 ± 0.11 mm2, respectively, after a short exposure. After
96 hour exposure to 0.246 μg/μg P of PhIP, the surface area was 1.16 ±
0.13 mm2 and in control group 1.14 ± 0.23 mm2.

The effect of B(a)P and PhIP on the viability of HepG2/C3A spheroids
was determined by measuring ATP content. The results showed that
B(a)P and PhIP after 24 h at higher dose, reduced ATP content for
16.5% and 24.4% on average, respectively, while PhIP at lower dose did
not affect the cell viability (Fig. 3A). After 96 h of exposure B(a)P or
PhIP did not decrease the ATP content (Fig. 3B). As the reduction of
ATP content at applied doses was less than 30%, which is considered as
non-cytotoxic effect (Žegura et al., 2009), no significant disturbances
of mitochondrial functions were expected; therefore, these doses were
used for further experiments.

Recently it was described that cell viability of HepG2 spheroids cul-
tured for 3 days under static conditions, exposed to B(a)P (up to 40 μM)
for 24 h was not affected in their cell viability measured by MTS assay,
while PhIP (≥ 200 μM) decreased cell viability by approximately 20%
on average (Štampar et al., 2019). Similarly, in 10-day old HepaRG
spheroids after 24 h of exposure, B(a)P at concentrations of up to
20 μM did not decrease cell survival, while cytotoxic effects were de-
scribed for PhIP (≥ 320 μM) (Mandon et al., 2019).
3.2. The influence of model genotoxic compounds on DNA damage induc-
tion determined with the comet assay

Comet assay was recently applied in various hepatic 3D cell models
(Elje et al., 2019;Mandon et al., 2019; Štampar et al., 2019), and herewe
successfully implemented themethod on 21-day old HepG2/C3A spher-
oids grown under dynamic clinostat conditions. The spheroids were
treated with B(a)P and PhIP for 24 and 96 h, and first, the method for
obtaining the viable single-cell suspension was optimized. Before
conducting the comet assay, the viability of single-cell suspension
was determined by Trypan blue staining, and it was higher than 80%
(data not shown). Results showed that B(a)P (0.15 μg/μg P) and PhIP
(0.34 μg/μg P and 0.68 μg/μg P) after 24 h of treatment induced statisti-
cally significant increase in the amount of DNA strand breaks (Fig. 4A



Fig. 2. Theaverage surface area±SD(mm2) of control and exposed spheroids after24h (A) and96h (B) determinedwith planimetry. The %of the solvent indifferent treatments after 24h
wasadjusted to the 0.5%ata lowerdoseofPhIP (white columns)and the1%at thehigherdoseofPhIPandB(a)P (grey columns). Theexperimentswere repeated three times independently
and each time at least five spheroidsweremeasured. The % of the solvent after 96 hwas adjusted to 0.5%. The images of representative spheroids after 24 h (C) and 96 h exposure (D) are
shown. The imageswere capturedusing theOlympus IX81microscope andanOlympusDP71cameraat4×magnification. Statistics analysiswas conducted inGraphPadPrism6 (unpaired
parametric t-test with Welch's correction).
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and B). Similar results have been reported for HepG2 spheroids grown
under static conditions that were exposed to B(a)P (≥ 10 μM) and
PhIP (≥ 50 μM) for 24 h (Štampar et al., 2019). In line with our results,
induction of DNA damage has also been observed in HepaRG spheroids
exposed to B(a)P at ≥20 μM and PhIP at ≥40 μM as well as other pro-
Fig. 3. The relative ATP content in HepG2/C3A spheroids (3D) after 24 (A) and 96 (B) hour trea
were performed and each time five spheroids fromeachbioreactorwere collected at specific tim
lower dose of PhIP (white columns) and to the 1% at the higher dose of PhIP and B(a)P (grey colu
ATP/μg protein ± SD normalized to corresponding solvent control. The statistical analysis was
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genotoxic compounds including cyclophosphamide, 7,12-
dimethylbenz[a]anthracene, 2-acetylaminofluorene and acrylamide
with the exception of 2-amino-3-methylimidazo[4,5-f]quinolone
(Mandon et al., 2019). Comet assay on HepG2 spheroids has also been
applied to assess genotoxicity of the direct-acting compounds methyl
tment to B(a)P and PhIP determined with the ATP assay. Three independent experiments
e points. The % of the solvent in different treatments after 24 hwas adjusted to the 0.5% at a
mns). The % of the solvent after 96 hwas adjusted to 0.5%. Results are presented as relative
conducted in Graph Pad Prism 6 (unpaired parametric t-test with Welch's correction).



Fig. 4.Determination of DNA damage after the exposure of HepG2/C3A spheroids to indirect-actingmodel genotoxic compounds B(a)P and PhIP and solvent control (0) for 24 and 96 h by
the comet assay (% tail DNA). Fifty nuclei were measured per experimental point and presented in box-plots. Three independent experiments were performed. (One-way ANOVA,
Dunnett's test; **** p < 0.001).
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methane sulfonate and hydrogen peroxide by Elje et al. (2019). After
prolonged exposure (96 h) of HepG2/C3A spheroids to B(a)P, DNA
damage was observed at approximately 10-times lower doses (0.011
μg/μg P) compared to doses used for 24 hour exposure (Fig. 4D), indicat-
ing high sensitivity of the system for detecting B(a)P genotoxicity. On
the contrary, PhIP did not induce DNA damage in HepG2/C3A spheroids
(Fig. 4C) after prolonged exposure to doses of 0.246 μg/μg P. The expla-
nation for the observed effect can be the metabolism of PhIP after
prolonged exposure and/or repair of DNA damage within 96 h of expo-
sure asHepG2/C3A spheroids have been shown tohave a very high level
of DNA repair enzymes (Wrzesinski et al., 2014). It is also possible that
the used dose of PhIP was too low to induce DNA damage although it
was only 25% lower than the dose used for 24 hour exposure (0.246
μg/μg P vs. 0.34 μg/μg P, respectively).

3.3. Gene expression

3.3.1. Basal mRNA expression in 3D compared to 2D monolayer system
The basal mRNA expression of studied liver-specific and phase I and

phase II metabolic enzymes was determined in HepG2/C3A spheroids
cultivated for 22 days (21 days plus additional 24 h) and 25 days
(21 days plus additional 96 h). In HepG2/C3A monolayer cultures
(2D), mRNA expression was determined after 2 days (1 day plus addi-
tional 24 h) of cell cultivation. The mRNA expressions of albumin (1.4-
fold and 2.2-fold, respectively), ALDH3A1 (3.5-fold and 1.6-fold,
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respectively) and metabolic enzymes of phase I, CYP3A4 (1.1-fold and
3.2-fold, respectively), CYP1A1 (3.5-fold and 2.5-fold, respectively),
and phase II, UGT2B7 (2.2-fold and 1.6-fold, respectively) and SULT1C2
(3.4-fold and 5.9-fold, respectively), were up-regulated after 22 days
and 25 days of cultivation compared to the 2D system cultured for
2 days (Fig. 5). The obtained results are in line with observations de-
scribed by Štampar et al. (2019), and Shah et al. (2018) who demon-
strated that HepG2 spheroids grown under static conditions expressed
higher mRNA levels of metabolic enzymes, which is a crucial physiolog-
ical function of hepatocytes in vivo (Snykers et al., 2009). Similarly,
higher mRNA levels of genes encoding phase I and II drug-
metabolizing enzymes (Ramaiahgari et al., 2014; Whitlock, 1999), nu-
clear receptors and xenobiotic transcription factors (Hurrell et al.,
2019; Ramaiahgari et al., 2014, 2017) as well as a time-dependent in-
crease of albumin (Ramaiahgari et al., 2014) was described in HepG2
spheroids, when compared to monolayer cultures. We have noticed
that the basal mRNA levels of UGT1A1 (0.5-fold and 0.6-fold, respec-
tively) and NAT2 (0.2-fold and 0.26-fold, respectively) were expressed
to a lower extent in the dynamic clinostat 3D HepG2/C3A cell system
compared to 2D cell culture (Fig. 5), while the expressions of SULT1B1
(1.3-fold and 1.09-fold, respectively) and NAT1 (0.85-fold and 1.15-
fold, respectively) were not biologically importantly deregulated. Previ-
ously, Chang and Hughes-Fulford (2009) showed that the expression of
metabolic and synthetic functional genes changes differently with the
time of cultivation in 3 to 7-day old HepG2 spheroids when compared



Fig. 5. Relative basal mRNA expression in 3D HepG2/C3A spheroids cultured under dynamic conditions for 22 (A) and 25 (B) days compared to 2-day old monolayer cultures. Data are
presented as an average ± SD (N = 3). The dotted line denotes the expression of the corresponding gene in monolayer culture (1-fold change). A significant variance in mRNA
expression in 3D compared to 2D cultures was assessed with the one-way ANOVA using multiple comparisons (Dunnett's) (* p < 0.05, **p < 0.01).
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tomonolayer cultures. Therefore, our results are not surprising since the
expression of genes in spheroids changes over time.

3.3.2. The impact of model genotoxic compounds on mRNA level in HepG2/
C3A spheroids

Further, the changes in the transcription of studied genes involved in
themetabolism (phase I and II), immediate early response and response
to DNA damage were analysed after the exposure to genotoxic com-
pounds. Relative mRNA level of the studied genes in treated groups
compared to solvent controls are shown in Figs. 6 and 7.

Most of the xenobiotic-metabolizing enzymes are inducible
(Braeuning et al., 2009; Denison and Whitlock, 1995; Mitchell and
Fig. 6. ThemRNA level of selected genes involved in themetabolism after 24 and 96 h of exposur
line denotes biologically significant differences in gene expression (1.5-fold change). The expr
performed. The statistical analysis between exposed and control groupswas done by themultip
of ≥1.5 and ≤0.66-fold change, respectively, compared to the corresponding solvent control wa
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Warshawsky, 2003). Therefore, induction of the mRNA level of studied
genes encoding phase I (CYP3A4, CYP1A1, CYP1A2, and ALDH3A1) and II
(UGT1A1, UGT2B7, SULT1C2, SULT1B1, NAT2, NAT1) enzymes was
investigated after the treatment of spheroids to B(a)P and PhIP for
24 or 96 h. B(a)P is primarily metabolized in the liver by human cyto-
chromes (CYP1A1/CYP1B1) and epoxide hydrolase to carcinogenic in-
termediates that covalently bind to DNA to start the carcinogenic
process (Melendez-Colon et al., 1999; Nebert et al., 2004; Qin and
Meng, 2010; Whitlock, 1999). In HepG2/C3A spheroids, B(a)P after 24
h up-regulated the expression of CYP3A4 (12.3-fold), CYP1A1 (295.6-
fold), CYP1A2 (3.9-fold), UGT1A1 (13.6-fold), UGT2B7 (14.7-fold), NAT2
(4.0-fold), NAT1 (8.0-fold) and ALDH3A1 (345.9-fold). This is in line
e of 21-day oldHepG2/C3A spheroids to genotoxic compounds, B(a)P and PhIP. The dotted
ession of each gene was assessed in duplicates and three independent experiments were
le t-test analysis using the Sidak-Bonferronimethod (*p < 0.05). An up-/down-regulation
s considered a positive response.



Fig. 7. ThemRNA expression of studied genes involved in DNA damage response and the immediate-early response in 21-day old HepG2/C3A spheroids after 24 and 96 h of exposure to
model genotoxic compounds. The dotted line denotes biologically significant differences in gene expression (1.5-fold change). The expression of each genewas assessed in duplicates and
three experiments were done independently. The statistical variance was tested using the multiple t-tests and the Sidak-Bonferroni method (*p < 0.05). An up-/down-regulation of ≥1.5
and ≤0.66-fold change, respectively, compared to the control, was considered as a positive response.
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with previous findings demonstrating that B(a)P in HepG2 monolayer
cultures up-regulated genes encoding important cytochromes
(CYP1A1, CYP1A2, and CYP3A4) (Bartosiewicz et al., 2001; Ewa and
Danuta, 2017; Lee et al., 2006, 2009; Stiborová et al., 2014).
Glucuronosyltransferases (UGTs), N-acetyltransferases (NATs) and
sulfotransferases (SULT) belonging to phase II enzymes, act on the oxi-
dized products generated from phase I and thus represent an important
detoxification pathway (Gamage et al., 2006; Li et al., 2008). B(a)P up-
regulated UGT1A1 (13.8-fold), UGT2B7 (14.6-fold), NAT1 (7.9-fold) and
NAT2 (5.7-fold) and down-regulated SULT1C2 (0.28-fold) and SULT1B1
(0.36-fold). The up-regulation of UGT1A1 by B(a)P has previously been
observed in HepG2 cell monolayer cultures (Pezdirc et al., 2013) and
in HepG2 spheroid cultures (Štampar et al., 2019). On the contrary,
NAT2was not deregulated in HepG2 monolayer cultures (Pezdirc et al.,
2013) and HepG2 spheroids (Štampar et al., 2019), while in the latter
cell model NAT1was upregulated (Štampar et al., 2019).

PhIP is metabolized to a DNA-binding product by CYP1A2- and
CYP1A1-catalyzed N-hydroxylation (Wilkening et al., 2003), while the
major PhIP detoxification pathway is considered UGT-mediated
glucuronidation and sulfotransferation and to a lesser extent N-
acetyltransferation (Turesky, 2011; Turesky and Le Marchand, 2011).
However, O-esterification of N-hydroxy-derivatives catalyzed by N-
acetyltransferases (NATs) and sulfotransferases (SULTs) also produces
N-acetoxy HAAs derivatives, which after heterocyclic cleavage produces
DNA reactive nitrenium ion (Turesky, 2011). The 24-hour exposure of
HepG2/C3A spheroids to PhIP was performed at two doses, 0.34 μg/μg
P and 0.68 μg/μg P. At the lower dose PhIP up-regulated CYP3A4 (1.8-
fold), UGT1A1 (2.3-fold) and SULT1B1 (3.0-fold) and down-regulated
CYP1A1 (0.32-fold) and ALDH3A1 (0.16-fold). In contrast, at 0.68 μg/μg
P PhIP up-regulated phase I metabolic genes CYP3A4 (6.1-fold),
CYP1A1 (6.0-fold) and CYP1A2 (1.6-fold), and phase II metabolic genes
UGT1A1 (29.1-fold), UGT2B7 (2.5-fold), SULT1B1 (2.4-fold), SULT1C2
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(3.9-fold), NAT1 (2.3-fold) and NAT2 (5.2-fold), while ALDH3A1 (0.74-
fold) was not importantly deregulated. Similar metabolic gene deregu-
lation by PhIP was described in metabolically competent HepaRG cells,
where increased mRNA and activity levels of CYP1A1, CYP1A2 and
CYP1B1 were described by Dumont et al. (2010). Presumably, this is
the consequence of the activation of the aryl hydrocarbon receptor
(AHR), the key nuclear factor in the regulation of CYPs and ALDHs
(Omiecinski et al., 2011). Also in HepG2 monolayer cultures, PhIP up-
regulated genes encoding phase I (CYP1A1 and CYP1A2) (Pezdirc et al.,
2013; Viegas et al., 2012) and phase II (NAT2 and UGT1A1) (Pezdirc
et al., 2013) metabolism, while SULT1A1 was not expressed in HepG2
cells under the tested experimental conditions. The results of our
study clearly demonstrate that in HepG2/C3A, spheroids SULTs were
expressed at the mRNA level and were up-regulated upon PhIP
exposure.

After 96 hour exposure, B(a)P up-regulated all studied genes in-
volved in metabolism; CYP3A4 (2.8-fold), CYP1A1 (218.8-fold), CYP1A2
(2.4-fold), UGT1A1 (176.2-fold), UGT2B7 (8.8-fold), NAT1 (3.0-fold),
NAT2 (7.5-fold), SULT1C2 (2.9-fold), SULT1B1 (11.3-fold) and ALDH3A1
(397.6-fold). The up-regulation of some of these genes was after
96 hour exposuremore pronounced than after 24 h exposure to a higher
dose. In PhIP (0.25 μg/μg P) exposed HepG2/C3A spheroids, CYP1A2
(3.47-fold) and UGT1A1 (10.35-fold) were up-regulated to a higher ex-
tend than after 24-hour exposure to 0.34 μg/μg P of PhIP (Fig. 6), while
the expressions of other studied genes were not significantly different
from their expressions in control spheroids. This may indicate that
PhIP (0.25 μg/μg P) has been efficiently metabolized and detoxified dur-
ing 96 h of exposure, which stopped upregulation of the expression of
CYPs, SULTs, andNATs or the exposure dosewas not high enough to up-
regulate the expression of these enzymes.

The cellular response to the exposure to genotoxic chemicals de-
pends on the cellular defence, particularly, DNA damage repair
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mechanisms (Dumont et al., 2010). DNA damage triggers the activa-
tion of p53 network, where tumour suppressor p53 plays an essential
role in controlling cellular proliferation in the context of DNAdamage
by activating the transcription of many crucial genes involved in cell
cycle arrest and DNA repair, apoptosis, differentiation and senes-
cence (Vogelstein et al., 2000). The cyclin-dependent kinase inhibitor
1A gene (CDKN1A) that encodes p21 is a p53-dependent key regula-
tor of cell fate by triggering cell cycle arrest in G1 phase under multi-
ple stress conditions including DNA damage (Warfel and El-Deiry,
2013). It is directly involved in DNA repair, including nucleotide exci-
sion repair (NER) (Cazzalini et al., 2010). The GADD45α is another
gene that is regulated by p53 and is implicated in the regulation of
several cellular functions, such as DNA damage and repair, cell cycle
checkpoint, signalling transduction andmaintenance of genomic sta-
bility (Tamura et al., 2012). It controls the cell cycle G2-M check-
point, the DNA repair process and apoptosis (Wang et al., 1999).
MDM2 protein, a product of a proto-oncogene, is under non-
stressed conditions the negative regulation of TP53 (Michael and
Oren, 2002). It enhances the tumorigenicity of the cells and promotes
survival of the cells and the progression of the cell cycle (Deb, 2003).
The ERCC4 gene has a vital role in DNA damage repair processes and
in maintaining genomic stability. It is activated by DNA damaging
compounds that induce covalent helix-distorting adducts and plays
a central role in DNANER (Manandhar et al., 2015). An important cel-
lular response to carcinogens is also gene regulation via the tran-
scription factor, the activator protein 1 (AP-1) that is composed of
JUN and FOS protein dimers, known as homologs of retroviral
oncoproteins. JUN-B is implicated in many essential cell processes,
including differentiation, proliferation, and tumorigenesis (Hess
et al., 2004). Another oncogene that is considered as a critical regula-
tor of cell proliferation isMYC. Its deregulation is associated with the
genesis of most human tumours (Adhikary and Eilers, 2005). The
immediate-early response genes (MYC and JUN), which coordinate
the expression of further genes required for subsequent cell cycle
progression (Kohn, 1999), enable ligands of AHR to act as influential
tumour promoters and carcinogens (Marlowe and Puga, 2005).
Transcriptomic analyses revealed that in HepG2/C3A spheroids, ex-
posure to B(a)P for 24 and 96 h caused transcriptional activation of
TP53 (1.8-fold and 2.9-fold, respectively), and its down-stream regu-
lated genes CDKN1A (29.5-fold and 46.5-fold, respectively),
GADD45α (13.5-fold and 10.4-fold, respectively) and MDM2 (1.9-
fold and 3.7-fold, respectively) as well as ERCC4 (3.3-fold and 3.2-
fold, respectively). Higher levels of the expressions of TP53 and
CDKN1A after prolonged exposure (96 h) correlate with the more
pronounced increase of DNA damage after prolonged exposure. In
HepG2 cells grown in monolayer, 24 hour exposure to B(a)P up-
regulated the mRNA level of CDKN1A and GADD45α, whereas the ex-
pression of TP53 was not affected, while MDM2 was down-regulated
(Pezdirc et al., 2013). In 21-day old spheroids at both 24 and 96 h of
exposure, B(a)P up-regulated the expression of JUNB (26.4-fold and
9.5-fold, respectively), while MYC was significantly down-regulated
(0.2-fold) after 24 h. Modifications in the expression of growth-
related genes associated with the exposure to xenobiotics may be
associated to tumorigenesis in target organs, for this reason, the sig-
nificantly induced expression of JUNB by B(a)P may implicate the
process of B(a)P induced carcinogenesis (Goldsworthy et al., 1994;
Mehta, 1995). Altogether, the results showed that all genes associ-
ated with DNA damage response were greatly upregulated upon ex-
posure to B(a)P at all applied conditions, which correlate with its
genotoxic activity.

The heterocyclic aromatic amine PhIP after 24 hour exposure at dose
0.34 μg/μg P slightly, but not significantly upregulated only the expres-
sion of GADD45α (2.0-fold) and JUNB (2.45-fold). The higher dose of
PhIP (0.68 μg/μg P) upregulated the expression of CDKN1A1 (3.8-fold),
MDM2 (1.71-fold), ERCC4 (2.0-fold) and JUNB (2.7-fold). The upregula-
tion of GADD45α after exposure to PhIP was also described in HepG2
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monolayer cultures (Pezdirc et al., 2013). After 96 h of exposure, no sig-
nificant mRNA deregulation of genes involved in the response to DNA
damage was observed, except for JUNB gene (1.8-fold), which belongs
to immediate-early response genes (Fig. 7). These findings support the
results obtained with the comet assay, where PhIP induced increased
DNA strand break formation after 24 h but not after 96 hour exposure.
These results imply the lower genotoxic potential of PhIP compared to
BaP, as well as a different mechanism of action.
4. Conclusions

In recent years, considerable efforts have been brought to the devel-
opment of a wide range of in vitro 3D cell models. These have shown
promising results for their usage in drug discovery, stem cell research,
cancer cell biology, and recently also in genetic and environmental tox-
icology to reduce disparities between the traditional 2D cell models and
whole-animal systems. Moreover, in vitro 3D cell models can be used to
fulfil the 3R (reduce, refine and replace) strategy to avoid unnecessary
animal experiments with inaccurate predictions for humans due to spe-
cies variability.

We optimized the comet assay method to determine the genotoxic
activity of indirect-acting genotoxic compounds in 21-day old HepG2/
C3A spheroids cultured in bioreactors under dynamic clinostat condi-
tions and studied the effects of genotoxic compounds on the expression
of genes encoding xenobioticmetabolic enzymes and enzymes involved
in DNA damage and immediate-early response. The dynamic clinostat
culturing conditions that allow growth and generation of a high amount
of uniform spheroids for a prolonged timewithout the addition of extra-
cellularmatrix enable a constant supply of nutrients entering the spher-
oid. The formed spheroids enable long-term exposure studies where
low for human exposure relevant doses of chemicals including complex
environmental mixtures can be applied. Based on the results of our
study, 21-day old HepG2/C3A spheroids proved to be metabolically
competent; the basal levels of mRNA of the studied genes encoding
phase I and phase II metabolic enzymes were significantly higher in
3D cultures compared to 2D cultures. The 3D spheroids also responded
to the exposure to indirect-acting model environmental pollutants,
benzo(a)pyrene [B(a)P], and 2-amino-1-methyl-6-phenylimidazo(4,5-
b)pyridine [PhIP] with compound-specific mRNA deregulation of
those genes. The genotoxic activity of B(a)P and PhIP was confirmed
inHepG2/C3A spheroids after short and prolonged exposure. Both com-
pounds induced increased DNA strand break formation and compound-
specific deregulation of the expression of DNA damage and immediate-
early responsive genes. Our study demonstrated that high viability of
HepG2/C3A spheroids and the dynamic 3D model enables their use for
prolonged exposure studies, which is of great importance for detecting
and predicting the genotoxic effects relevant for chronic human expo-
sure to a low dose of genotoxic compounds, which can be found in the
human environment. Therefore, the HepG2/C3A 3D cell model cultured
under dynamic conditions, as a result of more complex structure and
better metabolic capacity, represents a very sensitive system and can
provide more physiologically important information and more predic-
tive information for human health risk assessment and therefore, can
contribute to more trustworthy genotoxicity assessment of chemicals
and complex environmental samples.
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