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Abstract

High-throughput in vitro reporter gene assays are increasingly applied to assess the potency of
chemicals to alter specific cellular signaling pathways. Genetically modified reporter gene cell
lines provide stable readouts of the activation of cellular receptors or transcription factors of
interest, but such reporter gene assays have been criticized for not capturing cellular metabolism.
We characterized the metabolic activity of the widely applied AREc32 (human breast cancer MCF-
7), ARE-bla (human liver cancer HepG2), and GR-bla (human embryonic kidney HEK293)
reporter gene cells in absence and in presence of benzo(a)pyrene (BaP), an AhR ligand known to
upregulate cytochrome P450 in vitro and in vivo. We combined fluorescence microscopy with
chemical analysis, real-time PCR, and EROD activity measurements to track temporal changes in
BaP and its metabolites in the cells and surrounding medium over time in relation to the expression
and activity of metabolic enzymes. Decreasing BaP concentrations and formation of metabolites
agreed with the high basal CYP1 activity of ARE-bla and the strong CYP/A1 mRNA induction in
AREc32, whereas BaP concentrations were constant in GR-bla, in which neither metabolites nor
CYPI induction were detected. The study emphasizes that differences in sensitivity between
reporter gene assays may be caused not only by different reporter constructs but also by a varying
biotransformation rate of the evaluated parent chemical. The basal metabolic capacity of reporter
gene cells in absence of chemicals is not a clear indication because we demonstrated that the
metabolic activity can be upregulated by AhR ligands during the assay. The combination of
methods presented here is suitable to characterize the metabolic activity of cells in vifro and can
improve the interpretation of in vitro reporter gene effect data and extrapolation to in vivo human

exposure.
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|l. Introduction

In vitro cell-based reporter gene assays are gaining increasing attention in human health risk
assessment of chemicals. Their implementation in high-throughput screening (HTS) format will
contribute to cover the high demand on chemical effect assessment associated with the increasing
number and variety of manufactured chemicals. In these artificial cell constructs, a specific
receptor-chemical interaction or stress-response pathway is monitored using a reporter gene
coupled to the response element of the target receptor (e.g., luciferase or B-lactamase). This
mechanistic approach provides deeper insight in the mode of toxic action (MoA) of a chemical
than a standard in vivo toxicity test for chemical risk assessment. A large battery of in vitro reporter
gene assays has been already developed, standardized and miniaturized in multi-well plates for
HTS.

One of the biggest systematic screening approaches hitherto is the Toxicology Testing in the 21st
Century (Tox21) program that involved the assessment of 10,000 chemicals in 64 quantitative high-

throughput reporter gene assays (https://tripod.nih.gov/tox21/assays/). Interestingly, only 14 cell

lines form the basis for the reporter gene assays used in Tox21 with different reporter genes
implemented into the same cell lines, most abundantly in the human embryonic kidney and liver
cancer cell lines HEK293 (42%) and HepG2 (14%). For example, chemical interaction with the
androgen receptor (AR) and glucocorticoid receptor (GR) are evaluated in different reporter gene
assays and both are based on HEK293 cells.: No specific attention was given to biotransformation
of the chemical by cellular metabolism in the development of the reporter gene assays.

Metabolism of xenobiotic chemicals usually involves the addition of polar functional groups to the
chemicals for facilitated excretion. These biotransformation processes alter the physicochemical
properties of the parent chemicals and its potency to affect signaling pathways in vivo. The
biotransformation of chemicals in in vitro reporter gene assays can increase or decrease the
apparent activity depending on the biological activity of the metabolites relative to their parent
chemical. For example, benzo(a)pyrene (BaP) can be bioactivated through oxidation by
cytochrome P450 enzymes into the carcinogenic metabolite benzo(a)pyrene-7,8-diol-9,10-epoxid
(BaP-epoxide).* Higher activities of hydroxylated metabolites were measured in MCF-7 estrogen
receptor gene assays compared to the parent BaP, while contrarily lower estrogenic activities were

reported for mycotoxins after biotransformation.’
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The cytochrome P450 1A1 enzyme (CYP1A1) is present in all mammalian tissue and plays a key
role in metabolism of xenobiotic chemicals by accounting for more than 75% of total metabolism.”
* CYPIAI gene induction is predominantly mediated by the aryl hydrocarbon (AhR) and cellular
tumor antigen receptors (pS3) which enter the nucleus upon binding of a chemical and bind to the
xenobiotic receptor element (XRE), inducing the CYP/AI mRNA expression.* The induction of
CYP genes in in vitro cells by chemical exposure was thoroughly investigated in previous studies,"
amongst others for the native HepG2 and HEK?293 cells that are implemented in the ARE-bla and
GR-bla Tox21 reporter gene assays.>* For micronucleus frequency in vitro assays, a natural
biomarker for DNA damage, it has been shown that the sensitivity of the measurement endpoint
strongly depends on the metabolic capability of the applied cell line (MCL-5, TK6, and HepG2
cells) to form more toxic metabolites.* Such case studies indicated the importance of metabolism
in 2D cell assays monitoring specific cellular endpoints that are not directly related to their
metabolic activity.

The biotransformation of test chemical(s) by metabolism is generally not considered in the
evaluation of in vitro effect data of reporter gene assays but can represent a significant source of
uncertainty. Characterizing the metabolic activity of widely applied in vitro reporter gene cell lines
that are incubated in multi-well plates will help to increase the comparability between the assays
and is the first step towards a reliable assessment of the potency of chemicals that are metabolized
in HTS in vitro reporter gene assays. For MCF-7 cells implemented in the antioxidant response
element assay AREc32, fluorescence measurements provided evidence of BaP biotransformation
capability,* indicating that chemical exposure can induce the expression of CYP enzymes in
AREc32, which was observed for native MCF-7 cells during chemical exposure.”* These studies
emphasize the necessity to characterize the metabolic activity of reporter gene cells during
exposure to chemicals, whereas investigating the basal metabolic capacity of in vitro cells might
underestimate their metabolic activity under exposure conditions.

For quantitative in vitro-in vivo extrapolation (QIVIVE) approaches, characterizing the metabolic
activity of the applied in vitro reporter gene cell line can clearly support the development of models
for human exposure predictions from in vitro effect data. In vitro hepatic clearance assays with
HepaRG and other liver cells can predict metabolic activity in human tissue,”» and have been
implemented in QIVIVE frameworks.” Clearance models have been developed that calculate
clearance efficiencies of chemicals in blood based on the amount of metabolically active

components in S9, microsomal proteins, or hepatocytes.» For hepatic assays, cellular metabolism
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was thoroughly investigated and discussed, however, the link to metabolic processes in in vitro
reporter gene assays is missing. In studies with in vitro reporter gene assays, cellular metabolism
was mainly neglected, even for cell lines that were originally developed as models for hepatic
metabolism of chemicals.» This indicates the necessity to investigate the metabolic activity of in
vitro assays if used for human health risk assessment of chemicals and how to foster its
implementation in QIVIVE approaches.

This study aimed to characterize cellular metabolism in reporter gene assays to investigate its role
in the interpretation and extrapolation of in vitro effects. Therefore, we analyzed the CYPIAI
mRNA expression and applied ethoxyresorufin-O-deethylase (EROD) assays as well as integrated
fluorescence microscopy and chemical analysis to track concentrations in the cell and exposure
medium. The method was applied to measure the cellular metabolism of BaP in the AREc32, ARE-
bla (Antioxidant Response Element) and GR-bla (Glucocorticoid Receptor) reporter gene cell lines
that were based on human breast cancer cells (MCF-7), hepatocellular carcinoma cells (HepG2),
and human embryonic kidney cells (HEK293), respectively. MCF-7 was originally developed for
cancer research* and has been widely applied as AREc32= for skin sensitization testing* and
environmental monitoring.” The GR-bla and ARE-bla reporter gene cell lines were both
implemented in the Tox21 battery of cell-based bioassays.” We hypothesized that (1) a difference
in the metabolic activity of the cell lines can have a significant influence on chemical exposure in
the medium and cells, potentially leading to sensitivity differences between cell lines towards
biotransformed chemicals; (i1) exposure to BaP increase CYP1A41 mRNA expression and total P450
CYP1 activity which (ii1) leads to an exponential decrease in cellular concentrations of BaP and an
increase in metabolite concentrations. We discuss differences in the metabolic activity between the
evaluated cell lines considering their tissue origin (breast cancer, kidney, liver) and their relevance

for the QIVIVE of biodegradable chemicals measured in in vitro reporter gene assays.
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2. Materials and Methods

2.1 Chemicals and cell lines

Benzo(a)pyrene (BaP, >96%), 3-hydroxybenzo(a)pyrene (3-OH-BaP, >99%), and
benzo(a)pyrene-7,8-dihydrodiol-9,10-epoxide (BaP-epoxide, >99%) were purchased from Sigma
Aldrich.  9-Hydroxybenzo(a)pyrene (9-OH-BaP, >99%), (%)-trans-4,5-Dihydroxy-4,5-
dihydrobenzo(a)pyrene (4,5-OH-BaP, >99%), (£)-trans-7,8-Dihydroxy-7,8-
dihydrobenzo(a)pyrene (7,8-OH-BaP, >99%), and trans-9,10-Dihydroxy-9,10-dihydroxy-9,10-
dihydrobenzo(a)pyrene (9,10-OH-BaP, >99%) were acquired from the Biochemical Institute for
Environmental Carcinogens. 7-ethoxyresorufin and NaOH (>98.8 %) were purchased from Th.
Geyer and resorufin (95%) and dicoumarol from Merck. TRIS buffer was purchased from

AppliChem.

2.2 Cell cultivation and assay conditions

ARE-bla, GR-bla and AREc32 cells were cultivated in Dulbecco’s Modified Eagle Medium
(DMEM GlutaMAX, Thermo Fisher) amended with 10% fetal bovine serum (FBS) in cell culture
flasks. Untreated FBS was used for AREc32 cells and dialyzed FBS for GR-bla and ARE-bla cells.
Reaching a confluency of 70 — 90%, the cell number was quantified with a cell counter CASY
MODEL TT (Roche Innovatis). The cells were washed twice with phosphate buffered saline (PBS,
8% NaCl, 0.2% KCl, 1.442% Na;HPO4 and 0.25% KH>PO4 in H20) and resuspended in DMEM
GlutaMAX with 2% untreated FBS. This cell suspension was split into two different treatments:
(1) 10 mL were split into five cell culture flasks each and (i1) 90 pL were seeded into each well of
poly-D-lysine-coated 96-well polystyrene plates with a clear and flat bottom for GR-bla and ARE-
bla and AREc32 was seeded into a tissue culture treated 96-well plate (Corning). The cell numbers
were previously optimized and adjusted to 1.5x10% (ARE-bla), 9x10° (AREc32), and 1.3x10° (GR-
bla) in the cell culture flasks (25 cm? for quantitative PCR) to reach a confluency of 70-90 % after
48 h and 15,000 (ARE-bla), 11,000 (AREc32), and 11,000 (GR-bla) in the wells, respectively. The
culture flasks and well plates were incubated for 24 h at 37 °C and 5% CO> for cell attachment

before starting the experiments.
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2.3 BaP exposure experiments

The cells were exposed to BaP either in 96-well plates for fluorescence measurement (Section 2.4),
chemical analysis (Section 2.5), and EROD measurement (Section 2.7), or in cell culture flasks for
CYPIAI mRNA expression analysis (Section 2.6). The nominal BaP concentration in the exposure
medium was 0.25 mg L', which ensured quantifiable concentrations in the medium but did not
cause cytotoxicity.!®

Complying with protocols to avoid solvent-associated artefacts in multi-well plates,?®2° 30 pL of
preequilibrated (>1 h) exposure medium containing 1 mg L' BaP were pipetted to 90 pL cell
suspension of each well, resulting in a final methanol content of 0.5%. For each multi-well plate
experiment, three plates containing four sampling time points with 24 replicates were prepared.
Additionally, 24 unexposed wells with cells and 24 BaP exposed cell-free wells were prepared and
extracted after 24 h of incubation. Fluorescence intensities were measured in 6 well replicates per
sampling point as described in Section 2.4. Ten sampling points within 24 h after dosing (0 h, 1 h,
2h,4h,6h,8h, 12 h, 16 h, 20 h, 24 h) per experiment were tested and each cell line was tested in
two independent experiments. In each well ten replicate images at different positions were
captured. Simultaneously to the fluorescence measurements, the 60 pL exposure medium of 20
independent wells were pooled and extracted as described in Section 2.5. In additional experiments,
the medium was removed from BaP exposed and unexposed cells (0 h) after 2 h,4 h, 8 h, 16 h, and
24 h for EROD measurements as described in Section 2.7.

The culture flasks containing 10 mL medium were dosed by pipetting 45 uL of a methanolic stock
solution (55.5 mg L") to 5 mL medium which were taken out of the flasks and transferred to sterile
falcon tubes. The dosed medium was vortexed and transferred back to the flasks marking the start
of the BaP exposure. Three independent biological replicates per cell line were tested. The cells
were harvested before (0 h) and after 2 h and 24 h of BaP incubation, and PCR was conducted as

described in Section 2.5.

2.4 Fluorescence microscopy to measure cell exposure

The cell exposure to BaP was tracked over time by fluorescence microscopy using a Zeiss PALM
CombiSystem (Zeiss) that allowed simultaneous acquisition of bright and fluorescence images of
2D cells in 96-well plates. The detailed protocol of image acquisition and analysis is described
elsewhere.!¢ Briefly, fluorescence emissions at 435 nm were measured in a 7.5 pm Z-layer at ten

equally distributed positions in the well, thereby avoiding overlapping of images and capturing of
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well edges. BaP was excited at 384 nm for 20 ms following detection of emission maxima at
different excitation wavelengths. Images were processed in the KNIME workflow from Fischer et
al.'® integrating Image] and morphological image operations to discriminate the extra- and
intracellular space in the bright-field images, in which the fluorescence intensity in the medium
(FI..... ..) and in the cells (FL. ..) was quantified from the fluorescence images. The mean
fluorescence intensity in the cells (FL.,) in each well was calculated by subtracting FI......... from FL,

s, thereby accounting for the overlapping signals that result from the broad Z-layer of 7.5 ym (eq.
1).

FIcell = FIcell mask ~ FImedium mask (1)

2.5 Analytical determination of medium concentrations of BaP and BaP-metabolites

Conventional solvent extraction followed by high-performance liquid chromatography (HPLC)
was used to measure BaP and metabolite concentrations in the exposure medium over the assay
duration of 24 h. For detection of 3-OH-BaP, 4,5-OH-BaP, and 7,8-OH-BaP, a PAH LC column
(Phenomenex, 100 x 3.0 mm, 2.6 um) was equipped and coupled to a fluorescence light detector
using a H>O:acetonitrile solvent gradient over 8.2 min (Table S1). For detection of BaP, 3-OH-
BaP, 9-OH-BaP, 9,10-OH-BaP, and BaP-epoxide, a ZORBAX Eclipse Plus C18 column (Agilent,
4.6 x 100 mm, Sum) was equipped using a H>O:acetonitrile solvent gradient over 16.5 min (Table
S2). Calibration standards of BaP and metabolites were prepared at a concentration range of 0.0001
— 2 mg L! in acetonitrile. The solvent extraction was optimized to maximize the recovery of BaP
and 3-OH-BaP as described in Section S2. For each time point, 100 uL medium of 18 independent
wells of the 96-well plate were pooled and transferred to a 4 mL storage vial (neoLab). 1.8 mL
ethyl acetate (HPLC grade, Merck) were added and the suspension was shaken horizontally for 15
min at 250 rpm on an orbital shaker (MaxQ6000, Thermo Fisher) and centrifuged at 4000 rpm for
5 min for phase separation. 1.2 mL of the supernatant was transferred into a 1.5 mL HPLC vial
(Th. Geyer) and evaporated to complete dryness under nitrogen. The residues were dissolved in 50
pL acetonitrile and BaP and metabolite concentrations in the extracts were quantified by HPLC

(Agilent 1260 system).



196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222

223

224
225
226

2.6 CYP1A1 mRNA expression by quantitative real-time PCR

The expression of CYP141 mRNA in the cell lines was measured by quantitative real-time PCR
(qPCR). DNA primers for the CYP1A41 gene and the housekeeping genes ACTB and EEF1A41 were
designed using the open source software Primer3 and purchased from Eurofins Genomics (Section
S3). The cells were collected as wet pellets with cell numbers varying between 7x103 and 6x10°,
RNA isolation from the cells was performed according to standard protocols using the QIAgen
RNeasy mini kit and RNA concentrations and purity in the aqueous solution was measured by
spectral photometry (Nanodrop, PEQlab Biotechnologies). Prior cDNA synthesis, a DNAse digest
of the RNA was performed (Thermo Fisher). For cDNA synthesis 2 pL. random hexamer primer
were added to 0.35 pg RNA and mixed, centrifuged and incubated for 5 min at 65 °C and
immediately chilled on ice. A mixture of 4 uL reaction buffer, 0.5 puL ribonuclease inhibitor, 2 pL
dNTPs, and 1 pL RevertAid H Minus reverse transcriptase (Thermo Fisher) was added and the
cDNA was synthesized in a thermocycler at 25 °C for 10 min and 42 °C for 75 min. The reaction
was stopped at 70 °C for 10 min and the cDNA solution was stored on ice. A qualitative, standard
PCR was used beforehand to investigate if the evaluated cell lines express CYPIA1 mRNA (Section
S4).

The qPCR reaction was conducted in 96-well fast optical reaction plates (Thermo Fisher) in a
StepOne qPCR System (Applied Biosystems) using the SYBR green master mix for detection,
containing 1 pL. of cDNA mixed with 6.25 uLL. SYBR green fluorescence solution (Bioline), 4.25
pL bidistilled water, and 0.5 pL of forward and reverse primer. The PCR reaction was initiated at
95 °C for 10 minutes followed by 40 cycles of 95 °C for 15 s (DNA denaturation), 56 °C for 15 s
(annealing) and at 72 °C for 20 s (elongation). Efficiencies of primers were 109.88 % for CYPIAI,
99.07 % for ACTB and 100.80 % for EEF1A41. The Primer sequences are reported in Section S3.
CYPIAI mRNA expression was calculated relative to the reference genes ACTB and EEF1A] as
well as to control cells using the 2-44¢method.?* 3! The threshold cycle value (Cq) of the target
gene (Cq,cyrr41) was subtracted from the Cq of the reference gene (Cqy,rg) to receive ACq,cypiar for

all samples and cell lines (eq. 2).

ACq cvpiar= Cycvpiar - Core (2)

The ACqcrriar of the BaP exposed cells (ACqcyriar (BaP)) was compared to the control cells
(ACqy,cypi41 (control)) (eq. 3) to calculate the fold induction of CYPIAI (Indcyriai (Oh—24h))
during BaP exposure (eq. 4).

10
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AACq,CYP]AI = ACq,CYPIAI (BaP) - ACq,CYPIAI (control) 3)

Ind cyp747 (Oh—24h)= 2-0ACq,cypraz @

2.7 EROD assay to determine CYP1 enzyme activity

The activity of the CYP1 subfamily enzymes after BaP exposure was measured using the
ethoxyresorufin-O-deethylase (EROD) assay that is based on the CYP1-mediated degradation of
the 7-ethoxyresorufin (ETX) substrate into the fluorescent resorufin. Further degradation of
resorufin was avoided using the reductase inhibitor dicoumarol. A 800 uM ETX stock solution in
methanol and a 1 mM dicoumarol stock solution in tris(hydroxymethyl)aminomethane (TRIS)
buffer (AppliChem) were used to prepare an ETX working solution of § uM ETX + 10 uM
dicoumarol in PBS.3? At each sampling point, the medium was removed from the wells and the
wells were rinsed twice with 120 uLL PBS. 120 uL of ETX working solution was added to each
well. Fluorescence intensity of resorufin (586 nm) was measured after excitation at 571 nm in a
preheated microplate reader (plate reader Infinite 200 PRO, Tecan) at 37 °C for 10 min with
measurement intervals of 30 s. Cells without BaP exposure and the ETX solution without cells
served as negative controls. Liver S9 (0.002 mgproein mL™!) was applied as positive control. The
background fluorescence signal of the ETX negative control was subtracted from the sample wells.
The amount of resorufin (nresorufin) 1n the samples were quantified using a linear resorufin calibration
curve that was measured in PBS in parallel.>3> The increase of resorufin over the 10-min
measurement (Nresorufin Min') was normalized to the cell number in the well,** which was estimated
from the increase in the cell mask measured by bright-field imaging using the fluorescence
microscope.'® The measured CYP1 enzyme activities Apap (Nresorufin 10° cells™!) were plotted against
BaP exposure time to fit the slope of the CYP1 enzyme activity rate mcyp (Dresoruin h™' 106 cells™)
with linear regression with the y-intercept set to the basal CYP1 enzyme activity measured for the

control cells at time 0 (Acontrol0) (€9 5).

Agap (O) =mcyp * t+ Acontrol (0) (5)

2.8 Kinetic model to describe chemical transport and metabolism
We hypothesized that the chemical fate of BaP in the assay system depends on (i) the chemical
partitioning between the medium and the cells and (ii) the elimination of the chemical in the cells

(Figure 1). Volatilization of BaP could be neglected because the medium-air partition constant

11
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Kmedium/air of BaP 1s more than four orders of magnitude higher than the threshold where evaporative
losses would be expected (1og Kmediumair of 10%).>5 Furthermore, in 96-well plates and medium
supplemented with 2% medium the loss to the polystyrene of the well-plate is expected to be
<2%.3¢ A two-compartment model was applied to characterize the metabolic activity of the cells
that integrates these two kinetic processes and sequentially fits first-order uptake (Amedium—cei, h™)
and elimination (Kcellmedium, h™') rate constants of the parent in non-metabolically active cells.
These rate constants were then fixed to derive the metabolic rate constant kmet (h!) from the
experimental Fleenn over time. The Fleen was assumed to be the sum of the fluorescence signal of
BaP and its fluorescent metabolites and its decrease expressed as kmet can be related to the formation
of non-fluorescent metabolites. The metabolites are also eliminated from the cell, but this process
could not be detected with the fluorescence method applied in this study. Preliminary emission
measurements showed that BaP and all evaluated metabolites show fluorescence emission at 435
nm, which was the emission wavelength captured by the fluorescence microscope (Section S5).
The emission scans of the monohydroxylated BaP metabolites and BaP showed considerably
higher fluorescence emission than the dihydroxylated metabolites and the BaP-epoxide (Figure
S4). For instance, the BaP fluorescence was ~18x higher than the fluorescence of the BaP-epoxide.
Following the results of the emission scans, the decrease in Flcen and Flmedium 1n our experiments
was ascribed to the metabolization of BaP and the primary metabolites (monohydroxylated BaPs)

to the secondary metabolites 4,5-, 7,8- and 9,10-dihydroxy-BaP and the BaP-epoxide (Figure 1).

%"‘

C(%) FBS § %11‘
k ll-medil
kmedium—»cel\ce - 'Frn:\etabolism / l Flmedium

&ha@ﬂ»%\lnm

BaP and fluorescent T Acvyp (1) non-fluorescent
metabolites metabolites

Figure 1 Kinetic processes between and within the exposure medium (blue) and the cells (red) in
in vitro reporter gene assays. The parent chemical in the medium is taken up by the cells
(kmedium—cen), metabolized (kmet) based on the availability and induction of CYP1 enzymes and both,
the BaP and its metabolites, are released into the medium (kceli—medium). The FBS in the medium
binds the parent chemical and excreted metabolites.

12
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As medium and cells are in permanent contact, changes in Flnedium and Fleen over time ¢ can be

described by two coupled differential equations (eqs. 6 and 7).

dl:Ime ium
d: - = Keellomedium * Fleen (t) = &medium—cell * Flmedium (t) (6)
dFlee
== Kmediumocell * Flmedium (8) = (Keelomedium + Kmet (6)) - Fleen(t) )

kmedium—cell and Kmedium—cell are the first-order rate constants (h™!') that describe the kinetics of
chemical partitioning of the sum of the fluorescent species between the medium and cells. For cells
that are not metabolic active, kcell»medium and Amedium—cen can be fitted from Flmedium (¢) and Fleen (7)
by setting kmet = 0. We accounted for a temporal increase in the basal kmet because it is dependent

on the increase in CYP1 activity (mcyp) compared to unexposed cells (Acontro]) assuming a linear

mcyp

relationship between enzyme activity rate constant and time (eq. 8).

control

kmet () =Kmet " £ ° _TCYP (8)

Acontrol

The experimental Flyedium and Fleen of AREc32, ARE-bla, and GR-bla cells were fitted with egs. 6
and 7 using the damped least-squares (DLS) method for multiparameter fitting, yielding the
derivation of kmedium—cell, Amedium—cell, and kmet. As the fit robustness decreased substantially with
each added fit variable, we first fitted Amedium—cell and Amedium—cen using the Flmedium and Fleen of the
metabolic inactive GR-bla cells, and resulting Amedium—cell, Amedium—cell Were subsequently applied to
fit kmet of the metabolic active AREc32 and ARE-bla cells. The fit program was set up in R Studio
Version 1.2.5019 and is reported in the Supporting Information, Section S6.

13



299

300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315

3. Results and Discussion

3.1 Basal and exposure-induced expression of CYP1A41 and activity of CYP1 enzymes

CYPI1A4AI mRNA were identified with standard PCR analysis in all three evaluated reporter gene
cell lines in absence of BaP, (Section S4) agreeing with CYP studies on native MCF-7, HepG2,
and HEK293 cells.'> !> As CYPIA1 is described as the dominant and most abundant target enzyme
of the AhR receptor and the metabolism of aromatic hydrocarbons like BaP3” and considering that
CYPIAI is involved in ~75% of the biodegradation processes of xenobiotics,* we focused on
CYPIAI gene expression as indicator gene for cellular metabolism. The qPCR analysis indicated
that the basal expression of CYP141 mRNA, reported as AC,...., was relatively stable over time
from 0 to 24 h in all cell lines in chemical-free exposure medium (Figure S5 in Section S7). The
basal expression of CYPIA1I without BaP exposure was 300 and 1000 times higher in ARE-bla
compared to the AREc32 and GR-bla cells after 24 h (Figure 2A). Consistently, the basal EROD
activity in absence of BaP was ~26x and ~5x higher in ARE-bla and AREc32 than in GR-bla,
respectively. Note that the AC,..,., and corresponding Indcyp;4; values (Figure 2A) are not entirely
comparable due to variabilities in the expression of the control gene between the cell lines,?!>38 but
there remain substantial differences between the high Indcypr4; of 1,220 for AREc32 and the low

Indcypia; 0f 11 for ARE-bla, that cannot be caused by this experimental variability.
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Figure 2A. Expression of CYPIA1 mRNA (ACq,cypria1, bars) and Indcypr4; (reported numbers over
bars) in AREc32, ARE-bla, and GR-bla after 24 h of incubation in chemical-free (control, dotted
bars) or BaP spiked medium (clear bars) with significant differences between the treatments
marked with an asterisk (p < 0.05, unpaired t-test in GraphPad PRISM, v. 8.3). B. Basal and BaP-
induced CYPI activity over 24 h BaP exposure and corresponding fit (1> (AREc32) = 0.83; r?
(ARE-bla) = 0.94) that was used in the kinetic model to describe the increase in CYP1 activity
mcyp1 (eq. 8), with experimental basal activities Acontrol 0f 0.003£0.005 (GR-bla), 0.051+0.023
(AREc32), and 0.143+0.051 (ARE-BLA) (n = 5). For ARE-bla, the 24 h measurement point was
not included in the linear fit.

The qPCR showed that BaP exposure significantly induced CYP1A41 expression in AREc32 (p =
0.01) and ARE-bla (p = 0.02) cells but not in GR-bla cells (p = 0.99, Figure 2A, unpaired t-test),
which also lead to an increase in the EROD activity over the 24 h assay (Figure 2B). The resulting
CYPIAI expression was similar for AREc32 and ARE-bla but since basal levels differed, the
CYPIAI expression induced by BaP led to an Indcypr4; of 71 after 2 h and 1,220 after 24 h of BaP
exposure in AREc32 but only a 11x increase in ARE-bla after 24 h (Figures 2A and S6). For ARE-
bla levels of CYP1A1 gene expression were higher after 2 h (Indcypi4; = 26) than at 24 h exposure
(Indcypiar = 11, Figure S5A). This difference between the cell lines was expected, as HepG2
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(ARE-bla) and MCF-7 (AREc32) cells were reported to be highly sensitive to CYP gene induction
by chemicals,'? 4 whereas kidney cells (HEK293 for GR-bla) were not expressing CYPIAI to a
measurable extent.'3

Consistent with induced CYPIAI expression, the EROD activity increased linearly in AREc32
whereas it remained constant for GR-bla during BaP exposure (Figure 2B). The increased basal
and chemical-induced expression and activity of CYP1 enzymes in the cancer cell lines AREc32
and ARE-bla could also be the result of p53-BaP complex binding as p53 transcription factors are
upregulated in tumor cells compared to normal tissue.>® While CYP1A41 expression did not increase
in GR-bla during BaP exposure, it can be noted that GR-bla have a basal CYP1A41 gene expression
and a basal CYPI activity, which appears not be influenced by BaP exposure (Figure S5C). As
AhR receptors were identified in kidney tissue, the signaling pathway of the ligand-AhR complex
and following binding to the XRE transcription factor might be interrupted in GR-bla cells.*® The
analysis of BaP-induced CYP1A41 mRNA expression and CYP1 EROD activity demonstrated that
(1) the basal metabolic capacity of the reporter gene cell lines can substantially differ and (ii) that
the metabolic activity of reporter gene cell lines can vary greatly over the typical assay duration in

presence of AhR ligands.

3.2 Temporal BaP and metabolite concentrations in the exposure medium

BaP concentrations in the exposure medium (C,....) of ARE-bla and AREc32 decreased
considerably over the 24-h experiments whereas it remained constant in the GR-bla assay (Figure
3A). This observation agreed well with the high basal and BaP-induced expression of CYPIAI and
CYP1 EROD activity in ARE-bla and AREc32 and the low CYP1AI expression in GR-bla (Figure
2A).Even though the decrease in C...... was similar in AREc32 and ARE-bla over the first 8 hours,
the decrease in C,.... is more pronounced in ARE-bla after 12 h compared to AREc32. Still, BaP
decreased linearly in both cell lines. The linear decrease of C...... in AREc32 matches the CYPIAI
mRNA expression levels (Figure 2A) and the linearly increasing CYP1 activity (Figure 2B). For
ARE-bla, the basal expression of CYPIAI was almost as high as for AREc32 after 24 h and the
increase of the CYP1 activity (m...) was >2x higher, which explains the faster decrease in C,....s.

in ARE-bla.
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Figure 3 BaP and metabolite concentrations measured over time in the exposure medium (Credium)
of AREc32, ARE-bla, and GR-bla cells. The dotted lines indicate the limits of detection (LOD)

for each chemical in the HPLC measurements.

Given that the BaP metabolites were not detected in GR-bla cells that were tested with the same

experimental setup, the continuous reduction in C,..... in AREc32 and ARE-bla stemmed from

cellular metabolism and was evidenced by substantial metabolite formation (Figures 3B-G). Stable

mono- and dihydroxylated BaP served as indicators for in vitro metabolism of BaP. Although it is

more challenging to quantify BaP metabolites with limited stability as the BaP-epoxide, we were

able to quantify the BaP-epoxide in concentrations of 0.05-0.2 ymol L in the medium of AREc32

and ARE-bla. The BaP-epoxide was first detected after 6 h in ARE-bla and after 16 h in AREc32,
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respectively, indicating that the transformation of BaP in AREc32 is slower compared to ARE-bla
(Figure 3G), further evidenced by the earlier detection of mono- and dihydroxylated BaP
metabolites in ARE-bla than in AREc32 (Figures 3B-F). After 12 h, these metabolites were no
longer detected in ARE-bla and C..... of the BaP-epoxide was likewise decreasing, agreeing with
the observation that the CYP activity of ARE-bla remains stable between 16 and 24 h (Figure 2B).
Interestingly, the C.... of 7,8-OH-BaP increased substantially in the first 8 h in ARE-bla but was
not detected after 12 h (Figure 3E), at which C.... of the BaP-epoxide was detected (Figure 3G).
Likewise, 7,8-OH-BaP concentrations decreased with increasing BaP-epoxide concentrations in
AREc32 after 12 h. 7,8-OH-BaP was shown to be transformed into the BaP-epoxide in rat liver
microsomes” and our results indicate that this metabolic pathway is likewise present in human in
vitro cells. The molar mass balance of BaP and metabolites ascribed ~15% of the reduction in
C..unse tO the transformation to the BaP-epoxide in ARE-bla after 12 h and ~20% for AREc32 after
24 h. The formation of 3-OH-BaP, 9-OH-BaP, 4,5-OH-BaP, and 9,10-OH-BaP contributed < 2%
to the mass balance, but the continuous decrease in C.... of BaP and all evaluated metabolites
indicates further degradation of the transformation products. In vivo, glucuronyl conjugates are
formed that are excreted in urine.» Our results indicate that BaP is metabolized in AREc32 and
ARE-bla to various intermediate and end products, still, a comprehensive investigation of the
metabolic pathway would require the measurement of additional metabolites, which was outside

the scope of this study.

3.3 Fluorescence kinetics in cells and exposure medium

Measuring the emission wavelengths of BaP and all evaluated chemicals revealed that the BaP and
monohydroxylated BaP metabolites exhibited a substantially higher fluorescence intensity than
the dihydroxylated metabolites and the BaP-epoxide at the wavelength captured by the
fluorescence microscope (435 nm) (Figure S4). Therefore, we interpreted Flcen and Flmnedium as a
proxy of the total concentration of BaP and monohydroxylated BaP metabolites, while ascribing a
decrease in Flmedium and Fleen to a further metabolization to dihydroxylated BaP and the BaP-

epoxide or similar structures.
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Figure 4 Fluorescence intensities (Flcen, black dots) in AREc32 (A.), ARE-bla (B.), and GR-bla
(C.) cells and corresponding fluorescence intensities in the exposure medium (Flmedium, red
triangles) over 24 h. Fleen and Flmedium were fitted with eqs. 6 and 7 to derive medium-cell
partitioning and metabolic rates for the cells.

Uptake of BaP by in vitro cells was reported to take ~2 h to reach equilibrium with 2% FBS in the
exposure medium.'® We were able to reproduce these findings for the evaluated cell lines that all
reached a maximum Flcenn within 2 h (Figure 4). The maximum of Flcen in GR-bla cells remained
constant until the end of the experiment (24 h). Contrarily, Flcen in AREc32 and ARE-bla
continuously decreased after reaching the maximum after ~2 h. Considering the constant medium
and incubation conditions applied for all three evaluated cell lines as well as the high basal and
exposure-induced expression of CYPIAI encoding mRNA and EROD activity in AREc32 and
ARE-bla (Figure 2), we can attribute this decrease in cell exposure to cellular metabolism. The
maximum Flen was lower for AREc32 and ARE-bla than for GR-bla. Since the steady-state
without metabolism should be independent of the cell line, we can assume that the reduction of
the maximum Flce;n was caused by metabolism.

The experimental Flcenn and Flmedium 0f the cell lines were fitted using eqs. 6 and 7 as described in
Section 2.8. The resulting kmet and corresponding fits describe the experimental Fleen and Flmedium
reasonably well (SE reported in Figure 4). A possible error in the model is that Flcen and Flmedium
are mixed signals of BaP and foremost monohydroxylated metabolites (Figure S4). For fitting of
kinet, we used the Amedium—cell and Amedium—cel determined for the metabolic inactive GR-bla cells
(eq. 7). These k might not represent the chemical partitioning of BaP metabolites between medium
and cells, which would explain why the fit deviates from the experimental Flcen and Flmedium to a
higher extent towards the end of the experiment, at which a higher proportion of the measured

fluorescence signal is expected to result from BaP metabolites (Figures 3B-G).
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The transport and metabolism of chemicals in in vitro reporter gene assays is influenced by several
factors (Figure 1). As shown in earlier studies, the medium is the dominant sorptive reservoir in
the assays that can continuously deliver chemicals into the cells.* After dosing of the chemicals
into the medium, they can be taken up by the cells by passive diffusion through the membranes
and potentially by active co-transport by FBS endocytosis,* visible in our experiments in the
increasing FI.,, over the first 2 h after chemical dosing (Figure 4). The maximum FL., in GR-bla
was attained faster (after ~1 h) and was considerably higher than the maximum FIL., in ARE-bla
and AREc32 (~160 cps compared to ~104 cps after ~2 h). In these metabolic active cells, the
kinetics of metabolism are concurrent with the uptake kinetics of BaP from the medium, leading
to the observed turning point after ~4 h at which BaP degradation is faster or cancels out BaP
uptake (Figures 4A and B). The BaP exposure led to an increase in CYPIAI expression in AREc32
and ARE-bla (Figure 2), increasing the metabolic rate and exponentially decreasing FI., over time,
which was observed for ARE-bla (Figure 4B) but not for AREc32 cells in our experiments (Figure
4A). The measured amount of CYPIAI mRNA in AREc32 was a factor of 14 lower than in ARE-
bla after 2 h and a factor of 3 lower after 24 h, which would explain that FI., in ARE-bla decreased
to unexposed cell levels after 12 h while FI., was still measurable after 24 h in AREc32. FI., and
FI..... were constant for GR-bla after chemical equilibrium between the cells and medium was
achieved (Figure 4C). This does not necessarily mean that GR-bla cells are completely uncapable
of biotransformation, as evidenced by their measurable basal EROD activity (Figure 2B), but their

metabolic activity is too low to measure a significant decrease in FL, and FIL,... in our experiments.

3.4 Relevance of in vitro metabolism for high-throughput screening

Our experiments demonstrated the complexity and variability of in vitro metabolism over time and
between reporter gene assays that implement different cell lines. The difference of metabolic
activity of in vitro reporter gene assays can reduce their significance and comparability, as variable
exposure can occur dependent on the metabolic capacity of the cell line applied. In in vitro effect
databases, effect concentrations are generally reported for each chemical, such as the 50% activity
concentrations (AC,) in the Tox21 database. These AC,, are based on nominal concentrations, i.e.,
those dosed to the system and will be affected by in vitro metabolism of the evaluated chemical to
different degrees depending on the metabolic activity of the cells during the assay. Furthermore,

many chemicals are only biologically active after metabolic activation. Eventually, the cells are
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exposed to the parent chemical that is redelivered from the medium as well as to its metabolites
(Figure 1). The extent and chronology of exposure depends on the metabolic activity of the applied
cell line, potentially leading to variable AC,, of the same chemicals in different assays that are not
resulting from differences in the sensitivity of the receptor but from varying exposure conditions.
For instance, the antioxidant response element (ARE) is implemented in MFC-7 cells (AREc32
assay) and HepG2 cells (ARE-bla assay), thus effects of chemicals that are metabolized by the
cytochrome P450 enzyme complex might be less comparable between the assays, as shown
exemplarily for BaP in this study. Accounting for the metabolic activity of in vitro reporter gene
cells would enhance the interpretability of effect data of the biotransformation of chemicals. As
shown for AREc32, it is generally not sufficient to measure the basal metabolic capacity in absence
of chemical exposure but measuring the induction of relevant enzymes during exposure to AhR
ligands is needed. This study focused on CYP1A1 mRNA expression and CYP1 enzyme activity.
More data is needed on the expression and the activity of other CYPs and other enzyme families
involved in the metabolism of chemicals to comprehensively characterize the metabolic activity
of in vitro reporter gene cell lines. Existing effect data could be corrected for the metabolic rate of
the evaluated chemical by deriving the area under the curve that accounts for the reduced cell
exposure of the parent chemical over time. However, it can be expected that the metabolic activity
of the cells is not only dependent on their biological origin, but also on the composition and volume
of the medium applied as well as the test vessels used, as differences in the cellular health and
growth were observed for 2D cultures at different FBS contents© and in different multi-well plate
materials.» The immortalization of in vitro cells can lead to an upregulated expression of CYP
enzymes,* which agrees with the general observation of a high CYP enzyme activity in cancer
cells.» An experimental approach targeting the assessment of the parent chemical would be to
inhibit the metabolic activity of the cells, e.g., by the chemical piperonyl butoxide,” but bears the

risk for mixture effects between the metabolism inhibitor and the tested chemical.

3.5 Integration of in vitro metabolism in quantitative in vitro-in vivo models

In studies targeting the extrapolation of in vitro effects (QIVIVE), in vitro metabolism is generally
desired to mimic the realistic exposure conditions in the human body. Even though metabolism is
one of the key parameters to predict blood concentrations in vivo,* in vitro metabolism was so far

neglected in most QIVIVE studies. A mathematical extrapolation of in vitro metabolism to in vivo
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exposure scenarios was recently derived, however, under the premise that in vitro and in vivo cells
are equally metabolic active,” so far not accounting for differences in the metabolic activity of 2D
and 3D cell cultures. For improved QIVIVE of biodegradable chemicals, we need to achieve
comparable (not equal) metabolic activities in vitro and in vivo. Experimental metabolic clearance
rates of well-studied AhR and p53 ligands would enable the derivation of correction factors that
account for differences in the metabolic activity of cells in vitro and in vivo, and could be
implemented in existing QIVIVE models.” An experimental solution would be to combine reporter
gene assays with S9 proteins for which metabolic clearance rates are well-documented," either
directly in the exposure medium during incubation, or in a fraction of the medium that is
subsequently dose the sample on the cells. The application of S9 proteins would mimic the
enzymatic degradation by the liver and could represent exposure conditions suitable for
extrapolation to the realistic in vivo situation. For in vitro assays that apply protein- and lipid-rich
FBS in the medium, in vitro metabolic clearance always needs to be related to the total medium
concentrations and not solely based on the free fraction. The chemicals sorbed to the medium FBS
can desorb to the water phase of the medium, effectively being likewise accessible for
biotransformation. Furthermore, the co-transport of chemicals by FBS endocytosis can increase
the concentration in the cells, which had been already indicated,* a scenario that might be

comparable to the chemical exposure of in vivo cells over human serum albumin in blood.»
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