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ARTICLE INFO ABSTRACT

Keywords: The Tox21 Program has investigated thousands of chemicals with high-throughput screening assays using cell-
Tox21 based assays to link thousands of chemicals to individual molecular targets/pathways. However, these systems
Xenobiotic metabolism have been widely criticized for their suspected lack of ‘metabolic competence’ to bioactivate or detoxify chemical
Metabolic clearance exposures. In this study, 9 cell line backgrounds used in Tox21 assays (i.e., HepG2, HEK293, Hela, HCT116,

Metaboli t
etasoic competence ME180, CHO-K1, GH3.TRE-Luc, C3H10T1/2 and MCF7) were evaluated via metabolite formation rates, along

CYP450
Primary human hepatocytes with metabolic clearance and metabolite profiling for HepG2, HEK293, and MCF-7aroERE, in comparison to
Bisphenol pooled donor (50) suspensions of primary human hepatocytes (PHHs). Using prototype clinical drug substrates

for CYP1A2, CYP2B6, and CYP3A4/5, extremely low-to-undetectable CYP450 metabolism was observed (24 h),
and consistent with their purported ‘lack’ of metabolic competence. However, for Phase II metabolizing enzymes
and metabolic clearance, surprisingly proficient metabolism was observed for bisphenol AF, bisphenol S, and 7-
hydroxycoumarin. Here, comparatively low glucuronidation relative to sulfation was observed in contrast to
equivalent levels in PHHs. Overall, while a lack of CYP450 metabolism was confirmed in this benchmarking
effort, Tox21 cell lines were not ‘incompetent’ for xenobiotic metabolism, and displayed surprisingly high
proficiency for sulfation that rivaled PHHs. These findings have implications for the interpretation of Tox21
assay data, and establish a framework for evaluating of ‘metabolic competence’ with in vitro models.

1. Introduction individual molecular targets and pathways, but have often been criti-

cized for their presumed lack of tissue-like differentiation and func-

The Toxicology in the 21st Century Program (Tox21) is a federal
collaboration among the National Institute of Environmental Health
Sciences, National Center for Advancing Translational Sciences, the U.S.
Environmental Protection Agency, and the Food and Drug Administra-
tion (Collins et al., 2008). Tox21 researchers utilize alternative high-
throughput screening methods to evaluate chemical-induced bio-
activities (Kavlock et al., 2009; Tice et al., 2013). These approaches have
been effective in characterizing thousands of chemicals with respect to

tionality that includes xenobiotic metabolism ‘competence’. Given the
central role of liver in human drug metabolism, drug-drug interactions
and toxicity, hepatic metabolism is often the focus of these critiques.
While hepatic metabolism (i.e., metabolic clearance, metabolite for-
mation rates/profiles, reactive metabolites) is not directly operative in
extrahepatic tissues (e.g., endocrine-related), the notion of conferring
‘metabolism’ to Tox21 assay systems remains a primary focus of re-
searchers working towards new approach methodologies (NAMs) in the
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toxicology field to confer bioactivation of parent chemicals to reactive or
bioactive metabolites. However, to date ‘metabolic competence’ in
Tox21 assay systems has not been directly evaluated in context with
established benchmarks of hepatic metabolic competence. Previous
studies of metabolism with immortalized cell lines have been limited,
but a recent study evaluating of benzo(a)pyrene metabolism in ARE-bla,
GR-bla, and AREc32 cells (i.e., engineered reporter cells in HepG2 and
HEK293) reported fluorescent-based CYP1Al enzymatic activities,
which reflect fetal liver metabolism (Fischer et al., 2020).

The benchmark for modeling human liver response to xenobiotic
exposures in vitro has centered around isolation and culture of primary
liver cells (e.g., those isolated from living tissue). Suspensions of primary
human hepatocytes (PHHs) are widely recognized as the ‘gold standard’
to quantitatively model human hepatic drug metabolism, as they retain
in vivo-expressed enzymes (e.g., cytochromes P450, CYPs) in the initial
minutes/hours post isolation from human liver tissue (Hewitt et al.,
2007; Guengerich, 1997). Given the myriad of metabolizing enzymes
and transporters involved in drug biotransformation and clearance,
sentinel drug metabolizing enzyme activities such as CYP3A4/5,
CYP1A2 and CYP2B6 are often evaluated to gauge the fidelity, differ-
entiation status, and metabolic proficiency of in vitro liver models
including isolated PHHs from donor tissues (Kafert-Kasting et al., 2006).
These 3 major CYPs are involved in clearance of >60% of marketed
drugs (Gerin et al., 2013; Lee and Kim, 2013). PHHs are routinely used
for drug development and environmental toxicology applications to
quantitatively estimate metabolic clearance rates and metabolite for-
mation profiles in humans (Wetmore et al., 2012). In addition, confluent
cultures of PHHs faithfully reflecting the in vivo-like cobblestone net-
works of cell-cell interactions observed in vivo have been widely used to
model a broad complement of chemical-biological interactions for drug
regulatory studies to estimate the potential for drug-drug interactions (e.
g., liver enzyme induction, biliary excretion, and time-dependent inhi-
bition) (Kafert-Kasting et al., 2006; Mao et al., 2016).

In addition, CYP450-mediated xenobiotic metabolism, Phase II
conjugation via sulfate, glucuronide, glutathione and other facilitated
quenching/excretion products play a key role in xenobiotic exposure
dynamics. To evaluate Phase II glucuronidation and sulfation profi-
ciency, reference substrates 7-hydroxycoumarin, bisphenol AF (BPAF),
and bisphenol S (BPS) were selected for this study. BPAF and BPS
represent 2 environmentally-relevant bisphenol A (BPA) alternatives
with existing Phase Il metabolism and Tox21 assay data (Yamasaki et al.,
2003) (Liao et al., 2012) (Song et al., 2012; Wang et al., 2015). Inter-
pretation of theeir relative potencies is largely presumed a direct
reflection of parent chemical exposures based on nominal parent con-
centrations in the absence of xenobiotic metabolism. An improved un-
derstanding the dynamics of in vitro exposures over time that includes
Phase II metabolism of Tox21 assays is essential to contextualize and
translate bioactivity assay data to humans towards the emergence of
next generation risk assessment frameworks.

In this study, we set out to benchmark the ‘metabolic competence’ of
the most prevalent cell lines applied in the Tox21 Program (henceforth
abbreviated as “Tox21 cell lines”): HepG2, HEK293, Hela, HCT116,
ME180, CHO-K1, GHS3.TRE-Luc, C3H10T1/2 and MCF-7aroERE
(MCF?7). Specific activities for major human drug metabolizing en-
zymes CYP3A4/5, CYP1A2, and CYP2B6 were evaluated using
clinically-relevant probe substrates and contextualized to the bench-
mark of pooled-donor suspensions of PHHs (50-donor pool). Moreover,
the extents of metabolic clearance (i.e., loss of parent compound) and
capacity for formation of Phase II glucuronidation and sulfation me-
tabolites were evaluated for a subset of Tox21 cell lines following in
vitro exposures to 7-hydroxycoumarin (7HC), BPAF, and BPS. Given the
purported lack of xenobiotic metabolism in cell lines used in Tox21
assays, our findings reveal both anticipated and surprising results with
implications to the interpretation of Tox21 and in vitro toxicology
bioactivity assay data. The study provides a benchmark to contextualize
the proficiency of metabolic competence with in vitro model systems,
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and highlights important considerations for chemicals with direct Phase
IT sulfation and glucuronidation metabolism.

2. Material and methods
2.1. Chemicals and reagents

All metabolism substrates and assay reagents were of the highest
grade/purity (e.g., HPLC grade). Phenacetin, bupropion, midazolam
(MI), acetaminophen, hydroxybupropion, 1-hydroxy midazolam, ami-
nobenzotriazole (ABT), omeprazole (OMP), rifampicin (RIF), 7HC, 7-
hydroxycoumarin glucuronide (7HCG), 7-hydroxycoumarin sulfate
(7HCS), BPAF and BPS were obtained from Sigma-Aldrich (Saint Louis,
MO, USA). Acetonitrile, methanol and formic acid were purchased from
Fisher Scientific (Waltham, MA, USA). Eagle’s MEM medium (catalog
No. 30-2003) was purchased from ATCC (Manassas, VA, USA) and was
used for HepG2 and Hela cells culture. DMEM medium (catalog No.
11995) was purchased from Invitrogen (Carlsbad, CA, USA) and was
used for HEK293 cells culture. McCoy’s 5a medium (catalog No.
30-2007) was purchased from ATCC (Manassas, VA, USA) and was used
for HCT116 and ME-180 cells culture. F-12 K medium (catalog No.
30-2004) was purchased from ATCC (Manassas, VA, USA) and was used
for CHO-K1 cells culture. DMEM/F12, GlutaMax™ supplement medium
(catalog No. 10565) was purchased from Life Technologies (Carlsbad,
CA, USA) and was used for GH3.TRE-Luc cells culture. Eagle’s Basal
medium (catalog No. 21010) was purchased from Invitrogen (Carlsbad,
CA, USA) and was used for C3H10T1/2 cells culture. MEM/EBSS me-
dium (catalog No. SH 30024.01) was purchased from Hyclone (Seattle,
WA, USA) and was used for MCF7 cells culture.

2.2. Cell lines, cell incubations and cell culture

2.2.1. Primary human hepatocytes

Cryopreserved pooled PHHs (from 50 individual donor preparations)
were purchased from Life Technologies/Thermo (HUE50-D) and were
stored in liquid nitrogen vapor until use. Hepatocytes were thawed using
hepatocyte thawing medium (Lonza Biosciences Solutions; Morrisville,
NC, USA). Cell viability and yield were determined using a Cellometer
(Nexcelom Bioscience, Lawrence, MA, USA) with acridine orange/pro-
pidium iodide (AOPI) staining per the manufacturer’s protocol. Once
thawed, hepatocyte maintenance medium (Lonza Biosciences Solutions;
Morrisville, NC, USA) was added to attain a concentration of 1 x 10°
cells/mL. 50 pL of cell suspension was added to a V-bottom 96-well plate
(Corning, NY, USA) at 50,000 cells/well with 50 pL maintenance me-
dium (control) or with 50 pL of substrate at 2x final desired concen-
tration in maintenance medium. The plates were incubated at 37 °C, 5%
CO4 with individual metabolism substrates (specific activity assays) or
parent chemicals for metabolic clearance and metabolite formation as-
says (7HC, BPAF, BPS). PHHs were incubated for no more than 240 min
in suspension form due to their loss of viability after 4 h.

2.2.2. Cell lines used for Tox21 chemicals screening (Tox21 cell lines)

Tox21 cell lines including HepG2, HEK293, Hela, HCT116, ME180,
CHO-K1, GH3.TRE-Luc, C3H10T1/2 and MCF?7 cells were obtained from
National Center for Advancing Translational Sciences (NCATS, Rock-
ville, MD) and cultured analogous to established cell culture conditions
for each respective line. Evaluation of enzymatic specific activities,
metabolic clearance, and metabolite formation was performed in Costar
flat bottom 96-well cell culture plates (Corning, NY, USA) analogous to
culture conditions (https://tripod.nih.gov/tox21/assays/) used for each
respective Tox21 cell line (e.g., culture media and initial seeding den-
sities). Prior to initiating metabolism incubations, cultures were allowed
to reach approximately 80-90% confluence (Hsieh et al., 2017).
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2.3. Cytochrome P450 specific activity assays

2.3.1. Metabolism incubations

PHHs and Tox21 cell lines (i.e., HepG2, HEK293, Hela, HCT116,
ME180, CHO-K1, GH3.TRE-Luc, C3H10T1/2 and MCF7) were each
incubated at 37 °C, 5% CO; with phenacetin, bupropion and midazolam
(i.e., individually) with shaking (200 rpm) on an orbital shaker (model
BT1502, Benchmark Scientific, Edison, NJ, USA). Phenacetin o-dee-
thylase, bupropion hydroxylase, and midazolam 1-hydroxylation ac-
tivities were assessed using in situ metabolism evaluations of metabolite
formation in cell culture median as previously described metabolic
competence evaluations (Jackson et al., 2016; Ramaiahgari et al., 2017).
All samples were stored at —80 °C prior to analysis by Liquid
Chromatography-Mass Spectrometry (LC-MS).

2.3.2. CYP450 specific activities

The formation of acetaminophen, hydroxybupropion and 1-hydroxy-
midazolam was quantified by LC-MS. The analytical method used was a
modification of protocol described earlier, and a complete list of
instrumentation and analysis parameters are described in Supplemen-
tary Table 1-3. (Ramaiahgari et al., 2017). Briefly, 50 pL of incubation
medium samples from each well were transferred to a 96-well plate and
170 pL of 0.1% formic acid in acetonitrile was added along with 10 pL of
isotopically labeled internal standard mixture (Supplementary Table 1,
250 ng/mL each in acetonitrile). Samples were mixed, centrifuged
(4000 rpm for 5 min) and 100 pL of the supernatant was transferred to a
Waters Acquity 96-well plate and mixed with 100 pL of methanol:water
(1:1). Samples were analyzed using an API 5000 triple quadrupole mass
spectrometer (SCIEX, Concord, Ontario, Canada) coupled to a Waters
Acquity HPLC system (Waters, Milford, MA, USA). A Phenomenex Luna
C18 (50 x 2 mm, 5 pm) Column (Phenomenex, Torrance, CA, USA) with
LC gradient method consisting of mobile phase A (0.05% formic acid in
5 mM ammonium formate) and mobile phase B (0.05% formic acid in
acetonitrilezmethanol (95:5)) at 2% mobile phase B increased linearly to
5% over 0.5 min, followed by Mobile phase B increase to 71% over 2 min
and then return to 2% over 0.5 min. The injection volume was 10 pL. LC
flow rates were 0.7 mL/min for acetaminophen method and 0.5 mL/min
for hydroxybupropion and hydroxymidazolam method.

Standard curves ranged from 1 to 1000 ng/mL. Standards were
prepared by mixing 50 pL of blank media with 10 pL of spiking solution
for each compound at each respective concentration level and extracted
as per standards. Accuracy of all standards were within 15% of nominal
for all concentrations except at limit of quantitation (LOQ, 1 ng/mL). A
quadratic equation with 1/x weighting was used to relate peak area
response ratio of analyte to internal standard and concentration. Con-
centrations of specific metabolites were calculated by using the analyte
peak area/internal standard peak area and using regression analysis in
Analyst 1.6.2 (SCIEX, Concord, Ontario, Canada) to determine the ng/
mL quantities. Metabolite formation rates were normalized to number of
cells and incubation time, and expressed as pmol/min-million cells.
Michaelis-Menten curve fitting was performed and graphed with
GraphPad Prism (GraphPad Software, San Diego, CA).

2.4. Glucuronidation and sulfation activity

2.4.1. Probe substrates exposures

7HC (50 uM), BPAF (50 pM), and BPS (50 pM) were used as probe
substrates to evaluate glucuronidation and sulfation proficiency with 3
cell lines used in Tox21 assays: HepG2, HEK293, and MCF7. Assay plates
were incubated at 37 °C, 5% CO; with these drug substrates individually
with shaking (200 rpm) on an orbital shaker (model BT1502, Bench-
mark Scientific, Edison, NJ, USA). Reactions were stopped at 150 min
(PHH & Tox21 cell lines) and 24 h (Tox21 cell lines) by addition of 100
pL cold acetonitrile to each well, and plates were then centrifuged at 100
xg for 10 min. 100 pL aliquots of solvent-crashed lysates were subse-
quently were transferred to analytical plates and stored in -80 °C until
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analysis.

2.4.2. Glucuronidation and sulfation LC-MS

Phase Il metabolites for 7HC, 7HCS and 7HCG were analyzed using a
targeted Selected Ion Monitoring (SIM) method, while metabolites of
BPAF and BPS were analyzed using a semi-targeted method with data
collected in a full scan MS experiment but using inclusion lists of mass-
to-charge values corresponding to glucuronide and sulfate conjugates of
BPAF and BPS (Supplementary Table 4-5) using a Q Exactive Plus
(Thermo Fisher, Waltham, MA, USA) with a Vanquish Ultra performance
Liquid Chromatography (UPLC) system (Thermo Fisher, Waltham, MA,
USA). Both methods used a Hypersil Gold aq Column (100 x 2.1 mm,
1.9 pm) (Thermo Fisher, Waltham, MA, USA). LC conditions consisted of
a gradient method where mobile phase A was 0.1% formic acid in water
and mobile phase B was 0.1% formic acid in acetonitrile. The gradient
method started with a 2-min equilibration at 10% mobile phase B.
Mobile phase B was then increased to 100% over 3 min and then held at
100% for 2 min. In the last minute of the gradient, mobile phase B was
decreased back to 10%. LC flow rate was 0.3 mL/min. The injection
volume was 2 pL. The column temperature was held at ambient tem-
perature whereas the autosampler tray temperature was set at 4 °C. The
mass spectrometer was calibrated with Thermo Fisher Scientific positive
mode calibration solution. A complete list of MS analysis parameters is
described in Supplementary Table 6-8.

2.5. Metabolic clearance assays

2.5.1. Chemicals exposure

Metabolic clearance assays following disappearance of parent com-
pound over time were performed to determine respective rates of mo-
lecular transformation for 7HC, BSAF, and BPS in 50-donor pooled
suspensions of PHH and 3 Tox21 cell lines (HepG2, HEK293, and MCF7)
that produced detectable metabolite concentrations during specific ac-
tivity evaluations. For these exposures, 1 pM 7HC, BPAF, or BPS pre-
pared in cell culture medium. Assay plates were incubated at 37 °C, 5%
CO, with individual substrates with shaking (200 rpm) on an orbital
shaker (model BT1502, Benchmark Scientific, Edison, NJ, USA). Re-
actions were stopped at times 0, 15, 30, 60, 90, 120, 240, and 1440 min
by adding 100 pL of cold acetonitrile to each well (i.e., whole well
crash), and centrifuged at 100 xg for 10 min. 100 pL of each acetonitrile-
crashed lysate were transferred to analytical plates and stored in -80 °C
for subsequent LC-MS analysis.

2.5.2. Metabolic clearance LC-MS

Parent compounds 7HC, BPAF, and BPS were detected using a single
ion monitoring method with MS/MS used for analyte confirmation. All
data were collected using a Q Exactive Plus (Thermo Fisher, Waltham,
MA, USA) with a Vanquish UPLC system (Thermo Fisher, Waltham, MA,
USA). All compounds were analyzed in negative mode following LC
separation with a Hypersil Gold aq Column (100 x 2.1 mm, 1.9 pm)
(Thermo Fisher, Waltham, MA, USA) using a gradient method. LC con-
ditions consisted of a gradient method where mobile phase A was 0.1%
formic acid in water and mobile phase B was 0.1% formic acid in
acetonitrile. The gradient method started with a 2-min equilibration at
10% mobile phase B. Mobile phase B was then increased to 30% over 2
min and then to 100% over the next 3 min. Gradient was held at 100%
mobile phase B for a minute before being decreased back to 10% over
the last minute of the run. The mass spectrometer was calibrated with
Thermo Fisher Scientific positive mode calibration solution. A complete
list of MS analysis parameters is described in Supplementary Table 9.
Data was processed using Xcalibur 4.1 (Thermo Fisher, Waltham, MA,
USA). Parent substrate concentration versus time plots were created
using GraphPad Prism and fitted using non-linear regression analysis to
determine half-life.
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Fig. 1. Metabolism comparison between PHHs and Tox21 cell lines.

Fifty-donor pool of PHHs and Tox21 cell lines at ~50,000 cells/well were treated with probe substrates phenacetin (PHH = 25, 50, 100, 200, 400, Tox21 = 0.1, 1, 10,
100, 300) bupropion (PHH = 62.5, 125, 250, 500, 1000, Tox21 = 1, 10, 100, 500, 1000), and midazolam (PHH = 3.125, 6.25, 12.5, 25, 50, Tox21 = 0.1, 1, 5, 10,
30). LC-MS assays were performed to quantify acetaminophen (A: CYP1A2), hydroxybupropion (B: CYP2B6), and 1-hydroxymidazolam (C: CYP3A4/5/7) plotted on
both linear (left) and log (right) scales. Metabolite concentrations were converted to pmol of total metabolite per million cells plated over the respective incubation

periods used for each model (pmol/min—lO6 cells).

2.6. CYP450-Glo bioluminescent assays

Luminescent screening assays were established with CYP450-Glo
assays (Promega, Madison WI) for CYP1A2 and CYP3A4/5. These as-
says monitor the conversion by CYPs of inactive D-luciferin derivatives
to an active form that produces light when firefly luciferase is added to
the reaction mixture, with light intensity proportionally changing with
enzymatic activity (Larson et al., 2011). Tox21 cell lines were cultured
as a monolayer in 96-well white plate (Corning, NY, USA) at ~50,000
cells/well for 24 h. Then, cells were pretreated with the vehicle 0.1%
DMSO (Basal), or OMP (100 pM), a well known CYP1A2 inducer, or ABT

(1 mM), a CYP1A2 inhibitor, for 24 h. In other experiments, cells were
pretreated with the vehicle 0.1% DMSO (Basal), or RIF (20 pM), well
known CYP3A4 inducer, or MI (30 uM), a CYP3A4 inhibitor, for 24 h.
Assay background (BGCYP1A2 or BGCYP3A4) was measured in medium
without cells. After treatment, the medium was replaced with fresh
medium containing Luciferin-1A2 P450-Glo substrate (6 pM), or
Luciferin-3A4 P450-Glo substrate (3 pM), cells were incubated for an
additional 60 min. CYP450-Glo bioluminescent assays were performed
by manufacturer’s protocol using a CLARIOSTAR luminometer (BMG
LABTECH).
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Table 1
Metabolism comparison between PHHs and Tox21 cell lines for acetaminophen formation (pmol/min-10° cells); CYP1A2.

Phenacetin (uM)

Cell Lines Incubation 0.1 1 10 25 50 100 200 300 400
Time
PHH 30 min - - - 41.8 + 50.7 + 62.4 + 6.00 62.8 + - 66.6 +
0.353 1.85 3.69 8.43
HepG2 24 h 0.00 0.00527 + 0.0786 + - - 0.217 £+ 0.0257 - 0.293 £+ 0.0648 -
0.000925 0.00898
HEK293 24 h 0.00 0.00 0.00 - - 0.00141 + - 0.0163 + -
0.000591 0.00150
Hela 24h 0.00 0.00 0.00 - - 0.00 - 0.00 -
MCF7 24h 0.00 0.00 0.00 - - 0.00 - 0.00 -
HCT116 24h 0.00  0.00 0.00 - - 0.00 - 0.0248 + -
0.00770
C3H10T1/2 24 h 0.00  0.00 0.00 - - 0.0500 + - 0.0914 + -
0.00414 0.0236
ME180 24 h 0.00 0.00 0.00 - - 0.00 - 0.0294 + -
0.00589
CHO-K1 24h 0.00 0.00 0.00 - - 0.00 - 0.0233 + -
0.00102
GH3TRE- 24h 0.00 0.00 0.00 - - 0.00 - 0.0204 + -
Luc 0.00175
Table 2

Metabolism Comparison between PHHs and Tox21 Cell Lines for Hydroxybupropion Formation (pmol/min-10° cells); CYP2B6.

Bupropion (uM)

Cell Lines Incubation 0.1 1 10 62.5 100 125 250 500 1000
Time
PHH 30 min - - - 331+ - 38.7 + 345+ 46.9 + 3.10 64.4 + 2.60
5.14 1.34 3.70
HepG2 24 h 0.00 0.00 0.0146 + - 0.00305 + - - 0.0141 + 0.0262 + 0.00206
0.000928 0.000668 0.000381

HEK293 24 h 0.00  0.00 - 0.00 - - 0.00203 + 0.00262 +
0.000380 0.000174

Hela 24 h 0.00  0.00 - 0.00 - - 0.00245 + 0.00447 +
0.00218 0.000947

MCF7 24h 0.00  0.00 - 0.00 - - 0.0119 =+ 0.0206 0.0382 + 0.00250

HCT116 24 h 0.00 0.00 - 0.00 - - 0.00667 + 0.00958 +
0.000451 0.000485

C3H10T1/2 24 h 0.00  0.00 - 0.00 - - 0.0257 + 0.00337  0.0241 +

0.000575

ME180 24 h 0.00  0.00 - 0.00 - - 0.00 0.00

CHO-K1 24 h 0.00  0.00 - 0.00 - - 0.00 0.00

GH3TRE- 24 h 0.00  0.00 - 0.00 - - 0.00 0.00

Luc
Table 3

Metabolism Comparison between PHHs and Tox21 Cell Lines for 1-Hydroxymidazolam Formation (pmol/min-10° cells); CYP3A4/5.

Midazolam (uM)

Cell Lines Incubation 0.1 1 3 5 10 125 25 30 50
Time
PHH 30 min - - 35.8 + 72.4 + 6.53 - 107.9 + 119.80 + - 157.9 +
3.65 5.87 1.41 10.3
HepG2 24 h 0.00038 + 0.0109 + - 0.0118 + 0.0157 + - - 0.0192 + -
0.00018 0.000694 0.000588 0.000372 0.000124
HEK293 24 h 0.00 - 0.00 0.00 - - 0.00167 + -
0.000283
Hela 24 h 0.00 - 0.00 0.00 - - 0.00 -
MCF7 24 h 0.00 - 0.00 0.00 - - 0.00 -
HCT116 24 h 0.00 - 0.00 0.00 - - 0.00607 + -
0.000435
C3H10T1/ 24 h 0.00 - 0.00 0.00 - - 0.00 -
2
ME180 24 h 0.00 - 0.00 0.00 - - 0.00 -
CHO-K1 24 h 0.00 - 0.00 0.0108 + - - 0.0217 + -
0.00180 0.00212
GH3TRE- 24 h 0.00 - 0.00 0.00 - - 0.00 -
Luc
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Table 4

Specific activity maximum enzymatic velocity (Vimay) and Michelis-Menten equilibrium constant (K,,) estimates summary.
Cell Type Incubation Time Viax Km

CYP1A2 CYP2B6 CYP3A4/5 CYP1A2 CYP2B6 CYP3A4/5

PHH 30 min 69.5 £ 2.12 59.0 + 4.49 187 + 8.35 16.7 + 2.79 73.2 £23.3 10.7 + 1.34
HepG2 24h 0.320 + 0.0234 0.0157 + 0.00259 0.0177 + 0.000912 38.4 £11.8 4.79 £ 5.48 0.969 + 0.268
HEK293 24 h NA 0.00616 + 0.00221 NA NA 1260 + 734 NA
Hela 24 h NA NA NA NA NA NA
MCF7 24h NA NA NA NA NA NA
HCT116 24 h NA 0.0286 + 0.0110 NA NA 1910 + 1050 NA
C3H10T1/2 24 h 0.168 + 0.0393 0.0422 + 0.0119 NA 247 +£ 111 566 + 354 NA
ME180 24h NA NA NA NA NA NA
CHO-K1 24 h NA NA 0.175 + 0.300 NA NA 209 + 405
GH3TRE-Luc 24 h NA NA NA NA NA NA

NA - Not applicable due to insufficient data for model fit.

2.7. Statistical analysis considered significant.
All data represent the mean + standard deviation (SD) of three or 3. Results
four independent experiments (n = 3 or 4), unless otherwise stated,
using Microsoft Excel. Graphs were plotted using GraphPad Prism 7 3.1. Phase I metabolism evaluation
(GraphPad software, San Diego, CA). Student’s t-test or ANOVA with
subsequent Dunnett’s test were used as appropriate, with a p < 0.05 To characterize the perceived limitations for Tox21 cell lines to
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Fig. 2. Glucuronide and sulfate conjugates assay in PHH and three Tox21 cell lines.

HepG2, HEK293 and MCF?7 cells were incubated at 50,000 cells/well for 24 h individually in comparison to PHHs (50,000 cells/well) incubated with 50 pM 7HC (A,
150 min; B, 24 h); 50 pM BPAF (C, 150 min; D, 24 h), or 50 uM BPS (E, 150 min; F, 24 h). LC-MS assays were performed to quantify 7HC-glucuronide and sulfate
conjugates, semi-quantify BPAF-glucuronide, sulfate conjugates, BPS-glucuronide and sulfate conjugates. Metabolite concentrations were converted to pmol of total
metabolite per million cells plated for 7HC conjugates (pmol/min-10° cells) and peak area of total metabolite per million cells plated (peak area/min-10° cells) for
BPAF and BPS conjugates.
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metabolize xenobiotics, HepG2, HEK293, Hela, HCT116, ME180,
CHO-K1, GH3.TRE-Luc, C3H10T1/2 and MCF7 cultures were estab-
lished and assayed in 96-well microplate formats for CYP specific
activities to major human drug metabolizing enzymes CYP3A4/5,
CYP1A2, and CYP2B6. Both substrate concentration and time course
ranges were evaluated. As shown in Fig. 1 and Table 1-3, robust
metabolite formation for marker metabolites with clinical drug sub-
strates phenacetin, bupropion, and midazolam was observed after 30
min incubations with suspensions of PHHs, which appeared to plateau
with increasing substrate concentrations consistent with Michaelis- -
Menten kinetics. In contrast, Tox21 cell lines cultured over a much
longer 24 h incubation period produced profoundly lower specific
activities requiring much longer incubation times to observe detect-
able metabolite formation. Determinable Vp,x and K;, values are
shown in Table 4.

In general, hepatic lineage HepG2 cultures were the most proficient
Tox21 cell line when summing CYP1A, CYP2B and CYP3A specific
activities. The ranking for all Tox21 cell lines was HepG2 > C3H10T1/
2 > CHO-K1 > > MCF7 ~ HCT116 ~ ME180 ~ HEK293 ~ GH3TRE-
Luc > Hela. For CYP1A metabolism, seven cell lines produced detect-
able acetaminophen metabolite levels following phenacetin substrate
exposures (24 h). The relative ranking of activity was: HepG2 >
C3H10T1/2 > ME180 > HCT116 > CHO-K1 > GH3TRE-Luc > HEK293
(Table 1).

For CYP2B activity, assessed by bupropion hydroxylation formation,
7 cell lines produced some detectable, but near the lower limit of
quantitation activity after very long (i.e., 24 h incubation periods) to
accumulate detectable metabolite. The ranking of CYP2B activities
observed was MCF7 > HepG2 > C3H10T1/2 > HCT116 > Hela >
HEK293 at 1000 pM bupropion concentrations (Table 2). For CYP3A
activity, only four cell line cultures produced detectable 1-hydroxymida-
zolam after 24 h incubations with the following ranking CHO-K1 ~
HepG2 > HCT116 > HEK293 (Table 3). All Tox21 culture model ac-
tivities, when benchmarked to PHH suspensions, produced very low
CYP3A-type metabolism activities that are widely considered the most
important enzymes for drug/xenobiotic metabolism in humans. Hepatic
lineage HepG2 were only weakly effective in metabolizing phenacetin to
acetaminophen (<1% of PHHSs), bupropion to hydroxybupropion
(<0.1% of PHHs) and midazolam to 1-hydroxymidazolam (< 0.1% of
PHHs). These data benchmark and define the highly limited capacity of
Tox21 cell lines to model major human xenobiotic metabolism func-
tionality, and indicate extremely limited capacity for CYP1A-, CYP2B-,
or CYP3A-dependent metabolic transformation or bioactivation in
response to chemical exposures.

To further evaluate the extent of xenobiotic metabolism functionality - S
with Tox21 cell lines, inhibitors of xenobiotic metabolism were applied.
As shown in Supplemental Fig. 1, HepG2, MCF7, CHO-K1, C3H10T1/2,
and G3H3TRE-Luc were assayed using CYP1A2 luminescent substrate.
Comparison of normalized luminescence data showed MCF7 > HepG2
> CHO-K1 > > C3H10T1/2 ~ G3H3TRE-Luc, and marginally inhibit-
able metabolite formation after exposure to the P450 inhibitor ABT only
inhibited in CHO-K1 cells. These data were consistent with the very low
enzymatic activities observed, and further confirm their deficiency for
CYP450 metabolism. A

While it is generally known that immortalized cell lines lack profi-
cient signal transduction pathways related to drug metabolizing en-
zymes (e.g., PXR, CAR), we further evaluated Tox21 cell line exposures
with prototype inducers of xenobiotic metabolism. AhR activator OMP
only marginal increased luminescence ranking: MCF7 > CHO-K1 >
HepG2 > C3H10T1/2 > G3H3TRE-Luc. Overall, CYP1A2/AhR func-
tionality was highest in MCF7 among the Tox21 assays evaluated. For
CYP3A/PXR functionality, HepG2 were superior in basal CYP3A lumi-
nescence with a ranking of HepG2 > MCF7 > HCT116 > > C3H10T1/2
~ Hela (Supplemental Fig. 2), which was appreciably inhibitable in all 5
cell lines with substrate-depleting high concentrations of MI with a
ranking HepG2 > C3H10T1/2 > HCT116 > MCF7 > > Hela. As
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Phase II metabolite formation rates.

Table 5
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Table 6
Chemicals clearance comparison between PHHs and Tox21 cell lines.
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Chemicals  Concentration Cell Culture Percent Depletion 240 Percent Depletion 24 h ~ Mean Half-life 95% Confidence Interval Fit Method
(HM) Model min (% +/— SD) (% +/— SD) (min)* Half-life (min) Description
7-HC 1 PHHs (50- 99 +/—- 5.9 Not determined 22.7 19.8-26.1 'One-phase
donor pool) exponential decay
7-HC 1 HepG2 27 £6.8 76 +/—- 11 290.6 196-512 One-phase
exponential decay
7-HC 1 HEK293 50 +/—12 99 +/—12 209.9 173-259 'One-phase
exponential decay
7-HC 1 MCF7 40 +/- 18 99 +/-12 292.5 196-530 'One-phase
exponential decay
BPAF 1 PHHs (50- 82 +/—29 Not determined 86.3 51.2-202 One-phase
donor pool) exponential decay
BPAF 1 HepG2 36 +/— 8.2 66 +/— 6.6 31.2 (fast) 1626 very wide Two-phase
(slow) exponential decay
BPAF 1 HEK293 36 +/— 5.4 60 +/— 4.5 43.0 (fast) very wide Two-phase
~1887 (slow) exponential decay
BPAF 1 MCF7 42 +/—- 7.7 55 +/-7.4 23.3 (fast) very wide Two-phase
~9684 (slow) exponential decay
BPS 1 PHHSs (50- 59 +/—- 6.7 Not determined 205.2 73.5-268 One-phase
donor pool) exponential decay
BPS 1 HepG2 17 +/-11 39 +/-7.4 326.1 164-3053 One-phase
exponential decay
BPS 1 HEK293 9.5 +/-11 36 +/— 12 NC NC One-phase
exponential decay
BPS 1 MCF7 22 +/-7.0 26 +/-7.3 119.7 48.9-272 One-phase

exponential decay

NC: Not calculated due to insufficient trend within dataset for fit model estimates.

" value from 150 min.

I value applies lower limit of quantification (LLOQ) where mean concentrations less than LLOQ.

expected, no response to prototype PXR agonist rifampicin (RIF) was
observed in any of the Tox21 cell lines evaluated, with the exception of a
small increase in CYP3A4 activity in Hela cells.

3.2. Phase II metabolism evaluation

Phase II metabolism in Tox21 cell lines was evaluated with bisphe-
nols BPAF and BPS, along with 7-HC, and metabolite formations were
assayed using LC-MS. Direct overlay of existing Tox21 assay data for
estrogen receptor (ER) activation revealed BPAF to be more potent than
BPA or BPS (Supplemental Fig. 3), thus investigation of their in vitro
metabolism was explored (https://sandbox.ntp.niehs.nih.gov/tox21-cu
rve-visualization (Huang et al, 2014). Preliminary experiments
revealed detectable concentrations of 7HC-glucuronide (7HCG) and
sulfate (7HCS) only in HepG2, HEK293 and MCF7 (data not shown).
Based on these data, more extensive evaluation of glucuronide and
sulfate metabolites of 7HC, BPAF, BPS (50 pM for each) was evaluated
over 150 min and 24 h incubations (i.e., 7ZHCG, 7HCS, BPAFG, BPAFC,
BPSG, and BPSS). As shown in Fig. 2 and Table 5, PHH suspensions
produced far more 7HCG than 7HCS conjugate (Fig. 2A) than Tox21 cell
lines after 150 min. Since PHH suspensions lose cell viability after 2-4 h
in culture, it was not possible to evaluate the 24 h time point. After 24 h,
HepG2 and MCF7 cultures achieved substantial amounts of 7HCG,
whereas HEK293 produced no detectable 7HCG at either 150 min or 24
h. However, 7HCS conjugates were detected in all 3 Tox21 cell lines (i.e.,
HepG2, HEK293 and MCF?7) after both 150 min and 24 h, demonstrating
a greater proficiency for sulfation over glucuronidation.

BPAFG conjugate was readily observed in PHH suspensions after
150-min incubations, with higher proportions of BPAFS vs. BPAFG
(Fig. 2C). By comparison, very low BPAFG was observed in these 3
Tox21 cell lines. Interestingly, BPAF sulfation was clearly observed in all
3 Tox21 cell lines after 150-min incubations, with levels rivaling those
produced in PHH suspensions. Only HepG2 cultures retained observable
levels of both sulfate- and glucuronide-conjugated BPAF after 24 h
(Fig. 2D), consistent with its hepatic lineage.

As shown in Fig. 2E & 2F, BPS incubations produced robust BPSS and

BPSG metabolites equivalent to 150-min PHH incubations. In contrast,
no detectable BPS G was observed in Tox21 cell lines after 150-min
incubations. BPSS was observed at comparable levels to PHH suspen-
sions, consistent with results with 7HC and BPAF. After 24 h in-
cubations, BPSS concentrations further increased for all 3 Tox21 cell
lines and was analogous to the profile observed for BPAFS with pro-
portionally small amounts of BPSG. BPS2S conjugates (i.e., 2 sulfate
conjugates) were also assayed and detectable in HEK293 cells after both
150 min and 24 h (Fig. 2E, F). Taken together, these data demonstrate
that Tox21 cell lines HepG2, HEK293, and MCF7 do display robust Phase
II sulfation capacity with all three substrates evaluated (7HC, BPAF, &
BPS), yet minimally supported Phase II glucuronidation.

3.3. Metabolic clearance evaluation

In vivo, the spectrum of adaptive and toxicological responses to
xenobiotic exposure occurs as a result of the combined dynamic expo-
sure to both parent chemical and downstream metabolites over time.
Therefore, to better understand the impact of observed metabolite for-
mations, the extent of metabolic clearance (i.e., loss of parent form of
chemical to alternate forms) was further evaluated with HepG2,
HEK293, and MCF7 cell lines. For this, 7HC, BPAF, and BPS were
assayed over 24 h (Table 6, Figs. 3-5). Analogous to Phase I metabolite
formation evaluations, 7HC was measured via LC-MS to monitor loss of
7HC (1 puM initial substrate concentration) and derive percent depletion
and apparent half-life (T;,2) values (Table 6). 7HC was extensively
‘cleared’ (i.e., 99% conversion to other chemical structure forms) in
PHH suspensions after 240-min incubations, which revealed an esti-
mated half-life of ~23 min (Table 6, Fig. 3). Twenty-four-hour in-
cubations with PHH suspensions were not possible due to their short-
term viability (i.e., ~2-4 h). In contrast, HepG2 cells revealed 27%
depletion after 240 min with an estimated half-life of ~290 min.
Interestingly, HEK293 had a faster loss of 7HC relative to hepatic lineage
HepG2 with 50% depletion after 240 min, and 99% turnover after 24 h
with an overall T »-210 min. This observation was consistent with the
elevated extent of 7HC sulfation observed in Fig. 2. MCF7 produced a
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Fig. 3. Clearance of 7HC by PHH and three Tox21 cell lines.

HepG2, HEK293 and MCF7 cells were incubated at 50,000 cells/well for 24 h individually in comparison to PHHs (50,000 cells/well) incubated with 1.0 pM 7HC at
0,15, 30, 60, 90, 150 and 240 min. LC-MS analysis was performed to monitor the clearance of 7HC parent compound at 1.0 pM to derive percent depletion and
apparent half-life (t;,2). 7HC clearance in PHHs (A); 7HC clearance in HepG2 cells (B); 7HC clearance in HEK293 cells (C); 7HC clearance in MCF7 cells (D).

comparable extent of 7HC depletion with 40% depletion after 240 min
with T7,2-290 min (Fig. 3D).

The metabolic clearance of BPAF was extensive with 7HC in PHH
suspensions with 82% depletion and T;,2-86 min (Table 6, Fig. 4).
HepG2 cells revealed an apparent biphasic depletion with initial fast and
delayed slow disappearance of BPAF with Tj,2-31 and 1600 min,
respectively. Percent depletion of BPAF in HepG2 cells was 36% for 240
min and 66% after 24 h. This extensive depletion of parent BPAF dem-
onstrates Tox21 cell lines are in fact competent for xenobiotic meta-
bolism by conversion parent chemicals to alternative but form, likely to
be sulfation based on our observations of Phase II metabolism data. This
non-zero parent chemical depletion has the potential to impact the
interpretation of Tox21 assay data. HEK293 showed a similar biphasic
depletion of BPAF with T;,,-43 and 1900 min, respectively. MCF7
further mirrored the biphasic depletion of BPAF revealing the fastest
initial metabolic clearance rate of across these three Tox21 cell lines
with T;,5-23 min, and the slowest second phase with T;,5-9700 min.
These data were consistent with the extensive BPAF sulfate formation
shown in Fig. 2.

Metabolic clearance was by far the least extensive for BPS among
these 3 compounds (i.e., 7HC, BPAF, and BPS). As shown in Table 6 and
Fig. 5, depletion of BPS was 59% after 240 min in PHH suspensions with
correspondingly slower T;,,-205 min. In HepG2, significantly lower
depletion of 17% was observed with BPS after the initial 240 min, and
39% turnover of BPS after 24 h with overall half-life T;,5-326 min.
Compared with HepG2, BPS turnover in HEK293 was only 9.5% after
240 min and 36% after 24 h and an overall half-life that was not
calculated due to insufficient trend within the dataset. By comparison,
MCF7 produced the most extensive BPS depletion among Tox21 cell

lines with ~30% depletion, which was largely achieved in the initial
240 min and ranked as the fastest BPS depletion half-life of T;,2-120
min. These observations were largely consistent with metabolite for-
mation data.

4. Discussion

The Tox21 high throughput screening program has been criticized
for a perceived lack of ‘metabolic competence’ across the suite of
bioactivity assays screening thousands of environmental and pharma-
ceutical chemicals. However, to date this speculative critique has not
been experimentally confirmed or characterized. Given the importance
of biotransformation and internal exposure profiles to toxicological
outcomes, the perceived yet poorly characterized lack of xenobiotic
metabolism in Tox21 cell culture models, and the broad impact of Tox21
assay data made available to the public for thousands of chemicals, it is
important to characterize and contextualize the capacity of Tox21 cell
culture models for ‘metabolic competence’. In this study, we established
a framework to benchmark ‘metabolic competence’ using the hepatic
‘gold standard’ of pooled-donor PHH suspensions, and characterized 9
commonly used Tox21 cell culture models for major drug metabolizing
enzyme activities (e.g., CYP3A, CYP1A, CYP2B, UGT, SULT). The results
highlight both anticipated and surprising results, which have implica-
tions to the field of in vitro toxicology and in vitro to in vivo translation
of bioactivity assay data.

As we considered how best to approach the challenges in charac-
terizing ‘metabolic competence’ within cell culture models used for
Tox21 assays, we focused on CYP, UGT, and SULT metabolism assays.
The rationale focused on their preeminent role in xenobiotic metabolism
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Fig. 4. Clearance of BPAF by PHH and three Tox21 cell lines.

HepG2, HEK293 and MCF?7 cells were incubated at 50,000 cells/well for 24 h individually in comparison to PHHs (50,000 cells/well) incubated with 1.0 uM BPAF at
0, 15, 30, 60, 90, 150 and 240 min. LC-MS analysis was performed to monitor the clearance of BPAF parent compound at 1.0 uM to derive apparent half-life (t;2).
BPAF clearance in PHHs (A); BPAF clearance in HepG2 cells (B); BPAF clearance in HEK293 cells (C); BPAF clearance in MCF7 cells (D).

and clearance in humans, and our need to address the predominant
modes of metabolic activation of chemicals to toxic metabolites that
historically involve hepatic metabolism (Walsh, 2006). Xenobiotic
metabolism is known to both detoxify and activate toxicological re-
sponses, and can arise from both hepatic and extrahepatic metabolism
(Jhajra et al., 2012). The enzymes commonly involved in metabolic
activation often include UGTs (e.g., acyl glucuronide electrophiles),
peroxidases, monoamine oxidases, and most often cytochromes P450
(CYPs). CYPs form a variety of reactive metabolites including epoxides,
quinones, heterocyclics, halocarbons, hydrazines, and free radical ions,
and are attributed to bioactivation roles with well-known toxicants such
as benzo(a)pyrene, aflatoxin B1, benzene, dimethylnitrosamine, carbon
tetrachloride, and acetaminophen. In humans, CYPs drive the majority
of xenobiotic metabolism clearance via CYP3A, CYP1A, CYP2C, en-
zymes, and to a less prevalent extent via CYP2B, CYP2E, and CYP2D
enzymes. These enzymes typically initiate Phase I metabolism to
transform lipophilic chemicals towards more hydrophilic forms poised
for Phase II metabolism and excretion. This rationale guided our
approach to evaluate, major CYP, UGT, and SULT metabolite forma-
tions, and metabolic clearance in context with PHHs suspensions. PHH
suspensions integrate active/passive uptake transport, intrinsic pro-
duction of requisite enzyme cofactors at physiological proportions (e.g.,
NADPH, UDPGA, PAPS), and functional expression of a physiologically-
relevant spectrum of xenobiotic metabolizing enzymes produced in
human liver within the initial 1-2 h of incubation. The differentiation
state of PHHs in culture can be inferred based on their CYP450 activities
that dynamically change based on culture conditions. We observed that

10

Tox21 cell lines were largely devoid of reference CYP450 metabolite
formation relative to PHH suspensions using established clinical drug
substrates for CYP3A4/5, CYP1A2, and CYP2B6 as sentinels to broader
‘metabolic competence’ (Jackson et al., 2016; Lu et al., 2015). It is
important to note that while these specific activities (i.e., metabolite
formation of acetaminophen, hydroxybupropion, and 1-hydroxymida-
zolam) are well-established for human liver enzymes, their specificity
for metabolizing enzymes with non-human origin Tox21 cell lines CHO-
K1 (hamster), GH3TRE (rat), and C3H3T1/2 (mouse) are likely more
generalized reflections of CYP3A, CYP1A, and CYP2B metabolism as
some conservation of metabolism is known across a CYP subfamily.
Another consideration to contextualize these findings is that many of
these Tox21 cell lines are not of hepatic lineage, thus lower activities for
major xenobiotic metabolizing enzymes were anticipated given the
importance of hepatic metabolism in drug clearance. Extrahepatic
human tissues often vary in the degree and proportions of CYP expres-
sion, which can impact the specificity of metabolite formation due to
substrate overlap among enzymes. A final point of context is that CYPs
involved in endogenous metabolism such as CYP19Al1 (i.e., aromatase
catalyzing conversion of androgens to estrogens) with high specificity
for endogenous substrates and narrow ranges of substrate recognition
are most likely operative in Tox21 culture models, but generally do not
serve as rate-determining xenobiotic metabolism/clearance. These
considerations guided our rationale to evaluate a broad spectrum of
xenobiotic metabolism substrate concentrations over shorter and longer
(i.e., 24 h) incubations with Tox21 cultures. Overall, these data defini-
tively establish a profound lack of CYP-dependent ‘xenobiotic
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Fig. 5. Clearance of BPS by PHH and three Tox21 cell lines.

HepG2, HEK293 and MCF7 cells were incubated at 50,000 cells/well for 24 h individually in comparison to PHHs (50,000 cells/well) incubated with 1.0 pM BPS at 0,
15, 30, 60, 90, 150 and 240 min. LC-MS analysis was performed to monitor the clearance of BPS parent compound at 1.0 M to derive apparent half-life (t; 2). BPS
clearance in PHHs (A); BPS clearance in HepG2 cells (B); BPS clearance in HEK293 cells (C); BPS clearance in MCF7 cells (D).

metabolism’, as defined within the rationale of this study, and establish
a benchmarking framework to evaluate CYP-related ‘metabolic compe-
tence’ with in vitro toxicology models.

The most surprising finding within this study was the substantial
capacity of Tox21 cell culture models to produce Phase II sulfate me-
tabolites of 7HC, BPAF, and BPS that in some instances rivaled PHH
suspensions. These data were further supported by metabolic clearance
data indicating significant loss of parent chemical over 240 min and 24 h
exposures. These data demonstrated a clear ‘competence’ to appreciably
biotransform phenolic chemicals. These data also showed a strong bias
towards sulfation in Tox21 cell lines compared to PHH suspensions with
more balanced glucuronidation and sulfation. The extents of metabolic
clearance (i.e., disappearance of parent chemical over time) mirrored
the extents of Phase II metabolite formation to sulfation/glucur-
onidation in most data sets. These data suggest that Phase Il metabolism
is driving the loss of parent BPS, BPAF, and 7HC in these cultures, but
further study with inhibitors towards a mass balance evaluation would
be required to confirm these coincident observations. It is interesting to
note that with Tox21 cultures, though proficient for sulfation of BPAF
and BPS akin to PHH suspensions, appeared to reach a plateau of parent
chemical depletion with 1 pM exposures across multiple cell lines. This
could reflect additional rate-determining factors such as free fraction
protein binding (e.g., 10% FBS) or active transport processes that
compartmentalize parent chemicals and limit the extent of turnover. In
addition, UGT and SULT enzymes often display substrate affinity Ky
values in the higher micromolar to low millimolar range, which may
also play a role in the observed limit of further BPS and BPAF depletion
between 240 min and 24 h. For context, Ishii and Tamura reported the
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apparent Km of bisphenol A for sulfotransferase activity was 74 pM, and
the depletion of bisphenol A was only 4% after 5 days incubations with
10 pM exposure (Ishii and Tamura, 2003). Given the range of exposures
and shorter (< 24 h in most assays) exposure times for Tox21 assay
systems, we could hypothesize from these observations that some
phenolic and aromatic hydroxyl compounds, along with other sulfo-
transferase substrates, may deplete to some extent during Tox21 assays.
Future analysis is required to assess the potential impact of these find-
ings across the thousands of Tox21 chemicals evaluated to date.
Depletion, along with the potential for skewed metabolite exposure
profiles favoring sulfation, could result in shifted potencies that under-
or over-estimate the potential for human biological activity and parent
chemical responses in humans. These data highlight the challenge in
ascribing Tox21 assay results to nominal exposure concentrations of
parent chemicals that presume a lack of ‘metabolic competence’.
Furthermore, a more nuanced definition of ‘metabolic competence’
reflective of tissue-specific biotransformation is needed. As we consider
the fit-for-purpose use of different types of in vitro liver models, both
HepG2 and PHHs likely have a useful role to fulfill. For high throughput
screening, HepG2 are a practical and inexpensive model system with
some degree of CYP1A metabolism, and surprisingly robust sulfation
capacity. However, their profoundly limited CYP450 metabolism and
hepatic receptor signaling pose fundamental challenges for translational
hepatotoxicity predictions. Suspension cultures of PHHs remain the
‘gold standard’ for accurate estimations of human metabolism out-
comes, but their extremely limited viability time frame (i.e., a few hours
due to the absence of epithelial-like cell-cell and cell matrix interactions)
essentially reflects the responses of dying cells that are incapable of
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toxicological modeling without more advanced culture configurations
(e.g., sandwich cultures, 3D spheroids, microphysiological systems).
Future studies to evaluate the in vitro disposition of Tox21 compounds
should further improve and refine our understanding of the impacts of in
vitro exposure profiles and ‘skewed’ metabolism on the translation of
assay results to humans.

In conclusion, we have characterized and benchmarked a profound
deficiency of major human CYP450 drug metabolism activities with 9
cell line backgrounds used in Tox21 assays relative to 50-donor pooled
suspensions of primary human hepatocytes. Thus, compounds requiring
hepatic CYP450 bioactivation would likely be poorly modeled with
existing Tox21 assay systems. This approach establishes a framework for
evaluation of human ‘metabolic competence’ with in vitro systems using
pooled-donor suspensions of PHHs. Focused evaluation of phenolic and
aromatic hydroxyl-containing compounds 7HC, BPAF, and BPS towards
Phase II metabolism revealed a surprisingly robust capacity for sulfation
over glucuronidation metabolism, which were consistent with metabolic
clearance assay data. These results indicate a more nuanced definition of
‘metabolic competence’ is required as we expand the use of Tox21 assay
data, and these findings likely have implications for the interpretation
and quantitative translation of a subset of chemicals within existing
Tox21 assay data appreciably metabolized by sulfotransferase enzymes.
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