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ABSTRACT

The cellular microenvironment plays an important role in liver zo-
nation, the spatial distribution of metabolic tasks among hepato-
cytes lining the sinusoid. Standard tissue culture practices provide
an excess of oxygen and a lack of signaling molecules typically
found in the liver. We hypothesized that incorporating physiologi-
cally relevant environments would promote postdifferentiation pat-
terning of hepatocytes and result in zonal-like characteristics. To
test this hypothesis, we evaluated the transcriptional regulation
and activity of drug-metabolizing enzymes in HepaRG cells ex-
posed to three different oxygen tensions, in the presence or ab-
sence of Wnt/b-catenin signaling. The drug-metabolizing activity of
cells exposed to representative periportal (11% O2) or perivenous
(5% O2) oxygen tensions were significantly less than cells exposed
to ambient oxygen. A comparison of cytochrome P450 (P450) 1A2,
2D6, and 3A4 activity at periportal and perivenous oxygen tensions
showed significant increases at the lower oxygen tension. The acti-
vation of the Wnt/b-catenin pathway only modestly impacted P450
activity at perivenous oxygen tension, despite a significant increase

in P450 expression under this condition. Our results suggest oxy-
gen tension is the major contributor to zonal patterning in HepaRG
cells, with the Wnt/b-catenin signaling pathway playing a lesser
albeit important role. Our datasets also highlight the importance of
including activity-based assays, as transcript data alone do not pro-
vide an accurate picture of metabolic competence.

SIGNIFICANCE STATEMENT

This work investigates the postdifferentiation patterning of Hep-
aRG cells cultured at physiologically relevant oxygen tensions, in
the presence and absence of Wnt/b-catenin signaling. HepaRG
cells exposed to periportal (11%O2) or perivenous (5% O2) oxygen
tensions display zonation-like patterning of both cytochrome
P450 and glucuronosyltransferase enzymes. These datasets also
suggest that oxygen is a primary regulator of postdifferentiation
patterning, with Wnt/b-catenin having a lesser effect on activity
but a significant effect on transcriptional regulation of these
enzymes.

Introduction

The primary human hepatocytes (PHHs) used in early assessments of
hepatotoxicity often fail to predict the drug-induced liver injuries dis-
covered during clinical trials (Kenna and Uetrecht, 2018; Parasrampuria
et al., 2018). One reason for this failure is the ready dedifferentiation of
PHHs under standard culture conditions. The collagen sandwich is an
early example of how culture format could greatly improve the health,
polarization, and metabolic activity of PHHs (Dunn et al., 1989; Dunn
et al., 1992; Meyer et al., 2015). A continued and concerted effort to
further improve PHH performance and predictability includes incorpo-
rating of three-dimensional tissue-like architectures (Usta et al., 2015;

Shin et al., 2018; Kang et al., 2020), adding liver-specific soluble factors
(Meyer et al., 2015), or replacing the PHHs with hepatocyte-derived
cells lines or stem cells (Gerets et al., 2012; Bell et al., 2018).
Cues from the tissue microenvironment orchestrate liver-specific functions

and zonation, the spatial and temporal distribution of metabolic tasks along
each sinusoid (Oinonen and Lindros, 1998). Zonation is a result of postdif-
ferentiation patterning (Jungermann and Kietzmann, 2000; Gebhardt and
Matz-Soja, 2014), regulated by abiotic factors, such as oxygen and glucose,
required to maintain cellular health and energy reserves. In the periportal
(PP) region of the sinusoid, drug-rich blood enters from the portal triad and
has an oxygen tension of 65–60 mm Hg or 11–8% O2 (Kietzmann, 2017).
Hepatocytes in this region carry out oxygen-intensive processes such as glu-
coneogenesis and urea synthesis (Braeuning et al., 2006). Blood exits the
sinusoid through a central vein in the perivenous (PV) region and has an
oxygen tension of 35–30 mm Hg or 5–3% O2 (Kietzmann, 2017). Here,
hepatocytes generate energy reserves through glycolysis and perform the ma-
jority of drug metabolism, including cytochrome P450 (P450)-mediated
transformations (el Mouelhi and Kauffman, 1986; Braeuning et al., 2006).
Other zonation-regulating cues are morphogens and hormones,

which modulate P450 expression through the activation of signaling
pathways and nuclear receptors. Three pathways known to promote
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zonal phenotypes are the hypoxia-inducible factor (HIF) pathway, the
Wnt/b-catenin pathway, and the hedgehog pathway (Giera et al.,
2010; Matz-Soja et al., 2013; Kietzmann, 2019). HIF-regulated pathways
are associated with transcriptional-level zonation patterns of phase I and II
drug-metabolizing enzymes, urea synthesis, and albumin production. The
stabilization of b-catenin facilitates the expression of glutamine synthase, a
key enzyme in ammonia detoxification (Benhamouche et al., 2006; Geb-
hardt et al., 2007; Gerbal-Chaloin et al., 2014). A high concentration of
Wnt is found in the perivenous region of the sinusoid, secreted by endothe-
lial cells of the central vein (Gebhardt et al., 2007; Wild et al., 2020).
To date, in vitro studies of postdifferentiation patterning have focused

on the role of oxygen or Wnt ligands individually. None to our knowl-
edge have systematically evaluated the effect of both factors on the tran-
scriptional regulation and activity of drug-metabolizing enzymes. Here,
HepaRG cells maintained on collagen slabs were exposed to representa-
tive PP or PV oxygen tensions, in the presence and absence of Wnt/
b-catenin signaling. We chose the HepaRG cell line because they have
a high metabolic competency, are readily available, and eliminate exper-
imental artifacts that can arise from donor-dependent PHH metabolic
profiles. The HepaRG cell line also expresses phase II metabolic en-
zymes, including members of the glucuronosyltransferase (UGT) and sul-
fotransferase (SULT) families (Yokoyama et al., 2018). Previous studies
showed that the HepaRG cell line could maintain a differentiated state
and P450 activity for days to weeks in culture (Jackson et al., 2016).
Our results highlight that oxygen and the Wnt/b-catenin signaling

pathway influence the activity and transcriptional regulation of P450s
and phase II enzymes. When exposed to a representative PP (11% O2)
or PV (5% O2) oxygen tension, there was a significant decrease in ac-
tivity compared with standard culture conditions. A comparison of cells
exposed to PV and PP oxygen tensions had enzyme activity and tran-
scriptional regulation patterns that agree with zonation. The inclusion of
Wnt3a, R-spondin 3, and noggin (WRN) signaling molecules at each
oxygen tension highlighted the fact that changes in enzyme activity
were dictated predominately by oxygen and further refined through the
Wnt/b-catenin signaling pathway.

Materials and Methods

Chemicals. All chemicals and reagents were used as received unless other-
wise specified. Chlorzoxazone, dextromethorphan (hydrobromide hydrate),
(S)-mephenytoin, midazolam, testosterone, and acetaminophen-d4 were pur-
chased from Cayman Chemical Company. Collagen I (rat tail) was purchased
from Enzo Life Sciences. Collagenase (Clostridium histolyticum), phenacetin,
dextrorphan-d3, bupropion hydrochloride, and sodium hydroxide (NaOH)
were purchased from Millipore Sigma. DMSO and 7-hydroxycoumarin were
purchased from Fisher Scientific. Hydroxybupropion-d6 was purchased from
Cambridge Isotope Laboratories. 6-hydroxychlorzoxazone-d2 was purchased
from Clearsynth. 7-hydroxycoumarin-d5-sulfate and 7-hydroxycoumarin-13C6-
glucuronide were purchased from Toronto Research Chemicals. 4-hydroxyme-
phenytoin-d3 was purchased from MuseChem. Hydroxymidazolam-13C3 and
hydroxytestosterone-d7 were purchased from Corning.

HepaRG Cell Culture. Differentiated NoSpin HepaRG Cryopreserved Cells
were obtained from Lonza Bioscience. Before seeding cells into a 12-well plate,
each well was coated with 500 ll of 2 mg/ml collagen I. The collagen suspen-
sion was neutralized with 1M NaOH and PBS, and the volume adjusted
with reverse osmosis filtered water to a final concentration of 2 mg/ml. The col-
lagen slabs were incubated overnight, washed with 1X PBS, and then seeded
with HepaRG cells at a final density of 2.6 × 105 cells/cm2.

All culture medium and supplements needed to maintain the HepaRG cells
were obtained from Lonza. Unless otherwise noted, the cells were maintained at
37�C, 20% O2, and 5% CO2 in HepaRG medium containing a basal medium
supplement, a maintenance and metabolism supplement, and 1% PenStrep. We
refer to this medium composition as “Std Medium” throughout the text. Freshly
thawed cells were plated in HepaRG medium containing a basal medium

supplement, a thawing and plating supplement, and 1% PenStrep. After 24 hours,
Std Medium was added and exchanged every 2 days. After 6 days, the HepaRG
cells were exposed to either ambient oxygen tension, a representative PP tension
(11% O2), or a representative PV tension (5% O2). These oxygen tensions were regu-
lated with a custom-built hypoxia chamber, as detailed previously (DiProspero et al.,
2021). Brightfield images of the HepaRG cells were captured on a Nikon TE2000 mi-
croscope, equipped with a 10X Plan Fluor objective (NA 0.3 WD) and Photometrics
Dyno CCD camera.

LWRN Cell Culture and Secretion. The L- and L-WRN cell lines were
purchased from the American Type Culture Collection and maintained as mono-
layers at 37�C, 20% O2, and 5% CO2 in Dulbecco's modified Eagle’s medium
supplemented with 10% FBS, 0.5 mg/ml G-418, and 0.5 mg/ml hygromycin B.
Culture medium was exchanged every 2–3 days and the cells passed at 80% con-
fluency with TrypLE, using standard procedures.

Conditioned medium was collected from both cell lines following the
American Type Culture Collection–recommended protocol. Briefly, the cells
were grown to confluency in a T150 flask without G-418 or hygromycin B.
The cells were then washed with 1X PBS, 25 ml fresh medium was added, and
the cells were collected after 24 hours. The conditioned medium was centri-
fuged at 1000 × g for 5 minutes, the supernatant decanted, and then stored at
4�C. Conditioned medium collected from 4 consecutive days was pooled, ster-
ile filtered (0.22 lm), and stored at –80�C.

Evaluation of P450 Activity. Drug-metabolizing enzyme activity was quan-
tified using a previously reported liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) method (Dierks et al., 2001; Li et al., 2015). The HepaRG
cells were washed with 1X PBS and incubated for 2 hours at 37�C in fresh
Std Medium containing a cocktail of eight different enzyme substrates
(Supplemental Table 1). Stock solutions of each substrate were prepared in
DMSO at 1000× the working concentration and added to the HepaRG medium
directly before use. The metabolite-containing medium was mixed with ice-cold
acetonitrile (�20�C, Optima; Fisher Scientific) at a 1:10 (v/v) ratio to precipitate
protein. Precipitated protein was removed with centrifugation (12,000 × g, 15
min), the supernatant was collected, and then protein was concentrated in vacuo.
The residual solid was resuspended in 100 ll of high performance liquid chroma-
tography-grade water (Optima).

Samples were separated on a Waters Acquity ultra performance liquid chro-
matography equipped with a BEH C18 column (2.1 × 50 mm, 1.7 lm) using a
binary solvent system of 0.1% formic acid (v/v) in water (A) and 0.1% formic
acid (v/v) in acetonitrile (B). The total run time of each separation was 9 mi-
nutes, using the following gradient profile at a 0.3-ml/min flow rate: 10% B for
1 minute; a linear gradient to 70% B over 5 minutes; 95% B for 1 minute; 10%
B for 2 minutes to reequilibrate the column. Metabolites were quantified with se-
lected reaction monitoring on a Thermo TSQ Vantage triple quadrupole mass
spectrometer (MS). The MS source parameters were a heated electrospray ioni-
zation probe, 300�C; capillary temperature, 300�C; spray voltage, 4.8 kV; vapor-
ization temperature, 300�C; sheath gas flow, 50; auxiliary gas flow, 15; S-lens
RF amplitude, 120 V. Nitrogen was used for the sheath and auxiliary gases; ar-
gon was used as the collision gas. Two transitions of each product and internal
standard were monitored, except for 4’-hydroxymephenytoin-d3, where only a
single transition could be monitored due to instrument limitations. The optimized
declustering voltage and collision energies of each product and internal standard
are listed in Supplemental Table 1. Data were collected and processed with the
Xcalibur software package.

A substrate and product-free matrix control (culture medium containing basal
supplement) was included in each run to ensure there were no coeluting interfer-
ents. A quality control sample, consisting of 10 mM each analyte, was analyzed
after every 10 injections to monitor instrument drift. The analyte-to-internal stan-
dard ratio of each enzyme product was averaged across three separately prepared
cell cultures. To assess changes in P450 activity, the analyte-to-internal standard
ratios were normalized to a particular experimental condition. Using datasets ob-
tained from consecutive injections of product standards (Supplemental Fig. 1),
we determined a fold change of 1.25 > x > 0.8 was not overlapping (P <
0.0001).

Urea Production. Before analysis, the cells were washed with 1X PBS and
then incubated in fresh culture medium for 1 hour. The urea concentration was
determined with the QuantiChrom Urea Assay Kit (BioAssay Systems), accord-
ing to the manufacturer’s protocol. Absorbance values (430 nm) were measured
on a SpectraMax i3x Microplate Reader.

Impact of Physiological Microenvironments on HepaRG Cells 1099
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Transcript Expression Quantification. Prior to lysis, the cells were
washed with 1X PBS. The RNA was collected and purified with a TRIzol Plus
RNA purification kit (ThermoFisher), according to the manufacturer’s protocol.
Reverse transcription was performed immediately after RNA isolation with a
High-Capacity cDNA Reverse Transcription Kit (ThermoFisher) in an Eppendorf
Master Cycler. Amplification reactions for quantitative polymerase chain reaction
were prepared in a 384-well plate with PowerUp SYBR Master Mix (Thermo-
Fisher). Each gene was measured in triplicate on a QuantStudio 6 Flex Real-
Time Polymerase Chain Reaction system using the following program: 95�C for
60 seconds, followed by 40 cycles of 95�C for 2 seconds and 60�C for 30 sec-
onds. Supplemental Table 2 lists the primer sequences, optimal primer concentra-
tions, and reaction efficiencies (90–110%) of each gene of interest. Each
transcript was quantified using the DDCt method against 18sRNA. A fold change
of greater than 2.0 was considered significant (USFDA, 2020).

Cell viability Measurements. The CellTiter-Glo reagent (CTG; Promega)
was used to quantify cellular ATP levels, which we used as an indirect measure-
ment of glucose metabolism. Before analysis, the cells were washed with 1X
PBS and incubated at 25�C for 20 minutes in a 1:1 (v/v) solution of 1X PBS and
the CTG reagent. Lysate aliquots (75 ml) were analyzed in an opaque 96-well
plate on a SpectraMax i3x Microplate Reader, in luminescence mode with a
140-ms integration time. A tri-color live–dead stain of calcein AM, propidium io-
dide, and Hoechst 33364 was used to count the viable cells. Before staining, the
cells were removed from the culture dish with a 15-minute incubation in 1 ml
collagenase solution (1:10 w/v in TESCA buffer) at 37�C. The solution was tritu-
rated for 5 minutes before centrifugation at 1000 × g for 5 minutes. The cell pel-
let was resuspended in 1X PBS containing 2 mg/ml calcein-AM, 3 mg/ml
propidium iodide, and 10 mg/ml Hoechst. After 10 minutes, the cells were pel-
leted and washed with 1X PBS. Cell aliquots were imaged on a Nikon TE2000
microscope equipped with a 10X Plan Fluor objective and a Photometrics Dyno
CCD camera.

Statistical Analysis. All datasets are reported as the average and S.E.M. of
measurement collected from at least four separately prepared cultures measure-
ments, from at least two separate vials of cryopreserved HepaRG cells. All data-
sets were analyzed with GraphPad Prism 7. Statistically significant differences
correspond to a P value of 0.05 or less, unless otherwise noted.

Results

Figure 1 summarizes the experimental approach used in this work.
Differentiated HepaRG cells were plated on collagen slabs and exposed
to one of nine different environmental conditions: combinations of three
oxygen tensions and three medium compositions. This experimental de-
sign allowed us to quantify the effects of oxygen tension and Wnt/b-
catenin signaling separately and in combination. The selected oxygen
tensions were ambient conditions used in standard tissue culture practi-
ces (Std O2), a representative periportal tension of 11% O2 (PP O2), and
a representative perivenous tension of 5% O2 (PV O2). The medium

compositions were Std medium, (�) WRN, and (1) WRN. The (�)
WRN medium was a 1:1 (v/v) mixture of Std medium and conditioned
medium collected from L cells. The (1) WRN medium was a 1:1 (v/v)
mixture of Std medium and conditioned medium collected from L-WRN
cells. The L cells are a mouse mucosal cell line. The L-WRN cells are
L cells engineered to constitutively express and secrete human WRN.
In each experiment, the differentiated HepaRG cells were plated on

collagen slabs and maintained at Std O2 and in Std medium for 6 days
before a 48-hour exposure to one of the nine experimental conditions.
The timing of these experiments was determined empirically by track-
ing cell morphology and P450 activity for 24 days after plating. The
cells transitioned from an undifferentiated spherical shape to a cobble-
stone-like pattern on Day 6 (Supplemental Fig. 2). This pattern persisted
until Day 20, with hepatocyte-like cells maintaining a cuboidal or
polygonal shape and the biliary-like cells a squamous or almond-like
shape. The basal activity of CYP1A2, -2B6, -2C19, and -3A4 increased
monotonically until Day 11 and then decreased until Day 24
(Supplemental Fig. 3). CYP2D6 reached maximum activity on Day 7.
Initial transcript profiles of the HepaRG cells suggested significantly
less CYP2D6 than freshly isolated hepatocytes (Aninat et al., 2006).
However, we and others measured 2D6-mediated metabolism of dextro-
methorphan or bufuralol with mass spectrometry (Jackson et al., 2016;
Kvist et al., 2018).
The Influence of Oxygen on Viability and Cellular Health.

The health and function of the HepaRG cells were unaffected by the
different culture conditions used in this study, maintaining at least 80%
viability across all three oxygen tensions (Fig. 2A) and in the presence
of the WRN signaling molecules (Supplemental Fig. 4). Figure 2B plots
the luminescence values obtained from the CTG assay for cells main-
tained under the three oxygen tensions. These results suggest an oxy-
gen-mediated change in glucose metabolism and energy storage,
indicated by cells in the PP and PV O2 tensions having significantly
lower ATP reserves than those in Std O2 conditions. A previous study
found that HepaRG glucose consumption was unchanged between
25% and 5% O2, but cells at 5% O2 had a higher output of lactate
(van Wenum et al., 2018). In vivo, the average concentration of ATP
per cell decreases significantly from the PP to PV region of the sinu-
soid (Berndt et al., 2021).
Urea synthesis is an indicator of liver-specific function and cell health

(Bolleyn et al., 2015). Figure 2C shows HepaRG cells in PV conditions
produced significantly more urea (0.023 ± 0.002 mg/ml/h/106) than cells
maintained at standard or PP O2 tensions (0.016 ± 0.003 mg/ml/h/106).
Although our results contrast in vivo observations, there is experimental
precedence that supports our findings. Li showed that HepaRG sphe-
roids produce significantly more urea (3.0 mg urea/ml/106 cells) than
monolayers (0.13 mg urea/mL/106 cells) under ambient oxygen tensions
(Li et al., 2019). This increase could arise from the increased cell–cell
and cell–extracellular matrix interactions in spheroids but more likely
arises from the presence of an oxygen gradient spanning the cell mass.
Oxygen gradients and hypoxic cores are common in cancer spheroids
greater than 400 mm in diameter (Hirschhaeuser et al., 2010; Riffle and
Hegde, 2017), an unavoidable phenomenon due to diffusional limita-
tions in these three-dimensional structures. In perfused rat liver slices,
urea production decreased with decreasing oxygen tension (Kari et al.,
1987). Although these results are in line with in vivo findings, follow-
up studies found the extent of urea synthesis in liver slices is dependent
on oxygenation and the nutrient supply (Comar et al., 2007). This work
found that 90% of hepatocytes express the enzymes needed for urea
synthesis; this pathway can be activated as needed, regardless of loca-
tion in the lobule hepatocytes. Further characterization of the HepaRG
cells conditions is needed to determine how urea synthesis is regulated
under the culture conditions we used.

Fig. 1. Experimental workflow comparing the impact of oxygen tension and
Wnt/b-catenin signaling on the expression and activity of drug-metabolizing
enzymes in HepaRG cells. (A) First, 12-well plates were coated with collagen I
(2 mg/ml). (B) Next, 1 × 106 cryopreserved HepaRG cells were seeded directly
onto the collagen slab and incubated for 6 days under Std tissue culture condi-
tions. The cells were placed in one of nine experimental conditions, combinations
of three oxygen tensions and three culture medium compositions. (C) Lastly, the
cells were evaluated for viability, urea production, and the activity and expression
of drug-metabolizing enzymes.

1100 DiProspero et al.
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O2 Tension Influences on Enzyme Activity. Figure 3 compares
the basal activity of drug-metabolizing enzymes in HepaRG cells main-
tained in Std medium and exposed to the Std O2, PP O2, or PV O2 ten-
sion. The activity of CYP1A2, -2B6, and -3A4 decreased significantly
at both physiologically relevant oxygen tensions. The activity of
CYP2D6 and the UGT enzyme family also decreased significantly at
the PP O2 tension but returned to Std O2 activity at the PV O2 tension.
The activity of the SULT enzymes increased with decreasing oxygen
tension. Figure 3B replots this dataset for ease of comparison, focusing
on changes in activity between the PP O2 and PV O2 tensions. This
comparison highlights the significant increases in activity for all en-
zymes probed, except for CYP2C19. At PV O2 tensions, the activity of
CYP1A2 increased by 2.4-fold, -2D6 by 1.6-fold, -3A4 by 1.3-fold
when probed with midazolam, and 1.5-fold when probed with testoster-
one. The SULT enzyme activity increased by 1.5-fold, and the UGT
enzymes by 1.9-fold.
Wnt/b-Catenin Signaling Pathway Influences on Enzyme Activity.

Figure 4 plots enzyme activity at each oxygen tension between the (�)
WRN and (1) WRN medium conditions. Only CYP1A2 activity was
significantly increased by the presence of the WRN molecules at all
three oxygen tensions: a 2.3-fold increase at Std O2, 2.9-fold increase at
PP O2, and 1.3-fold increase at PV O2. CYP2B6 and -2C19 activities
were unaffected by the WRN molecules at all three oxygen tensions.
CYP2D6 activity significantly increased in the presence of the WRN
molecules at PP O2 tension (3.1-fold) but was unaffected at PV O2

(1.1-fold). CYP3A4 activity increased at both Std O2 and PP O2 ten-
sions in the presence of WRN: 1.9-fold when probed with midazolam
and 2.0-fold when probed with testosterone at ambient oxygen; 2.2-fold
when probed with midazolam and 1.5-fold when probed with testoster-
one at PP O2 tensions. The SULT and UGT enzyme activities were
only affected by the WRN molecules at PP O2 tension, with a 1.4-fold
decrease in SULT activity and a 1.7-fold increase in UGT activity. Ad-
ditional comparisons of enzyme activity at each oxygen tension between
the Std. medium, (�) WRN, and (1) WRN conditions is detailed in
Supplemental Figs. 5 and 6.
Combined Effects of O2 Tension and the Wnt/b-Catenin Path-

way on Enzyme Activity. Figure 5 plots changes in enzyme activity at
the PV O2 tension in the absence or presence of the WRN signaling mol-
ecules, relative to activity at the PP O2 tension in (�) WRN medium.
These comparisons illustrate each factor's role in postdifferentiation pat-
terning. The combination of oxygen and Wnt/b-catenin signaling signifi-
cantly increased the activity of CYP1A1 (2.8-fold), -2D6 (2.3-fold), and

-3A4 (2.3-fold when probed with midazolam and 2.4-fold when probed
with testosterone). Oxygen tension accounted for at least two-thirds of
the total activity increase in each instance. The UGT enzyme family ac-
tivity increased 1.4-fold between the PP O2 and PV O2 conditions, but
the addition of WRN had no significant effect (1.5-fold). Neither oxygen
tension nor WRN molecules affected the activity of CYP2B6, -2C19, or
the SULT family, suggesting these enzymes are regulated by another mi-
croenvironmental cue in the HepaRG cell line. A comprehensive com-
parison of enzyme activity in each medium condition, under PP and PV
O2 tensions, is included in Supplemental Fig. 7.
Transcriptional Changes between Standard Culture Condi-

tions and PP and PV Microenvironments. Figure 6 highlights the
transcription-level changes between the PP and PV O2 tensions. In (�)
WRN medium conditions, CYP1A2 was significantly upregulated at the
PV O2 tension (6.7-fold). The expression of CYP2C9, 2C19, and 2D6
decreased at the PV O2 tension, whereas neither CYP2B6 nor -3A4
were affected. The additions of WRN signaling molecules, in both the
PP and PV O2, resulted in an increased expression of many P450 tran-
scripts. At the PP O2 tension, the WRN molecules significantly in-
creased the expression each of P450 probed, except for CYP2D6 and
-3A4. The increases were 2.6-fold for -1A2, 7.3-fold for -2B6, 10.6-fold
for -2C9, 39.8-fold for -2C19, and 14.3-fold for -2E1. At the PV O2 ten-
sion, the WRN molecules increased the expression of each P450
probed, except for -2C9. The increases at the PV O2 tension were less
than the PP O2 but still significant. The increases were 3.6-fold for
-1A2, 8.0-fold for -2B6, 2.2-fold for -2C19, 5.8-fold for -2D6, 3.5-fold
for -2E1, and 8.6-fold for -3A4. The impact of the WRN molecules con-
trasts the activity data above, having a more significant effect on tran-
scription than oxygen tension.
When compared with the PP O2 tension, the combination of reduced

oxygen tension and activated Wnt/b-catenin signaling increased the ex-
pression of each P450 gene probed, except for -2C9 and -2C19. Some
of these increases were additive, whereas others like -CY1A2 appear
more synergistic. The increases were 23.7-fold for -1A2, 10.1-fold for
-2B6, 2.60-fold for -2D6, and 11.4-fold for -3A4. These changes in
P450 expression are difficult to correlate with the expression of the cor-
responding nuclear receptors, as neither oxygen nor the WRN mole-
cules significantly changed the expression of AhR. Both NR1I2 and
NR1I3 increased in the presence of the WRN molecules at the PP O2

tension; this effect was not observed at the PV O2 tension. Both
SULT2A1 and UGT2B4 transcripts were downregulated in the PV O2

tension, with and without WRN signaling molecules.

Fig. 2. Assessment of HepaRG viability, glu-
cose, and health after a 48-hour exposure to
the conditions denoted on the x-axis. (A) Vi-
ability was determined with calcein-AM (live
cells), Hoechst 33343 (all cells), and propi-
dium iodide (dead cells). Each data point
represents the mean (line) and the range. (B)
Glucose metabolism was indirectly measured
with the CellTiter-Glo assay, which quanti-
fies the ATP concentration in cell lysate.
Each point represents a replicate culture, and
the data are summarized with the mean (line)
and S.E.M. (error bars). (C) Urea production
was measured with a colorimetric assay.
Each point represents a replicate culture, the
data are summarized with the mean (line)
and S.E.M. (error bars). All culture replicates
were prepared from two vials of cryopre-
served HepaRG cells. Significance (*P <
0.05) was determined with an ordinary two-
way ANOVA with Tukey’s multiple compar-
isons of the mean and variance.
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Discussion

Drug Metabolizing Enzyme Activity is Influenced by O2 Ten-
sion. In vitro studies afford the experimental control over the cellular
microenvironment needed to evaluate the role of individual components
like O2 tension without the risk of confounding variables, which are dif-
ficult to account for in vivo. Such studies determined that primary rat
hepatocytes better maintain a differentiated state, high expression of
P450 transcripts, and liver-specific activity at physiologically relevant

Fig. 3. Drug-metabolizing enzyme activity of HepaRG cells in 100% HepaRG
medium (Std medium) after a 48-hour exposure to either Std, PP O2, or PV O2

tensions. (A) Enzyme activities in the PP O2 and PV O2 tensions, normalized to
the activity at the Std O2 tension. (B) Enzyme activities in the PV O2 tension,
normalized to the activity in the PP O2 tension. The gray region on each graph
represents non-significant changes in activity, the 99.99% deviation from repeated
measurements of the same sample across multiple LC-MS/MS runs. Each bar
represents the average and S.E.M. of at least four separate experimental setups,
prepared from two vials of cryopreserved HepaRG cells.

Fig. 4. Drug-metabolizing enzyme activity of HepaRG cells after a 48-hour expo-
sure in a 1:1 (v/v) ratio of HepaRG medium and L-cell conditioned medium, (�)
WRN; or a 1:1 (v/v) ratio of HepaRG medium and LWRN-cell conditioned me-
dium, (1) WRN. Each dataset report enzyme activities at a single oxygen tension,
normalized to the (�) WRN condition. The gray region on each graph represents
nonsignificant changes in activity, the 99.99% deviation from repeated measure-
ments of the same sample across multiple LC-MS/MS runs. Each bar represents
the average and SEM of at least four separate experimental setups, prepared from
two vials of cryopreserved HepaRG cells.
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oxygen tensions (5% O2) rather than the standard 20% O2 (Guo et al.,
2017). Legendre also showed HepaRG cells at 1% O2 have significantly
decreased CYP3A4, -1A2, -2E1, and -2C9 activity compared with stan-
dard culture conditions (Legendre et al., 2009). Hypoxia also decreased
the expression of these P450s significantly, a process that was reversed
after a 24-hour exposure to ambient oxygen tension.
We found physiologically relevant oxygen tensions differentially reg-

ulate the expression and activity of P450, SULT, and UGT enzymes.
The significant decrease in CYP1A2, -2B6, -2D6, and -3A4 activity at
physiologically relevant tensions is not surprising, given that most
cells are selected in and maintained at standard culture conditions
(Fig. 2A). This decreased activity was coupled with significant de-
crease in P450 expression at both the PP O2 and PV O2 tensions
(Supplemental Fig. 8). The activity of CYP2C19 was not affected by
oxygen tension despite significant downregulation of its transcript at
both PP O2 and PV O2 tensions. This unchanged activity cannot be at-
tributed to an overall low basal activity, as -2C19 activity increased
significantly 7 days after plating (2.5-fold) (Supplemental Fig. 2A).
The metabolic product of -2C19 (4-hydroxymephenytoin) was easily
distinguished from background.
Supplemental Figure 8 also shows the AHR, constitutive andros-

tane receptor (CaR, NR1I3), and the pregnane X receptor (PXR,
NR1I2) responsible for the transcription of the P450 genes were
also downregulated between standard and physiologic oxygen ten-
sions. A similar oxygen-dependent decrease of these receptors was

reported in a meta-analysis of prior work in primary hepatocytes
(Zanger and Schwab, 2013). A recent study further confirmed the
role of oxygen-related stress in the regulation of P450s (Takano
et al., 2021). The introduction of selective inhibitors that stabilized
HIF-a in primary human hepatocytes resulted in the downregula-
tion of both NR1I2 and NR1I3.
The comparison of enzyme activity under the PP O2 and PV O2

tensions (Fig. 3B) suggests the cells undergo postdifferentiation
patterning. Specifically, CYP1A2, -2D6, and -3A4 activity in-
creased significantly under PV O2 tensions. The corresponding
transcript changes (Supplemental Fig. 8B) support the activity data,
with a 2.4-fold increase in CYP1A2, 5.3-fold for CYP2D6, and
4.6-fold increase for CYP3A4. Despite no change in either -2B6 or
-2C19 activity (Fig. 3B), -2B6 transcripts increased 7.2-fold and
-2C19 transcripts decreased 0.5-fold (Supplemental Fig. 8B). Tran-
scriptional regulation of AHR agrees with the observed increase in
both -1A2 expression and activity. A correlation between NR1I2
and NR1I3 and their corresponding P450s is less straightforward, as
NR1I2 is downregulated at PV O2 tension and NR1I3 is unchanged.
Furthermore, there is known crosstalk between these receptors, which
could contribute to the unexpected activity increases.
O2 tension also altered the activity of the SULT and UGT enzyme

families, further supporting hepatocyte postdifferentiation patterning.
Compared with the PP O2 tension, there was a significant increase in
activity of both enzyme families at the PV O2 tension (Fig. 3B). This
increased SULT activity was unexpected given their localization in the
PP region of the liver. The transcript data show significant upregulation

Fig. 5. Drug-metabolizing enzyme activity of HepaRG cells after a 48-hour exposure
to PV O2 tensions in (�) WRN and (1) WRN medium conditions, normalized to
the enzyme activity at the PP O2 tension in the (�) WRN conditions. The gray
region on each graph represents nonsignificant changes in activity, the 99.99% devia-
tion from repeated measurements of the same sample across multiple LC-MS/MS
runs. Each bar represents the average and SEM of at least four separate experimental
setups, prepared from two vials of cryopreserved HepaRG cells.

Fig. 6. Transcript-level regulation of drug-metabolizing enzymes and the associ-
ated nuclear receptors in HepaRG cells following a 48-hour exposure to PP O2 or
PV O2 tensions. Fold-changes in expression, as determined with the DDCt
method, compared with cells in (�) WRN medium and exposed to Std O2 ten-
sion. A fold change of $2.0 indicates a significant increase in expression and a
fold change of #0.50 indicates a significant decrease. Each value is the average
of at least two separate experimental setups, collected from two separate vials of
cryopreserved HepaRG cells.
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of UGT2B4 but no change in SULT2A1, although direct comparisons
are limited as single representative genes of each family.
The Presence of WRN Signaling Molecules Selectively Modu-

lates P450 Activity at Each O2Tension. Wnt and R-spondin ligands
secreted by endothelial cells lining the central vein stabilize intracellular
b-catenin in hepatocytes in the PV region of the liver, initiating the
Wnt/b-catenin pathway (Rocha et al., 2015). Periportal hepatocytes ex-
press a negative regulator of b-catenin, adenomatous polyposis coli
(Benhamouche et al., 2006). Sekine showed in the absence of b-catenin,
PV hepatocytes in a Cre recombinase mouse model no longer expressed
CYP1A2 or -2E1 (Sekine et al., 2006). They also showed that PP hepa-
tocytes adopted a PV phenotype in the absence of adenomatous polypo-
sis coli. In a separate study, Braeuning further demonstrated the role of
b-catenin in both zonation and drug-metabolizing enzymes (Braeuning
et al., 2009). In the absence of b-catenin, livers of their mice knockout
model expressed significantly less CYP1A2 and -2C family transcripts
than the wild-type counterparts. The zonal distribution of CYP1A2,
-2B10, -2C family, and -3A family transcripts was also less extreme in
the absence of b-catenin.
In contrast to previous works, we used conditioned medium to activate

the Wnt/b-catenin pathway. The experimental design corrected for other
signaling molecules secreted by the L-WRN molecules by using condi-
tioned medium from the parental L cells as a point of comparison.
Although this approach has not been used in HepaRG or other hepatocyte-
like studies, conditioned L-WRN medium is as effective as recombinant
Wnt3a for the maintenance and differentiation of gastrointestinal stem cells
(VanDussen et al., 2019). Wilson also found that the L-WRN conditioned
medium outperformed medium containing each recombinant protein, main-
taining and differentiating stem cell-generated organoids (Wilson et al.,
2021). In particular, it resulted in enhanced activation of the Wnt/b-catenin
pathway. This approach limits the overall resolution of a mechanistic study
as the individual contributions of WRN is not discernible. Previous work
by Thomas (Thomas et al., 2015), which focused on the addition of
Wnt3a to HepaRG cells, agrees with our findings and suggests that condi-
tioned medium, when appropriately corrected for, can reveal the effects of
signaling pathway activation.
We found that cellular responses to Wnt/b-catenin pathway activation

were O2 tension-dependent. The WRN molecules significantly upregu-
lated the expression of CYP1A2, -2B6, -2C19, -2D6, and -3A4
(Supplemental Fig. 9) in the PV O2 tension. These transcriptional
changes resulted in a single significant change in enzyme activity: a
2.3-fold increase in -1A2 (Fig. 4C). At PP O2 tensions (Fig. 4B), the
WRN molecules significantly increased the activity of CYP1A2, -2D6,
and -3A4. These increases agree with transcript data (Supplemental Fig.
9), which show the greatest response to the WRN molecules of the three
oxygen tensions evaluated. Of the P450 enzymes probed, only -2D6
was not significantly upregulated by the addition of the WRN molecules
at PP O2. Thomas showed Wnt3a increased the expression of CYP1A1
and -2E1 but decreased the expression of -2B6, -2C19, and -3A4
(Thomas et al., 2015). Our results comparing transcript levels of cells
maintained at Std O2 tension (Supplemental Fig. 8A show the (1)
WRN medium increased -2E1 expression, decreased -2B6, -2C19, and
-3A4 expression, and did not alter the expression of -1A2. In vivo, both
Wnt/b-catenin signaling and P450 expression are elevated in PV regions
of the sinusoid. Sekine showed that CYP1A2 and -2E1 expression was
no longer detected in the livers of b-catenin knockout murine models
(Sekine et al., 2006).
The SULT and UGT enzymes were also affected by the WRN mole-

cules at the PP O2 tension, suggesting they do have a role in the postdif-
ferentiation of HepaRG cells. Although the expression of SULT2A1
increased with the addition of the WRN molecules at the PP O2, the
overall activity of the SULT family decreased; both the expression of

UGT2B4 and activity of the UGT enzymes increased with the addition
of the WRN molecules. These changes in SULT and UGT enzyme ac-
tivity support a previous study by Giera (Giera et al., 2010), which
showed Wnt/b-catenin regulates phase II enzyme zonation of the gluta-
thione-S-transferase family of enzymes.
Direct comparisons of the PP and PV O2 tensions in Fig. 5 best

highlight postdifferentiation patterning of HepaRG, focusing on repre-
sentative sinusoid microenvironments. The combination of the PV O2

tension and WRN molecules significantly increased the activity of
CYP1A2, -2D6, and -3A4. It also increased the activity of the UGT
enzymes. For each of these increases, the decreased oxygen tension
accounted for at least two-thirds of the total activity increase. For ex-
ample, CYP1A2 activity increased 2.1-fold with the decreasing O2

tension, but only an additional 0.7-fold when the WRN signaling mol-
ecules were added. These small increases in P450 activity caused by
WRN molecules suggests that oxygen is the major contributor to post-
differentiation patterning in HepaRG cells.
The expression data for the PP and PV O2 tensions (Fig. 6) indicate

that the WRN molecules have a significant effect on the transcriptional
regulation of drug-metabolizing enzymes. A comparison of cells ex-
posed to the PP O2 tension show a significant increase in expression
for all genes probed, expect for AhR, CYP2D6, and -3A4, in the pres-
ence of the WRN molecules. The effects of the WRN molecules are
further highlighted when comparing the PP O2 (�) WRN condition
with the PV O2, (�) WRN, and PV O2, (1) WRN conditions. As
noted above, the decrease in oxygen upregulated only CYP1A2 despite
significance increases in enzyme activity. The addition of the WRN
molecules increased the expression of CYP1A2, -2B6, -2D6, and -3A4;
the expression of CYP2C19, SULT2A1, and UGT2B4 also significantly
decreased.

Conclusions

This study shows that HepaRG cells undergo postdifferentiation pat-
terning when exposed to physiologically representative microenviron-
ments. The experimental approach used in this study systematically
evaluated the effects of both oxygen tension and Wnt/b-catenin signal-
ing on the expression and activity of drug-metabolizing enzymes.
These datasets complement previous studies and provide new insights
into the role of these two environmental conditions, separately and in
combination. Namely, oxygen tension is the primary regulator of P450
activity, whereas the Wnt/b-catenin pathway is the primary transcrip-
tional regulator of P450 expression. Discrepancies between P450 activ-
ity and expression highlight the need for thorough characterization
of hepatocytes in basic and applied research endeavors, as tran-
script data alone may not give a complete picture of liver function.
These results also highlight the importance of the cellular microen-
vironment in cell-based assays. This study focused on the basal
metabolic activity of HepaRG cells but could just as easily be ap-
plied to studies predicting hepatotoxicity or potential drug–drug in-
teractions. The postdifferentiation patterning of HepaRG induced
by simple experimental changes further establishes this metaboli-
cally competent line as a resource in future drug metabolism stud-
ies and suggests the reevaluation of other hepatocyte-derived cell
lines in nonstandard culture conditions.
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