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Abstract

The pregnane X receptor (PXR; NR112) is an important nuclear receptor whose main function is
to regulate enzymes within drug metabolism. The main drug metabolizing enzyme regulated by
PXR, cytochrome P450 (CYP) 3A4, accounts for the metabolism of nearly 50% of all marketed
drugs. Recently, PXR has also been identified as playing a role in energy homeostasis, immune
response, and cancer. Due to its interaction with these important roles, alongside its drug-drug
interaction function, it is imperative to identify compounds which can modulate PXR. In this
study, we screened the Tox21 10,000 compound collection to identify hPXR agonists using a
stable hPXR-Luc HepG2 cell line. A pharmacological study in the presence of a PXR antagonist
was performed to confirm the activity of the chosen potential hPXR agonists in the same cells.
Finally, metabolically competent cell lines - HepaRG and HepaRG-PXR-Knockout (KO) - were
used to further confirm the potential PXR activators. We identified a group of structural clusters
and singleton compounds which included potentially novel hPXR agonists. Of the 21 selected
compounds, 11 potential PXR activators significantly induced CYP3A4 mRNA expression in
HepaRG cells. All of these compounds lost their induction when treating HepaRG-PXR-KO
cells, confirming their PXR activation. Etomidoline presented as a potentially selective agonist of
PXR. In conclusion, the current study has identified 11 compounds as potentially novel or not
well-characterized PXR activators. These compounds should further be studied for their potential
effects on drug metabolism and drug-drug interactions due to the immense implications of being a
PXR agonist.
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Introduction

The pregnane X receptor (PXR) is a nuclear receptor which regulates drug metabolizing
enzymes (DMES) by activation from endogenous, as well as exogenous, ligands [1]. The
most notable PXR controlled DME is the extremely abundant liver cytochrome P450 (CYP)
3A4, which accounts for the metabolism of an estimated 50% of clinically used drugs

[2, 3]. Due to its promiscuous ligand binding pocket, PXR has an abundant amount of
possible ligands which can consequently generate drug-drug interactions (DDISs) through
the modulation of DMEs [4]. PXR has a sister nuclear receptor, the constitutive androstane
receptor (CAR), that frequently is observed to cross-talk via similar molecular signaling
pathways in the management of DMEs [5]. However, CAR and PXR co-modulation may
result in differing outcomes, and it is therefore prudent to identify compounds that modulate
PXR selectively to identify potential DDI liabilities and therapeutic target interactions.
Aside from its classic role, PXR has also been linked with energy homeostasis, cell
proliferation, and inflammation [6, 7].

Energy homeostasis serves a fundamental role in the body and is regulated by many
different factors, including Vitamin K and PXR [8]. A Vitamin K2 analog, Menaquinone-4,
which has been used as a therapeutic agent to treat osteoporosis, was shown to affect

the expression levels of genes related to bile acid synthesis and energy homeostasis

through PXR activation [8]. In mice, a decrease in blood glucose levels has been observed
when using the PXR activator pregnenolone 16a-carbonitrile (PCN), demonstrating that
PXR plays some role in modulating energy homeostasis and/or disrupting endogenous
metabolism through unintended environmental exposures [6, 9]. Alongside this discovery, a
cross-talk between PXR, CAR, and forkhead box protein O1 (FOXO1) was also discovered
to modulate gluconeogenesis through direct interaction [9]. These recent studies suggest that
PXR regulates energy homeostasis and the knowledge that modulating PXR will have an
important effect on the body.

Cancer, an ever-growing public health concern, is known to be caused by genetics,
environmental toxins, and certain therapeutics. However, the mechanism by which these
factors generate abnormal cell proliferation is constantly being studied. Activation of

PXR has produced polarizing opinions as certain studies have shown it to be a tumor
suppressor [10-12], while others have identified PXR to potentiate tumor progression
[12-16]. Alongside its role in directly suppressing and/or progressing tumor cells, PXR
also has an influence on the therapy of cancer through its regulation of DMEs. The
metabolism of many cancer drugs occurs through PXR regulated DMEs, meaning activation
of PXR could cause a premature clearance or facilitate bioactivation of cancer therapeutics
[6, 17]. Therefore, identifying PXR activators may advance therapeutic development and
toxicological interpretations.

PXR also plays a role in the inflammation process with respect to inflammatory bowel
disease (IBD). Mutation of PXR has exhibited a higher susceptibility to IBD; in fact,
activation of this important nuclear receptor results in protection against chemical-induced
IBD in mice [18-20]. Alongside its function in IBD, a cross-talk between PXR and
nuclear factor-kappa B (NF-xB) has been discovered, implying additional relationships to
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inflammation [19, 21]. It will be critical to perform future studies to determine how PXR has
an impact on inflammation.

Given the diversity and physiological importance of PXR, identification and quantitative
estimation of relative potencies of small molecules to activate PXR represents an important
landmark in drug discovery and toxicology research. A four-way government collaboration
between the National Center for Advancing Translational Sciences (NCATS), the National
Toxicology Program (NTP), the Environmental Protection Agency (EPA), and the Food
and Drug Administration (FDA) was created to screen 10,000 compounds (10K) for the
important interaction they have on pathways in the body, including nuclear receptors [22—
26]. In the current study, we performed a Tox21 10K compound library screen using a
human PXR cell line and identified a group of PXR agonists.

2. Materials and Methods

2.1 Tox21 chemical library

The Tox21 compound library consisting of ~10,000 (7871 unique) small molecules, is
comprised of drugs, pesticides, industrial chemicals, and food additives. This library was
identified and compiled by NCATS [27, 28], NTP, and the US EPA. Each small molecule
was selected based on properties compatible with high-throughput screens (HTS) (volatility,
solubility, molecular weight, logP), possible and definite environmental hazards or exposure
concerns, commercial availability, and cost. A diverse group of 88 compounds was also
selected to be used as an internal control, and plated in duplicate on each library plate to
perform reproducibility analysis as well as to determine positional plate effects [23].

2.2 HepG2-hPXR cell culture

HepG2 cells stably transfected with a CYP3A4-luc promoter construct and hPXR expression
plasmid were provided by Dr. Taosheng Chen (Department of Chemical Biology and
Therapeutics, St. Jude Children’s Research Hospital) [29]. Cells were thawed in EMEM
(ATCC, Rockville, Maryland, USA), supplemented with 10% Hyclone Fetal Bovine Serum
(FBS) (GE Healthcare Life Sciences, Logan, Utah, USA) and 100 U/mL of Penicillin and
100 pg/mL of Streptomycin (Invitrogen, Carlsbad, CA, USA) and kept in an incubator at

37 °C and 5% CO,. To culture these HepG2-hPXR cells, 500 pg/mL of Geneticin (GIBCO,
Gaithersburg, MD, USA) was added to the thawing media.

2.3 PXR luciferase reporter gene assay

The hPXR-Luc HepG2 cells were plated at 2500 cells/5 pL/well in phenol red-free
Dulbecco’s Modified Eagle’s Medium (DMEM) containing 5% charcoal stripped FBS
(Invitrogen), 1 mM sodium pyruvate (Invitrogen), and 100 U/mL penicillin and 100 pg/mL
streptomycin, into white/solid 1536-well plates (Greiner Bio-One North America, Monroe,
NC, USA) using the BioRaptr Flying Reagent Dispenser (FRD) (Beckman Coulter, Brea,
CA, USA). After 4-5 h of incubation at 37 °C to allow cell attachment, the positive

control (rifampicin (RIF) (Millipore Sigma, St. Louis, MO, USA)) and test compounds were
transferred at 23 nL to columns 1-4 and 5-48, respectively, using a Wako Pintool station
(Wako Automation, San Diego, CA, USA). The assay plates were incubated for 24 h at 37
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°C, after which 1 pL/well of CellTiter-Fluor reagent (Promega, Madison, WI, USA) was
added into the assay plates using a BioRaptr FRD and after a 30-minute incubation at 37
°C, the fluorescence intensity was measured using a ViewLux plate reader (Perkin Elmer,
Waltham, MA, USA). Data were expressed as relative fluorescence units. Directly after

this measurement was taken, 4 uL/well of ONE-Glo™ Luciferase Assay reagent (Promega)
was added into the assay plates using an FRD. After a 30-minute incubation at room
temperature, the luminescence intensity was measured using the ViewLux plate reader. Data
were expressed as relative luminescence units.

2.4 gHTS data analysis

A previous protocol described the method of qHTS data analysis [23]. Briefly, normalization
relative to positive control compounds and dimethyl sulfoxide (DMSO)-only wells occurred
for each titration point using raw plate reads as follows: % Activity = [(Vcompound—VDMmso)/
(Vpos—Vbmso)] x 100, where Vompound denotes the compound well values, Vo5 denotes
the median value of the positive control wells, and Vpmso denotes the median values

of the DMSO-only wells. Utilizing the DMSO-only compound plates, the data set was
corrected by applying an in-house pattern correction algorithm [30]. Using a four-parameter
Hill equation, the half maximum effective concentration (EC50) and maximum response
(efficacy) values were obtained. Each compound was then assigned to a specific class
according to the type of concentration—response curve observed (1.1, 1.2, 1.3,1.4, 2.1, 2.2,
2.3, 2.4, and 3 for activators; 4 for inactive). These designations were then converted to
curve ranks (in integers 1 to 9 for increasing activating abilities; O for inactive) according

to the criteria previously described [23, 31]. The test compound was then categorized into
an activity outcome (active match, inactive match, inconclusive, and mismatch) based on

the average curve rank from the triplicate runs and reproducibility calls according to the
previously described criterion [23, 31]. The Tox21 10K compound library was put into
clusters based on structural similarity (Leadscope® fingerprints; Leadscope, Inc., Columbus,
OH, USA) using the self-organizing map (SOM) algorithm [32]. Each hexagon-shaped
cluster was evaluated for its amount of active agonists and significance of enrichment as
determined by p-values using the Fisher’s exact test.

2.5 HepaRG cell culture

NoSpin™ HepaRG™ cells were acquired from Lonza Group Ltd (Basel, Switzerland) and
seeded at 8.0 x 105 cells/well in 12-well collagen-coated plates (Corning Inc., Corning, NY,
USA) using Williams” E Medium (ThermoFisher Scientific, Inc. Grand Island, NY, USA)
supplemented with 100 U/ml penicillin, 100 pg/ml streptomycin (ThermoFisher Scientific,
Inc.) and 1 bottle of HepaRG™ Thawing and Plating Medium Supplement (Lonza Group
Ltd) per 100 mL Williams’ E Medium. Cells were treated 72 h later, in fresh media, with
vehicle control (DMSO), 6-(4-Chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde
0O-(3, 4-dichlorobenzyl)oxime (CITCO: 1 uM) (Millipore Sigma), rifampicin (RIF: 10 pM),
or test compounds (1,3-diphenylguanidine (Millipore Sigma): 15 uM; AMI-193 (Tocris
Bio-Techne Corporation, Minneapolis, MN, USA): 9 uM; benidipine (Toronto Research,
North York, ON, Canada): 20 pM; bensulide (Millipore Sigma): 0.9 uM; bortezomib
(Selleck Chemicals, Houston, TX, USA): 16 nM; butachlor (Millipore Sigma): 4 uM;
carfilzomib (Sequoia Pharmaceuticals, Gaithersburg, MD, USA): 0.2 uM; clofarabine
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(Sequoia Pharmaceuticals): 4 uM; dasatinib (Selleck Chemicals) : 0.5 uM; emetine (Sensient
Pharmaceutical, St. Louis, MO, USA): 115 nM; etomidoline (Pharmaron, Waltham, MA,
USA): 15 pM; FR167356 (Astellas Pharma, Tokyo, Japan): 5 uM; lacidipine (Sequoia
Pharmaceuticals): 15 uM; liranaftate (Sequoia Pharmaceuticals): 15 uM; mosapride (Vitas-
M Laboratory, Champaign, IL, USA): 15 uM; prodiamine (Chem Service, West Chester, PA,
USA): 5 uM; spiperone (Enzo Life Sciences, Farmingdale, NY, USA): 10 uM; thiazopyr
(Chem Service): 5 uM; tolindate (Pharmaron): 30 UM; vorinostat (Prestwick Chemical,
IlIkirch, France): 15 uM; or zosuquidar (Selleck Chemicals): 30 uM) for 24 h before
harvesting.

2.6 PXR knockout cell culture

Undifferentiated PXR KO cells were purchased from Millipore Sigma and plated (Day 0) in
Williams’ E Medium supplemented with growth supplement (Biopredic International, Saint
Grégoire, France), Ala-Gln (Millipore Sigma), and Pen/Strep (Millipore Sigma) in a 24-well
TC/Polyd Biocoated plate (Corning, Corning, NY, USA) as directed in the manufacturer’s
instructions. Cell culture plates were then moved to an incubator at 37°C/5% CO2 for 48

h. After aspirating culture media (Day 2), 1 mL of fresh medium was added to each well,
and the cell plate was returned to the incubator. On Day 4, media were aspirated and fresh
medium plus 0.5% DMSO was added to each well. An exchange of media occurred again
on day 7 containing 0.5% DMSO. On day 10, old media were aspirated and fresh medium
plus 1.5% DMSO was added to each well. Exchanging spent media with fresh medium

plus 1.5% DMSO occurred twice a week for two weeks. Cells were then treated (vehicle
control (DMSO); CITCO: 1 uM; RIF: 10 pM; benidipine: 20 uM; dasatinib: 0.5 pM;
etomidoline: 15 pM; FR167356: 5 pM; lacidipine: 15 pM; liranaftate: 15 uM; mosapride:
15 uM; prodiamine: 5 uM; thiazopyr: 5 uM; tolindate: 30 uM; or zosuquidar: 30 uM) using
fresh media (without DMSO supplemented) on day 23. After 24 h of incubation at 37°C/5%
COy, cells were harvested.

2.7 Real-time reverse transcription polymerase chain reaction (RT-PCR)

Total RNA was extracted from treated HepaRG and PXR-KO cells using an RNeasy Mini
Kit (Qiagen, Germantown, MD, USA), homogenized using a QIAshredder (Qiagen), and
reverse transcribed with a High-Capacity RNA-to-cDNA™ Kit (ThermoFisher Scientific,
Inc.) following the manufacturers’ instructions. CYP3A4 and CYP2B6 mRNA expression
were normalized against the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). Real-time PCR assays were performed in 384-well plates on a QuantStudio

5 (Applied Biosystems, Foster City, CA, USA) with TagMan™ Gene Expression Master
Mix (ThermoFisher Scientific, Inc.). Probes were purchased from ThermoFisher Scientific,
Inc. with the following information: CYP3A4 TagMan™ — Assay ID: Hs00604506_m1,;
CYP2B6 TagMan™ — Assay ID: Hs04183483 g1; Human GAPDH - FAM™/MDB probe,
non-primer limited. Induction values were calculated using the equation: Fold = 27AACt
where ACt represents the differences in cycle threshold numbers between CYP2B6 or
CYP3A4 and GAPDH, and AACt represents the relative change in these differences between
control and treatment groups.
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2.8 Agonist B-lactamase reporter gene assays

AR-HEK?293, ARE-HepG2, ERa-HEK293, ERB-HEK293, FXR-HEK?293, PPARG-
HEK?293, and RXRa-HEK?293 cells were dispensed at 2000 cells (AR, ARE, ERB, and
RXRa), 3000 cells (PPARS), or 5000 cells (ERa and FXR) per well in 5 uL (ARE, ERa,
ERB, and FXR), or 6 pL (AR, PPARS, and RXRa.) of assay medium in 1536-well tissue
culture treated black-well/clear bottom plates (Greiner Bio-One) using the BioRaptr FRD.
After cells were given the allotted time to attach to the plates by being incubated for 5-6 h at
37 °C, 23 nL of compounds or positive controls, both dissolved in DMSO, were transferred
to the assay plates via the Wako Pintool station. The assay plates were then incubated for
16 h (AR, ARE, ERB, FXR, and RXRa), 17 h (PPARS), or 18 h (ERa) at 37 °C, and 1
pL/well of LiveBLAzer™ FRET-B/G CCF4-AM substrate (ThermoFisher Scientific, Inc.)
detection mix was added using a BioRaptr FRD and the plates were incubated at room
temperature for 2 h. The fluorescence intensity was then measured by an Envision plate
reader (PerkinElmer) at 405 nm excitation as well as 460 and 530 nm emissions. Data were
expressed as the ratio of 460/530 nm emission values.

2.9 Agonist luciferase reporter gene assays

AhR-HepG2, AR-MDA-kb2, CAR-HepG2, ER-vMCF7, and PGC/ERR-HEK?293 cells were
dispensed at 2500 (CAR and PGC/ERR), 3000 (AR), and 4000 (AhR and ER) cells per

well in 4 uL (CAR) or 5 UL (AhR, AR, ER, and PGC/ERR) of assay medium in 1536-well
tissue culture treated white wall/solid bottom plates (Greiner Bio-One) using a Multidrop
Combi dispenser. The assay plates were then incubated at 37 °C for 4-6 h (except ER

was incubated for 24 h), followed by the addition of 23 nL of compounds or positive
controls (both dissolved in DMSOQ) via the Wako Pintool station. The CAR assay only, then
received 1 puL/well of antagonist (0.75 UM PK11195) using the BioRaptr FRD to decrease
the constitutive activity. The assay plates were then incubated at 37 °C and 5% CO, for 16 h
(AR), 18 h (PGC/ERR), 22 h (ER), or 24 h (AhR and CAR). Next, 5 pL/well of ONE-Glo™
Luciferase Assay reagent was added using an FRD followed by a 30 min incubation at room
temperature. The luminescence intensity was measured by a ViewLux plate reader. Data
were expressed as relative luminescence units.

2.10 Antagonist B-lactamase reporter gene assays

AR-HEK?293, ERa-HEK293, ERB-HEK?293, FXR-HEK293, PPARS-HEK293, PPARy-
HEK?293, and PR-HEK293 cells were dispensed at 2,000 cells (AR and ERp), 3,000 cells
(PPARS, PPARY, and PR), or 5,000 cells (ERa and FXR) per well in 4 uL (ERp and PR),
5 pL (FXR, PPARS, and PPARY), or 6 puL (AR and ERa) of assay medium in 1536-well
tissue culture treated black-well/clear bottom plates (Greiner Bio-One) using the BioRaptr
FRD. After cells were allotted time to attach to the plates by being incubated for 5-6 h at
37 °C, 23 nL of compounds dissolved in DMSO or positive controls were transferred to the
assay plates via the Pintool station. Assays received 1 uL/well of agonist (10 nM R1881
for AR; 0.5 and 5 nM B-estradiol for ERa and ERp respectively; 300 pM CDCA for FXR;
0.3 M L-165,041 for PPARS; 50 nM rosiglitazone for PPAR~y; and 5 nM R5020 for PR)
using an FRD. The assay plates were then incubated for 16 h (AR, ERp, FXR, and PR), 17
h (PPARS and PPARY), or 18 h (ERa) at 37 °C, and 1 uL/well of LiveBLAzer™ FRET-B/G
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CCF4-AM substrate (ThermoFisher Scientific, Inc.) detection mix was added using an FRD
and the plates were incubated at room temperature for 2 h. The fluorescence intensity was
then measured by an Envision plate reader at 405 nm excitation as well as 460 and 530 nm
emissions. Data were expressed as the ratio of 460/530 nm emission values.

2.11 Antagonist luciferase reporter gene assays

AR-MDA-kb2, CAR-HepG2, ER-vMCF7, ERR-HEK?293, PGC/ERR-HEK?293, RAR-
C3H10T1/2, and ROR-y-CHO cells were dispensed at 1000 cells (RAR and RORy), 2500
cells (CAR, ERR, and PGC/ERR), 3000 cells (AR), or 4,000 cells (ER) per well in

4 uL (except ERR and PGC/ERR in 5 pL) of the assay medium in 1,536-well tissue
culture treated white wall/solid bottom plates (Greiner Bio-One) using a Multidrop Combi
dispenser. The assay plates were then incubated at 37 °C for 4-6 h (AR, CAR, ERR, PGC/
ERR, and RORYy), 18 h (RAR), or 24 h (ER). Twenty-three nL of compounds or positive
controls, both dissolved in DMSO, were then transferred to the assay plates via a Wako
Pintool station. Except for ERR and PGC/ERR, after the compound treatment, the assay
plates received 1 puL/well of agonist (0.5 nM R1881 for AR; 50 nM CITCO for CAR; 0.1
nM B-Estradiol for ER; 1 uM retinol for RAR; and 1 uM doxycycline hyclate for RORy)
using an FRD. The assay plates were then incubated for 6 h (RAR), 16 h (AR and RORY),
18 h (ERR and PGC/ERR), 22 h (ER), or 24 h (CAR) at 37 °C, and 4 pL/well (5 pL/well
for ERR and PGC/ERR) of ONE-Glo™ Luciferase Assay reagent was added using an FRD
followed by a 30 min incubation at room temperature. The luminescence intensity was
measured by a ViewLux plate reader. Data were expressed as relative luminescence units.

2.12 Statistical analysis for RT-PCR

All experimental data are expressed as a mean of triplicate values + standard deviation
unless otherwise noted. Statistical comparisons were made by one-way analysis of variance
with post-hoc Dunnett’s analysis. The statistical significance was set at p values of < 0.05
(*), <0.01 (**), or < 0.001 (***).

3. Results

3.1 qHTS performance and reproducibility

The hPXR-Luc HepG2 cell line was used to perform a primary screen of the Tox21 10

K compound collection to identify hPXR activators. RIF, the positive control, displayed
consistent activity throughout the primary screen, containing about four hundred assay
plates, with an EC50 of 6.1 + 3.7 nM. The screening performance statistics indicate an
adequate quality of the primary screen with the following values: signal-to-background ratio
(S/B), 4.2 £ 0.8; coefficient of variance, 13% = 5 (DMSO plates only); and Z’ factor, 0.50 £
0.15.

We further evaluated the reproducibility of the primary screen by assessing the three
separate screening runs and Tox21-88 array data. After the primary screening, each
compound was sorted into one of four categories based on reproducibility of activity: active
match, inactive match, mismatch, or inconclusive [23]. The mismatch rate of the Tox21 10K

Biochem Pharmacol. Author manuscript; available in PMC 2022 September 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lynch et al. Page 8

primary screen was low, with a value of 0.40% indicating a robust assay performance (Table
1).

3.2 Identification of hPXR activators

Following the primary screen, a self-organizing map (SOM) algorithm was used to group
the entire Tox21 10K compound collection into 1,041 clusters based on their structural
similarities [32]. A heatmap was generated to illustrate the amount of hPXR activators in
each structural class (Fig. 1). There were sixty-one structural clusters (maroon in color),
encompassing 1,674 samples, which were significantly (p < 0.01) enriched with hPXR
activators, including clusters 6.26, 11.12, 18.2, and 42.11 which showed activating hPXR in
a concentration dependent manner (Fig. 1).

Out of the 7,871 unique compounds examined in the primary screen, 246 compounds were
selected for cherry-pick confirmation based on efficacy (E > 30% of the positive control)

or as a negative control. An 82% confirmation rate was found after these compounds

were retested in the same format (data not shown). Based on potency (EC50 < 11 pM),
efficacy (E > 80% of the positive control), quality control analysis, cytotoxicity, commercial
availability, and cost, 21 compounds were further selected from the cherry-pick confirmation
for follow-up studies (Table 2).

3.3 mRNA induction of CYP3A4 and CYP2B6 in HepaRG cells

Immortalized cell lines, such as HepG2, often do not achieve sufficient differentiation to
natively model physiologically-relevant hepatocyte functionality such as nuclear receptor
expression/functionality [33]. Moreover, immortalized cell models generally display
minimal proficiency for drug metabolism (e.g., CYP3A4, target gene for PXR), yielding
responses largely reflective of parent compound effects that do not capture active metabolite
contributions. Due to these limitations, it is prudent to use a more physiologically relevant
cell model to confirm primary screening data. HepaRG cells, an immortalized hepatocyte
progenitor cell model, have been extensively qualified as a surrogate screening model
comparable to human primary hepatocyte cultures [34]. Using HepaRG cells, the 21
compounds were treated for 24 h and harvested for mRNA. Among these 21 tested
molecules, 11 compounds were found to significantly increase the mRNA expression of
CYP3A4 (Fig. 2A) indicating their potential as hPXR activators. Bensulide, butachlor, and
spiperone also induced CYP3A4 above a 5-fold increase, but the values were not statistically
significant. Etomidoline, lacidipine, liranaftate, and thiazopyr induced CYP3A4 to a greater
extent than the positive control, rifampicin. As previously stated, activation of PXR’s sister
nuclear receptor CAR also induces CYP3A4 gene expression, often to a lesser extent than
CYP2B6. To identify potentially selective PXR activators, the mMRNA expression levels

of CYP2B6 were also examined (Fig. 2B). All 11 of the identified PXR activators also
induced CYP2B6 mRNA content to a significant extent. However, benidipine, dasatanib, and
FR167356 induced CYP2B6 less extensively than rifampicin, but in a statistically significant
manner implying their potential as selective PXR activators.

Biochem Pharmacol. Author manuscript; available in PMC 2022 September 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lynch et al.

Page 9

3.4 Pharmacological inhibition of PXR

To further confirm the compounds for PXR activation, experiments were performed in hPXR
HepG2 cells in the presence of SPA70, a known selective PXR antagonist [35]. SPA70 was
used to co-treat the cells with each compound in a concentration dependent manner. Fig.

3 demonstrates that this co-treatment generated a right shift on all concentration response
curves from the 11 compounds identified as statistically significant CYP3A4 inducers,
which suggests that their activity is indeed due to PXR. This further suggests all of these
compounds to be true PXR activators, given the deficiencies for CAR functionality with
HepG2 cells [5]. Fig. 4 shows the 10 compounds that did not induce CYP3A4 expression to
a significant degree after co-treatment with SPA70. Only bensulide and butachlor generated
clear shifts in the concentration response curves.

3.5 HepaRG PXR-KO cell mRNA induction

Due to the amount of crosstalk between PXR and CAR, it is prudent to further identify

the extent of CYP3A4 induction attributed to activation of PXR. Therefore, we acquired
HepaRG PXR-KO cells and treated them with each of the 11 potential PXR activators
confirmed in the HepaRG experiments. The CYP3A4 induction was significantly decreased
after treatment for all 11 compounds when using the PXR-KO cells (Fig. 5A). CITCO,

a selective CAR activator with much lower potency for PXR activation, was the only
compound, out of this set, to lack a significant decrease in CYP3A4 mRNA content in
response to chemical exposure at the concentrations examined. Each of the 11 compounds,
along with CITCO, significantly decreased the amount of CYP2B6 expression (Fig. 5B).

3.6 Selective activity of compounds

The human body entails a very complex system of pathways working together to maintain
homeostasis. Therefore, it is important to note that the outcome for one individual pathway
does not necessarily reflect the full scope of the system. To integrate individual nuclear
receptors pathways, we generated a primary screening outcome heatmap, from previously
performed experiments, including 11 agonist and 12 antagonist primary assays (Fig. 6).

All the assays shown here are nuclear receptor assays, except for the ARE/Nrf2 assay
performed. ARE/Nrf2 represents an important component of adaptive response to protect
against oxidative stress having known interplay with PXR [36]. Three of the 11 compounds
were active agonists to both PXR and ARE/Nrf2 pathways, although these three compounds
tested in the ARE/Nrf2 assay had much lower potencies than when tested in the PXR

assay (data can be found at https://tripod.nih.gov/tox21/assays/), demonstrating the potential
of PXR activators to also induce oxidative stress response. Thiazopyr was observed as
selective to PXR and CAR activation within this suite of pathways. Finally, a primary goal
of this study was to identify selective PXR activators to empower drug capabilities and
interactions. Across this suite of 23 individual assay models, etomidoline appeared to be
uniquely qualified as an apparent selective activator of PXR at the concentrations examined.
This form of selectivity for PXR activation was unique across the thousands of chemical
structures examined within our investigation, and has implications as a useful tool for
mechanistic and translational drug safety research.
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4. Discussion

Identification and characterization of PXR activators have become an important step in

drug development to estimate drug-drug interaction potential and unravel the complexities
of drug safety considerations in humans. PXR also plays many important roles in
metabolism, energy homeostasis, cell proliferation and repression, and inflammation, which
generates the need to fully explore a compound’s ability to activate this nuclear receptor.
The current study identified 11 PXR activators, nine of which are potentially novel
(etomidoline, FR167356, lacidipine, liranaftate, mosapride, prodiamine, thiazopyr, tolindate,
and zosuquidar). The other two compounds, benidipine and dasatinib, found to be PXR
agonists in the current study, generated consistent data with previous findings [37, 38].
Among these 11 identified PXR activators, etomidoline appeared to be uniquely selective to
PXR activation across a panel of 23 Tox21 assay platforms, which could provide a useful
tool for PXR-related drug-drug interaction and drug safety research.

In this study, the Tox21 10K compound collection was screened using a stable HepG2

cell line imbued with CYP3A4-luc and PXR [29, 39]. Sixty-one structural clusters were
identified to have a statistically significant amount of PXR activators in Fig. 1. Alongside
these clusters, individual actives were also chosen for a follow-up screen. From this

cherry pick confirmation, 21 compounds were chosen based on potency (ECsq < 11 uM),
efficacy (E > 80%), quality control analysis, cytotoxicity, commercial availability, and cost.
Eleven of these 21 compounds significantly induced the mRNA expression of CYP3A4 in
HepaRG cells, a physiologically relevant system to human primary hepatocytes [34]. All 11
compounds also had a decreased activity when co-treated with SPA70, the PXR antagonist,
as well as in HepaRG PXR-KO cells, further identifying them as PXR activators. The other
10 compounds, not having significantly induced CYP3A4 mRNA, were also co-treated with
SPA70, and all but two (bensulide, and butachlor) were found to have a nominal or no ECg
shift, implying an alternative mechanism for assay responses that does not appear to be a
direct activation of PXR. Bensulide and butachlor did increase the mRNA expression of
CYP3A4 in HepaRG cells, but not in a statistically significant manner, therefore identifying
them as very weak potential PXR agonists.

The compounds identified as hPXR activators in this study have a wide variety of
therapeutic usage and toxicity. Benidipine and lacidipine are both calcium channel blockers
used in the treatment of high blood pressure and other conditions [40, 41]. Dasatinib and
zosuquidar both have a therapeutic effect on different types of cancer; the former being a
targeted tyrosine-kinase inhibitor used for leukemia and the latter being a p-glycoprotein
inhibitor potentially useful in the co-treatment for different cancers [42, 43]. As a vacuolar
ATPase inhibitor, FR167356 may play a therapeutic role in bone disease [44]. As a topical
therapeutic, liranaftate [45] and tolindate (https://pubchem.ncbi.nlm.nih.gov/compound/
34051) are known to be used as an antifungal. A gastroprokinetic agent, mosapride is a
5-hydroxytryptamine (5-HT, serotonin) type 4 (5-HT,) agonist, and contrastingly, is also a
5-HTj3 inhibitor [46]. With the therapeutic uses these PXR activators are known for, it is
imperative to fully understand their mechanism of action and clearly identify any DDIs that
could interfere when taking other medications concurrently. Further studies are therefore
needed to reduce the potential for DDIs with these identified PXR agonists.
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So far, many pesticides have been found to activate PXR and/or CAR by inducing the
expression of CYP3A4 and/or CYP2B6, respectively [47]. It is interesting to note that
prodiamine and thiazopyr are both used as pesticides, specifically weed killers. These
pesticides have previously exhibited tumorigenic properties and must be used with caution
[48]. Due to their identification as PXR activators in this study, further studies are needed

to assess these mechanisms and the implications on human health and environmental
toxicology. For example, if these pesticides reached sufficiently high internal exposure
concentrations to activate PXR and induced liver enzymes, agricultural workers may
unknowingly have altered drug clearance capacity and significant human health effects (e.g.,
lower drug efficacy). In Fig. 5, thiazopyr appears to selectively activate PXR and CAR

at the concentrations examined, while prodiamine is an activator and inhibitor of a few
different receptors. Therefore, the full mechanism through which these compounds act goes
far beyond the scope of nuclear receptors and will need to be further studied to determine the
extent of human toxicological potential.

Etomidoline, a known muscle relaxant [49], was identified as a selective PXR agonist from
the current study. Due to its promiscuous ligand binding pocket, many compounds bind

to PXR as well as other nuclear receptors and it is, therefore, difficult to find a selective
PXR agonist. PXR has a sister nuclear receptor known as CAR; many of the compounds
identified as modulating PXR generally have an effect on CAR due to the similarity in the
ligand binding domain. Therefore, identifying etomidoline as a selective PXR agonist is
encouraging when therapeutic usage is a possibility. Further testing needs to be performed to
fully ascertain the importance of the modulation of PXR through etomidoline.

In conclusion, 11 compounds, including nine potentially novel ones, were identified as PXR
agonists through a primary screening using a PXR HepG2 cell line, a pharmacological study
co-treating with a PXR inhibitor, and a follow-up study of CYP3A4 induction in HepaRG
and HepaRG-PXR-KO cells. It is important to note that etomidoline appears to be PXR
selective from this study. Due to the important role that PXR plays in drug metabolism, as
well as the newer therapeutic roles in energy homeostasis, cancer, and inflammation, it is
imperative to thoroughly study compounds which display PXR agonist abilities. This initial
study provides the first step into identifying potential PXR agonists and requires future
studies to be done which will provide a better insight into the complete range of biological
activity of these compounds.
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Fig. 1.

St?uctural class heat map of hPXR agonist activity. The hPXR-Luc HepG2 stable cell line
was screened against the Tox21 10K compound collection and compounds were divided
into different hexagons, which represent a class of structurally similar compounds. The
enrichment of PXR actives determines the intensity of a specific color in that cluster
(negative logarithmic scale of the p-value, —log [p-value]). A maroon color is exhibited
when clusters with multiple actives in their class are present, whereas clusters with no
activity are a light gray color. The darker gray color represents empty clusters with no
available (N/A) compounds in them. The backbone of four representative structural clusters
is shown, as well as the dose—response curves for chosen compounds within that structural
class. Data are expressed as mean + SD from three experiments.
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Fig. 2.

mRNA induction in HepaRG cells of CYP3A4 and CYP2B6. HepaRG cells were treated
with potential PXR agonists selected from the primary screen, CITCO (1 uM), RIF (10 uM),
or the vehicle control (0.1% DMSO) as described in Materials and Methods. Real-time PCR
was used to analyze the mRNA expression of CYP3A4 (a) and CYP2B6 (b). The dotted

line represents 100% activity of RIF for each graph. Each bar represents the mean £ SD in
triplicate. *, p < .05; **, p <.01; ***, p < .001.
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Fig. 3.

Pharmacological concentration response curves of potential PXR agonists. The hPXR-Luc
HepG2 stable cells were treated with multiple concentrations of RIF (a), benidipine (b),
dasatanib (c), etomidoline (d), FR167356 (e), lacidipine (f), liranaftate, (g), mosapride (h),
prodiamine (i), thiazopyr (j), tolindate (k), and zosuquidar (I) and co-treated with DMSO,
0.5 uM SPAT70, or 0.75 uM SPAT70. The efficacy of each compound was compared to the
positive control, RIF (100% = RIF activity). Each curve represents the mean + SD of three
separate experiments.
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Fig. 4.
Pharmacological concentration response curves of HepaRG PXR inactives. Concentration

response curves were acquired on the 10 compounds (a — j) which did not induce CYP3A4
mMRNA in HepaRG cells. Each curve was co-treated with DMSO, 0.5 pM SPA70, and 0.75
UM SPA70 to determine pharmacological activity. All data were compared to the positive
control, RIF (100% = RIF activity). Data were expressed as mean + SD from triplicate
experiments.
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Fig. 5.
MRNA induction of CYP3A4 and CYP2B6 in HepaRG-PXR-KO cells. HepaRG and

HepaRG-PXR-KO cells were treated with potential PXR agonists, CITCO (1 uM), RIF (10
UM), or the vehicle control (0.1% DMSO) as described in materials and methods. Real-time
PCR was used to analyze the mRNA expression of CYP3A4 (a) and CYP2B6 (b). Each
bar represents the mean + SD in triplicate. Statistical analysis was completed between each
treatment in HepaRG and HepaRG-PXR-KO cells; *, p < .05; **, p <.01; ***, p <.001.
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Fig. 6.

Seglectivity heatmap of potential PXR agonists. The 11 potential PXR agonists were
screened, and their activity outcome in 10 agonist assays and 12 antagonist assays are
displayed. For the AR-bla/luc and ER-bla/luc agonist and antagonist assays, the upper left
triangle represents the first mentioned assay, while the lower right triangle represents the
second assay mentioned.
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Table I.

Assay performance of the PXR agonist screen using Tox21-88 duplicates and Tox21 10K compound collection
in triplicate runs.

Active Match  Inactive Match  Inconclusive (%) ~ Mismatch (%)  Ec,; Fold* Change

10K Screen 18.55 83.37 17.67 0.40 1.45
Tox21-88 45.79 35.94 15.53 2.75 131

*
For each compound with at least one replicate that is not class 4, the standard deviation (SD) of the EC50 values from all replicates was
calculated. The SDs were then averaged across these compounds. The EC50 fold was calculated as the inverse log of the average SD.
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Table Il.

ECsq and efficacy of potential novel hPXR agonists identified from gHTS primary and follow-up studies

PXR

Chemical Name (CASRN,

: Structure "
Supplier) Primary ECs, (UM) [Efficacy, (%)] Follow-up ECsy (M) [Efficacy,

(%0)]
1,3-Diphenylguanidine (102-06-7, H o H 8.0 +13.7 [461 + 143] 2.7+0.3[393 + 128]
Sigma) T
NH
AMI-193 (510-74-7, Tocris) Q 5.9+ 0.6 [363 £57.7] 8.7+ 1.1[330 +40.1]
0—< >—F
O
HN.
(o]
Bensulide (741-58-2, Sigma) 5.4 +0[130 + 20.3] 3.9+0.2[114 + 9.87]
0,
o7
Y
_\_S\ I
-
2
S 0{
Bortezomib (179324-69-7, Selleck) (\IN T 0.008 + 0.0005 [97.7 + 17.9] 0.02 +0.004 [83.8 + 12.8]
NWN u
o H
Butachlor (23184-66-9, Sigma) S 4.0+4.0[119 £49.2] 6.49 + 2.9 [107 + 26.0]
N
fOJ
Carfilzomib (868540-17-4, g 0.04 +0.024 [110 + 10.3] 0.1+0.02 [108 + 23.9]
Sequoia) o
HN O o
M
" oun_o
MH
o
[N
B
Clofarabine (123318-82-1, OH 0.7+ 0.2 [112 + 34.6] 3.3+0.4[214 £13.9]
Sequoia) ki
o
F
Cl N N
-
T L
N
NH,
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Chemical Name (CASRN,
Supplier)

PXR

Structure
Primary ECsgq (M) [Efficacy, (%)]

Follow-up ECso (M) [Efficacy,
(%0)]

Dasatinib (302962-49-8, Selleck)

Emetine (483-18-1, Enzo)

Etomidoline (21590-92-1,
Pharmaron)

FR167356 (174185-16-1, Astellas
Pharma)

Lacidipine (103890-78-4, Sequoia)

Liranaftate (88678-31-3, Sequoia)

Mosapride citrate (112885-42-4,
Vitas)
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0.3+ 0.5 [84.6 + 22.2]

0.05 % 0.04 [211 + 74.0]

9 2.6+ 1.3 [175 + 74.6]

3.0+2.2[178 +9.77]

5.6+ 5.5 [155 + 70.5]

5.5+ 2.6 [148 + 42.6]

8.8+ 3.3 [222 + 59.5]

0.6 +0.07 [127 + 12.0]

0.1+0.01 [119 + 8.89]

3.2+0.4[142 £19.4]

7.1+ 1.2 [145 + 9.86]

10.4 + 4.4 [115 + 15.0]

45+0.7[144 £ 16.0]

10.8 + 1.2 [138 + 9.00]
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PXR

Chemical Name (CASRN,

: Structure ]
Supplier) Primary ECs, (UM) [Efficacy, (%0)] Follow-up ECso (LM) [Efficacy,

(%)]
Prodiamine (29091-21-2, 4.7+0.8[168 + 31.0] 8.5+ 0.9 [108 £ 6.61]
Chemservice)
A
_NZ 3
o~ e
F F
F
rac Benidipine hydrochloride 5.6 +5.4[141 £ 33.3] 4.6 +2.3[105 + 14.7]
(91599-74-5, Toronto Research) @
Spiperone (749-02-0, Enzo) HN"‘\ 3.7+0.4[341+31.7] 6.2 + 3.3 [345 + 225]
0]
F
Thiazopyr (117718-60-2, 1.2+1.0[108 + 37.9] 4.6 £ 0.3 [102 + 8.66]
Chemservice)
Tolindate (27877-51-6, Pharmaron) %l\ 8.3+2.3[201 £+ 37.5] 8.7+15[113+£7.13]
L
OJLN
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PXR

Chemical Name (CASRN,

h Structure .
Supplier) Primary ECs (UM) [Efficacy, (%)] Follow-up Ec(soﬁ gﬁlM) [Efficacy.
(o]

\orinostat (SAHA) (149647-78-9, 7.8 +3.8[182+46.9] 6.0+ 1.9[111 +28.5]
Prestwick Chemical, Inc.)

oli
HN

\

e
. -

)

Zosuquidar trihydrochloride
(167465-36-3, Selleck)

HCI

Hei ’/[

Hel [
O

N

FF

4

N 3.2+ 1.7[188 + 41.7] 1.6 £ 0.3 [106 + 9.09]
)
o
OH

r4

8,
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