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BACKGROUND AND PURPOSE
Rilpivirine and etravirine are second-generation non-nucleoside reverse transcriptase inhibitors (NNRTIs) indicated for the
treatment of HIV/AIDS. The constitutive androstane receptor (CAR) regulates the expression of genes involved in various
biological processes, including the transport and biotransformation of drugs. We investigated the effect of rilpivirine and
etravirine on the activity of the wild-type human CAR (hCAR-WT) and its hCAR-SV23 and hCAR-SV24 splice variants, and
compared it with first-generation NNRTIs (efavirenz, nevirapine, and delavirdine).

EXPERIMENTAL APPROACH
Receptor activation, ligand-binding domain (LBD) transactivation, and co-activator recruitment were investigated in transiently
transfected, NNRTI-treated HepG2 cells. Nuclear translocation of green fluorescent protein-tagged hCAR-WT and CYP2B6 gene
expression were assessed in NNRTI-treated human hepatocytes.

KEY RESULTS
Rilpivirine and etravirine activated hCAR-WT, but not hCAR-SV23 or hCAR-SV24, and without transactivating the LBD or
recruiting steroid receptor coactivators SRC-1, SRC-2, or SRC-3. Among the first-generation NNRTIs investigated, only
efavirenz activated hCAR-WT, hCAR-SV23, and hCAR-SV24, but none of them transactivated the LBD of these receptors or
substantively recruited SRC-1, SRC-2, or SRC-3. Rilpivirine, etravirine, and efavirenz triggered nuclear translocation of
hCAR-WT and increased hCAR target gene (CYP2B6) expression.

CONCLUSION AND IMPLICATIONS
NNRTIs activate hCAR-WT, hCAR-SV23, and hCAR-SV24 in a drug-specific and isoform-selective manner. The activation occurs
by a mechanism that does not appear to involve binding to the LBD or recruitment of SRC-1, SRC-2, or SRC-3.

Abbreviations
CAR, constitutive androstane receptor; CAS, Chemical Abstracts Service; CITCO, 6-(4-chlorophenyl)imidazo[2,1-b][1,3]
thiazole-5-carbaldehyde O-(3,4-dichlorobenzyl)oxime; CYP2B6, cytochrome P450 2B6; DEHP, di-(2-ethylhexyl)
phthalate; hCAR, human CAR; hRXRα, human retinoid X receptor α; LBD, ligand-binding domain; NNRTI,
non-nucleoside reverse transcriptase inhibitor; SRC, steroid receptor coactivator; TCPOBOP,
1,4-bis-[2-(3,5-dichloropyridyloxy) ]benzene
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Introduction
Non-nucleoside reverse transcriptase inhibitors (NNRTIs) are
allosteric inhibitors of HIV reverse transcriptase (De Clercq,
2009). When used as part of the highly active antiretroviral
therapy regimen with other anti-HIV drugs, NNRTIs have
been reported to decrease HIV load and increase cluster of
differentiation 4 (CD4) counts in patients with HIV/AIDS
(Camacho and Teofilo, 2011). Rilpivirine and etravirine
(Figure 1) belong to the second-generation NNRTIs that are
clinically approved for the treatment of HIV/AIDS infection
(Usach et al., 2013). In various clinical studies, rilpivirine and
etravirine have been reported to be efficacious against both
NNRTI-naive and NNRTI-resistant strains of HIV-1 (Goebel

et al., 2006; Arasteh et al., 2009; Gazzard et al., 2011; Santos
et al., 2011). Furthermore, the second-generation NNRTIs are
reported to have a superior genetic barrier to resistance devel-
opment (Fofana et al., 2013). Because of its greater potency,
smaller dosage, and less frequent dosing, two fixed-dose com-
binations have been developed and approved for rilpivirine
(De Clercq, 2012).

The constitutive androstane receptor (CAR) is a member
of the superfamily of nuclear receptors (subfamily 1, group I,
member 3; NR1I3). It plays an important role in the absorp-
tion, distribution, metabolism, and excretion of xenobiotics
and of endogenous chemicals by regulating the expression of
genes involved in transport and biotransformation (Yang and
Wang, 2014). CAR has also been implicated in energy
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Figure 1
Chemical structures of the US Food and Drug Administration approved NNRTIs: (A) rilpivirine, (B) etravirine, (C) efavirenz, (D) nevirapine, and (E)
delavirdine.
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metabolism, endocrine regulation, liver diseases, and other
physiological processes and pathophysiological conditions
(Jiang and Xie, 2013). Human CAR (hCAR) target genes
include the prototypical cytochrome P450 2B6 (CYP2B6)
(Sueyoshi et al., 1999). Multiple isoforms of hCAR have been
identified, including the wild-type (hCAR-WT) and naturally
occurring splice variants (Lamba et al., 2005; Choi et al.,
2013), such as hCAR-SV23 (insertion of amino acids SPTV)
(Auerbach et al., 2003) and hCAR-SV24 (insertion of amino
acids APYLT) (Arnold et al., 2004; Jinno et al., 2004).

hCAR is known to be activated by a diverse range of
chemicals, including endogenous chemicals, prescription
drugs, and herbal medicines (Chang and Waxman, 2006).
Like hCAR, the human pregnane X receptor (hPXR) is
another important nuclear receptor that is involved in
diverse biological roles and is activated by various endobi-
otics and xenobiotics (Kodama and Negishi, 2013). Whereas
some modulators, such as phenobarbital, activate both
hCAR (Sueyoshi et al., 1999) and hPXR (Moore et al., 2000),
others exhibit receptor selectivity. For example, carbamaz-
epine preferentially activates hCAR (Faucette et al., 2007),
whereas meclizine activates hPXR, but not hCAR (Lau et al.,
2011b). Previous studies showed that rilpivirine (Sharma
et al., 2013; Weiss and Haefeli, 2013) and etravirine (Sharma
et al., 2013) are activators of hPXR. These drugs appear to
activate hPXR by a mechanism that involves binding to the
ligand-binding domain (LBD) of the receptor and recruit-
ment of steroid receptor coactivator (SRC)-1, SRC-2, and
SRC-3 (Sharma et al., 2013). However, it remains to be inves-
tigated whether and how rilpivirine and etravirine activate
hCAR.

The present study systematically investigated the effects
of rilpivirine and etravirine on the activity of hCAR-WT and
its hCAR-SV23 and hCAR-SV24 splice variants. As a compari-
son, we also determined the effects of the first-generation
NNRTIs (efavirenz, nevirapine, and delavirdine; Figure 1).
Our experimental approaches involved the use of cell-based
luciferase reporter gene assays to assess receptor activation,
mammalian two-hybrid assay to examine steroid receptor
co-activator recruitment, and primary cultures of human
hepatocytes to characterize ligand-triggered nuclear translo-
cation of hCAR-WT and hCAR target gene (CYP2B6) expres-
sion. The results are discussed from the perspective of
drug-dependent and isoform-selective activation of hCAR by
NNRTIs.

Methods

Culture and treatment of human hepatocytes
The demographics of the donors (GC4008, HUM4021,
HUM4034, and HUM4038) are listed in Table 1. Cryopre-
served human hepatocytes (Triangle Research Labs, LLC) were
thawed and plated according to protocols listed at http://
triangleresearchlabs.net/products-hepatocytes/cryopreserved
-hepatocytes/. Cell viability, was 88, 90, 94, and 93% for
hepatocyte samples GC4008, HUM4021, HUM4034, and
HUM4038, respectively, as assessed by trypan blue exclusion
(Jauregui et al., 1981). Hepatocytes were plated and cultured
as described previously (Sharma et al., 2013). Cultured
hepatocytes were treated with DMSO (vehicle control), rilpi-
virine, etravirine, efavirenz, nevirapine, delavirdine, or a
known CYP2B6 inducer such as rifampin (Chang et al.,
1997), 6-(4-chlorophenyl)imidazo[2,1-b][1,3] thiazole-5-
carbaldehyde O-(3,4-dichlorobenzyl)oxime (CITCO)
(Maglich et al., 2003) or phenobarbital (Chang et al., 1997), as
described in the appropriate figure legends. Drug-containing
culture medium was replaced every 24 h.

Isolation of total RNA, reverse transcription
and real-time PCR analysis
Isolation of total RNA and reverse transcription were con-
ducted as described previously (Lau et al., 2011b). The
sequences of the primers used to amplify human CYP2B6
cDNA, HPRT1 cDNA, 18s rRNA cDNA, and cyclophilin cDNA
are listed in Table 2. The primers were synthesized and their
specificity was verified by sequencing the purified amplicons
(Integrated DNA Technologies, Inc., Coralville, IA, USA).
CYP2B6 cDNA, HPRT1 cDNA, 18s rRNA cDNA, and cyclophi-
lin cDNA were amplified by real-time PCR in a LightCycler
(Roche Diagnostics, Laval, QC, Canada), according to condi-
tions described in Table 2. Each PCR reaction contained 1 ng
total cDNA, 1 U Platinum Taq DNA polymerase in 1× PCR
buffer (20 mM Tris-HCl, pH 8.4 and 50 mM KCl), 4 mM
MgCl2 (3 mM MgCl2 for 18s rRNA), 0.2 mM deoxynucleoside
triphosphate, 0.25 mg·mL−1 BSA, 0.2 μM forward and reverse
primers (0.5 μM for HPRT1), and 1:30 000 SYBR Green I. To
construct the calibration curves (cross point vs. log cDNA
copies) for CYP2B6, HPRT1, 18s rRNA, and cyclophilin,
amplicons were generated using human liver QUICK-Clone
cDNA (Clontech, Mountain View, CA, USA), and then puri-

Table 1
Demographics of human hepatocyte donors

Donor
identification Race Gender

Age
(years)

Reported
BMI Smoker

Alcohol
use

Medicine
use

Serological
data

GC4008 Caucasian Male 69 24.7 Stopped 24 years ago No No All negative

HUM4021 Caucasian Male 13 18.0 No No No All negative

HUM4034 Caucasian Male 21 23.6 Yes Yes Marijuana All negative

HUM4038 Caucasian Female 33 26.0 No Rare No CMV+

BMI, body mass index; CMV+, cytomegalovirus positive.
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fied and quantified as described previously (Lau et al., 2011b).
CYP2B6 mRNA expression was normalized to that of a house-
keeping gene (HPRT1, 18s rRNA, and cyclophilin).

Bupropion hydroxylation assay
The CYP2B6-catalysed bupropion hydroxylation assay was
performed as described previously (Lau et al., 2011b). Forma-
tion of hydroxybupropion was quantified using an optimized
ultra-HPLC-MS/MS method (Lau and Chang, 2009).

Cell culture
HepG2 human hepatocellular carcinoma cells (American
Type Culture Collection, Manassas, VA, USA) were cultured in
T-75 culture flasks in minimum essential medium/Earle’s bal-
anced salt solution (MEM/EBSS) supplemented with 10% v v−1

heat-inactivated fetal bovine serum (FBS) (Life Technologies,
Inc., Burlington, ON, Canada), penicillin G (100 U·mL−1),
streptomycin (100 μg·mL−1), MEM/non-essential amino acid
(1×), and L-glutamine (2 mM). Cells were maintained at 37°C
in a humidified incubator with 95% air and 5% CO2. Culture
medium was changed every 3 days, and cells were subcul-
tured weekly.

Plasmids
pCMV6-XL4-hCAR-WT, pCMV6-neo-hCAR-SV23, pCMV6-
XL4-hCAR-SV24, pCMV6-XL4-human retinoid X receptor
α (hRXRα), pCMV6-AC-GFP-hCAR-WT, pCMV6-neo, and
pCMV6-XL4 were purchased from OriGene Technologies, Inc.
(Rockville, MD, USA). The pFR-luc reporter was purchased
from Agilent Technologies (Santa Clara, CA, USA). The inter-
nal control Renilla reniformis luciferase pGL4.74 [hRluc/TK]
plasmid was procured from Promega (Madison, WI, USA). The
pVP16 and pM empty vectors were purchased from Clontech.
pM-hCAR-WT-LBD, pVP16-hCAR-WT-LBD, pM-hCAR-SV23-
LBD, pVP16-hCAR-SV23-LBD, pM-hCAR-SV24-LBD, pVP16-
hCAR-SV24-LBD, pGL3-basic-CYP2B6-PBREM/XREM-luc,
pM-hSRC1-RID, pM-hSRC2-RID, pM-hSRC3-RID, pVP16-
hSRC1-RID, pVP16-hSRC2-RID, and pVP16-hSRC3-RID were
constructed as mentioned previously (Lau et al., 2011a; Lau
and Chang, 2013). The constructs were sequenced (Integrated
DNA Technologies, Inc.) and their sequence identity was con-
firmed by comparing with published sequence.

Transient transfection and reporter
gene assays
HepG2 cells were cultured in minimum essential medium-
reduced serum (MEM-RS) supplemented with penicillin G
(100 U·mL−1), streptomycin (100 μg·mL−1), L-glutamine
(2 mM), and 1% v v−1 charcoal-stripped FBS. This smaller
concentration of serum was used to decrease the normally
high basal activity associated with hCAR-WT as a result of
receptor activation by contaminants (Lau and Chang, 2014),
such as di-(2-ethylhexyl)phthalate (DEHP), which is present
in FBS (DeKeyser et al., 2009). Cells were seeded at a density of
100 000 cells per well in a volume of 0.5 mL of supplemented
culture medium. At 24 h post-plating, transfection of cul-
tured HepG2 cells was carried out as described previously
(Lau and Chang, 2014), except that MEM-RS was used instead
of serum-free Opti-MEM. The transfection master mix con-
tained FuGENE 6 transfection reagent (3 μL·μg−1 of DNA),
MEM-RS (20 μL per well), and various plasmids. In the hCAR-
WT-dependent reporter gene assays, the transfection master
mix contained pGL4.74 [hRluc/TK] internal control vector
(5 ng per well), pGL3-basic-CYP2B6-PBREM/XREM-luc
reporter construct (50 ng per well), and either a receptor
expression plasmid or the corresponding empty vector (50 ng
per well) for 24 h, as detailed in the appropriate figure legend.
In the hCAR-SV23- and hCAR-SV24-dependent reporter gene
assays, the transfection master mix also contained pCMV6-
XL4-hRXRα (10 ng per well) (Auerbach et al., 2005).
Transfected cells were treated with 0.5 mL of supplemented
culture medium (without charcoal-stripped FBS) containing
DMSO (vehicle control), a NNRTI (rilpivirine, etravirine,
efavirenz, nevirapine, or delavirdine), 1,4-bis-[2-(3,5-
dichloropyridyloxy)]benzene (TCPOBOP; negative control)
(Lau et al., 2011a), CITCO (positive control for hCAR-WT and
hCAR-SV24) (Maglich et al., 2003; Auerbach et al., 2005), or
DEHP (positive control for hCAR-SV23) (DeKeyser et al.,
2009), at the concentrations indicated in appropriate figure
legends. In hCAR-WT-dependent reporter gene assays,
androstanol (10 μM), which is an inverse agonist of the recep-
tor (Moore et al., 2000), was added to decrease the constitu-
tive activity (Burk et al., 2005). At 24 h post-treatment,
HepG2 cells were lysed. Firefly luciferase and R. reniformis
(internal control) luciferase activities were quantified and

Table 2
Primer sequences and RT-PCR cycling conditions

Gene Primer sequence (5′ to 3′) Denaturation Annealing Extension Reference

CYP2B6 GCG-TGT-GGT-TCA-TTC-ACA-AA (forward) 95°C, 5 s 65°C, 5 s 72°C, 15 s (Chang et al., 2003)

AAT-TTA-GCC-AGG-CGT-GGT-G (reverse)

HPRT1 GAA-GAG-CTA-TTG-TAA-TGA-CC (forward) 95°C, 5 s 60°C, 10 s 72°C, 15 s (Qiu et al., 2007)

GCG-ACC-TTG-ACC-ATC-TTT-G (reverse)

18s rRNA CTT-TGG-TCG-CTC-GCT-CCT-C (forward) 95°C, 1 s 62°C, 6 s 72°C, 10 s (Sharma et al., 2013)

CTG-ACC-GGG-TTG-GTT-TTG-AT (reverse)

Cyclophilin CTC-CTT-TGA-GCT-GTT-TGC-AG (forward) 95°C, 1 s 55°C, 5 s 72°C, 15 s (Simpson et al., 2000)

CAC-CAC-ATG-CTT-GCC-ATC-C (reverse)
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normalized as described previously (Sharma et al., 2013).
Results are expressed as fold increase over the vehicle-treated
control group. Each experiment was performed in triplicate
and a total of four or five independent experiments were
conducted.

LBD-transactivation assay
The hCAR-WT-LBD-transactivation assays were performed as
described previously (Lau and Chang, 2014), except that
MEM-RS was used instead of serum-free Opti-MEM. At 24 h
post-plating, cultured HepG2 cells were transfected with a
master mix containing FuGENE 6 transfection reagent
(3 μL·μg−1 of DNA), MEM-RS (20 μL per well), pFR-luc reporter
plasmid (100 ng per well), pGL4.74 [hRluc/TK] internal
control plasmid (1 ng per well), and either the pM-hCAR-WT-
LBD (Gln-105 to Ser-348) receptor expression plasmid or the
pM empty vector (40 ng per well) for 24 h. The hCAR-SV23-
LBD- and hCAR-SV24-LBD-dependent transactivation assays
were carried out in HepG2 cells transfected with a master mix
containing FuGENE 6 transfection reagent (3 μL·μg−1 of
DNA), MEM-RS (20 μL per well), pCMV6-XL4-hRXRα (10 ng
per well), pFR-luc reporter plasmid (100 ng per well), pGL4.74
[hRluc/TK] internal control plasmid (1 ng per well), and
either a receptor expression plasmid or the pM empty vector
(40 ng per well) for 24 h. The receptor expression plasmids
were pM-hCAR-SV23-LBD (Gln-105 to Ser-352) and
pM-hCAR-SV24-LBD (Gln-105 to Ser-353). Transfected cells
were treated with 0.5 mL of supplemented culture medium
(without charcoal-stripped FBS) containing DMSO (vehicle
control), an NNRTI (rilpivirine, etravirine, efavirenz, nevirap-
ine, or delavirdine), TCPOBOP (negative control) (Lau et al.,
2011a), CITCO (positive control for hCAR-WT and hCAR-
SV24) (Maglich et al., 2003; Auerbach et al., 2005), or DEHP
(positive control for hCAR-SV23) (DeKeyser et al., 2009) for
24 h, at the concentrations detailed in appropriate figure
legends. In the hCAR-WT-dependent LBD-transactivation
assay, cells were co-treated with an hCAR-WT inverse agonist,
androstanol (10 μM) (Moore et al., 2000). Luciferase activity
was measured and normalized as described under Transient
transfection and reporter gene assays. Each experiment was per-
formed in triplicate and a total of three independent experi-
ments were conducted.

In vitro nuclear translocation of GFP-tagged
hCAR-WT in primary cultures of
human hepatocytes
Human hepatocytes (HUM4038) were cultured on collagen-
coated glass cover slips in 24-well plates at a density of
150 000 cells per well. After cell attachment (at 6 h post-
plating), the medium was aspirated and 0.5 mL of fresh
hepatocyte maintenance medium (Triangle Research Labs,
LLC) was added to each well. At 24 h post-plating, human
hepatocytes were transfected with a pCMV6-AC-GFP-
hCAR-WT (100 ng per well) for 24 h using Effectene®

Transfection Reagent (25 μL-μg−1 of DNA) following the
manufacturer’s protocol. Transfected hepatocytes were
treated with 0.5 mL of supplemented hepatocyte mainte-
nance medium containing DMSO (vehicle control), a NNRTI
(rilpivirine, etravirine, efavirenz, nevirapine, or delavirdine),
or a positive control (CITCO or PB) (Sueyoshi et al., 1999;

Maglich et al., 2003) for 24 h, at concentrations shown in the
figure legend. At 24 h post-treatment, samples were prepared
for confocal imaging as described previously (Sharma et al.,
2013). The images were collected using a Carl Zeiss LSM 700
confocal microscope interfaced with the Zen 2011 SP2 soft-
ware (version 8.0) (Carl Zeiss Microscopy GmbH, Jena,
Germany). Post-imaging adjustments in brightness and con-
trast of the entire image were made in compliance with the
Clinical and Laboratory Images in Publications (CLIP) prin-
ciples (Lang et al., 2012) using Adobe® Photoshop® CS6,
version 13.0 ×64 (Adobe Systems Corporation, San Jose, CA,
USA).

Mammalian two-hybrid assay
Recruitment of SRC-1, SRC-2, and SRC-3 to hCAR-WT-LBD,
hCAR-SV23-LBD, and hCAR-SV24-LBD was assessed by a
mammalian two-hybrid assay as described previously (Lau
and Chang, 2014), except that MEM-RS was used instead of
serum-free Opti-MEM. At 24 h post-plating, cultured HepG2
cells were transfected with a master mix containing FuGENE
6 transfection reagent (3 μL·μg−1 of DNA), MEM-RS (20 μL per
well), pFR-luc reporter plasmid (100 ng per well), pGL4.74
[hRluc/TK] internal control plasmid (10 ng per well), a recep-
tor expression plasmid (or the pVP16 empty vector; 40 ng per
well), and a coactivator expression plasmid (10 ng per well)
for 24 h. The receptor expression plasmids were pVP16-
hCAR-WT-LBD, pVP16-hCAR-SV23-LBD, and pVP16-hCAR-
SV24-LBD, whereas the coactivator expression plasmids were
pM-hSRC1-RID, pM-hSRC2-RID, and pM-hSRC3-RID. In
another set of experiments, the mammalian two-hybrid assay
was performed as described above, except that a different
vector (pM) was used in constructing the receptor expression
plasmids (pM-hCAR-WT-LBD, pM-hCAR-SV23-LBD, pM-
hCAR-SV24-LBD) and a different vector (pVP16) was used in
constructing the coactivator expression plasmids (pVP16-
hSRC1-RID, pVP16-hSRC2-RID, pVP16-hSRC3-RID). In the
hCAR-SV23-LBD- and hCAR-SV24-LBD-dependent mamma-
lian two-hybrid assay, cells were co-transfected with pCMV6-
XL4-hRXRα (10 ng per well) for 24 h. Transfected cells were
treated with 0.5 mL of supplemented culture medium
(without charcoal-stripped FBS) containing DMSO (vehicle
control), a NNRTI (rilpivirine, etravirine, efavirenz, nevirap-
ine, or delavirdine), TCPOBOP (negative control) (Lau et al.,
2011a), CITCO (positive control for hCAR-WT and hCAR-
SV24) (Maglich et al., 2003; Auerbach et al., 2005), or DEHP
(positive control for hCAR-SV23) (DeKeyser et al., 2009) for
24 h, as detailed in the respective figure legends. In the hCAR-
WT-dependent co-activator recruitment assay, cells were
co-treated with the hCAR-WT inverse agonist, androstanol
(10 μM) (Moore et al., 2000). Luciferase activity was measured
and normalized as described under Transient transfection and
reporter gene assays. Each experiment was performed in tripli-
cate and a total of three independent experiments were
conducted.

Data analyses
Data were analysed by two-way ANOVA. Where appropriate,
this was followed by the Student Newman–Keuls multiple
comparison test (SigmaPlot 11.0; Systat Software, Inc., San
Jose, CA, USA). The level of statistical significance was set a
priori at P < 0.05.
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Chemicals and reagents
Etravirine [Chemical Abstracts Service (CAS) #269055-15-4],
efavirenz (CAS #154598-52-4), and nevirapine (CAS #129618-
40-2) were obtained from the National Institutes of Health
AIDS Reagent Program (Bethesda, MD, USA). Rilpivirine (CAS
#500287-72-9), delavirdine (CAS #136817-59-9), and

hydroxybupropion (CAS #357399-43-0) were purchased from
the Toronto Research Chemicals, Inc. (North York, ON,
Canada). FuGENE 6 and Effectene® transfection reagent were
purchased from Roche Diagnostics (Laval, QC, Canada), and
QIAGEN, Inc. (Mississauga, ON, Canada) respectively.
Charcoal-stripped FBS, MEM/EBSS, MEM-RS, and minimum

Figure 2
Induction of CYP2B6 in primary cultures of human hepatocytes by rilpivirine and etravirine. Cultured hepatocytes were treated with culture
medium (vehicle control for phenobarbital; PB), DMSO (0.1% v v−1; vehicle control for the other drugs), rilpivirine (RPV), etravirine (ETV), efavirenz
(EFV), nevirapine (NVP), delavirdine (DLV), rifampicin (RIF; positive control), CITCO (positive control), or PB (positive control) for 48 h (samples
GC4008, HUM4034, and HUM4038) or 72 h (sample HUM4021) at the concentrations indicated in (A–D). The hepatocytes were lysed and total
RNA was isolated from pooled cell lysates (four wells), and CYP2B6 mRNA and HPRT1 mRNA levels were analysed by real-time PCR, as described
under Methods. CYP2B6 mRNA level was normalized to HPRT1 mRNA level. Data are shown as mean ± SD of triplicate PCR analyses for hepatocyte
samples GC4008 (A), HUM4021 (B), HUM4034 (C), and HUM4038 (D). CYP2B6 catalytic activity was measured by bupropion hydroxylation using
an optimized LC-MS/MS method, as detailed under Methods. Data are expressed as mean ± SD of three wells for hepatocyte samples HUM4034
(E) and HUM4038 (F).
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essential medium/non-essential amino acid solution (100×)
(HyClone Laboratories, Logan, UT, USA) were purchased
from Thermo Fisher Scientific (Nepean, ON, Canada). All
other chemicals, reagents and assay kits were purchased
from sources listed previously (Lau et al., 2011a; Sharma
et al., 2013). Cryopreserved hepatocyte thawing medium,
hepatocyte plating medium, hepatocyte maintenance
medium, and various medium supplements were provided
by Triangle Research Labs, LLC (Research Triangle Park,
NC, USA).

Results

Rilpivirine and etravirine induce hepatic
expression of a hCAR target gene (CYP2B6)
Sandwich-cultured human hepatocytes were used as an
experimental model to compare the effects of rilpivirine and

etravirine with first-generation NNRTIs (efavirenz, nevirap-
ine, and delavirdine) on the induction of CYP2B6, a target
gene of hCAR (Sueyoshi et al., 1999). As shown in Figure 2A
for hepatocyte sample GC4008, rilpivirine, etravirine, and
efavirenz (5 μM) increased CYP2B6 mRNA expression by 3.4-,
2.6-, and 3.4-fold, respectively, whereas nevirapine and dela-
virdine had no effect. Therefore, in subsequent gene expres-
sion experiments only the effects of rilpivirine, etravirine,
and efavirenz were assessed, not those of nevirapine or dela-
virdine. Similar effects were observed for sample HUM4021
(Figure 2B), wherein rilpivirine, etravirine, and efavirenz
(5 μM) increased the CYP2B6 mRNA level by 3.6-, 3.3-, and
4.3-fold respectively. In human hepatocytes from two other
donors (HUM4034 and HUM4038), rilpivirine (0.5 and
5 μM), etravirine (2.5 and 5 μM), and efavirenz (5 and 10 μM)
increased CYP2B6 mRNA expression at all the concentrations
investigated (Figure 2C and 2D). The positive controls CITCO
(1 μM) and rifampicin (10 μM) (Maglich et al., 2003) yielded

Figure 3
Ligand-specific activation of hCAR-WT by NNRTIs. Cultured HepG2 cells were transfected with pGL3-basic-CYP2B6-PBREM/XREM-luc reporter
plasmid, pGL4.74 [hRluc/TK] internal control plasmid, and either the pCMV6-XL4-hCAR-WT receptor expression plasmid or the pCMV6-XL4
empty vector for 24 h. (A) Transfected HepG2 cells were treated with DMSO (0.1% v v−1; vehicle control), rilpivirine (RPV; 5 μM), etravirine (ETV;
5 μM), efavirenz (EFV; 5 μM), nevirapine (NVP; 5 μM), delavirdine (DLV; 5 μM), TCPOBOP (0.25 μM; negative control), or CITCO (10 μM; positive
control) for 24 h. (B, C, D) In the concentration–response experiment, transfected HepG2 cells were treated with DMSO (0.1% v v−1; vehicle
control), rilpivirine (RPV; 0.1–10.0 μM), etravirine (ETV; 0.1–10.0 μM), or efavirenz (EFV; 0.1–10.0 μM) for 24 h. In all cases, cells were co-treated
with androstanol (10 μM; inverse agonist for hCAR-WT) to decrease the constitutive activity of this receptor. Firefly luciferase and Renilla reniformis
luciferase activities were measured and normalized as described under Methods. Data are expressed as mean ± SEM for four or five independent
experiments performed in triplicate. *Significantly different from the same treatment group transfected with empty vector and the vehicle-treated
control group transfected with the receptor expression plasmid (P < 0.05). Androstanol reduced the constitutive activity of hCAR-WT by 32 ± 3%.
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the expected result (Figure 2A–2D). The same pattern of
CYP2B6 induction response was obtained, regardless of
whether HPRT1 (Figure 2A–2D), 18s rRNA (data not shown),
or cyclophilin (data not shown) was used to normalize the
gene expression data. As shown in Figure 2E–2F, the CYP2B6-
catalysed bupropion hydroxylation data were consistent with
the CYP2B6 mRNA results (Figure 2A–2D).

Rilpivirine and etravirine activate hCAR-WT
without involving the LBD
Our previous study indicated that rilpivirine, etravirine, efa-
virenz, nevirapine, and delavirdine at concentrations ≤10 μM
were not cytotoxic to HepG2 cells (Sharma et al., 2013).
Therefore, in the present study, the concentration of each of
these drugs did not exceed 10 μM in our cell-based reporter
gene assays. At an equimolar concentration (5 μM), rilpiv-
irine, etravirine, and efavirenz increased, whereas nevirapine
and delavirdine had no effect on the transcriptional activity
of hCAR-WT (Figure 3A). By comparison, the positive control
(CITCO) (Maglich et al., 2003) and the negative control
(TCPOBOP) (Moore et al., 2000) produced the expected
results. Dose–response experiments indicated the range of
concentrations of rilpivirine (1–10 μM, Figure 3B), etravirine
(2.5–10.0 μM, Figure 3C), and efavirenz (2.5–10.0 μM,
Figure 3D) that increased hCAR-WT activity.

To determine whether the NNRTIs transactivate the LBD
of hCAR-WT, cultured HepG2 cells were transfected with an
hCAR-WT-LBD expression plasmid (i.e. Gln-105 to Ser-348)
and treated with 5 μM rilpivirine, etravirine, efavirenz, nevi-
rapine, or delavirdine. As shown in Figure 4, none of the
NNRTIs increased the luciferase activity in cells transfected
with hCAR-WT-LBD. As expected, CITCO (positive control)
(Maglich et al., 2003), but not TCPOBOP (negative control)
(Lau et al., 2011a), transactivated hCAR-WT-LBD.

Rilpivirine and etravirine trigger nuclear
translocation of GFP-tagged hCAR-WT
To determine whether the NNRTIs triggered nuclear translo-
cation of hCAR-WT, primary cultures of human hepatocytes
were transfected with a GFP-tagged hCAR-WT expression
plasmid. As shown in Figure 5, confocal image analyses and
comparison with vehicle control (DMSO) group revealed that
at a concentration of 5 μM, rilpivirine, etravirine, and efa-
virenz, but not nevirapine or delavirdine, triggered nuclear
translocation of GFP-tagged hCAR-WT in primary cultures of
human hepatocytes. Control analysis showed that CITCO
and phenobarbital triggered nuclear translocation of hCAR-
WT, in agreement with previous findings (Maglich et al.,
2003; Li et al., 2009).

In contrast to CITCO, rilpivirine and
etravirine do not recruit SRC-1, SRC-2, or
SRC-3 to hCAR-WT-LBD
A mammalian two-hybrid assay was performed to determine
whether the NNRTIs recruit SRC to the LBD of hCAR-WT.
Rilpivirine, etravirine, efavirenz, nevirapine, and delavirdine
at 5 μM did not increase the luciferase activity in HepG2
cells co-transfected with a pVP16-hCAR-WT-LBD expression
plasmid and a pM-SRC-1 (Figure 6A), pM-SRC-2 (Figure 6B),
or pM-SRC-3 coactivator expression plasmid (Figure 6C). The

same results were obtained in cells transfected with a
pM-hCAR-WT-LBD receptor expression plasmid and a pVP16-
SRC-1, pVP16-SRC-2, or pVP16-SRC-3 coactivator expression
plasmid (data not shown). By comparison, CITCO (positive
control) (Maglich et al., 2003) and TCPOBOP (negative
control) (Lau et al., 2011a) produced the expected results.

Selective activation of hCAR isoforms by
rilpivirine and etravirine
As shown in Figure 3A and B, rilpivirine and etravirine acti-
vated hCAR-WT. Therefore, the next experiment was to inves-
tigate whether NNRTIs influence the activity of other hCAR
isoforms. At an equimolar concentration (5 μM), only efa-
virenz increased, whereas rilpivirine, etravirine, nevirapine,
and delavirdine had no effect on the activity of hCAR-SV23
(Figure 7A) or hCAR-SV24 (Figure 7B). Concentration–
response data revealed that 0.5–10.0 μM efavirenz increased
hCAR-SV23 activity (Figure 7C), whereas ≥5 μM efavirenz
increased hCAR-SV24 activity (Figure 7D). The effect of an
equimolar concentration (10 μM) of efavirenz on hCAR-SV24
(Figure 7D) was smaller than the response elicited by CITCO
(Figure 7B).

Figure 4
Effect of NNRTIs on transactivation of the LBD of hCAR-WT. Cultured
HepG2 cells were transfected with pFR-luc reporter plasmid, pGL4.74
[hRluc/TK] internal control plasmid, and either the pM-hCAR-WT-
LBD receptor expression plasmid or the pM empty vector for 24 h.
Transfected HepG2 cells were treated with DMSO (0.1% v v−1;
vehicle control), rilpivirine (RPV; 5 μM), etravirine (ETV; 5 μM), efa-
virenz (EFV; 5 μM), nevirapine (NVP; 5 μM), delavirdine (DLV; 5 μM),
TCPOBOP (0.25 μM; negative control), or CITCO (10 μM; positive
control) for 24 h. In all cases, cells were co-treated with androstanol
(10 μM; inverse agonist for hCAR-WT) to decrease the constitutive
activity of this receptor. Firefly luciferase and R. reniformis luciferase
activities were measured and normalized as described under
Methods. Data are expressed as mean ± SEM for three independent
experiments performed in triplicate. *Significantly different from the
same treatment group transfected with the empty vector and from
the vehicle-treated control cells transfected with receptor expression
plasmid (P < 0.05). Androstanol reduced the constitutive activity of
hCAR-WT by 30 ± 19%.
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None of the drugs at 5 μM transactivated the LBD of
hCAR-SV23 (Gln-105 to Ser-352) (Figure 8A) or hCAR-SV24
(Gln-105 to Ser-353) (Figure 8B). Among the NNRTIs investi-
gated in the mammalian two-hybrid assay for each combina-
tion of the LBD of a hCAR splice variant (pVP16-hCAR-SV23-
LBD or pVP16-hCAR-SV24-LBD) and an SRC (pM-hSRC1-RID,
pM-hSRC2-RID, or pM-hSRC3-LBD) (Figure 8C, 8D, and data
not shown), only efavirenz minimally recruited SRC-1 to the
LBD of hCAR-SV23 (Figure 8C). No recruitment was obtained
in cells transfected with a pM-containing receptor expression
plasmid and a pVP16-containing coactivator expression
plasmid (data not shown). In each of the assays mentioned
earlier, positive control analysis with DEHP and CITCO and
negative control analysis with TCPOBOP (Lau et al., 2011a)
produced the expected results (Figure 8C, 8D and data not
shown).

Discussion

CAR is a transcriptional factor of practical importance as
changes in its activity influence a variety of physiological
functions and pathological conditions (Jiang and Xie, 2013).
Moreover, owing to its effect on genes involved in transport
and biotransformation of various endogenous substances and
xenobiotics, alteration in CAR activity represents a molecular
basis for pharmacokinetic drug interactions and chemical
toxicity (Yang and Wang, 2014). Our study is the first to

demonstrate that rilpivirine and etravirine are activators of
hCAR-WT. This conclusion is based on our experimental evi-
dence indicating that rilpivirine and etravirine: (i) activated
hCAR-WT, as assessed in a cell-based reporter gene assay in
which cultured HepG2 cells were transfected with a plasmid
expressing the full-length hCAR-WT; (ii) triggered nuclear
translocation of GFP-tagged hCAR-WT in primary cultures of
human hepatocytes; and (iii) induced hCAR target gene
(CYP2B6) expression in primary cultures of human hepato-
cytes. The activation of hCAR-WT by rilpivirine and etra-
virine did not appear to involve a direct interaction between
each of these drugs and the LBD of hCAR-WT, as suggested by
the lack of an effect in a hCAR-WT-LBD-transactivation assay
and the lack of coactivator (SRC-1, SRC-2, and SRC-3) recruit-
ment in a mammalian two-hybrid assay. The molecular
mechanism of hCAR-WT activation is still not well-
understood. Previous studies have shown orthosteric
agonism as a mechanism of hCAR-WT activation by CITCO
(Maglich et al., 2003) and 3-hydroxyflavone (Lau and Chang,
2013). However, other ligands, such as phenobarbital (Moore
et al., 2000), phenytoin (Wang et al., 2004), and Ginkgo biloba
(Lau et al., 2011a), do not activate hCAR-WT by binding
directly to the LBD of the receptor and recruiting coactivators
to the ligand–receptor complex. A recent study indicated
inhibition of EGF receptor (EGFR) signalling as a mechanism
of indirect activation of mouse CAR by phenobarbital (Mutoh
et al., 2013). Given the pronounced species-dependency in
chemical activation of CAR (Chang and Waxman, 2006;

Figure 5
Localization of GFP-tagged hCAR-WT in primary cultures of human hepatocytes (HUM4038) treated with a NNRTI. Cultured hepatocytes were
transfected with pCMV6-AC-GFP-hCAR-WT for 24 h and subsequently treated with DMSO (0.1% v v−1; vehicle control), rilpivirine (RPV; 5 μM),
etravirine (ETV; 5 μM), efavirenz (EFV; 5 μM), nevirapine (NVP; 5 μM), delavirdine (DLV; 5 μM), CITCO (10 μM; positive control), or phenobarbital
(PB; 1 mM; positive control) for 24 h. Cells were fixed with 4% p-formaldehyde and mounted on glass slides using ProLong® Gold Antifade
Reagent with DAPI for confocal microscopy. Shown are representative photomicrographs illustrating the localization of GFP-tagged hCAR-WT,
DAPI-stained nuclei, and merged images for each treatment group.
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Omiecinski et al., 2011), it remains to be investigated
whether the EGFR signalling pathway also contributes to the
activation of hCAR by rilpivirine, etravirine, and other indi-
rect activators of hCAR. Overall, our data provide the novel
identification of rilpivirine and etravirine as activators of
hCAR-WT and show that the activation occurs in a manner
distinct from the orthosteric agonism of hCAR-WT by CITCO
(Maglich et al., 2003) and 3-hydroxyflavone (Lau and Chang,
2013).

Another novel finding of the present study is that rilpiv-
irine and etravirine activate hCAR in an isoform-dependent
manner. Rilpivirine and etravirine activated hCAR-WT, but
not hCAR-SV23 or hCAR-SV24. This finding corroborates with

the notion that these hCAR isoforms do not have identical
ligand activation profiles (Lau et al., 2011a). This may be
explained by the proposed alteration in receptor conforma-
tion of hCAR-SV23 as a result of the amino acid (SPTV)
insertion between helices 6 and 7 (DeKeyser et al., 2011) and
the proposed compromise in receptor heterodimerization of
hCAR-SV24 as a result of the amino acid (APYLT) insertion
between helices 8 and 9 (Omiecinski et al., 2011). As reported
previously, phenobarbital (Lau et al., 2011a) and various fla-
vonol analogues (galangin, datiscetin, kaempferol, quercetin,
isorhamnetin, and tamarixetin) (Lau and Chang, 2013) acti-
vate hCAR-WT, but not hCAR-SV23 or hCAR-SV24. In con-
trast, di-isononyl phthalate (DeKeyser et al., 2009) and
pheniramine (Dring et al., 2010) activate hCAR-SV23 and
hCAR-SV24, respectively, whereas neither affects the activity
of hCAR-WT. The finding that rilpivirine and etravirine acti-
vate hCAR-WT, but not hCAR-SV23 or hCAR-SV24 leads to the
possibility of inter-individual differences in hCAR-mediated
effects, given the inter-individual differences reported for
hepatic gene expression of hCAR-WT (Chang et al., 2003).

Among the first-generation NNRTIs investigated in the
present study, efavirenz at concentrations of 2.5–10.0 μM,
0.5–10.0 μM and 5–10 μM activated hCAR-WT, hCAR-SV23,
and hCAR-SV24 respectively. This occurred by a mechanism
that did not appear to involve binding to the LBD of the
respective receptor or recruitment of the SRC-1, SRC-2, and
SRC-3 coactivators. In a previous report (Svard et al., 2010),
10 μM efavirenz was shown not to activate hCAR-WT in a
cell-based reporter gene assay. However, any effect of efa-
virenz on hCAR-WT activity may have been masked in that
study (Svard et al., 2010) because their HepG2 cells were not
treated with an inverse agonist (e.g. androstanol) to attenuate
the high basal activity normally associated with hCAR-WT in
cultured HepG2 cells (Burk et al., 2005). Our results on acti-
vation of hCAR-SV24 by efavirenz are consistent with those
reported in a previous study (Faucette et al., 2007). Among
the other first-generation NNRTIs investigated in the present

Figure 6
Mammalian two-hybrid assay to evaluate recruitment of SRCs to the
LBD of hCAR-WT by specific NNRTIs. Cultured HepG2 cells were
co-transfected with a pVP-16-hCAR-WT-LBD receptor expression
plasmid (or the pVP-16 empty vector), a coactivator expression
plasmid, pFR-luc reporter plasmid, and pGL4.74 [hRluc/TK] internal
control plasmid. The coactivator expression plasmids were
pM-hSRC1-RID (A), pM-hSRC2-RID (B), and pM-hSRC3-RID (C).
Transfected HepG2 cells were treated with DMSO (0.1% v v−1;
vehicle control), rilpivirine (RPV; 5 μM), etravirine (ETV; 5 μM), efa-
virenz (EFV; 5 μM), nevirapine (NVP; 5 μM), delavirdine (DLV; 5 μM),
TCPOBOP (0.25 μM; negative control), or CITCO (10 μM; positive
control) for 24 h. In all cases, cells were co-treated with androstanol
(10 μM; inverse agonist for hCAR-WT) to decrease the constitutive
activity of this receptor. Firefly luciferase and Renilla reniformis lucif-
erase activities were measured and normalized as described under
Methods. Data are expressed as mean ± SEM for three independent
experiments performed in triplicate. *Significantly different from the
same treatment group transfected with the empty vector and from
the vehicle-treated control cells transfected with receptor expression
plasmid (P < 0.05). Androstanol reduced the constitutive activity of
hCAR-WT by 49 ± 8%, 36 ± 20%, and 45 ± 9% in cells co-transfected
with pVP16-hCAR-WT-LBD and pM-hSRC1-RID, pM-hSRC2-RID, or
pM-hSRC3-RID respectively.
◀
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study, nevirapine and delavirdine at concentrations of up to
10 μM did not influence the activity of hCAR-WT, hCAR-
SV23 or hCAR-SV24. In the case of nevirapine, it appears that
a greater concentration is needed to activate hCAR-SV24, as
shown in a previous finding that suprapharmacological con-
centrations (50 and 100 μM) of this drug activate hCAR-SV24
(Faucette et al., 2007; Chen et al., 2010). Overall, the first-
generation NNRTIs activated hCAR in an isoform-selective
and drug-specific manner. Furthermore, efavirenz activated
hCAR-WT, hCAR-SV23, and hCAR-SV24 by a mechanism that
is distinct from that of hCAR-WT and hCAR-SV24 activation
by CITCO and of hCAR-SV23 activation by DEHP (Lau and
Chang, 2013).

hCAR regulates the expression of CYP2B6, which is its
prototypical target gene (Sueyoshi et al., 1999). The CYP2B6
enzyme metabolizes a diverse group of drugs, including
bupropion (Hesse et al., 2000), efavirenz (Ward et al., 2003),

and nevirapine (Erickson et al., 1999). The CYP2B6-inducing
concentrations of rilpivirine (0.5–5.0 μM), etravirine (2.5–
5.0 μM), and efavirenz (5–10 μM) evident in our sandwich-
cultured human hepatocyte experiment are comparable with
the steady-state maximum plasma concentrations reported
for rilpivirine (0.30 ± 0.08 μM; mean ± SD) (Goebel et al.,
2006), etravirine (up to 5 μM) (Gagliardini et al., 2014),
and efavirenz (12.98 μM; 95% confidence interval, 7.95–
18.27 μM) (Nanzigu et al., 2012). Whether rilpivirine and
etravirine influence the elimination pharmacokinetics of
CYP2B6-metabolized drugs is not known, but efavirenz has
been reported to decrease by approximately one-half the sys-
temic exposure to bupropion (i.e. the area under the plasma
bupropion concentration–time curve) in a study of healthy
human subjects (Robertson et al., 2008). Interestingly, in vitro
experiments have identified rilpivirine (IC50 = 4.2 ± 1.6 μM)
(Weiss and Haefeli, 2013) and efavirenz (at 10 and 100 μM

Figure 7
Ligand-specific activation of functional splice variants hCAR-SV23 and hCAR-SV24 by NNRTIs. Cultured HepG2 cells were transfected with
pCMV6-XL4-hRXRα, pGL3-basic-CYP2B6-PBREM/XREM-luc reporter plasmid, pGL4.74 [hRluc/TK] internal control plasmid, and either a receptor
expression plasmid [pCMV6-neo-hCAR-SV23 (A, C) or pCMV6-XL4-hCAR-SV24 (B, D) ] or an empty vector (pCMV6-neo or pCMV6-XL4) for 24 h.
Transfected HepG2 cells were treated with DMSO (0.1% v v−1; vehicle control), rilpivirine (RPV; 5 μM), etravirine (ETV; 5 μM), efavirenz (EFV; 5 μM
or 0.1–10.0 μM), nevirapine (NVP; 5 μM), delavirdine (DLV; 5 μM), TCPOBOP (0.25 μM; negative control), DEHP (10 μM; positive control for
hCAR-SV23), or CITCO (10 μM; positive control for hCAR-SV24) for 24 h. Firefly luciferase and Renilla reniformis luciferase activities were measured
and normalized as described under Methods. Data are expressed as mean ± SEM for four or five independent experiments performed in triplicate.
*Significantly different from the same treatment group transfected with empty vector and the vehicle-treated control group transfected with the
receptor expression plasmid (P < 0.05).
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concentrations) (Hesse et al., 2001) as inhibitors of CYP2B6
catalytic activity. Therefore, in our human hepatocyte
samples treated with one of these drugs, the magnitude of
bupropion hydroxylation reflects perhaps not only an induc-
tive effect on CYP2B6 gene expression, but also an inhibitory
effect on CYP2B6 catalytic activity by rilpivirine and efa-
virenz. Studies are planned to investigate in detail the effect
of these NNRTIs on CYP2B6 catalytic activity.

In conclusion, NNRTIs activate hCAR in an isoform-
selective and drug-specific manner. Rilpivirine and etravirine
activate hCAR-WT, whereas efavirenz activates hCAR-WT and
its SV23 and SV24 splice variants. The activation of these
hCAR isoforms occurs by a mechanism that does not appear
to involve binding to the LBD of the respective receptor or

recruitment of SRC-1, SRC-2, or SRC-3 coactivators. This indi-
cates that rilpivirine, etravirine, and efavirenz are not a
CITCO-type of hCAR-WT and hCAR-SV24 activator nor are
they DEHP-type of hCAR-SV23 activator.
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