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ABSTRACT
Opioid dependence during pregnancy is a rising concern.
Maintaining addicted pregnant women on long-acting opioid
receptor agonist is the most common strategy to manage drug
abuse in pregnant women. Methadone (MET) and buprenorphine
(BUP) are widely prescribed for opiate maintenance therapy.
Norbuprenorphine (NBUP) is the primary active metabolite of
BUP. These medications can cross the placenta to the fetus,
leading to postpartum neonatal abstinence syndrome. Despite
their use during pregnancy, little is known about the cellular
changes in the placenta brought about by these drugs. In this
study, we showed that BUP, NBUP, and MET at clinically
relevant plasma concentrations significantly induced BCRP
mRNA up to 10-fold in human model placental JEG3 and BeWo
cells and in primary human villous trophoblasts, and this in-
duction was abrogated by CH223191, an aryl hydrocarbon

receptor (AhR)-specific antagonist. These drugs increased AhR
recruitment onto the AhR-response elements and significantly
induced breast cancer resistance protein (BCRP) gene tran-
scription. AhR overexpression further increased BCRP mRNA
and protein expression. Knockdown of AhR by shRNA de-
creased BCRP expression, and this decrease was reversed by
rescuing AhR expression. Finally, induction of BCRP expression
in JEG3 and BeWo cells was accompanied by an increase in its
efflux activity. Collectively, we have demonstrated, for the first
time, that BUP, NBUP, and MET are potent AhR agonists and
can induce BCRP in human placental trophoblasts by activating
AhR. Given the critical role of BCRP in limiting fetal exposure to
drugs and xenobiotics, long-term use of these medications may
affect fetal drug exposure by altering BCRP expression in human
placenta.

Introduction
Opioid dependence in pregnant women is on the rise in the

United States. Public health survey indicates a 15% increase
in opiate use during pregnancy between 2009 and 2013 (Sub-
stance Abuse and Mental Health Services Administration,
2014; Volkow, 2016). Opiate use during pregnancy has been
associated with physical, mental, and psychological problems
for pregnant women and their infants, including preterm
delivery and changes in birth weight (Kaltenbach et al., 1998;

Fajemirokun-Odudeyi et al., 2006). To lower health risks,
several strategies are used to manage drug abuse during
pregnancy, and the current consensus is to maintain opioid-
addicted pregnant women on a long-acting opioid receptor
agonist to avoid adverse health implications to the mother or
the fetus or infant (Bart, 2012). Methadone (MET) mainte-
nance therapy has been the standard of care for opioid
addiction (Jones et al., 2005) and is accepted by the National
Institutes of Health and the World Health Organization as
the standard treatment of opioid-dependent pregnant women
(National Consensus Development Panel on Effective Medical
Treatment of Opiate Addiction, 1998; Substance Abuse and
Mental Health Services Administration, 2014). More recently,
the U.S. Food and Drug Administration–approved the use of
buprenorphine (BUP) maintenance therapy (Rayburn and
Bogenschutz, 2004). BUP is a strong analgesic at low doses
and an antagonist at high concentrations (Cowan et al., 1977).
It has limited abstinence syndrome and hence a great drug to
treat opioid addiction. At present, both MET and BUP are
widely used in opiate maintenance therapy (Strain et al.,
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1996; Whelan and Remski, 2012). MET is administered as
an oral tonic, containing a racemic mixture of R-methadone
(R-MET) and S-methadone (S-MET) enantiomers. BUP is ad-
ministered sublingually and is metabolized to the primary
active metabolite norbuprenorphine (NBUP) (Cone et al.,
1984).
Placenta, a transient organ, develops during pregnancy to

ensure the proper exchange of nutrients and waste between
the mother and fetus. The placental barrier consists primarily
of a layer of syncytiotrophoblasts that separates the fetal
compartment and the maternal blood (Cross et al., 1994).
Transporter expressed on the apical and basal membranes of
the syncytiotrophoblasts plays crucial roles in mediating the
transfer of drugs and xenobiotics across the placental barrier
from the maternal circulation (Vähäkangas and Myllynen,
2009; Ni and Mao, 2011).
Breast cancer resistance protein (BCRP, gene symbol

ABCG2) is a major ABC efflux transporter initially discovered
in breast cancer cell lines, where it confers multidrug re-
sistance (Doyle et al., 1998; Miyake et al., 1999). In normal
human tissues, BCRP is highly expressed in the placenta,
liver, and small intestine (Maliepaard et al., 2001). In the
placenta, BCRP is located on the apical membrane of syncy-
tiotrophoblasts that faces the maternal blood (Maliepaard
et al., 2001), implicating its role in limiting fetal exposure to
drugs and xenobiotics by pumping them from the fetal
compartment back to the maternal circulation. In vivo studies
using Bcrp1 knockout mice have indeed shown that Bcrp1, the
murine homolog of human BCRP, significantly limits fetal
exposure to certain BCRP substrates including glyburide,
nitrofurantoin, and topotecan (Jonker et al., 2000; Zhang
et al., 2007; Zhou et al., 2008). Results from placenta perfusion
studies support the same conclusion (Kraemer et al., 2006;
Staud et al., 2006).
Aryl hydrocarbon receptor (AhR) is a ubiquitously ex-

pressed, ligand-activated nuclear receptor that is highly ex-
pressed in many adult tissues, including human placenta
(Manchester et al., 1987; Dolwick et al., 1993), and is detect-
able at high levels in syncytiotrophoblasts (Jiang et al., 2010).
AhR acts as a receptor for a plethora of hydrophobic aromatic
compounds, including xenobiotics generated from smoking
and drugs, and it can regulate the expression of many drug-
metabolizing enzymes and transporters, such as CYP1A1 and
BCRP in carcinoma cell lines (Tan et al., 2010; Stejskalova
et al., 2011a). Although it has been established that AhR is
involved in the regulation of BCRP in several cell types,
whether BCRP in human placenta can be induced via AhR has
not been reported. Among xenobiotic nuclear receptors, such
as pregnane X receptor (PXR), constitutive androstane re-
ceptor (CAR), and AhR, AhR is the only one known to be
expressed in human placenta (Pavek and Smutny, 2014). AhR
can be activated by a range of structurally diverse chemicals
and ligands. This activation is associated with nuclear trans-
location and direct interaction of AhR with xenobiotic re-
sponse elements (XREs) in the promoter region of target genes
to modulate respective gene expression (Denison and Nagy,
2003).
Therefore, in the present study, we primarily examined

whether AhR in human placental cells can be activated by
drugs used to treat drug abuse during pregnancy (BUP,
NBUP, R-MET, and S-MET) and whether these drugs can
induce BCRP expression in human placenta by activating the

AhR signaling cascade in human placental cells. Data
obtained will have important clinical implications related to
the use of tobacco/opiate maintenance medications during
pregnancy.

Materials and Methods
Materials and Cell Lines. BuprenorphineHCl (RTI log no. 8982-

0899-22, ref. no. SAF 021637), norbuprenorphine (RTI log no. 3858-20,
ref. no. SAF 021637), R-(-)-methadoneHCl (RTI log no. 12295-72C, ref.
no. SAF 021637) and S-(1)-methadoneHCl (RTI log no. 12793-31C, ref
no. 021637) were obtained from the central drug repository at
National Institute on Drug Abuse/National Institutes of Health
(Rockville, MD). 3-Methylcholanthrene (3-MC), an established AhR
ligand (Abdelrahim et al., 2006) and Ko143, a potent BCRP inhibitor,
were from Sigma (St. Louis, MO). CH223191 was purchased from
Calbiochem (Billerica, MA). Stocks of these compounds were prepared
in dimethylsulfoxide, aliquoted, and stored at 220°C until use; fresh
dilutions in appropriate culture medium were prepared and used for
every experiment. The final concentration of dimethylsulfoxide
(DMSO) was less than 0.1% (v/v) across all treatments. JEG3
[American Type Tissue Culture (ATCC) HTB-36] and BeWo (ATCC
CCL-98) were purchased from ATCC (Manassas, VA). All antibodies
used for immunoblotting were from Santa Cruz Biotechnology (Santa
Cruz, CA). Human villous trophoblasts (HVTs) (catalog no. 7120) and
trophoblast media (catalog no. 7121) were purchased from ScienCell
Research Laboratories (Carlsbad, CA). HVTs were isolated from
human placental villi, cryopreserved at passage one, and delivered
frozen.

Cell Culture. JEG3 cells were cultured and maintained in
Dulbecco’s modified Eagle’s medium, and BeWo cells were cultured
and maintained in F-12K (Invitrogen, Waltham, MA) media, supple-
mented with 10% fetal bovine serum (Sigma) and 1 � Anti-Anti
(Invitrogen). To eliminate the influence of serum factors and the mild
estrogenic effect of phenol red (Berthois et al., 1986), cells were serum-
starved in phenol red–free Dulbecco’s modified Eagle’s medium or
F-12K for 24 hour before treatment with respective drugs. After
24 hours of drug treatment, the cells were harvested and RNA
extraction or whole-cell lysates were prepared as described herein.
HVTs were maintained in trophoblast media according to the
manufacturer’s instructions. The cells were allowed to grow and
differentiate for 3 days before serum starvation for 24 hours, followed
by drug treatment in serum-devoid trophoblast media. After drug
treatment of 24 hours, HVTs were harvested for RNA extraction or
whole-cell lysate preparation.

Total RNA Isolation and Real-Time Reverse Transcription-
Polymerase Chain Reaction Analysis (RT-PCR). The effects of
drug treatment on BCRP mRNA expression were quantified by
RT-PCR as follows. Briefly, total RNA was extracted from cells using
Trizol reagent (Thermo Fisher Scientific, Waltham, MA) according to
the manufacturer’s instructions. To eliminate contamination of
genomic DNA, all RNA samples were treated with DNase I (Thermo
Fisher Scientific) followed by phenol-chloroform precipitation. Com-
plementary DNA was prepared using 2 mg of purified total RNA and
SuperScript III reverse transcription kit (Invitrogen) according to the
manufacturers’ instructions. Real-time PCR reactions were performed
using 3 ml of 1:10 diluted single-strand cDNA with specific primers and
the SYBR Green 2 � PCR Master Mix (Applied Biosystems, Waltham,
MA) on the CFX RT-PCR system (Bio-Rad, Hercules, CA) by initial
denaturation at 95°C for 10minutes, followed by cycling conditions 95°C
for 30 seconds, 55°C for 30 seconds, and 72°C for 1 minute for 30–50
cycles, depending on the gene, and finally ending with a hold at 4°C. The
specific primer pairs used for human genes were as follows. BCRP/
ABCG2: 59-GCAACATGTACTGGCGAAGA-39, and 59-CAGGTAGG-
CAATTGTGAGGAA-39; AhR: 59-CAACCCTTTTCCTGCCATAA-39
and 59-GCCAGGAGGGAACTAGGATT-39; CYP1A1: 59-GGACAT-
GACCCCCATCTAT-39 and 59-CAGGGCTCTCAAGCACCTA-39, 18s
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ribosomalRNA: 59-GTGGAGCGATTTGTCTGGTT-39and59-GAACGC-
CACTTGTCCCTCT-39. All primers were obtained from Integrated DNA
Technologies (Coralville, Iowa). Quantification of relative mRNA
levels was carried out by determining the threshold cycle (CT) as
previously described (Wang et al., 2006) using 18s ribosomal RNA
(18s rRNA) as an internal control. The mRNA levels of target gene
were normalized to b-actin as follows: CT (target gene) 2 CT (18s
rRNA) 5 DCT. Then, the relative mRNA levels of target gene after
drug treatment were calculated using the DDCT method: DDCT (drug
treatment)5 DCT (drug treatment) – DCT (vehicle). The fold changes
in mRNA levels of target gene upon drug treatment were expressed
as 2-DDCT. The final concentration of dimethylsulfoxide (vehicle) in
all treatments was , 0.1% (v/v).

SDS-PAGE and Immunoblotting. Whole-cell lysates were pre-
pared using RIPA buffer (Thermo Fisher Scientific) supplemented
with DNase (2 mg/ml) according to the manufacturer’s instructions.
After BCA protein quantification (Thermo Fisher Scientific), the
protein samples of whole-cell lysate (20–30 mg of protein each lane)
were subjected to SDS-PAGE and immunoblotting as previously
described (Wang et al., 2006, 2008). The following primary antibodies
were used: BXP-21 (sc-58222) against BCRP, ACTB (I-19) (sc-1616)
against human b-actin, AhR (B-11) (sc-74571) against AhR, and
GAPDH (6C5) (sc-32233) against human glyceraldehyde 3-phosphate
dehydrogenase. Human b-actin or GAPDH was detected as an inter-
nal control. Relative BCRP protein levels were determined by densi-
tometric analysis of the immunoblots using the ImageJ software
(National Institutes of Health, Bethesda, MD) and normalized to that
of b-actin.

Stable Overexpression of AhR in JEG3 Cells. The
pcDNA3/AhR expression vector (Fukunaga and Hankinson, 1996)
was stably transfected into JEG3 cells to overexpress human AhR as
indicated in respective experiments. The corresponding empty vector
was used to establish the empty vector control cells with no AhR
overexpression.

Knockdown and Rescue of AhR. To knock down AhR in JEG3
cells, a lentiviral shRNA plasmid (pLKO.1) targeting human AhR
mRNA and the empty vector purchased from GE Healthcare Dhar-
macon (Lafayette, CO) were used to prepare lentivirus particles.
Lentivirus particles containing sh-AhR or scramble control were
produced by cotransfecting human embryonic kidney cell type
HEK293T (Invitrogen) with pMD2Gand psPAX2 virus packaging
protein vectors along with the respective pLKO.1 plasmids (scramble
or sh-AhR) as previously described (Dever and Opanashuk, 2012)
using LipofectAMINE 3000 (Invitrogen). Viral particle–containing
medium was collected 42, 72, and 96 hours after transfection,
centrifuged twice at 4000 rpm for 10 minutes at 4°C, and filtered
through 0.45 mm of low-protein binding syringe filter (GE Healthcare,
Chicago, IL), aliquoted, and stored at280°C until use. To knock down
AhR, JEG3 cells were infected by adding viral particle-containing
medium to culture media containing Polybrene (Santa Cruz Bio-
technology) at a concentration of 8 mg/ml. Cells with AhR knocked
down were obtained by selection in Puromycine for 48 hours after
infection. Rescue of AhR expression in JEG3 cells with AhR knocked
down was performed by transiently transfecting the cells with the
pcDNA3/AhR expression vector.

Luciferase Reporter Plasmids. The X4-4.2 plasmid containing
four consensus AhR binding-xenobiotic response elements (XREs)
cloned upstream of the luciferase cassette in the pGL4.2 plasmid was
previously used to demonstrate AhR induction by coffee (Ishikawa
et al., 2014). The BCRP promoter luciferase plasmids containing the
humanBCRP promoter regions spanning21285 to1362 with at least
two putative AhR responsive elements (at positions2194/2190 and2
59/255) and spanning 2115 to 1362 with one putative AhR re-
sponsive element (at position 259/255) cloned into the pGL3 lucifer-
ase plasmid was a gift fromDr. Douglas Ross (Bailey-Dell et al., 2001).
These BCRP promoter luciferase plasmids were previously used to
demonstrate induction of luciferase activity by prototype AhR ligands,
including 3-MC (Tan et al., 2010; Tompkins et al., 2010).

Luciferase Reporter Assay. JEG3 cells stably overexpressing
AhR (AHR.OE) or the empty vector (EMT.V) cells were plated in a
24-well plate at a seeding density of 2 � 104 cells/well and grown to
confluency, following which they were transiently cotransfected with
either X4-4.2 or pGL3-BCRP and pGL3-renilla-luciferase plasmids
(Addgene, Cambridge, MA) at a ratio of 100:1, using LipofectAMINE
3000 (Invitrogen) according to manufacturer’s instructions. The cells
were cultured in serum containing media for 24 hours post-transfection.
Cells were then serum starved for 24 hours and treated with respec-
tive compounds at concentrations indicated for 24 hours. After
treatment, the cells were lysed using 1 � PLB (Promega, Madison,
WI) according to the manufacturer’s instructions. Relative luciferase
activities were quantified using the Dual-Luciferase assay system
(E2920, Promega) and normalized to respective renilla luciferase
activities according to the manufacturer’s instructions.

BCRP Activity Assay. Efflux activities of BCRP before and after
drug treatment were measured by quantifying intracellular accumu-
lation of Hoechst33342 as previously described for Jar and BeWo cells
(Mason et al., 2014; Xiao et al., 2015) with slightmodifications. Briefly,
a serum-starved confluent monolayer of JEG3 or BeWo cells grown in
96-well plates was treated with a drug or 3-MC at the concentrations
indicated for 24 hours. Cells were then preincubated for 1 hour with or
without 5 mM Ko143. After preincubation, Hoechst33342 (5 mg/ml)
dissolved in fresh media with or without Ko143 (5 mM) was added and
incubation was continued for additional 1 hour. The reaction was then
stopped by adding ice-cold Hanks’ balanced salt solution buffer and
immediately incubating on ice for 5 minutes and washed 2 times with
ice-cold Hanks’ balanced salt solution. The cells were lysed in the lysis
buffer (1 mMTris-HCl, pH 7.4, with 1% Triton X-100). Fluorescence in
whole-cell lysates was measured with an excitation wavelength of
355 nm and emission wavelength of 460 nm on a BioTek3 microplate
reader (BioTek Instruments, Inc., Winooski, VT). The fluorescence
was normalized to the amount of protein in cell lysates and used as a
measure of intracellular accumulation of Hoechst33342. Induction of
BCRP protein expression is expected to decrease intracellular accu-
mulation of Hoechst33342, and inhibition of BCRP by Ko143 is
expected to increase intracellular accumulation of Hoechst33342.
The experiments were performed at 37°C in a humidified incubator
and plate reader.

Statistical Analysis. All data were expressed as means6 S.D. of
at least three independent experiments. Statistical analysis was
conducted using two-way analysis of variance analysis followed by
the Bonferroni correction for multiple comparisons or two-tailed
Student’s t test for paired comparisons. All statistical analysis was
performed using the GraphPad Prism 7 software (La Jolla, CA).
Differences with P , 0.05 were considered statistically significant.

Results
BUP, NBUP, R-MET, and S-MET Induce BCRPmRNA

in Trophoblasts. To determine whether the drugs that are
used to treat drug abuse during pregnancy can regulate BCRP
expression in trophoblasts, we first treated JEG3 cells with
BUP, NBUP, R-MET, and S-MET at clinically relevant
plasma concentration ranges observed in pregnant women
(Supplemental Table 1), representing approximately the un-
boundmaximum (Cmax, u) plasma concentrations and theCmax

plasma concentrations (0.001 mM and 0.01 mM for BUP and
NBUP as well as 0.5 mM and 1.5 mM for R-MET and S-MET,
respectively). At these concentrations, BCRP mRNA in JEG3
cells was significantly induced approximately 2- to 7-fold by
these drugs compared with vehicle controls after 24-hour
treatment (Fig. 1). The -fold induction varied, depending on
the drug used. BUP-mediated induction of BCRP mRNA at
0.01 mMappeared to be smaller than that at 0.001 mM, but the
difference was not statistically significant (Fig. 1A). All the
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drug treatments did not affect cell viability at the concentra-
tions used after 24-hour treatment (data not shown). Treat-
ment of JEG3 cells for 12 hours did not induce BCRP mRNA
(data not shown). Therefore, all subsequent experiments were
performed with 24-hour treatments at the representative
Cmax plasma concentrations, as we observed robust induction
of BCRP mRNA expression across all the treatment groups at
these concentrations.
To evaluate whether this induction was cell-type specific and

could be replicated in primary human trophoblasts, we next
treated BeWo cells and HVTs with the four drugs at Cmax

concentrations for 24 hours. Similar to JEG3 cells, we observed
that BCRPmRNAwas significantly induced 2- to 5-fold in BeWo
cells (Fig. 2D) and 4- to 8-fold in HVTs (Fig. 2F) by these drugs.
The results suggest that BUP, NBUP, R-MET, and S-MET at
clinically relevant concentrations can significantly upregulate
BCRP mRNA expression in human placental trophoblasts.
Drug-Induced Increase in BCRP mRNA Expression

Is Suppressed by an AhR Antagonist. We next evaluated
the potential involvement of xenobiotic nuclear receptors in
mediating drug-induced BCRP gene expression. AhR is the
only xenobiotic nuclear receptor that is highly expressed in
human placental syncytiotrophoblasts (Pavek and Smutny,
2014). To evaluate the involvement of AhR in regulating
BCRP expression by the drugs in JEG3, BeWo, and HVTs, we
pretreated the cells with 3 mM CH223191, which is a potent
and highly selective AhR inhibitor (Zhao et al., 2010; Ishikawa
et al., 2014) for 12–16 hours before cotreatment with re-
spective drugs. As expected, all drugs at Cmax plasma
concentrations significantly induced BCRP mRNA in JEG3
(Fig. 2B), BeWo (Fig. 2D), and HVTs (Fig. 2F) compared with
the vehicle controls. Pretreatment of cells with CH223191
nearly completely abrogated the drug-mediated induction of
BCRP mRNA in all the three types of cells, suggesting that
BCRP mRNA is likely induced by these drugs via activating
AhR. Consistent with these findings, 3-MC, a known AhR
ligand (Abdelrahim et al., 2006), also induced BCRP mRNA
with similar fold changes (Fig. 2, B, D, and F). Furthermore,
the four drugs and 3-MC all significantly induced CYP1A1
mRNA, and the induction was also completely inhibited by
CH223191 (Fig. 2, A, C, and E). Since CYP1A1 is a knownAhR
target gene (Postlind et al., 1993; Hu et al., 2007), the results

clearly suggest a role of AhR in the induction of BCRP gene
expression by BUP, NBUP, R-MET, and S-MET in human
placental trophoblasts.
BUP, NBUP, R-MET, and S-MET are AhR Ligands. To

further validate whether BUP, NBUP, R-MET, and S-MET
are AhR ligands, we generated JEG3 cells stably overexpress-
ing AhR. Upon stable transfection of JEG3 cells with a human
AhR expression vector, AhR mRNA was significantly in-
creased 5-fold (Fig. 3A). AhR protein expression was also
increased in the AhR-overexpressing (AHR.OE) cells com-
pared with the empty vector control (EMT.V) and parent cells
(Fig. 3B). Figure 3C shows that treating the EMT.Vwith 3-MC
significantly increasedCYP1A1mRNA∼2-fold comparedwith
the vehicle control, possibly owing to endogenous AhR. In
AHR.OE cells treated with vehicle alone, the levels of CYP1A1
mRNA were about twice the levels of CYP1A1 mRNA in the
EMT.V cells treated with vehicle alone. Treating the AHR.OE
cells with 3-MC further increased CYP1A1 mRNA ∼3-fold
compared with the levels of CYP1A1 mRNA in the AHR.OE
cells treated with vehicle alone (Fig. 3C), consistent with the
higher level of AhR expression in the AHR.OE cells.
We next transfected these cells with the AhR luciferase

reporter plasmid X4-4.2 that contains four consensus AhR
XREs (Fig. 3D) andwas previously used to demonstrate coffee-
mediatedAhR activation (Ishikawa et al., 2014). Treating cells
with 3-MC clearly increased the luciferase activity (Fig. 3E).
Again, the fold of induction associated with the AhR-
overexpressing (AHR.OE) cells treated with 3-MC was much
greater than that associated with the empty vector EMT.V
cells treated with 3-MC (30-fold vs. 3-fold) or with the AHR.OE
cells treated with vehicle alone (30-fold vs. 10-fold) (Fig. 3E).
The results indicate that our model cell system is appropriate
for testing AhR ligands. Hence, we treated these cells with
respective drugs at Cmax plasma concentrations. BUP, NBUP,
R-MET, and S-MET all significantly increased the luciferase
activity 12- to 30-fold in the AHR.OE cells compared with the
EMT.V cells treated with vehicle alone or ∼10- to 20-fold
compared with AHR.OE cells treated with vehicle alone (Fig.
3F). AhR overexpression alone with no 3-MC or drug treat-
ment also significantly increased the luciferase activity but at
levels generally less than 10-fold (Fig. 3, E and F). This result
is not unexpected as we (Fig. 3C) and earlier studies have

Fig. 1. BUP, NBUP, R-MET, and S-MET induce BCRP mRNA in JEG3 cells. Confluent monolayers of serum-starved JEG3 cells were treated for
24 hours with respective drugs at unbound Cmax (0.01 mM for BUP and NBUP and 0.5 mM for R-MET and S-MET) and Cmax (0.1 mM for BUP and NBUP
and 1.5 mM for R-MET and S-MET) plasma concentrations. Results for BUP and NBUP, as well as for R-MET and S-MET, are shown in (A) and (B),
respectively. Shown are means 6 S.D. of three to six independent experiments performed in duplicate or triplicate. All data were normalized to the
vehicle controls, which were set as 1-fold. *Significant differences with a P , 0.05 between the vehicle control and drug treatment groups by two-way
analysis of variance analysis, followed by the Bonferroni correction.
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shown that just overexpression of AhR can induce expression
of its target genes, including CYP1B1, compared with the
empty vector controls (Wang et al., 2009), suggesting that
when AhR is overexpressed, it can enter the nucleus to
activate transcription of target gene without ligand binding;
however, in the presence of AhR ligands, expression of target
genes is further increased, as shown in Fig. 3C. Taken
together, these results clearly indicate that BUP, NBUP,

R-MET, and S-MET are AhR ligands and can activate AhR at
clinically relevant concentrations.
BUP, NBUP, R-MET, and S-MET Induce the BCRP

Promotor Activity via Activating AhR. To further eval-
uate whether the drugs induced BCRP by activating AhR, we
performed a luciferase reporter assay with the BCRP pro-
moter luciferase plasmid containing the BCRP promoter
region (21285 to 1362) in which there are at least three

Fig. 2. Drug-mediated fold induction of BCRPmRNA is suppressed by the AhR antagonist CH223191. Serum-starved JEG3 (A andB), BeWo (C andD), and
HVT (E and F) cells were preincubated with the AhR inhibitor CH223191 at 3 mM for 12–16 hours and then treated with respective drugs at concentrations
indicated for 24 hours. Cells were harvested and analyzed for the expression of CYP1A1 mRNA (A, C, and E) and BCRP mRNA (B, D, and F). Shown are
means6S.D. of three independent experiments performed in triplicates. 3-MCwasusedas a positive control. All datawerenormalized to the vehicle controls
which were set as 1-fold. *Significant differences with P , 0.05 between with and without CH223191 groups by two-tailed Student’s t test.
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putative AhR XREs (Tan et al., 2010; Tompkins et al., 2010)
(Fig. 4A). To show whether there is a dose-dependence in
activating the BCRP promoter by the drugs, we first treated
parent JEG3 cells transfected with the BCRP promoter
luciferase plasmid with drugs at Cmax and 10� Cmax concen-
trations. As shown in Fig. 4, C and D, the BCRP promoter
luciferase activity was significantly increased by ∼2-fold at
Cmax concentrations of the four drugs and remained unchanged
when drug concentrations were increased to 10� Cmax. Thus,
AhR seemed to be already saturated at Cmax concentrations.
Given the nM or low mM concentrations used, these drugs,
particularly BUP and NBUP, appear to be highly potent AhR
ligands for BCRP induction.
We next performed the luciferase reporter assay in AHR.OE

JEG3 cells with 3-MC and the drugs. As expected, 3-MC at
1 mMsignificantly increased theBCRP promoter activity ∼10-
fold in the AHR.OE cells, but it induced the BCRP promoter
activity only∼3-fold in the empty vector EMT.V cells (Fig. 4E).
On similar lines, treating these cells with these drugs at Cmax

concentrations led to a significantly higher induction inBCRP
promoter activity in the AHR.OE cells than that in the EMT.V
cells (8- to 10-fold vs. ∼3-fold) (Fig. 4F). Again, the BCRP
promoter activity was increased by vehicle alone in the AHR.

OE cells but at levels significantly lower than those induced by
3-MC (Fig. 4E) or the drugs (Fig. 4F). In theEMT.V cells, 3-MC
and the drugs slightly increased the BCRP promoter activity,
possibly owing to endogenous AhR (Fig. 4, E and F). These
findings clearly support the conclusion that BUP, NBUP,
R-MET, and S-MET can induce BCRP gene expression via
activating AhR. To further evaluate whether the proximal
AhR XREs in the BCRP promoter region are involved in
upregulating BCRP gene expression, we transfected parent
JEG3 and BeWo cells with either the long (21285/1362) (Fig.
4A) or the short (2115/1362) (Fig. 4B) BCRP promoter
luciferase plasmid. Treatments with all the drugs signifi-
cantly induced the BCRP promoter activities 3- to 5-fold in
both types of cells transfected with the long (21285/1362)
BCRP promoter construct compared with vehicle controls
(Fig. 4, G and H); however, none of the treatments induced
the BCRP promoter activities at all in cells transfected with
the short (2115/1362) BCRP promoter construct (Fig. 4, G
and H). Previous studies have shown that one full consensus
AhR XRE is at position 2194/2190 and two putative AhR
XREs are at positions 2391/2387 and 259/255 (Tan et al.,
2010; Tompkins et al., 2010). The results suggest that the
proximal full consensus AhR XRE at position 2194/2190 is

Fig. 3. BUP, NBUP, R-MET, and S-MET
are AhR ligands. (A) Shows fold changes in
AhR mRNA levels in JEG3 cells stably
transfected with the pcDNA3/AhR expres-
sion vector and the corresponding empty
vector. (B) A representative immunoblot
showing AHR protein expression in cells
transfected with AhR expression vector
(AHR.OE) compared with parent JEG3
control (Cnt) and the empty vector trans-
fected (EMT.V) cells. GAPDHwas detected
as an internal control. (C) 3-MC-mediated
induction of CYP1A1 mRNA in JEG3 cells
with AhR overexpression compared with
the empty vector cells. Data in (C) were
normalized to the vehicle controls of EMT.
V cells, which were set as 1-fold. *Signifi-
cant differences; P , 0.05 compared with
the vehicle-treated EMT.V cells. (D) Sche-
matically illustrates the X4-4.2 plasmid
that contains four AhR-binding XREs at a
position upstream of the luciferase gene.
(E) 3-MC significantly induced luciferase
activity in AHR.OE cells transfected with
the X4-4.2 plasmid compared with that in
the EMT.V cells and vehicle-treated cells.
(F) BUP, NBUP, R-MET, and S-MET
significantly induced luciferase activity in
AHR.OE cells transfected with the X4-4.2
plasmid compared with that in the EMT.V
cells and vehicle-treated cells. Insert in (F)
shows data from ligand-/drug-treated
EMT.V cells compared with vehicle treat-
ment controls. All data shown aremeans6
S.D. of three independent experiments
performed in triplicate. *Significant differ-
ences, with P , 0.05 between the respec-
tive AHR.OE and EMT.V cells. #Significant
difference, with P , 0.05 between the
vehicle- and ligand-/drug-treated EMT.V
cells. $Significant differences, with P ,
0.05 between the vehicle- and ligand-/drug-
treated AHR.OE cells. Statistical analysis
was performed by two-way analysis of vari-
ance analysis followed by the Bonferroni
correction.
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Fig. 4. BUP, NBUP, R-MET, and S-MET active BCRP transcription. (A and B) Schematic illustrations of the BCRP promoter luciferase constructs that
contain the21285 to +362 and2115 to +362 regions of the humanBCRP promoter, respectively. Treatment withBUPandNBUP (C), R-MET and S-MET
(D) significantly induced the luciferase activity in parent JEG3 cells transfected with the 21285/+362 promoter construct. Shown are means 6 S.D. of
three independent experiments performed in triplicate. (C and D) Data were normalized to the vehicle controls, which were set as 1-fold. *Significant
differences, with P , 0.05 between the vehicle control (open bars) and drug-treatment groups (filled bars). (E) 3-MC significantly induced luciferase
activity in AhR-overexpressing JEG3 cells (AHR.OE) transfected with the 21285/+362 promoter construct compared with that in the empty vector
control JEG3 cells (EMT.V).(F) BUP, NBUP, R-MET, and S-MET significantly induced luciferase activity in AHR.OE cells transfected with the 21285/
+362 promoter construct compared with that in EMT.V cells. Shown are means 6 S.D. of three independent experiments performed in triplicate.
*Significant differences, with P , 0.05 between the respective AHR.OE and EMT.V cells. #Significant differences, with P , 0.05 between the vehicle-
treated and ligand-/drug-treated EMT.V cells. $Significant differences, withP, 0.05 between the vehicle-treated and ligand-/drug-treated AHR.OE cells.
(G and H) show luciferase activities in parent JEG3 and BeWo cells, respectively. Cells were transfected with the21285/ +362 (open bars) or2115/+362
(filled bars) promoter construct. Shown are means 6 S.D. of three independent experiments performed in triplicate. *Significant differences, with
P , 0.05 between the cells transfected with 21285/+362 promoter construct and the 2115/+362 promoter construct. #Significant differences, with
P, 0.05 between the vehicle-treated and ligand-/drug-treated cells transfected with the2115/+362 promoter construct. $Significant differences,P, 0.05
between the vehicle-treated and ligand-/drug-treated cells transfected with the 21285/+362 promoter construct. Statistical analysis for (C–H) was
performed by two-way analysis of variance analysis followed by the Bonferroni correction.
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possibly involved in the induction of the BCRP promoter
activity.
BUP, NBUP, R-MET, and S-MET Induce BCRPmRNA

and Protein Expression in AhR-Overexpressing JEG3
Cells. We next examined whether the drugs can induce
BCRP mRNA and protein expression in AhR-overexpressing
JEG3 cells at levels higher than those in the empty vector
cells. Indeed, drug treatment increased BCRP mRNA 8- to
15-fold in AhR-overexpressing cells; however, the induction

was generally less than 5-fold in the empty vector cells (Fig.
5A). Likewise, 3-MC induced BCRP mRNA ∼20-fold in AhR-
overexpressing cells but only 5-fold in the empty vector cells
(Fig. 5A). These results suggest that overexpression of AhR
supports greater induction of BCRP. In parallel, we found that
BCRP protein levels were also significantly increased 4- to
6-fold upon drug treatment in AhR-overexpressing cells but
only 1.5- to 3-fold in the empty vector cells compared with
vehicle controls (Fig. 5, B andC). Induction of BCRPprotein by

Fig. 5. Overexpression of AhR further enhances BCRPmRNAand protein expression. (A) BCRPmRNA expression induced by BUP,NBUP, R-MET, and
S-MET in AhR-overexpressing JEG3 cells (AHR.OE) compared with the empty vector control (EMT.V) cells. Data were normalized to the vehicle controls
in both cell types, which were set as 1-fold. Shown are means6 S.D. of three independent experiments performed in triplicate. *Significant differences,
with P, 0.05 between the EMT.V (open bars) and AHR.OE (filled bars) cells. (B) Representative immunoblots illustrating induction of BCRP protein by
the drugs in the AHR.OE and EMT.V cells. Human b-actin was used as internal standard. (C) An intensity plot (means 6 S.D.) obtained from three
independent immunoblotting experiments. The BCRP protein levels were normalized to b-actin and compared with the BCRP protein levels associated
with the EMT.V cells treated with vehicle alone, which were se.t as 100%. *Significant differences, with P , 0.05 between the respective AHR.OE and
EMT.V cells. #Significant difference, with P , 0.05 between the vehicle-treated and ligand-/drug-treated EMT.V cells. $Significant difference, with
P, 0.05 between the vehicle-treated and ligand-/drug-treated AHR.OE cells. Statistical analysis was performed by two-way analysis of variance analysis
followed by the Bonferroni correction.
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the drugs in AhR-overexpressing cells was significantly
greater than that in the empty vector cells (Fig. 5C). In
general, the pattern of induction of BCRPmRNA by the drugs
is consistent with that of BCRP protein, supporting a tran-
scriptional regulation mechanism of BCRP by the drugs via AhR.
3-MC induced BCRP protein ∼3-fold in AhR-overexpressing cells
and ∼2-fold in the empty vector cells compared with vehicle
controls (Fig. 5C).
Knockdown of AhR Diminishes BCRP Induction and

Rescuing AhR Expression Restores BCRP Induction.
To further confirm that BUP, NBUP, R-MET, and S-MET
induce BCRP gene expression through activating AhR, we
examined the effect of AhR knockdown on BCRP induction
by 3-MC and the drugs. As we have shown (Fig. 6A), infecting
JEG3 cells with viral particles targeting AhR (sh.AHR)
reduced AhR protein expression compared with the parent and
scramble (sh.SCR) controls. Transfecting the pcDNA3/AhR
expression vector (sh.AHR1AHR and sh.SCR1AHR) not
only restored but further increased AhR protein expression
compared with controls. 3-MC at 1 mM significantly increased
BCRP mRNA ∼5-fold in JEG3 cells infected with the scramble

viral particles (Fig. 6B, sh.SCR), and knockdown of AhR
completely diminished BCRP induction (Fig. 6B, sh.AHR).
Overexpression of AhR in the scramble control cells by
transiently transfecting the AhR expression vector further
increased BCRP mRNA (Fig. 6B, sh.SCR1AHR). Rescuing
AhR expression in the AhR knockdown cells by transfecting
the AhR expression vector partially restored BCRP mRNA
expression (Fig. 6B, sh.AHR 1 AHR). Essentially the same
results were obtained for BUP, NBUP, R-MET, and S-MET
(Fig. 6, C and D). For example, NBUP at 0.01 mM signifi-
cantly increased BCRP mRNA ∼4-fold in the scramble
control cells (Fig. 6C, sh.SCR for NBUP), and this induc-
tion was completely diminished by knockdown of AhR
(Fig. 6C, sh.AHR for NBUP). Overexpression of AhR in-
creased BCRP mRNA in the scramble control cells (Fig. 6C,
sh.SCR1AHR for NBUP). Rescuing AhR expression com-
pletely restored BCRP mRNA expression in the AhR
knockdown cells (Fig. 6C, sh.AHR1AHR for NBUP). These
results provide further evidence that BUP, NBUP, R-MET,
and S-MET induce BCRP gene expression by activating
AhR.

Fig. 6. Knockdown of AhR diminishes BCRPmRNA induction and rescuing AhR expression restores BCRPmRNA induction. AhR expression in parent
JEG3 cells was knocked down by infecting cells with lentivirus encapsulated shRNA against AhR (sh.AHR). Scrambled shRNA infected cells (sh.SCR)
and parent JEG3 cell (Cnt) were used as controls. (A) Representative immunoblot showing AhR protein levels in parent JEG3 (Cnt), scramble (sh.SCR),
scramble cells transfected with the AhR expression vector (sh.SRC+AHR), AhR knockdown (sh.AHR), andAhR knockdown cells transfected with the AhR
expression vector (sh.AHR+AHR). GAPDH was used as an internal standard. (B) 3-MC-induced BCRP mRNA (sh.SCR) was completely diminished by
knockdown of AhR (sh.AHR). Rescuing AhR expression by transiently transfecting the cells with the AhR expression vector partially restored BCRP
mRNA induction (sh.AHR+AHR). Transfecting the AhR expression vector into JEG3 (sh.SCR) cells further enhanced BCRP mRNA induction (sh.SCR
+AHR). (C and D) illustrate that drug-induced BCRP mRNA (sh.SCR) was completely diminished by knockdown of AhR (sh.AHR). Rescuing AhR
expression by transiently transfecting the cells with the AhR expression vector fully restored BCRP mRNA induction (sh.AHR+AHR). Transfecting the
AhR expression vector into JEG3 (sh.SCR) cells further enhanced BCRPmRNA induction (sh.SCR+AHR). Shown are means6 S.D. of three independent
experiments performed in triplicates. Datawere normalized to vehicle controls, which were set as 1-fold. *,$Significant differences, withP, 0.05 between
the sh.SCR and sh.AHR cells and between the sh.SCR and shSCR+AHR cells, respectively. #Significant differences, with P , 0.05 between the sh.AHR
and sh.AHR+AHR cells. Statistical analysis was performed by two-way analysis of variance analysis followed by the Bonferroni correction.
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Drug Treatment Increases BCRP Efflux Activity.
Hoechst33342 is a model substrate of BCRP and has been
widely used for functional evaluation of BCRP (Scharenberg
et al., 2002). To test whether the induction of BCRP mRNA
and protein expression is accompanied by an increase in
BCRP efflux activity, wemeasured intracellular accumulation
of Hoechst33342 in JEG3 (Fig. 7A) and BeWo (Fig. 7B) cells
upon drug treatment in the presence or absence of the highly
selective BCRP inhibitor Ko143. We found that treatment of
cells with either 3-MC at 1mMor drugs atCmax concentrations
in the absence of Ko143 led to a significant decrease in
intracellular fluorescence after normalization to cellular protein
content, indicatingan increase inBCRP-mediatedHoechst33342
efflux, which is likely due to induction of BCRP protein
expression. This decrease in intracellular accumulation com-
pared with the vehicle controls was more prominent in BeWo
cells than i JEG3 cells. The presence of Ko143 resulted in a
significant increase in intracellular fluorescence compared with
that in the absence of Ko143 in both JEG3 and BeWo cells. This
increase in intracellular fluorescence is likely caused by inhibit-
ing BCRP efflux activity byKo143. Collectively, the data suggest
that these drugs induce BCRP protein expression, resulting in
increased efflux activity of BCRP in human trophoblasts.

Discussion
Placenta is the first line of protection for the developing

fetus. ABC efflux transporters such as P-glycoprotein and
BCRP are highly expressed in human placenta and play
crucial roles in limiting fetal exposure to drugs and xenobi-
otics, thus protecting the fetus (Ni and Mao, 2011). Any
changes in expression of these transporters in human placenta
brought about by chronic use of medications during pregnancy
would be expected to affect fetal drug exposure, leading to
detrimental consequences to the fetus. Several studies have
detected and quantified BUP, NBUP, R-MET, and S-MET in
human samples from pregnant women, including maternal
and umbilical cord plasma as well as fetal meconium (Jones
et al., 2005; Gordon et al., 2010; Debelak et al., 2013; Marin
andMcMillin, 2016), suggesting that these drugs can cross the
placental barrier to the fetus and directly interact with the

placenta. Therefore, in the present study, we examined the
potential of the drugs used to treat drug abuse to alter BCRP
expression in human placental trophoblasts and the molecu-
lar mechanism behind the changes.
We first demonstrated that these drugs at clinically rele-

vant plasma concentrations observed in pregnant women
could significantly induce BCRP mRNA in both the model
placental choriocarcinoma cell lines, JEG3 (Figs. 1 and 2B)
and BeWo (Fig. 2D), and the primary HVTs (Fig. 2F). Hence,
this drug-induced BCRP expression is not cell-type specific.
Interestingly, we noticed that the fold induction with BeWo
cells was generally lower than that with JEG3 cells and HVTs
(Fig. 2D vs. Fig. 2, B and F), which is possibly the consequence
of differential basal expression of BCRP in these cells. BCRP
expression in BeWo cells is much more abundant than that in
JEG3 and primary trophoblasts (Serrano et al., 2007). Hence,
fold induction may be decreased by high baseline expression.
Previous studies have shown that differentiation itself can
induce or downregulate transporter expression in tropho-
blasts (Berveiller et al., 2015); thus, HVT cells were differen-
tiated for 72 hours to syncytiotrophoblast before drug
treatment to avoid the effect of differentiation on BCRP
expression. Given the fact that JEG3 and BeWo cells cannot
spontaneously differentiate, our results suggest that whether
the cells are syncytialized is not essential for BCRP induction
by these drugs.
Drug-metabolizing enzymes and transporters are under

control of nuclear receptors, such as CAR, PXR, and AhR, in
response to exposure to drugs and xenobiotics. Unlike CAR
and PXR, AhR is highly expressed in the first and third
trimester placenta, particularly in the syncytiotrophoblast
(Jiang et al., 2010; Pavek and Smutny, 2014). Previous studies
have shown that human BCRP is a target gene of AhR in
various carcinoma cell lines (Tan et al., 2010; Tompkins et al.,
2010). We therefore systematically investigated whether
BUP, NBUP, R-MET, and S-MET can induce BCRP in human
placental trophoblasts through AhR. Several lines of evidence
support the conclusion that these drugs indeed upregulate
BCRP in the human placental cell lines and HVTs by
activating AhR. First, we showed that pretreating JEG3,
BeWo, andHVT cells with the highly selective AhR antagonist

Fig. 7. Drug treatment increases BCRP efflux activity. JEG3 (A) and BeWo (B) cells were treated with respective drugs at indicated concentrations
before intracellular Hoechst 33342 accumulation assays in the presence and absence of the BCRP inhibitor Ko143. Shown are means 6 S.D. of four
independent experiments performed in triplicate. Data were normalized to the fluorescence associated with the vehicle controls without Ko143, which
were set as 100%. $Significant differences, with P , 0.05 between with and without Ko143 treatment groups. *Significant differences, with P , 0.05
between vehicle-treated and ligand-/drug-treated cells in the absence of Ko143. Statistical analysis was performed by two-tailed Student’s t test.
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CH223191 nearly completely abrogated the induction of
BCRP mRNA by these drugs (Fig. 2). Second, 3-MC is a
known AhR ligand that has previously been shown to induce
CYP1A1 in JEG3 cells (Li et al., 1998). We found that BUP,
NBUP, R-MET, and S-MET also induced CYP1A1 mRNA in
JEG3, BeWo, and HVT cells to a similar extent as 3-MC
(Fig. 2). Moreover, we confirmed that, like 3-MC, these
drugs at nM or low mM concentrations were able to activate
the luciferase reporter activity in JEG3 cells transfected
with the X4-4.2 plasmid, which contains four consensus AhR
XREs (Fig. 3), indicating that these drugs are potent AhR
ligands. Third, we demonstrated that these drugs are able
to directly activate the BCRP promoter, likely through
activating AhR, which binds to at least one proximal full
consensus AhR XRE at position 2194/2190 in the BCRP
promoter region (Fig. 4). Induction of BCRPmRNA by these
drugs (Fig. 5C) was accompanied by similar induction of
BCRP protein (Fig. 5, B and C), as well as an increase in
BCRP-mediated efflux activity (Fig. 7). Finally, additional
evidence came from the effects of altering AhR expression on
BCRP induction.We showed that BCRP induction by the drugs
in cells with AhR overexpression was far more robust than that
in cells with no AhR overexpression (Fig. 5). Furthermore,
knockdown of AhR completely diminished drug-mediated
BCRP induction, and rescue of AhR expression restored BCRP
induction by the drugs (Fig. 6, B and C).
A previous study reported no significant induction of

BCRP mRNA in primary human trophoblasts treated with
prototype AhR ligands, including 3-MC (Stejskalova et al.,
2011b). The reason for these contradicting results is not
known but may be explained by potentially different
differentiation states of primary trophoblasts and different
culture conditions used. In vitro differentiation of primary
trophoblasts itself can induce or downregulate transporter
expression (Berveiller et al., 2015), and BCRP was shown to
be induced by differentiation of primary trophoblasts
(Evseenko et al., 2006). Therefore, we differentiated
HVT cells for 72 hours before drug treatment. In addition,
compared with the study by Stejskalova et al. (2011b), the
cells used in this study, including HVTs, were starved in
serum-free media before drug treatment to eliminate the
potential effects of serum factors, such as hormones on
BCRP expression. In that regard, we have reported that
17b-estradiol downregulates BCRP expression in BeWo
cells (Wang et al., 2006).
To date, most known AhR ligands are carcinogens and

toxicants, such as smoking products. A previous study
reported a moderate increase in BCRP protein levels in
human placenta from mothers who smoked compared with
nonsmoking mothers (Kolwankar et al., 2005). Although the
difference in BCRP protein abundance in the placentas
between smokers and nonsmokers was not statistically
significant, possibly owing to the small number of samples
used (10 in each group) and substantial interindividual
variations in BCRP protein expression, the trend is consis-
tent with our finding that BCRP in human trophoblasts can
be induced by AhR ligands. In human placenta, BCRP
induction by AhR ligands may represent an adaptive pro-
tection mechanism for the placenta and fetus in response to
exposure to tobacco smoke, carcinogens, or other toxicants
that are potent AhR ligands. Many of the AhR ligands and
their metabolites could be BCRP substrates. BCRP, upon

AhR ligand-mediated induction, facilitates elimination of the
toxicants from the placenta to the maternal circulation, thus
protecting the fetus. Whether BUP or MET can induce BCRP
in human placenta in vivo remains to be determined.
BCRP, with its high expression in the small intestine, liver,

kidney, and many tissue barriers, plays a key role in
absorption, distribution, and elimination of drugs and xeno-
biotics (Mao and Unadkat, 2015). Smoking has long been
recognized to affect drug disposition. Clinical studies have
shown that systemic exposure to irinotecan and erlotinib was
significantly lower in smokers than in nonsmokers (Hamilton
et al., 2006; van der Bol et al., 2007). Although such
pharmacokinetic changes were explained by smoking-
induced P450 metabolism, the induction of BCRP in organs
important for drug elimination by smoking products might be
an additional contributing factor given the fact that these
drugs are excellent BCRP substrates. Nevertheless, caution
should be taken to extrapolate the current findings to other
tissues. It is worth noting, however, that the opioid agonist
oxycodone has been shown to induce BCRP in the rat brain
(Hassan et al., 2010. Since AhR is known to be expressed in the
brain, BCRP in the rat brain could possibly be induced by
oxycodone through activating AhR. BUP and MET could be
chronically used to treat drug abuse among patients who have
cancers or are HIV-infected and thus need to take other
medications simultaneously. In addition, BUP and MET are
strong opioid agonists used as fourth-line analgesics in cancer
patients, and BUP has been suggested as a better analgesic
than MET (Nicholson, 2004; Lossignol et al., 2012; Schmidt-
Hansen et al., 2015). BCRP confers multidrug resistance in
cancers and decreases absorption or facilitates elimination of
anticancer drugs such as topotecan, irinotecan, and flavopir-
idol, which are BCRP substrates (Mao and Unadkat, 2015).
Consequently, studies to evaluate the potential of drug-drug
interactions via induction of BCRP by BUP or MET would be
important for patients who require MET- or BUP-based
therapies.
In summary, this is the first study to demonstrate that BUP,

NBUP, R-MET, and S-MET are potent AhR ligands and can
induce BCRP mRNA and protein expression in human
placental trophoblasts at clinically relevant concentrations
by activating the AhR signaling cascade. Such findings have
important implications in understanding and predicting
clinical drug-drug and drug-toxicant interactions and organ
protection.
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