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ABSTRACT
The nuclear pregnane X receptor (PXR) and constitutive androstane receptor (CAR) play central roles in protecting the body
against environmental chemicals (xenobiotics). PXR and CAR
are activated by a wide range of xenobiotics and regulate
cytochrome P450 and other genes whose products are involved in the detoxification of these chemicals. In this report,
we have used receptor-selective agonists together with receptor-null mice to identify PXR and CAR target genes in the liver
and small intestine. Our results demonstrate that PXR and CAR
regulate overlapping but distinct sets of genes involved in all

The body must protect itself against myriad xenobiotics,
including those ingested in the diet or absorbed through the
skin or lungs. Two members of the nuclear receptor family of
ligand-activated transcription factors, termed the pregnane
X receptor (PXR; NR1I2) and constitutive androstane receptor (CAR; NR1I4), are expressed in the liver, intestine, lung,
and other tissues, where they have important roles in detecting xenobiotics and stimulating genes encoding cytochrome
P450 enzymes (P450s) and other proteins involved in their
detoxification and elimination from the body (Waxman, 1999;
Honkakoski and Negishi, 2000). Mice lacking either of these
receptors are hypersensitive to treatment with various xenobiotics, including the anesthetic tribromoethanol and the
muscle relaxant zoxazolamine (Wei et al., 2000; Xie et al.,
2000a).
PXR is activated by a structurally diverse collection of
xenobiotics, including both prescription drugs (e.g., macrocyclic antibiotics, antimycotics, glucocorticoids) and herbs (e.g.,
St. John’s wort) (Bertilsson et al., 1998; Blumberg et al.,
1998; Kliewer et al., 1998; Lehmann et al., 1998; Moore et al.,
J.M.M. and C.M.S. contributed equally to this work.

This article is available online at http://molpharm.aspetjournals.org

phases of xenobiotic metabolism, including oxidative metabolism, conjugation, and transport. Among the murine genes regulated by PXR were those encoding PXR and CAR. We provide
evidence that PXR regulates a similar program of genes involved in xenobiotic metabolism in human liver. Among the
genes regulated by PXR in primary human hepatocytes were
the aryl hydrocarbon receptor and its target genes CYP1A1 and
CYP1A2. These findings underscore the importance of these
two nuclear receptors in defending the body against a broad
array of potentially harmful xenobiotics.

2000a). PXR was originally shown to regulate the expression
of CYP3A isozymes by binding as a heterodimer with the
9-cis retinoic acid receptor (NR2B1) to xenobiotic response
elements located in the regulatory regions of these genes
(Bertilsson et al., 1998; Blumberg et al., 1998; Kliewer et al.,
1998; Lehmann et al., 1998). PXR is now known to regulate
the expression of several additional genes encoding proteins
involved in xenobiotic metabolism, including multidrug resistance protein 1 (MDR1) (Geick et al., 2001; Synold et al.,
2001), multidrug resistance-associated protein 2 (MRP2)
(Dussault et al., 2001; Kast et al., 2002), and organic anion
transporter polypeptide 2 (Staudinger et al., 2001). PXR ligands, including the synthetic steroid pregnenolone 16␣-carbonitrile (PCN) and the macrocyclic antibiotic rifampicin,
have been shown to regulate other classes of genes, including
those encoding glutathione S-transferases (GSTs), UDP-glucuronosyltransferases
(UGTs),
and
sulfotransferases
(SULTs) (Madhu and Klaassen, 1991; Liu and Klaassen,
1996; Dunn et al., 1999; Runge-Morris et al., 1999; Falkner et
al., 2001), which suggests a broad role for PXR in detoxification of xenobiotics. Although PXR evolved to protect the body,
its activation by drugs represents the basis for a common

ABBREVIATIONS: PXR, pregnane X receptor; CAR, constitutive androstane receptor; P450, cytochrome P450; MDR, multidrug resistance
protein; MRP, multidrug resistance-associated protein; PCN, pregnenolone 16␣-carbonitrile; GST, glutathione S-transferase; UGT, UDP glucuronosyltransferase; SULT, sulfotransferase; PB, phenobarbital; TCPOBOP, 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene; DMSO, dimethyl sulfoxide;
RTQ-PCR, real time quantitative polymerase chain reaction; AhR, aryl hydrocarbon receptor.
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Materials and Methods
Chemicals. PCN was purchased from Biomol Research Labs (Plymouth Meeting, PA), PB and rifampicin were purchased from SigmaAldrich Chemical Co. (St. Louis, MO), and TCPOBOP was purchased
from Maybridge plc (Tintagel, England).
Human Hepatocytes. Human hepatocytes were purchased from
BioWhittaker, Inc. (Walkersville, MD). They were maintained in
Williams’ Medium E (Invitrogen, Carlsbad, CA) supplemented with
100 nM dexamethasone (Invitrogen), 2 mM L-glutamine (Invitrogen)
and insulin-transferrin-selenium (Invitrogen) and were treated with
either rifampicin (10 M) or PB (1 mM). Rifampicin was added to the
culture medium as a 1000⫻ stock in DMSO; PB was added directly
into the medium. Control cultures received DMSO alone. Cells were
harvested after 48 h.
Experimental Animals and Protocols. All procedures performed were in compliance with the Animal Welfare Act and Unites
States Department of Agriculture regulations and were approved by
the GlaxoSmithKline Institutional Animal Care and Use Committee.
CAR-null mice were generated by Deltagen, Inc. (Redwood City, CA)
by homologous recombination using a targeting vector that deletes
nucleotides 38 to 159 of the CAR open reading frame. This targeting
event removes the first zinc finger of the DNA binding domain and
results in a frame shift. PXR-null mice were generated as described
previously (Staudinger et al., 2001). Mice were maintained on standard laboratory chow and were allowed food and water ad libitum.
Six- to eight- week old PXR-null, CAR-null, and wild-type mice (three
per group) were treated for 28 h with either vehicle (corn oil plus 5%
DMSO), PCN (100 mg/kg), or TCPOBOP (0.3 mg/kg) in corn oil plus
5% DMSO. Two intraperitoneal injections were administered at 0 h
and 24 h and the mice were sacrificed 4 h after the last injection.
Livers and epithelial cells derived by scraping the small intestine
were frozen in liquid nitrogen.
RNA Preparation and Real Time Quantitative PCR Analysis. Total RNA from mouse tissues or human hepatocytes were
isolated using TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. Real-time quantitative PCR (RTQ-PCR) was

performed using an ABI PRISM 7700 Sequence Detection System
instrument and software (Applied Biosystems, Inc., Foster City, CA).
RNA samples were diluted to 100 g/ml and treated with 40 U/ml
RNA-free deoxyribonuclease I for 30 min at 37° C followed by inactivation at 75° C for 5 min. Samples were quantitated by spectrophotometry and diluted to a concentration of 10 ng/l. Samples were
then assayed in duplicate or triplicate 25-l reactions using 25 ng of
RNA per reaction. Gene-specific primers were used at 7.5 or 23 pmol
per reaction and the gene-specific probe was used at 5 pmol per
reaction. Primers and probes were designed using Primer Express
Version 2.0.0 (Applied Biosystems) and synthesized by Keystone
Laboratories (Camarillo, CA). All primers and probes were entered
into the NCBI Blast program to ensure specificity. Fold induction
values were calculated by subtracting the mean threshold cycle
number for each treatment group from the mean threshold cycle
number for the vehicle group and raising 2 to the power of this
difference. The expression levels of selected mouse genes (Table 1)
and human genes (Table 2) were compared between vehicle and
chemical treatment. For animal studies, the average of each treatment group (3 animals per group) was used.
Northern Blot Analysis. Total RNA (10 g) was resolved on a
1% agarose/2.2 M formaldehyde denaturing gel and transferred to a
nylon membrane (Hybond N⫹; Amersham Bioscience, Piscataway,
NJ). Blots were hybridized with 32P-labeled cDNAs corresponding to
mALAS1 (bases 599-1037 of the published cDNA; GenBank accession number M63245), mouse UGT1a1 (bases 561–845 of the published cDNA; GenBank accession number L27122), human CYP1A1
(bases 82–1620 of the published cDNA; GenBank accession number
BC023019), human CYP1A2 (bases 65–1612 of the published cDNA;
GenBank accession number NM_000761), or human UGT1A1 (bases
75–766 of the published cDNA; Genbank accession number
NM000463). The blots were subsequently reprobed with a radiolabeled ␤-actin cDNA (BD Clontech Laboratories Inc., Palo Alto, CA).
The intensity of signals was quantified using ImageQuant software
(Molecular Dynamics, Sunnyvale, CA).

Results
Wild-type or PXR-null mice were treated with the PXRselective ligand PCN or vehicle alone. In parallel, wild-type
or CAR-null mice were treated with the CAR-selective ligand
TCPOBOP. RNA was prepared from the livers and small
intestines of the mice, and the expression of 36 candidate
genes involved in xenobiotic metabolism was evaluated by
RTQ-PCR. The complete list of mouse genes that were analyzed is shown in Table 1. Data for genes whose expression
was changed ⱖ1.5-fold in one or both tissues are shown in
Table 3.
Genes Encoding Phase I (Oxidative Metabolism) Enzymes. As expected, Cyp3a11 was induced by PCN treatment in both liver and small intestine (Table 3, line 6). No
regulation of Cyp3a11 was observed in PXR-null mice.
Cyp3a11 expression was also induced by TCPOBOP in the
liver but not the small intestine of wild-type mice (Table 3,
line 6). This induction was not seen in the CAR-null mice.
These data demonstrate that both PXR and CAR regulate
Cyp3a11 expression in vivo. Expression of Cyp2b10, the prototypical CAR target gene, was dramatically induced in the
liver and modestly induced in the small intestine of wild-type
mice treated with TCPOBOP (Table 3, line 5). These effects
were not seen in CAR-null mice. PCN also induced Cyp2b10
expression in the liver and small intestine, albeit to a much
lesser extent than TCPOBOP (Table 3, line 5), indicating
that CAR has more robust effects on Cyp2b10 expression
than PXR.
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class of potentially life-threatening drug interactions in
which one drug accelerates the metabolism of another (Moore
and Kliewer, 2000). Thus, understanding the processes regulated by PXR has important pharmaceutical ramifications.
CAR seems to be activated by a more restricted set of
chemicals, including phenobarbital (PB) and the planar hydrocarbon
1,4-bis[2-(3,5-dichloropyridyloxy)]
benzene
(TCPOBOP) (Sueyoshi et al., 1999; Moore et al., 2000b;
Tzameli et al., 2000). Like PXR, CAR regulates the expression of target genes by binding to xenobiotic response elements as a heterodimer with 9-cis retinoic acid receptor. CAR
was originally demonstrated to regulate CYP2B gene expression (Honkakoski et al., 1998). CAR has since been shown to
regulate a number of genes involved in a variety of biological
processes (Sugatani et al., 2001; Kast et al., 2002; Ueda et al.,
2002). Recent studies have also demonstrated overlap in the
genes regulated by PXR and CAR. For instance, PXR can
regulate CYP2B genes and CAR can regulate CYP3A genes
(Xie et al., 2000b; Goodwin et al., 2001; Smirlis et al., 2001;
Wei et al., 2002). This cross talk provides a mechanism for
amplifying the body’s detoxification response to a broad
range of chemicals.
In the current study, we have exploited PXR- and CARselective ligands as well as PXR- and CAR-null mice to examine systematically whether PXR and CAR regulate genes
involved in the different phases of xenobiotic metabolism in
murine liver and small intestine and in human hepatocytes.
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UniGene
Alas1
Aldh1a1
Aldh1a7
Ahr
Cyp1a1
Cyp2a4
Cyp2b10
Cyp2e1
Cyp2j5
Cyp2j6
Cyp3a11
20a-HSD
Fmo1
Fmo5
Gsta1
Gstm1
Gstm2
Gstt1
Gnmt
Mt1
Abcb1a
Abcb1b
Abcb4
Abcc1a
Abcc2
Abcc3
NR1I2
NR1I3
Slc21a5
Slc22a1
Por
Tst
Sultn
Sult1a1
Sult2b1
Temt
Ugt1a1
Ugt2b5

Gene

GenBank
M63245
S75713
U96401
D38417
NM_009992
J03549
NM_009998
NM_021282
U62294
U62295
X60452
AB059565
U87456
U90535
M19255
J04632
NM_008183
X98055
D89664
S62785
M33581
NM_011075
J03398
AF022908
NM_013806
AK006128
AF031814
AF009327
NM_030687
AF010259
D17571
U35741
AF026073
L02331
AF026072
M88694
L02333
X06358

Forward Primer
GATGCCAGGCTGTGAAATTTACT
GCTAGCTACAATGGAGGCACTCA
TGCTGGCTACAATGGAATCG
CATCTATCTGTGTCCTCCTTCAAGC
GCTTGAGTGAGAAGGTCACTCTCTT
CAGCCAACGTTATGGTCCTGTA
GGGAAAGCGCATTTGTCTTG
TTCGGGCCAGTGTTCACA
CAGGCGGAGAT TGACAGAGTT
GCTGCTACCGGCTCCTTGT
GATTAAGAATGTGCTAGTGAAGGAATGT
TGATTGCCCTTCGCTACCA
GATCTGCGGGCCATGCT
CAATATCCAGCCTCTGGTCTTCA
CGTTACTTGCCTGCCTTTGAA
GTACCGTATGTTTGAGCCCAAGT
TCTGAGTTTCTGGGCAAGCA
TTGTTGGGCCCCACATCT
CCAGACTGCAAAGGTGACCA
TGCTCCACCGGCGG
CCCCCGAGATTGACAGCTAC
TGGCAAAGCCGGAGAGATC
CGTGACATTTAATGAAGTCGTGTTC
AAGCAGCCTGTACGGATTGTGT
GCTGGGAGAAATGGAGAATGTC
CCTTGGCCATCCCATAGAAG
TCCAGCGCAGCGTGGTA
CAGGGTTCCAGTACGAGTTTTG
TGCTGACTGCAACACAAAGTGT
GCGGCCTTTATCATCCTTGTC
CCTTCGATGCCAAGAATCCA
CACGCAAAGAGTACCAGGAGC
TTTGGAGCATTGCTGAGCAT
GACAATGGAGCAACTGCAGAAC
GACCACATCAAGGGCTGGA
TGCGTGCTGACCTTCCTG
TTTCAGTGACAGCCCCACAGT
ACTTTAGGACACAATACCAGAGTGTACAA

Probe
TGATTCCGGGAACCATGCCTCCAT
TATGCATTGGCAAAGACTTTCCCACCA
TGCATGAGCAAAGACTTTCCCAGCATT
TGCGCTGTTAGACAGCCATTTTCTCATG
TTTGGGCAAGCGAAAGTGCATCG
TCACCATCTATCTGGGATCTCGCCGA
TGAAAGCATTGCCCGCAGCG
CACCTGGGTCAGAGGCGCATCG
TTGGCCACAAGAGGCAGGTGAGC
ACGATCTGGGCAGCGCTCCATC
TCTGTCTTCACAAACCGGCGGGA
TGGACCGTGGGATTGTGGCCCTA
CTGACTGACCCACGACTGGCTCTGAG
TGACCCCAGGCTGGCATTACGG
CCAAGACTACCTTGTGGGCAACAGGC
CCTGGACGCCTTCCCAAACCTGA
CCATGGTTTGCAGGGAACAAGGTCAC
CCGACTTGGTGGCCATCACAGAGC
AGCGAGCACCGGCTGGCACTA
CCCGTGGGCTGCTCCAAATGTG
CACGCAAGGCCTAAAGCCGAATATGTT
ACCAAAGCGAGTCCGATACATGGTTTTCA
CTATCCCACCCGGGCCAACGTG
TGCCCCTCCCAAAGATCCCAGC
TGGGCATATCACCATCAAGGGCTCC
TGCCTCCGGGCCGCATG
TTTGCCCTCACCCTGAAGGCCTACA
AGTCGATCCTCCACTTCCATAAAAACCTGAA
CTGCTTAACGAACACATGGGACCCAGTG
TTGACCGCATTGGCCGCATCT
TCCTGGCTGCTGTCACCACG
CGTGCCTGGCGCGTCCTTCT
TCCCAAGTAGAGTCATTTGAAGCCCGG
CAGCCTGGCCTGATGATGTGCTCA
CCGGATGCAGAACCAAGAGAACTTCCT
CCATGGAGTGTGCCTGCCCTGA
CGCCAGCTGACGGCTTTCTCCC
TGGCTCCCCCAGAATGACCTCCTT

Reverse Primer
CTGTTGCGAATCCCTTGGAT
GCAGCCTCCTAAATCCGACA
TGCTGATCTCTACATCCAACAGGT
CCGCACTTGCTCACGGA
CGATCGGCCAATGGTCTCT
GTCCGCACAGCACCACAA
ATGGACGTGAAGAAAAGGAACAAT
GACAGCCTTGTAGCCATGCA
GCATGGACTCTCGGTCAGACA
ACTGCAGCCACCAACAGAGTC
ATTATCCCCACTGGGCCAAA
CTGATTCTCTCCTCATTGAAACTCTTG
GGGTACATGGGCCAAAGAAGA
GGAGTACAGGGCCCCAGTAGTA
AGAACTTCCAGTAGGTGGATGTCC
AGCGGGCCAGGAAGTCC
GGACATCATAAACAAGAAAATCCACAT
CCACCACCTACAGGATGCATC
GGGCCGCACCATGCT
TTTGCAGACACAGCCCTGG
ACTCCACTAAATTGCACATTTCCTTC
GCTTATATCCTGTCTCAGCATGGAT
CTCAGCCCCTGAAGCACTG
CCAACTGGGAACTTCCCTTAGG
GACTGCTGAGGGACGTAGGCTA
AGTAGCTGAATTTGATTCTCCAGTCA
GCAGGATATGGCCGACTACAC
AGGCTCCTGGAGATGCAGTC
AGCTGACATGTATGATAGACCATTGTC
CAGATTTGATGCCGCTATTGG
CTCAGTGCCTTGGTTCAGCTT
TCCCGGCATTCCTCTATATCA
GGGATATGTGGAGATCAAAATGTCA
CCAGACTTTGGGTACGTGCTG
CTGCAGCTCCTCATAGGTGATAAA
GGCTGCCCGGTAGGTATCTAT
CACGGCAGTCTGAGAATCCA
AAGGCTTTGGTTTTTGGATGAC
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Aminolevulinic acid synthase 1
Aldehyde dehydrogenase 1A1
Aldehyde dehydrogenase 1A7
Aryl hydrocarbon receptor
Cytochrome P450 1a1
Cytochrome P450 2a4
Cytochrome P450 2b10
Cytochrome P450 2e1
Cytochrome P450 2j5
Cytochrome P450 2j6
Cytochrome P450 3a11
20-␣-Hydroxysteroid dehydrogenase
Flavin containing monooxygenase 1
Flavin containing monooxygenase 5
Glutathione S-transferase ␣ 1 (Ya)
Glutathione S-transferase  1
Glutathione S-transferase  2
Glutathione S-transferase  1
Glycine N-methyltransferase
Metallothionein-1
Mdr1a
Mdr1b
Mdr2
Mrp1
Mrp2
Mrp3
PXR
CAR
Organic anion transporting peptide 2 (Oatp2)
Organic cation transporter 1 (Oct1)
P450 oxidoreductase
Thiosulfate sulfurtransferase
Amine N-sulfotransferase
Sulfotransferase 1A1
Sulfotransferase 2B1
Thioether S-methyltransferase
UDP-glucuronosyltransferase 1A1
UDP-glucuronosyltransferase 2B5

TABLE 1
Mouse primer-probe sets and gene abbreviations
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GenBank

NM_000688
M31984
D16354
X02612
NM_000761
X13930
NM_000767
U03688
NM_017460
M16594
M14758
AF061056
NM_005122
AF258341
NM_001055
NM_004605

Forward Primer

TGATGCCAGGCTGTGAGATTTA
CCGCAAGACAGGCTTTTCAG
CGGCTGGGCACCATGA
CCTCTGATTGGGCACATGCT
AGCTTCTCCTGGCCTCTGC
AAGCGGATTTGTCTTGGTGAA
AAGCGGATTTGTCTTGGTGAA
TCAACCAGTGGTCTGTGAATCAT
CAGGAGGAAATTGATGCAGTTTT
AAATGATCCTTCTTCTGCCCTTT
GTCCCAGGAGCCCATCCT
CGAGCTCCGCAGCATCA
CACATGGGCACCATGTTTGA
CAGTCACCACCAACCGGAAG
GTGTCACCGAGCTCCCATCT
GGACTTCCTCAAAGGCGAAGT

Probe

TCTGATTCTGGGAACCATGCCTCCA
TGGATCTCCGTGGCGTACTATGGATGC
TCACCTACGCCAGTCGCAAGCG
CCCTGGGAAAGAACCCGCACCT
ATCTTCTGCCTGGTATTCTGGGTGCTCA
TCGCCCGAGCGGAATTGTTCC
TCGCCCGAGCGGAATTGTTCC
CCCAGTGAAGTGGCCTAACCCGGAG
CCCAATAAGGCACCACCCACCTATGA
CTCAACCTGAGGAACAAGATGCCAAGCT
TGACTGCAGCATTGCTGAGAACATTGC
TGCTCAGCACACCCAGCGGCT
TTTGTGCAGTTTAGGCCTCCAGCTCATCT
AACCAGGGAACCGAGCGCCAC
CATGCGGGTGCCCTTCCTTGA
TTTGGCTCCTGGTTCGACCA

Reverse Primer

GCTGTTTCGAATCCCTTGGA
AGTCGCCCCCTCTCGG
CTGGGATTGGCTTTACTGTTTTCT
CTGCTGGCTCATCCTTGACA
GGACTTTTCAGGCCTTTGGG
TGGAGGATGGTGGTGAAGAAG
TGGAGGATGGTGGTGAAGAAG
CCAAGAATCGAGCTGGATCAA
GTCAAGATACTCCATCTGTAGCACAGT
TTTGTTTTCTCTTGGATCAAGGC
CCCGGCTGTTGTCTCCAT
TGTATGTCCTGGATGCGCA
AAGGGCTGGTGATGGATGAA
TGTCCAATTCCAGGTGCATG
AGTCTCCATCCCTGAGGGAATC
ATCCGAAGCCAGCCCTTAAT

Aldh1a1
Aldh1a7
Cyp1a1
Cyp2a4
Cyp2b10
Cyp3a11
Gsta1
Gstm1
Gstm2
Gstt1
Sultn
Ugt1a1
Mdr1a
Mdr1b
Mrp1
Mrp2
Mrp3
Oatp2
Alas1
AhR
Por
CAR
PXR

2.1 (0.01)
1.6 (0.11)
N.C.
N.C.
12 (0.14)
3.5 (0.08)
16 (0.5)
2.2 (0.07)
2.2 (0.23)
N.C.
N.C.
2.8 (0.11)
3.2 (0.35)
1.8 (0.02)
N.C.
N.C.
3.0 (0.29)
9.2 (0.14)
2.9 (0.27)
N.C.
2.8 (0.44)
2.6 (0.37)
2.7 (0.26)

PXR

N.C., no change; N.E., no expression detected.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Gene

Liver

N.C.
N.C.
N.C.
N.C.
1.8 (0.68)
N.C.
⫺1.7 (1.0)
N.C.
N.C.
N.C.
N.C.
N.C.
⫺1.6 (0.09)
N.C.
N.C.
N.C.
N.C.
N.C.
1.7 (0.18)
N.C.
N.C.
N.C.
N.C.

PXR

⫺/⫺

PXR

⫺/⫺

N.C.
N.C.
1.9 (0.04)
N.E.
N.C.
N.C.
1.6 (0.19)
1.6 (0.11)
N.C.
N.C.
N.C.
N.C.
N.C.
N.C.
N.C.
N.C.
N.C.
N.E.
N.C.
N.C.
1.6 (0.14)
N.C.
N.C.

Small Intestine

2.6 (0.08)
1.7 (0.04)
⫺15 (0.01)
N.E.
1.8 (0.13)
3.5 (0.10)
4.3 (0.17)
8.9 (0.09)
3.4 (0.02)
N.C.
N.C.
1.6 (0.17)
2.3 (0.16)
1.8 (0.37)
N.C.
1.6 (0.06)
N.C.
N.E.
3.4 (0.14)
N.C.
2.0 (0.07)
N.C.
N.C.

PXR

⫹/⫹

1.9 ⫾ 0.2
1.9 ⫾ 0.04
2.3 ⫾ 0.3
3.4 (0.70)
110 (0.04)
2.0 (0.1)
15 (0.40)
2.4 (0.30)
2.8 (0.14)
⫺2.5 (0.80)
3.2 (0.02)
N.C.
1.7 (0.01)
N.C.
2.3 (0.2)
2.0 (0.01)
1.9 (0.06)
N.C.
2.1 (0.01)
1.9 (0.50)
3.1 (0.11)
N.C.
N.C.

CAR

⫹/⫹

Liver

⫺1.5 ⫾ 0.2
N.C.
N.C.
N.C.
N.C.
N.C.
N.C.
N.C.
2.0 (0.23)
N.C.
N.C.
N.C.
1.7 (0.17)
N.C.
N.C.
N.C.
N.C.
N.C.
3.2 (0.04)
N.C.
1.9 (0.11)
N.C.
N.C.

CAR

⫺/⫺
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⫹/⫹

CAR⫺/⫺

N.C.
N.C.
⫺2.9 (2.1)
N.E.
N.C.
N.C.
N.C.
⫺2.1 (0.16)
N.C.
N.C.
N.C.
N.C.
N.C.
N.E.
N.C.
N.C.
N.C.
N.C.
N.C.
N.C.
⫺1.5 (0.16)
N.C.
N.C.

Small Intestine

N.C.
N.C.
N.C.
N.E.
4.8 (0.10)
N.C.
N.C.
1.9 (0.20)
N.C.
1.8 (0.70)
N.C.
N.C.
1.7 (0.06)
N.E.
N.C.
N.C.
N.C.
N.C.
N.C.
N.C.
N.C.
N.C.
N.C.

CAR

⫹/⫹

TABLE 3
Effects of PCN and TCPOBOP on expression of genes in wild type and receptor-null mice. Data represent fold activation relative to treatment with vehicle alone. The standard deviation
among the samples used for each experiment is shown in parentheses. No changes were observed for genes listed in Table 1 but not in this table.

UniGene

ALAS1
ALDH1A1
AHR
CYP1A1
CYP1A2
CYP2A6
CYP2B6
CYP1B1
CYP3A4
GSTA2
ABCB1
NR1I2
NR1I3
POR
SULT1A1
SULT2B1

Gene

Aminolevulinic acid synthase 1
Aldehyde dehydrogenase 1A1
Aryl hydrocarbon receptor
Cytochrome P450 1A1
Cytochrome P450 1A2
Cytochrome P450 2A6
Cytochrome P450 2B6
Cytochrome P450 1B1
Cytochrome P450 3A4
Glutathione S-transferase A2
MDR1
PXR
CAR
P450 oxidoreductase
Sulfotransferase 1A1
Sulfotransferase 2B1

TABLE 2
Human primer-probe sets and gene abbreviations
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TCPOBOP up-regulated Por in liver via a mechanism that
was partially dependent on CAR (Table 3, line 21). Similar
results have been reported using PB (Ueda et al., 2002).
Aldehyde dehydrogenases are known to be induced in response to PB in rodents, including the ALDH1A7 isozyme in
mice (Vasiliou et al., 2000). PCN treatment induced the expression of Aldh1a7 in mouse liver and small intestine in a
PXR-dependent fashion (Table 3, line 2). PCN also induced
the expression of the gene encoding ALDH1A1 (Table 3, line
1), a closely related protein involved in retinoic acid metabolism (Vasiliou et al., 2000). TCPOBOP induced the expression of Aldh1a1 and Aldh1a7 in the liver in a CAR-dependent
manner but did not increase their expression in the small
intestine (Table 3, lines 1 and 2).
Genes Encoding Phase II (Conjugation) Enzymes.
We examined the expression of a number of genes encoding
different classes of phase II enzymes including GSTs, UGTs,
and SULTs (Mulder and Jakoby, 1990). GSTs catalyze the
conjugation of glutathione to electrophilic substrates, which
are often the products of phase I metabolism. These substrates include xenobiotics. Thus, GST conjugation is a major
pathway for the detoxification of a variety of different substances. The mammalian GSTs are divided into several families of cytosolic enzymes including GSTs ␣ (GSTA), 
(GSTM), and,  (GSTT). Several GST genes were regulated
by PXR and/or CAR including Gsta1, Gstm1, Gstm2, and
Gstt1 (Table 3, lines 7–10). Gsta1 was markedly induced by
PCN (16-fold) and TCPOBOP (15-fold) in liver (Table 3, line
7). This induction was absent in PXR-null and CAR-null
mice. A more modest induction of Gsta1 (4.3-fold) was observed in the small intestine of PCN-treated mice; in con-

Fig. 1. Induction of Alas1 expression in mouse liver. Total RNA was
prepared from the livers of three wild-type and PXR-null mice treated
with vehicle or PCN and three wild-type and CAR-null mice treated with
vehicle or TCPOBOP. RNA samples were pooled and Northern blot analysis performed with a probe for Alas1. Relative mRNA abundance (plotted as fold relative to vehicle treatment) is shown at the bottom.
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We examined whether PXR and CAR regulate other P450s.
TCPOBOP had a modest inductive effect on Cyp1a1 in liver
and no effect in small intestine in wild-type mice (Table 3,
line 3). Notably, TCPOBOP decreased Cyp1a1 expression in
the small intestine of CAR-null mice, suggesting that this
chemical may have CAR-independent effects on gene expression. PCN did not affect Cyp1a1 expression in liver but
strongly suppressed its expression in small intestine in a
PXR-dependent manner (Table 3, line 3). Similarly, PXR has
previously been shown to repress expression of Cyp7a1
(Staudinger et al., 2001). Thus, PXR can either stimulate or
suppress gene expression. Cyp1a1 is known to be highly
inducible by 2,3,7,8-tetrachlorodibenzo-p-dioxin and polycyclic aromatic hydrocarbon carcinogens. This induction is mediated by the aryl hydrocarbon receptor (AhR), a member of
the helix-loop-helix/PER/ARNT/SIM (periodicity/AhR nuclear translocator/single-minded) family of transcription factors (Honkakoski and Negishi, 2000). Ahr expression was
modestly induced by TCPOBOP in liver in a CAR-dependent
manner (Table 3, line 20), suggesting that CAR may regulate
Cyp1a1 indirectly though effects on AhR.
As reported previously (Smith et al., 1993; Wei et al.,
2002), TCPOBOP induced the expression of Cyp2a4 in the
liver of wild-type mice (Table 3, line 4). Consistent with the
results of others, this effect was not seen in CAR-null mice
(Wei et al., 2002). TCPOBOP did not affect Cyp2a4 expression in the small intestine. PCN had no effect on Cyp2a4 in
either tissue. CYP2A4 hydroxylates a variety of steroid hormones, including androgens and estrogens, at the 15 position, and also metabolizes xenobiotics (Fernandez-Salguero
and Gonzalez, 1995). The regulation of Cyp2a4 by CAR but
not PXR suggests that these two receptors may have distinct
roles in metabolizing endogenous steroids.
P450s require a heme prosthetic group to oxidize substrates. Aminolevulinic acid synthase 1 (ALAS1) catalyzes
the first and rate-limiting step in heme biosynthesis and is
up-regulated in response to various xenobiotics, including
the CAR activator PB (May et al., 1995). Alas1 expression
was increased 2.9- and 3.4-fold in the liver and small intestine, respectively, of wild-type mice treated with PCN (Table
3, line 19). This induction was reduced to 1.7-fold in the liver
and was completely absent in the small intestine of PXR-null
mice, indicating a role for PXR in the induction of Alas1
expression. The regulation of Alas1 by TCPOBOP was notable in two respects (Table 3, line 19). First Alas1 was induced
by TCPOBOP in liver but not small intestine. Second, the
induction of Alas1 expression was not diminished in the
CAR-null mice, indicating that the effect of TCPOBOP on
Alas1 expression does not require CAR. Similar data were
obtained via Northern blot analysis (Figure 1). PCN treatment increased liver Alas1 expression 4.2-fold in wild-type
mice and 2.1-fold in PXR-null mice, whereas TCPOBOP increased Alas1 expression by 2-fold in the wild-type mice and
3.6-fold in the CAR-null mice. The basis for TCPOBOP-mediated induction of Alas1 remains unclear. A similar, CARindependent induction of Alas1 by PB was recently reported
(Ueda et al., 2002). PXR and CAR also regulated the expression of the gene encoding P450 oxidoreductase, which is an
essential component of the P450 monooxygenase complex
and binds FMN, FAD, and NADPH cofactors. PCN induced
Por in the liver and intestine (Table 3, line 21); these effects
were either reduced or eliminated in PXR-null mice.
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pounds, was modestly increased in the small intestine of
PCN-treated mice and the liver of TCPOBOP-treated mice
(Table 3, line 16). These effects were absent in the corresponding receptor-null mice. Expression of MRP3, which mediates the sinusoidal efflux of organic anions, was induced
3.0-fold and 1.9-fold in the livers of PCN and TCPOBOPtreated mice, respectively (Table 3, line 17). These effects
were not observed in the PXR- and CAR-null mice. Thus,
PXR and CAR regulate distinct but overlapping sets of genes
encoding xenobiotic transporters in the liver and small intestine.
Finally, we examined whether PXR and CAR regulate
their own and each other’s expression. Interestingly, PCN
induced CAR and PXR mRNA by 2.6- and 2.7-fold, respectively (Table 3, lines 22, 23). In contrast, TCPOBOP did not
regulate PXR and CAR expression. These data demonstrate
that PXR autoregulates its expression and reveal another
level of cross-talk between PXR and CAR, namely that PXR
regulates CAR expression. Interestingly, this relationship is
not reciprocal; CAR does not seem to regulate PXR expression.
Human Hepatocytes. We next examined whether PXR
and CAR activators regulated a similar program of genes in
human hepatocytes. Primary cultures of human hepatocytes
derived from two different donors were treated with either
rifampicin or PB, and the expression of fourteen genes involved in xenobiotic metabolism was evaluated by RTQ-PCR.
Rifampicin is a selective ligand for human PXR; PB activates
both human CAR and human PXR (Lehmann et al., 1998;
Pascussi et al., 2000). No selective activators of human CAR
have been reported to date. The complete list of human genes
analyzed is shown in Table 2.
As expected, rifampicin and PB treatment resulted in the

Fig. 2. Induction of Ugt1a1 expression in mouse liver. Total RNA was
prepared from the livers of three wild-type and PXR-null mice treated
with vehicle or PCN and three wild-type and CAR-null mice treated with
vehicle or TCPOBOP. RNA samples were pooled and Northern blot analysis performed with a probe for Ugt1a1. Relative mRNA abundance
(plotted as fold relative to vehicle treatment) is shown at the bottom.
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trast, no induction of Gsta1 was observed in the small intestine of TCPOBOP-treated animals (Table 3, line 7). PCN
induced the expression of the Gstm1 and Gstm2 isoforms in
the liver and small intestine in a PXR-dependent manner
(Table 3, lines 8 and 9). Whereas TCPOBOP induced expression of both Gstm1 and Gstm2 in the liver, only Gstm1 was
induced in the small intestine (Table 3, lines 8 and 9). No
induction of Gstm1 was seen in the livers of TCPOBOPtreated CAR-null mice; in fact, TCPOBOP decreased Gstm1
expression in these animals (Table 3, line 8). However,
Gstm2 was still induced by TCPOBOP in the livers of CARnull animals. Taken together, these data reveal a complex
pattern of GST regulation by PCN and TCPOBOP in the liver
and small intestine of mice, including PXR- and CAR-dependent and independent effects.
We examined whether PXR and CAR regulated other
genes whose products are involved in conjugative metabolism
of xenobiotics. The SULTs and UGTs represent families of
enzymes that increase the solubility of many xenobiotics and
lipophilic hormones by catalyzing their conjugation to sulfate
or glucuronyl groups, respectively (Mulder and Jakoby,
1990). TCPOBOP induced expression of the sulfotransferase
gene Sultn in liver but not small intestine (Table 3, line 11);
this regulation was lost in CAR-null mice. PCN had no effect
on Sultn in either tissue. TCPOBOP did not regulate Ugt1a1
ⱖ1.5-fold in the liver as assessed by RTQ-PCR. This was
unexpected because a previous study showed that PB induces
UGT1A1 in human hepatocytes via CAR (Sugatani et al.,
2001). This apparent disparity may reflect either differences
in the chemicals used or the species studied. Conversely,
PCN up-regulated Ugt1a1 2.8-fold in liver in a PXR-dependent manner but had a lesser effect (1.6-fold) in the small
intestine (Table 3, line 12). Similar data were obtained by
Northern blot analysis (Figure 2). PCN treatment increased
liver Ugt1a1 expression by only 1.7-fold in the wild-type
mouse but had little or no effect in the PXR knock-out strain.
TCPOBOP had only very modest effects on Ugt1a1 expression in wild-type and CAR-null mice (⬃1.5- and 1.2-fold,
respectively) as measured by Northern blot analysis. Overall,
the data demonstrate that PXR and CAR regulate a program
of genes whose products conjugate xenobiotics.
Genes Encoding Transporters. We examined the expression of several proteins that transport xenobiotics and
other lipophilic substances in enterohepatic tissues including
MDR1a and MDR1b, which function as broad-specificity efflux pumps in the intestine and apical transporters in the
liver, and MRP2 and MRP3 (Stieger and Meier, 1998). MDR1
has been shown to be regulated by PXR in human intestinal
cell lines (Geick et al., 2001; Synold et al., 2001); MRP2 is
regulated by CAR and PXR in vitro (Dussault et al., 2001;
Kast et al., 2002); MRP3 is regulated by both CAR and PXR
activators (Ogawa et al., 2000; Schrenk et al., 2001). Both
Mdr1a and Mdr1b were up-regulated by PCN in the liver and
intestine in a PXR-dependent manner (Table 3, lines 13 and
14). Mdr1a was regulated 1.7-fold by TCPOBOP in the liver
and intestine of wild-type mice (Table 3, line 13). TCPOBOPmediated regulation of Mdr1a was absent in the small intestine of CAR-null mice but was intact in the livers of
TCPOBOP-treated CAR-null mice. TCPOBOP did not regulate Mdr1b expression (Table 3, line 14). Expression of
MRP2, a basolateral protein that transports glutathione and
sulfate conjugates of xenobiotics and various natural com-

643

644

Maglich et al.

TABLE 4
Effects of rifampicin (RIF) and PB on expression of genes in primary
cultures of human hepatocytes derived from two donors. Data
represent fold activation relative to treatment with vehicle alone.
Donor 1
Gene

ALDH1A1
CYP1A1
CYP1A2
CYP1B1
CYP2A6
CYP2B6
CYP3A4
GSTA2
MDR1
SULT1A1
ALAS1
AhR
POR
CAR
PXR

PB

RIF

PB

2.7
27
26
1.6
N.C.
4.9
5.7
23
7.5
3.0
9.8
2.6
N.C.
N.C.
N.C.

3.2
1.3
1.7
N.C.
1.7
9.5
4.9
18
13
3.6
9.2
3.8
1.5
N.C.
N.C.

1.6
15
3.2
1.7
2.5
8.4
4.6
4.7
3.0
N.C.
5.5
2.1
2.2
N.C.
1.5

2.1
5.9
1.8
N.C.
5.2
4.5
2.9
2.1
3.4
N.C.
9.6
1.9
2.9
N.C.
2.0

N.C., no change.

induction of CYP3A4 and CYP2B6 in both sets of cultured
hepatocytes (Table 4, lines 6 and 7). It is not clear why
rifampicin was a more efficacious inducer of CYP2B6 in one
set of cultured hepatocytes and PB a more efficacious inducer
in the other. Rifampicin treatment also resulted in a marked
induction of CYP1A1 and CYP1A2 expression and a much
more modest effect on CYP1B1 (Table 4, lines 2–4). Interestingly, PB had a much less pronounced effect on the regulation of these genes than rifampicin. The reason for these
differences between rifampicin and PB is not known.
Changes in CYP1A1 and CYP1A2 mRNA levels were independently analyzed by Northern blot analysis (Figure 3). In
agreement with the RTQ-PCR data, CYP1A1 mRNA levels
were induced 24-fold by rifampicin in one set of hepatocytes
(donor-1) but not by phenobarbital (Figure 3A). In a second
set of hepatocytes, CYP1A1 mRNA was induced 7.6-fold by
rifampicin and 3.2-fold by phenobarbital (Figure 3A). These
data are in good agreement with those derived from RTQPCR (compare Figure 3 with Table 4, line 2). CYP1A2 mRNA
levels were induced 7.8-fold by rifampicin and less than
2-fold by phenobarbital in one set of hepatocytes (donor-1;
Figure 3B). In the second set of hepatocytes, CYP1A2 mRNA
levels were induced 3.2-fold by rifampicin and 1.4-fold by
phenobarbital (Figure 3B). Again, the results observed between the RTQ-PCR and Northern blotting results were in
general agreement (compare Figure 3 with Table 4, line 3).

Discussion
It is well established that PXR and CAR regulate the
expression of P450 family members, including CYP2B,
CYP2C, CYP2H, and CYP3A isozymes, in various species
(Waxman, 1999; Honkakoski and Negishi, 2000). In this report, we have exploited receptor-selective agonists to identify
additional genes regulated by PXR in murine liver and intestine and in primary cultures of human hepatocytes. Our

Fig. 3. Induction of CYP1A1 and CYP1A2
expression in primary cultures of human
hepatocytes. Northern blot analysis of
CYP1A1 (A) and CYP1A2 (B) mRNA levels was performed with total RNA (10 g)
prepared from human hepatocytes (2 donors) treated for 48 h with vehicle alone
(0.1% DMSO; lanes 1 and 4), rifampicin
(10 M; lanes 2 and 5), or PB (1 mM;
lanes 3 and 6). Relative mRNA abundance (plotted as fold relative to vehicle
treatment) is shown at the bottom.
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Donor 2

RIF

The gene encoding AhR, which regulates CYP1A1,
CYP1A2, and CYP1B1, was also induced by rifampicin and
PB (Table 4, line 12). This may account in part for the
induction of AhR target genes. Interestingly, AhR expression
seems to be up-regulated by PXR and possibly CAR in human
hepatocytes, whereas AhR was not stimulated by PXR in
mouse liver (Table 3, line 20). Thus, there seem to be important species differences in the regulation of AhR by PXR. PB
induced expression of CYP2A6 in both sets of human hepatocyte cultures, whereas rifampicin had only a modest effect
in one set of human hepatocytes (Table 4, line 5). ALAS1 was
strongly up-regulated and P450 reductase more modestly
regulated by rifampicin and PB in human hepatocytes (Table
4, lines 11 and 13). Finally, both rifampicin and PB induced
expression of ALDH1A1 (Table 4, line 1). Taken together,
these data indicate that PXR and possibly CAR regulate a
number of genes involved in oxidative metabolism of xenobiotics in human hepatocytes.
We also examined the effects of rifampicin and PB on the
expression of genes whose products are involved in the conjugation and transport of xenobiotics. Both chemicals had
marked effects on the expression of GSTA2 (Table 4, line 8)
and MDR1 (Table 4, line 9). SULT1A1 was induced by rifampicin and phenobarbital in hepatocytes derived from one
donor but not the other (Table 4, line 10). The reason for this
difference is not known. We were unable to detect UGT1A1
mRNA by RTQ-PCR despite attempts with four different sets
of primers and probes. However, Northern blot analysis demonstrated that UGT1A1 was induced by phenobarbital in
both donors (Figure 4). These data are in agreement with
those previously reported (Sugatani et al., 2001). This effect
may be mediated through CAR because rifampicin had little
or no effect on UGT1A1 expression (Figure 4). Taken together, our data support a role for PXR and perhaps CAR in
the regulation of genes involved in different phases of xenobiotic metabolism in human hepatoctyes.
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and 15). Thus, PXR may be weakly autoregulatory in the
human liver.
We note that several genes, including Alas1, Gstm2, and
Por, seem to be regulated by TCPOBOP in a CAR-independent fashion (Table 3, lines 9, 19, 21). Similar CAR-independent effects on Alas1 expression in liver were recently described for PB (Ueda et al., 2002). It also seems that there
may be a PXR-independent component to PCN regulation of
Alas1 in mouse liver (Table 3, line 19). These data suggest
that these chemicals mediate at least some of their effects
through other signaling pathways. Moreover, they underscore the importance of using genetic models such as receptor-null mice to validate the pharmacologic data derived with
receptor-selective ligands.
Our data indicate that PXR regulates a similar program of
genes involved in the solubilization and excretion of xenobiotics in mouse and human hepatocytes. However, there seem
to be species-specific effects. One of the most interesting of
these differences relates to AhR and its target genes CYP1A1
and CYP1A2. In human hepatocytes, activation of PXR by
rifampicin results in a modest induction of AhR and a
marked induction of its target genes CYP1A1 and CYP1A2
(Table 4, lines 2, 3, and 12). These data raise the intriguing
possibility that in human liver, PXR activation effectively
primes hepatocytes to respond to challenges by other classes
of xenobiotics such as aryl hydrocarbons that might otherwise escape detection by PXR. Thus, there seems to be crosstalk between different structural classes of xenobiotic-sensing transcription factors. We do not know at this point
whether PXR regulates AhR, CYP1A1, and CYP1A2 directly
or indirectly. In contrast, activation of PXR by PCN in mouse
liver did not induce either AhR or Cyp1a1 (Table 3, lines 3
and 20). Expression of both AhR and Cyp1a1 was induced
modestly in mouse liver by activation of CAR (Table 3, lines
3 and 20).
In summary, we have shown that PXR and CAR regulate
overlapping but distinct programs of genes involved in the
detoxification of xenobiotics and endogenous lipophilic chemicals in mice. Moreover, we show that PXR regulates a similar program of genes in human hepatocytes. Our data provide evidence for a broad role for these nuclear receptors in
defending the body against potentially harmful chemicals.
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