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ABSTRACT
Ligand-mediated activation of the pregnane X receptor (PXR,
NR1I2) is postulated to affect both hepatic and intestinal gene
expression, because of the presence of this nuclear receptor in
these important drug metabolizing organs; as such, activation
of this receptor may elicit the coordinated regulation of PXR
target genes in both tissues. Induction of hepatic and intestinal
drug metabolism can contribute to the increased metabolism of
drugs, and can result in adverse or undesirable drug-drug
interactions. 2(S)-((3,5-bis(Trifluoromethyl)benzyl)-oxy)-3(S)-
phenyl-4-((3-oxo-1,2,4-triazol-5-yl)methyl)morpholine (L-
742694) is a potent activator of the rat PXR and was charac-
terized for its effects on hepatic and intestinal gene expression
in female Sprague-Dawley rats by DNA microarray analysis.
Transcriptional profiling in liver and small intestine revealed that
L-742694 and dexamethasone (DEX) induced the prototypical

battery of PXR target genes in liver, including CYP3A, Oatp2,
and UGT1A1. In addition, both DEX and L-742694 induced
common gene expression profiles that were specific to liver or
small intestine, but there was a distinct lack of coordinated
gene expression of genes common to both tissues. This pattern
of gene regulation occurred in liver and small intestine inde-
pendent of PXR, constitutive androstane receptor, or hepatic
nuclear factor-4� expression, suggesting that other factors are
involved in controlling the extent of coordinated gene expres-
sion in response to a PXR agonist. Overall, these results sug-
gest that ligand-mediated activation of PXR and induction of
hepatic, rather than small intestinal, drug metabolism genes
would contribute to the increased metabolism of orally admin-
istered pharmaceuticals.

Orally administered drugs are often subject to first-pass
metabolism in the gut and liver. Drugs can elicit induction of
drug metabolism enzymes in these organs, potentially result-
ing in clinically relevant drug-drug interactions. The relative
induction of genes in the liver and intestine, however, has not
been thoroughly characterized. To understand the potential
for new drugs to alter gene expression, genome-wide gene
expression analyses that characterize chemical/drug induc-
tion of both hepatic and intestinal drug-metabolism enzymes,
and drug-transport proteins, has been undertaken in the rat.

Induction of CYP3A4 in human liver or possibly intestine
is responsible for an ever-expanding list of drug-drug inter-

actions. Given that the CYP3A4 enzyme metabolizes an ex-
tensive array of marketed pharmaceuticals, any drug that
induces the expression of the CYP3A4 gene has the potential
to alter the pharmacokinetics of a coadministered drug, re-
sulting in a perpetrator-victim scenario (Evans et al., 2003).
Furthermore, xenobiotic mediated induction of the CYP3A
family of genes occurs through activation of the pregnane X
receptor (PXR; NR1I2), irrespective of species (i.e., human,
mouse, and rat; Bertilsson et al., 1998; Blumberg et al., 1998;
Kliewer et al., 1998; Lehmann et al., 1998; Zhang et al.,
1999). Ligand mediated activation of the PXR leads to PXR
binding to a distal (�7.8 kilobases) xenobiotic-responsive
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element of the CYP3A4 transcription start site (Goodwin et
al., 1999). PXR binds as a heterodimer with the retinoic acid
receptor to a specific nuclear receptor binding motif, where
the CYP3A4 binding motif consists of two half-sites (AG(T/
G)TCA) separated by six nucleotides in an everted-repeat
(ER-6) orientation. Similar distal enhancer elements in var-
ious orientations [e.g., ER-6, ER-8, direct repeat (DR)-3,
DR-4, DR-5] have been reported in numerous other genes in
both humans and rodents, including rat CYP3A (Kliewer et
al., 1998, 2002).

The relevance of PXR to understanding xenobiotic induc-
tion of hepatic and intestinal gene expression in both humans
and rodent preclinical species is derived from the tissue dis-
tribution of PXR. Localized expression of PXR to both the
liver and intestinal tract (Bertilsson et al., 1998; Blumberg et
al., 1998; Lehmann et al., 1998; Zhang et al., 1999; Jones et
al., 2000), suggests that ligand-mediated activation of PXR
and induction of PXR target genes in both tissues would be
expected (Maglich et al., 2002). Furthermore, the liver and
intestine express a similar compliment of drug metabolism
enzymes and drug transport proteins that are regulated by
PXR, including human and rodent orthologs of CYP3A,
UGT1A, MRP2 (ABCC2), and MDR1 (ABCB1) (Bertilsson et
al., 1998; Blumberg et al., 1998; Lehmann et al., 1998; Synold
et al., 1999; Kast et al., 2002; Maglich et al., 2002; Chen et al.,
2003; Xie et al., 2003). Of the genes regulated through ligand-
mediated activation of PXR, many are central in the adaptive
response of the organism to chemical insult, which include
genes that encode for drug metabolism enzymes and xenobi-
otic transport proteins. Consequently, PXR-mediated induc-
tion of these drug-management genes facilitates excretion of
potentially harmful chemicals from the organism. However,
in cases in which a compound activates PXR, induces PXR
target genes (e.g., CYP3A4), and perpetrates a clinically rel-
evant drug-drug interaction, the pharmacokinetics and effi-
cacy of a coadministered drug are compromised as a result of
induction of hepatic and/or intestinal genes.

To date, only limited evidence in rodents and humans
exists to support coordinated regulation of PXR target genes
in liver and small intestine by PXR agonists. Studies in rats
have focused on understanding the potential for compounds
like dexamethasone (DEX), a rodent PXR agonist, to coordi-
nate induction of hepatic and intestinal CYP3A and P-glyco-
protein expression, to explain the effect of high-dose dexa-
methasone to alter the pharmacokinetics of drugs like
cyclosporin A, indinavir, and tamoxifen (Sulphati and Benet,
1998; Lin et al., 1999; Cotreau et al., 2001; Huang et al.,
2001; Yokogawa et al., 2002). In each of these previous stud-
ies, the authors suggested that induction of hepatic CYP3A
was much more significant than that observed in intestine.
Recently, Maglich et al., (2002) reported that PXR deficiency
could ablate the inductive effect of pregnenolone-16�-carbo-
nitrile on hepatic as well as intestinal PXR target genes other
than mouse Cyp3a11, including Aldh1a1, Aldh1a7, Cyp2b10,
Gsta1, Gstm1, Gstm2, Ugt1a1, Mdr1a, Mdr1b, and �-amin-
olevulinic acid synthase 1. From these studies, activators of
PXR in rats and mice are expected to have a broad effect on
both hepatic and intestinal gene expression of important
drug metabolism genes.

In this article, we report on the finding that two potent rat
PXR agonists, L-742694 (Fig. 1) and DEX, elicited pleiotropic
effects on hepatic and small intestinal gene expression after

oral administration to female Sprague-Dawley rats. Further-
more, these PXR agonists elicited robust effects on hepatic
genes encoding for drug metabolism proteins, but this did not
occur in small intestine, and this finding was independent of
PXR gene expression in the intestine. Extrapolation of these
data from rats to humans suggests that PXR-mediated in-
duction of hepatic genes is the major contributing factor to
the increased presystemic metabolism, loss of efficacy, and
manifestation of drug-drug interactions that occur when
many drugs are coadministered with PXR agonists.

Materials and Methods
Chemicals. Ethinyl estradiol (EE), pregnenolone 16�-carbonitrile

(PCN), rifampicin (RIF), DEX, alamethacine, and dansyl chloride
[5-(dimethylamino)-1-naphthalenesulfonylchloride[ were purchased
from Sigma Aldrich (St. Louis, MO). 1,4-Bis[2-(3,5-dichloropyridy-
loxy)]benzene was purchased from Calbiochem (LaJolla, CA). 17�-
[6,7-3H(N)]EE (specific activity, 41 Ci/mmol) was purchased from
PerkinElmer Life and Analytical Sciences (Boston, MA). 17�-ethi-
nylestradiol-2,4,16,16-d4 was obtained from C/D/N Isotope Inc.
(Pointe-Claire, Quebec, Canada). Synthetic derivatives of EE, includ-
ing the 3-O-glucuronide of EE, 17-O-glucuronide of EE, and the
3-O-sulfate of EE were purchased from Steraloids (Newport, RI). The
2-hydroxy-EE, 4-hydroxy-EE, and 17-sulfate metabolites of EE were
synthesized by the Labeled Compound Synthesis Group (Dept. of
Drug Metabolism, Merck Research Laboratories, Rahway, NJ). The
Merck Medicinal Chemistry department synthesized L-742694 (Fig.
1). All other chemicals were of the highest analytical purity avail-
able.

Animals and Drug Treatments. All animal studies were per-
formed in accordance of IACUC guidelines and approved by the
Merck Research Laboratory IACUC committee. Female Sprague-
Dawley rats (�400 g) were obtained from Charles River Breeding
Laboratories (Wilmington, MA). The animals were housed under
standard conditions and were maintained under a 12-h light/dark
cycle in the Comparative Medicine facilities of Merck Research Lab-
oratories (Rahway, NJ). Rats were allowed access to commercial
rodent chow and water ad libitum. For induction studies, female
Sprague-Dawley rats (three/group) were given an oral dose of
L-742694 (50 mg/kg/day) or DEX (50 mg/kg/day) in 0.25% methylcel-
lulose for 4 consecutive days; control animals received only 0.25%
methylcellulose. On day 5, the liver and small intestine (upper two-

Fig. 1. Chemical structure of L-742694.
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thirds segment) were dissected from each animal and flash-frozen in
liquid nitrogen. All tissue samples were stored at �80°C.

Metabolic Activity in Microsomes from Liver and Intestine.
Microsomal and cytosolic subcellular fractions were prepared from
liver and small intestinal samples by standard sucrose density cen-
trifugation. Microsomal 6�-hydroxylation of testosterone was as-
sessed as an index of hepatic and intestinal CYP3A activity. Incu-
bation mixtures to monitor CYP3A activity (500 �l) contained 250
�M testosterone (in 5 �l of methanol), 100 mM phosphate buffer, pH
7.4, an NADPH-regenerating system (5 mM glucose 6-phosphate, 1
mM NADP�, and 0.7 IU/ml of glucose 6-phosphate dehydrogenase),
6 mM MgCl2, 10 mM EDTA, and 0.125 mg of microsomal protein.
Stock solutions of the substrates in methanol were made such that
the final concentration of methanol in the reaction mixture was 1%.
The reactions were initiated by adding 50 �l of 10 mM NADP� and
allowed to proceed at 37°C for 10 min. After incubation, the reactions
were terminated by the addition of 125 �l of ice-cold methanol
containing 2% formic acid. The suspensions were mixed vigorously
and spun in a centrifuge at 3000g for 10 min. Formation of 6�-
hydroxytestosterone was analyzed from the reaction supernatant (10
�l) by reversed-phase HPLC. Extracts of reaction mixtures were
separated on a Zorbax SB-C8 column (4.6 � 150 mm, 4 �m; Agilent
Technologies, Inc., Wilmington, DE) and 6�-hydroxytestosterone
was monitored at 254 nm. Mobile phase A consisted of 10 mM
ammonium acetate in water and mobile phase B consisted of 10 mM
ammonium acetate in acetonitrile. The gradient was 25 to 60% B in
7 min and it was maintained at 60% B for 1 min. The flow rate was
1 ml/min at room temperature.

Glucuronidation of EE was evaluated as an index of hepatic and
intestinal microsomal UDP-glucuronosyltransferase activity. Reac-
tion mixtures (total volume, 200 �l) containing 10 mM MgCl2, ala-
methicine (20 �g), 1.5 mM UDP-glucuronic acid, 0.2 mg of liver
microsomal protein, 10 mM Bis-Tris propane buffer, pH 7.5, and 4 or
200 nM [3H]EE (in 2 �l of methanol) and were incubated at 37°C for
10, 20, 30, or 40 min. After incubation, the reactions were terminated
by the addition of 20 �l of 50% acetic acid and 100 �l of acetonitrile,
samples were centrifuged and EE glucuronides were analyzed by
HPLC with radiometric detection (see below).

Sulfation of EE was evaluated as an index of cytosolic hepatic and
intestinal sulfotransferase activity. Reaction mixtures (500 �l) con-
taining 10 mM MgCl2, 50 mM phosphate buffer, pH 6.5, 0.5 mM
3�-phosphoadenosine-5�-phosphosulfate, 0.05 mg of liver cytosolic
proteins, and 200 nM [3H]EE (in 5 �l methanol), was incubated at
37°C for 5, 10, or 20 min. After incubation, the reactions were
terminated by the addition of 4 volumes of ice-cold methanol, pro-
cessed, and analyzed by HPLC.

Glucuronide and sulfate products of EE metabolism formed in
microsomal and cytosolic subcellular fractions from liver and intes-
tinal incubates were analyzed on a Zorbax RX-C8 (4.6 � 250 mm;
Agilent Technologies) analytical column for in vitro incubations,
with UV detection at 210 nm and on-line radioactivity detection. The
HPLC system (Shimadzu Scientific Instruments Inc., Columbia,
MD) consisted of a controller (SIL-10A vp), two pumps (SIL-10AD
vp), an autosampler (SIL-10AD vp), and a UV detector (SPD-10AV
vp). The radioactivity was monitored using an on-line �-Ram radio-
HPLC detector from IN/US Systems, Inc. (Tampa, FL), equipped
with a 1.0-ml liquid cell and ScintFlow software. The scintillant
(Ultima-Flo M; PerkinElmer Life and Analytical Sciences) was used
at a flow rate of 3 ml/min for detection of radioactivity. The mobile
phase consisted of mobile phase A (10 mM ammonium acetate in
water) and mobile phase B (7.2 mM ammonium acetate in 7.2%
methanol and 92.8% acetonitrile). The eluent flow rate was 1 ml/min
using a linear gradient from 20 to 70% B in 40 min.

Rat PXR-LBD Clone and Reporter Constructs. The ligand-
binding domain (LBD) of the rat PXR was isolated from a commercially
available cDNA library (BD Biosciences Clontech, Palo Alto, CA) using
primers designed to amplify the LBD, which corresponded to nucleo-
tides 554 to 1557. Primers for the rat LBD were: forward, 5�-

GATCATGGAATTCGCCGCTGTGGAA-3�; reverse, 5�-CTGGGTCT-
TCTAGACCCATGAGATC-3� (GenBank accession no. AF151377). The
resulting PCR product (rat LBD) was inserted into the EcoRI and XhoI
restriction enzyme sites of the pcDNA3.1(�) vector (Invitrogen,
Carlsbad, CA) previously constructed with the DNA binding domain of
the yeast GAL4 transcription factor. The resulting chimeric construct,
rat PXR-GAL4, contained the rat PXR LBD fused to the yeast GAL4
DNA binding domain. The reporter construct was generated through
insertion of five tandem copies of the upstream activation sequence for
GAL4 into the luciferase reporter vector, pFR-LUC vector (Stratagene,
La Jolla, CA), to generate pFR-UASLUC. The rat PXR-GAL4 chimera
construct was tested in combination with pFR-UASLUC. Dr. Terri
Kelly (Dept. of Metabolic Disorders, Merck Research Laboratories) gen-
erously provided the constructs for the rat glucocorticoid receptor trans-
activation assay. The LBD of the rat glucocorticoid receptor was in-
serted into pBIND (Promega, Madison, WI), a GAL4 fusion protein
vector, to generate pBindratGR-LBD, where agonist binding is detect-
able through GAL4 activation of the pG5luc reporter vector (Promega).

Nuclear Receptor Transactivation Assays. Compounds were
evaluated in the PXR transactivation assay. HepG2 cells (American
Type Culture Collection, Manassas, VA) grown to 90% confluence in
150-cm2 flasks were transfected with LipofectAMINE2000 (100 �l/
flask; Invitrogen), 10 �g/flask of the rat PXR-GAL4, and 10 �g/flask
of the pFR-UASLUC reporter plasmid all in 15 ml Opti-MEM I
(Invitrogen Corp.) After a 3-h incubation, additional Opti-MEM I
medium (15 ml/flask) was added to each transfection, and the cells
were allowed to incubate overnight. Transfected cells were split onto
24-well plates (150,000 cells/well) on the following day. Immediately
after plating, cells were treated with the rodent PXR agonists DEX
and PCN, L-742694, or dimethyl sulfoxide as vehicle (0.1%). Forty
hours after treatment, the experiment was terminated by aspiration
of the media and addition of Glo-Lysis buffer (100 �l; Promega). An
equal volume of cell lysate from each sample was combined with
luciferase assay reagent (Promega), and luminescence was assessed
in a Microbeta 1450 liquid scintillation/luminescence plate reader
(PerkinElmer Wallac, Turku, Finland). Similarly, compounds were
evaluated in the GR transactivation assay under transfection condi-
tions identical to those described above using the rat pBindratGR-
LBD and the pG5luc reporter vector. Compounds were assessed in
HepG2 cells for transactivation of the mouse CAR receptor with a
5XNR1-secreted alkaline phosphatase reporter gene assay in the
presence of 10 �M androstenol. Compounds were also evaluated for
Ah receptor activation in a xenobiotic response element-chloram-
phenicol acetyltransferase reporter gene assay as described previ-
ously (Rushmore and Pickett, 1991).

Isolation of RNA. Total RNA from rat liver and small intestinal
tissue samples (n � 3 rats/condition) was isolated using the SV Total
RNA Isolation System (Promega) according to the manufacturer’s
instructions. Samples were quantified by spectrophotometry and
diluted to a concentration of 15 ng/�l for subsequent analysis by
real-time quantitative PCR (RT-qPCR), or 0.2 �g/ml for sample
work-up for microarray analysis. Aliquots (500 ng) of RNA were
analyzed by agarose/formaldehyde gel electrophoresis to check RNA
integrity.

Quantitative RT-PCR. All primers and probes were submitted
to the National Center for Biotechnological Information (NCBI) for
nucleotide comparison using the basic logarithmic alignment search
tool (BLASTn) search for short, nearly exact sequence to ensure
specificity. Primers and probes were synthesized by Operon (Alam-
eda, CA), where probes were 5�- and 3�-labeled with the FAM and
TAMRA reporter dyes, respectively. The sequences for the rat
CYP3A1, Oatp2, UGT1A1, UGT2B1, Mrp2, and Mrp3 primers and
probes were as previously reported (Wang et al., 2003). Additional
primers and probes were generated as shown in Table 1. The rodent
GAPDH primer/probe set was purchased from Applied Biosystems
(Foster City, CA) and used per the manufacturer’s instructions.

Total RNA (60 ng) was used to generate cDNA by reverse tran-
scription using TaqMan reagents for reverse transcription (Applied
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Biosystems). A two-step RT-PCR reaction was conducted by reverse-
transcribing an aliquot of total RNA (�50 ng) to cDNA using Taq-
Man Reverse Transcription Reagents, according to the TaqMan Uni-
versal PCR Master Mix protocol (Applied Biosystems), with the
random hexamer primer mixture. PCR reactions were then prepared
by adding an aliquot of cDNA (5 �l) to a reaction mixture containing
the TaqMan Universal PCR Master Mix solution, primers, and
probes (300 and 200 nM, respectively) for each target. RT-qPCR was
performed using an ABI PRISM 7700 Sequence Detector instrument
and Sequence Detector v.1.7 software (PerkinElmer Life and Analyt-
ical Sciences). PCR amplification conditions were as follows: 1 cycle at
50°C, 2 min; 1 cycle at 95°C, 10 min; 40 cycles at 95°C, 15 s; and 40
cycles at 60°C, 1 min. PCR amplified cDNAs were detected by real-
time fluorescence on an ABI PRISM 7700 Sequence Detection System
(Applied Biosystems). Quantitation of the target cDNAs in all samples
was normalized to glyceraldehyde 3-phosphate dehydrogenase expres-
sion (GAPDH; Cttarget � CtGAPDH � �Ct), and the effects of each
compound on the target cDNA was expressed to the amount in the
dimethyl sulfoxide (vehicle) control sample (�Ctcompound � �CtDMSO

� ��Ct). Fold changes in target gene expression were determined by
taking 2 to the power of this value (2���Ct).

Amplification, Labeling, and Hybridization to 25K Rat Mi-
croarrays. Individual liver samples were profiled on the 25K rat
microarray (Waring et al., 2003). Detailed procedures for RNA prep-
aration, amplification, labeling and hybridization are described in
our previous publications (Hughes et al., 2000, 2001; Waring et al.,
2001). Briefly, total RNA samples were extracted after DNase I
treatment. Five micrograms of total RNA from each sample was
amplified into cRNA by an in vitro transcription procedure with
oligo-dT primer. cRNA was labeled with Cy3 or Cy5 dyes using a
two-step process with allylamine-derivatized nucleotides and N-hy-
droxysuccinimide esters of Cy3 or Cy5 (CyDye; Amersham Bio-
sciences). The labeled cRNAs were fragmented to an average size of
�50 to 100 nucleotides before hybridization. For each amplified RNA
sample, hybridizations were done in duplicate with fluor reversals.
After hybridization, slides were washed and scanned using a confocal
laser scanner (Agilent Technologies). Fluorescence intensities of the
scanned images were quantified, normalized, and balanced. To com-
pensate for the dye bias, the paired control and treated samples were
hybridized on a pair of slides with reversed fluorescence, Cy3 versus
Cy5 and Cy5 versus Cy3. Each hybridization pair resulted in a
profile for the individual sample. The reference cRNA pool was
formed by pooling equal amount of cRNAs from vehicle treated
control samples

Statistical Analysis. Significantly regulated genes among indi-
vidual profiles were identified by the combination of the p-value
derived from the error model (Hughes et al., 2000; He et al., 2003)

and magnitude of regulation. All genes with a p value �0.01 and a
log�10(ratio)� 	 0.5 of relative change in gene expression in two or
more experiments were considered significantly regulated genes.
The value of log�10(ratio)� 	 0.5 allows consideration of relative
induction and suppression of gene expression on an equivalent scale.
Signature genes for individual compounds were determined using a
nonparametric approach. Specifically, if a gene was identified as
significantly regulated among two thirds of profiles for an individual
compound, it was chosen as one of the signature genes for that
individual compound. These parameters in gene identification were
optimally chosen when considering the trade-off between sensitivity
and specificity.

Results
Activators of the Rat PXR and Induction of Enzyme

Activity. In a rat PXR-GAL4 trans-activation assay used to
assess the potential of compounds to activate the rat PXR,
L-742694 was found to be a potent PXR activator; it elicited
a concentration-dependent activation of PXR that tracked
similarly with DEX or PCN (Fig. 2). The human PXR agonist
RIF did not activate the rat PXR (Fig. 2). In addition, when
tested up to a concentration of 25 �M, L-742694 was not an
agonist of the rat GR or mouse CAR when assessed in tran-
sient transfection assays, whereas DEX and 1,4-bis[2-(3,5-
dichloropyridyloxy)]benzene were potent agonists of these
receptors, respectively. L-742694 was a very weak agonist of
the Ah receptor (3.0-fold relative to control), compared with
the Ah ligands �-napthoflavone or benzo[a]pyrene, which led
to a 29- and 91-fold activation of Ah receptor-mediated xeno-
biotic response element-chloramphenicol acetyltransferase
activity, respectively (data not shown). These in vitro results
suggested that administration of L-742694 to rats would
have the potential to increase hepatic microsomal cyto-
chrome P450 activity via activation of PXR. In female
Sprague-Dawley rats treated with either L-742694 (50 mg/
kg/day) or DEX (50 mg/kg/day) for 4 days, liver microsomal
CYP3A mediated 6�-hydroxylation of testosterone was in-
creased significantly compared with vehicle-treated control
animals (Table 2). In addition, L-742694 and DEX signifi-
cantly induced the microsomal glucuronosyltransferase ac-
tivity of liver microsomes isolated from induced rats, where
both PXR activators increased the 3-O-glucuronidation and
17�-glucuronidation of EE (Table 2). Furthermore, when ra-

TABLE 1
Additional primers and probes

Genes Primers and Probes

CYP3A9 5�-CCAAAGTCAAAGACTCTCATAAAGCA-3�
5�-CCGGCAAAAATGAAGATAACTGA-3�
5�-FAM-TATCCGATGTGGAGATTGTGGCCCA-TAMRA-3�

CYP3A18 5�-AAGCACCTCCATTTCCTTCATAAT-
5�-TCTCATTCTGGAGTTTCTTTTGCA-3�
5�-FAM-TATGAACTGGCCACTCGCCCCAAT-TAMRA-3�

SULT1A1 5�-GCCAAGCTGCACCCTGAT-3�
5�-CACTTCCCCATCCATGAAGTTC-3�
5�-FAM-AGGCACCTGGGACAGCTTCTTG-TAMRA-3�

CAR 5�-GTGGGCCCCATGTTTGAC-3�
5�-CGGTGATGGCTGAACAGGTA-3�
5�-FAM-AGTTTGTGCAGTTCAGGCCTCCGG-TAMRA-3�

PXR 5�-GCAGCTGCGCGGAGAA-3�
5�-TTTCCCGTCGCTCTTGGA-3�
5�-FAM-ACGGCAGCATCTGGAACTACCAACCTC-TAMRA-3�

HNF-4� 5�-GGGCTGGCATGAAGAAAGAA-3�
5�-TGACCTCCGCGTGCTGAT-3�
5�-FAM-CCGTCCAAAATGAGCGGGATCG-TAMRA-3�
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diolabeled EE was orally administered to L-742694 treated
animals (4 days), a significant increase in the biliary excre-
tion of the hydroxyglucuronide and dihydroxy-diglucuronide
metabolites of EE was detected (data not shown). In contrast,
CYP3A and UGT activity in intestinal microsomes from con-
trol, L-742694, or DEX-induced rats was much less than that
observed in liver (�1/10), and neither L-742694 nor DEX
caused a statistically significant increase in intestinal
CYP3A or UGT activity (Table 2). Pretreatment of rats with
L-742694 or DEX did not elicit a detectable increase in sul-
fotransferase activity in either hepatic or intestinal cytosolic
subcellular fractions supplemented with 3�-phosphoad-
enosine-5�-phosphosulfate, and sulfate metabolites were un-
detectable in bile of bile duct cannulated rats challenged with
EE (data not shown).

Genome-Wide Effects of L-742694 and DEX on He-
patic and Intestinal Gene Expression. Genome-wide
transcriptional profiling was used to assess hepatic and in-
testinal gene expression for samples in control, vehicle-
treated rats and from rats treated for 4 days with L-742694
and DEX. Hepatic and intestinal RNA samples from control
or treated rats were compared against a reference pool of

RNA created from all the control samples from a given tissue.
As depicted in Fig. 3, the gene expression across the individ-
ual control samples did not vary widely between animals.
Given that 6�-hydroxytestosterone activity was increased by
L-742694 in rat liver (Table 2) and that this compound was
an efficacious rat PXR activator (Fig. 1) the effects of
L-742694 and DEX on gene expression were assessed. The
data demonstrated highly reproducible gene expression pro-
files obtained between subjects within a given treatment
group. One-dimensional hierarchical cluster analysis of sig-
nificantly regulated genes demonstrated remarkable quali-
tative differences in intestinal and hepatic gene expression in
response to the compounds tested. Relatively few similarities
in the response of the intestine and liver to these PXR acti-
vators were detected (Fig. 3). DEX and L-742694 elicited
gene expression profiles, which overlapped extensively in
liver (Fig. 3, clusters c and h) or in intestine (Fig. 3, clusters
e and i). However, apparent differences between the dual
glucocorticoid receptor/PXR agonist DEX and the specific
PXR agonist L-742694 were also evident in liver (Fig. 3,
clusters a, b, d, and g) and in small intestine (Fig. 3, clusters
a and f).

Effects of L-742694 and DEX on Regulation of Drug-
Management Genes in the Liver. L-742694 as well as
DEX caused a pleiotropic induction of drug metabolism genes
in liver. Supervised analyses were performed where all po-
tential drug-management genes (genes with known function
in the metabolism and excretion of drugs) represented on the
DNA microarrays were queried for significant changes in
response to L-742694 or DEX to determine the gene expres-
sion signature related to changes in drug-management gene
expression (Fig. 4). Each compound elicited many changes in
gene expression known to be, or presumed to be, elicited
through activation of PXR or, in the case of DEX, the GR as
well. Evidence for modulation of gene expression through
ligand-activated PXR, was observed in that each compound
caused a significant and reproducible induction of known
PXR target genes expressed in liver, including the CYP3A
family of genes CYP3A1/23 (probe is annotated as CYP3A3
in this version of the DNA microarray; Unigene, Rn.91120)
CYP3A2, CYP3A9, and CYP3A18. Other PXR target genes
induced by L-742694 and DEX included the CYP2B genes
(CYP2B1 is represented as CYP450e phenobarbital-induced;
Unigene, Rn.91353), Oatp2 (denoted Slc21a5), UGT1A1 (de-

Fig. 2. Rat PXR-GAL4 trans-activation assay. HepG2 cells were cotrans-
fected with rat PXR-GAL4 and pFR-UASLUC, treated with varying con-
centrations of PCN, DEX, RIF, L-742694, or vehicle (0.1% or less) for 40 h.
Luciferase activity was evaluated from triplicate determinations and
values represent mean luminescence.

TABLE 2
Assessment of CYP3A and UGT enzyme activity
Activity was assessed in subcellular fractions prepared from female Sprague-Dawley rats after a daily oral administration of L-742694 (50 mg/kg), DEX (50 mg/kg/day), or
0.25% methylcellulose as vehicle control (CON) for 4 days. All values are presented as mean 
 S.E.M.

Treatment Groups

CON L-742694 DEX

Activity Liver Small
Intestine Liver Small

Intestine Liver Small
Intestine

6�-Hydroxytestosterone (pmol/min/mg)a 139.8 
 18.6 N.A. 1185.1 
 374.5* N.A. 6012.8 
 1876.4* N.A.
Ethinyl estradiol-3-O-glucuronide (pmol/min/mg)b 8.4 
 2.1 0.36 
 0.14 50.8 
 9.5* 0.62 
 0.26 21.0 
 5.6* 0.72 
 0.46
Ethinyl estradiol-17�-glucuronide (pmol/min/mg)c 3.1 
 1.3 25.9 
 7.5* 8.2 
 2.2*
6�-hydroxytestosterone (fold increased) 8.5 43.0
Ethinylestradiol-3-O-glucuronide (fold increase) 6.0 1.7 2.5 2.0
Ethinylestradiol-17�-glucuronide (fold increase) 8.4 2.6

a Formation of 6�-hydroxytestosterone was used as an index of CYP3A activity.
b Formation of ethinylestradiol-3-O-glucuronide and ethinylestradiol-17�-glucuronide were used as an index of UGT activity.
c N.A. represents no activity.
d Fold increase refers to the effect of the treatments on CYP3A or UGT activity relative to the control activity.
* P � 0.05 compared with control.

PXR Activation and Hepatic and Intestinal Gene Expression 1163

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


noted as UGT1), UGT2B1 (denoted as phenobarbital induc-
ible UGT mRNA), GSTA2, and Carboxylestase 2 (Fig. 4).
Furthermore, L-742694 induced ALDH1A1, UGT2A1, the
glutathione transferases GSTM2 and GSTYa, and Mrp3 (de-
noted Abcc3). Induction of Mrp3, but not Mrp2, was detected
in response to L-742694, but not DEX (Fig. 4). Two sulfo-
transferases (SULT1A1 and SULT1A2) were inversely cor-
related between L-742694 and DEX, where L-742694 sup-
pressed and induced SULT1A1 and SULT1A2, respectively,
whereas the opposite occurred in response to DEX (Fig. 4).
Both compounds suppressed another sulfotransferase
(SULT1C2; Fig. 4). Potential DEX-mediated glucocorticoid
effects on hepatic gene expression were observed in which
DEX specifically induced hepatic gene expression of CYP2A2,
CYP2B19, CYP2C38, SULT1A1, SULT1B1, and UGT2A3
(Fig. 4). The hepatic expression levels of several genes were
measured by RT-qPCR and confirmed the DNA microarray
findings for those genes common to both assays (Table 3).

Effects of L-742694 and DEX on Regulation of Drug-
Management Genes in the Small Intestine. From the
heat map (Fig. 5) it was apparent that L-742694 and DEX
were in general less potent modulators of drug metabolism
genes in small intestine. Modest induction of UGT1A1 (de-
noted UGT1) and some evidence for induction of CYP1A1 was
apparent in small intestine with both treatments. A number
of genes were suppressed in small intestine in response to

each treatment, most notably CYP3A1/23 (Table 3), but also
SULT1C2 and Mrp6 (denoted Abcc6). SULT1A1 was only
inducible by DEX, and probably represented a glucocorticoid-
specific response (Duanmu et al., 2001). The intestinal ex-
pression levels of several genes were measured by RT-qPCR
and confirmed the DNA microarray findings for those genes
common to both assays (Table 3). L-742694 treatment did not
increase intestinal microsomal cytochrome P450 or glucu-
ronosyl transferase activity (Table 2).

Coregulation of Drug-Management Genes between
Tissues. Expression of CYP3A1/23 in liver and intestine
were inversely correlated in these studies; for example,
CYP3A1/23 was significantly induced in liver but was signif-
icantly suppressed in intestine by L-742694 and DEX. This
was not caused by differing expression of the PXR, CAR, or
HNF-4� in liver and intestine as shown by RT-qPCR
(�CtPXR-GAPDH liver � 2.1; �CtPXR-GAPDH intestine � 2.6;
�CtCAR-GAPDH liver � 2.3; �CtCAR-GAPDH intestine � 2.3;
�CtHNF-4�-GAPDH liver � 1.4; �CtHNF-4�-GAPDH intes-
tine � 0.8). In addition, expression levels of neither PXR nor
CAR were affected by any treatment (Table 3). From Fig. 6,
it is apparent that very few genes were coregulated between
liver and intestine by the compounds used in this study. The
expression of SULT1A1 and SULT1B1 (probe identifier do-
pa/tyrosine sulfotransferase), known glucocorticoid receptor-
regulated genes, were induced in both tissues by DEX, but

Fig. 3. One-dimensional hierarchical cluster analysis for the effects of L-742694 and DEX on hepatic and small intestinal gene expression in female
SD rats. Expression profiles in both liver and small intestine are shown in the heat map, where green, black, and red represent suppression, no change,
or induction of gene expression relative to the level of vehicle controls. The color scale for the heat map ranges from 84% suppression (16% of control)
to 6.3-fold induction of control level. Control levels of gene expression for each sample are compared with the gene expression profile generated from
a pool of all control samples (n � 3) as the reference. Expression profiles are presented by ratios from all the probes representing the same sequence
on the chip. Yellow boxes (and corresponding color bar) highlight clusters of differently and commonly regulated genes in liver or small intestine by
L-742694 and DEX.
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not by L-742694 (Fig. 6, Table 3). Induction of SULT1A1 was
more robust and reproducible in intestine (three of three rats
and six of six probe reporters) than in liver (Fig. 6, Table 3).
The known glucocorticoid responsive tyrosine aminotransfer-
ase gene was not significantly altered in liver, and was sup-
pressed in intestine (data not shown). The apparent lack of
induction of hepatic tyrosine aminotransferase in these sam-

ples (isolated 24 h after the last dose of DEX to the rats) is not
surprising given that induction of this gene was reported to
be rapid and transient in nature, resolving to baseline at
around 24 h after dosing of another synthetic glucocorticoid,
methylprednisolone (Almon et al., 2004). Interestingly,
CYP3A9 was modestly induced in both liver and intestine by
DEX (Fig. 6, Table 3). SULT1C2 was suppressed by both

Fig. 4. Heat map displaying the effects of L-742694 and DEX on hepatic gene expression of genes that function in the metabolism of xenobiotics in
female Sprague-Dawley rats. Genes significantly regulated by individual compounds in rat liver were determined by a nonparametric method. All
genes significantly regulated greater than 2-fold with p � 0.01 in at least two thirds of the repeats are identified as the signature genes for the
individual compound. Each row represents the gene expression profile for liver from an individual rat. Only genes implicated for a role in drug
metabolism and regulated by the compounds are displayed in the heat maps. The color scale for the heat map ranges from 50% reduction to 2-fold
induction; green, black, and red represent suppression, no change, or induction of gene expression, respectively. Multiple probes exist for individual
genes and their profiles are all illustrated in the heat map. All probes are labeled by the gene symbol targeted by the probes (the CYP3A1/23 probes
are labeled as Cyp3a3). See Table 4 for all relevant annotation for each probe including probe name, accession number, and a description of each target
are listed as they occur from left to right in Fig. 4.

TABLE 3
Summary of RT-qPCR data
The effect of daily oral administration of L-742694 (50 mg/kg) or DEX (50 mg/kg) for 4 days on hepatic and small intestinal gene expression in female SD rats. Results shown
are fold change in mRNA level relative to vehicle control treated female SD rats, where values 	1.0 and values �1.0 indicate induction or suppression of the gene,
respectively. Values are derived from mean values of n � 3 rats 
 S.E.M.; all samples were analyzed in triplicate.

Treatment Groups

L-742694 DEX

Gene Liver Small Intestine Liver Small Intestine

CYP3A1/23 96.9 
 31.4 0.60 
 0.10 420 
 76.6 0.11 
 0.03
CYP3A9 0.99 
 0.20 0.74 
 0.19 0.78 
 0.27 2.68 
 0.58
CYP3A18 11.3 
 4.01 0.42 
 0.05 19.2 
 3.20 0.50 
 0.08
UGT1A1 2.92 
 0.40 0.54 
 0.09 3.89 
 0.30 0.29 
 0.06
UGT2B1 2.70 
 0.47 0.23 
 0.14 6.12 
 2.01 0.05 
 0.01
SULT1A1 0.34 
 0.05 0.21 
 0.09 1.22 
 0.25 2.48 
 0.16
Mrp2 0.52 
 0.06 1.04 
 0.12 0.28 
 0.04 0.52 
 0.11
Mrp3 12.6 
 0.99 0.45 
 0.21 0.62 
 0.16 0.09 
 0.002
Oatp2 2.68 
 0.41 0.54 
 0.26 3.62 
 0.21 0.07 
 0.01
PXR 1.15 
 0.19 0.99 
 0.19 1.25 
 0.21 1.01 
 0.28
CAR 1.26 
 0.33 0.98 
 0.20 1.14 
 0.40 0.98 
 0.20
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treatments in both liver and small intestine (Fig. 6). Several
genes also recognized as part of the aryl hydrocarbon recep-
tor gene battery and antioxidant response element-activated
genes were regulated by L-742694 and/or DEX in both liver
and intestine in response to these compounds; CYP1A1, ep-
oxide hydrolase (probe identifier, epoxide hydrolase 1), and
GSTA2 were induced significantly. These responses were
probably caused by activation of PXR rather than the Ah
receptor, given that L-742694 and DEX are potent and effi-
cacious activators of PXR with little or no activity on the Ah
receptor. Furthermore, these genes were modulated by PXR
activators in PXR knock-out mice (Maglich et al., 2002).

Discussion
We have determined that L-742694 is a potent and specific

PXR activator in vitro (Fig. 1) and that L-742694 can induce
CYP3A-mediated testosterone 6�-hydroxylase activity in
vivo (Table 2). In addition, UGT1A1 has been reported as a
PXR target gene in rats (Chen et al., 2003) as well as humans

(Maglich et al., 2002; Xie et al., 2003); therefore, hepatic
glucuronosyltransferase activity was measured to assess the
effect of PXR activators on the glucuronidation of EE in liver
microsomes. Liver microsomes prepared from rats treated
with either L-742694 or DEX increased the glucuronidation
of EE to the 3-O-glucuronide and 17�-glucuronide metabo-
lites. To further characterize the effects of L-742694 and DEX
on hepatic and intestinal gene expression, we used DNA
microarray technology. Overall, the data suggest that
L-742694 activates a set of genes recognized as what could be
considered part of the PXR responsive gene battery in liver,
which was consistent with the activity of L-742694 in the
PXR assay. Our data also suggest that L-742694 as well as
DEX differentially regulate liver and small intestinal gene
expression. Furthermore, the data set as a whole lends itself
to the development of a signature gene expression response
to PXR activation.

Studies were performed using DNA microarray analyses,
where we observed dramatic differential regulation of he-

TABLE 4
Genes significantly regulated in liver
Genes are listed in the order of first occurrence in Fig. 4 reading from left to right.

Probe Name Accession No. Gene/Expressed Sequence Tag Description

Sult1c2 AJ238392 Sulfotransferase family, cytosolic, 1C, member 2
AW141952 AW141952 Sim:NM_000692, Homo sapiens aldehyde dehydrogenase 1 family, member B1

(ALDH1B1), mRNA.
Fatty acid transporter AB005743 Rattus norvegicus mRNA for fatty acid transporter, partial cds.
Fmo1 M84719 Flavin-containing monooxygenase 1
Gabt1 NM_024371 GABA transporter protein
g2938340 g2938340 NM_012851 R. norvegicus Hydroxysteroid dehydrogenase 17�, type 1 (Hsd17b1), mRNA.
Gpx1 M21210 Glutathione peroxidase 1
Gpx1 X12367 Glutathione peroxidase 1
Cyp1a2 K02422 Cytochrome P450, 1a2
Sult1a1 L19998 Sulfotransferase family 1A, phenol-preferring, member 1
Sult1a1 X52883 Sulfotransferase family 1A, phenol-preferring, member 1
Slc2a5 D13871 Solute carrier family 2, member 5
Lss NM_031049 2,3-Oxidosqualene: lanosterol cyclase
Cyp51 U17697 Cytochrome P450, subfamily 51
Apoa4 M00002 Apolipoprotein A-IV
Sult1a2 (same as SULT1C1) L22339 Sulfotransferase family 1A, phenol-preferring, member 2
Abcc3 AB010467 ATP-binding cassette, sub-family C (CFTR/MRP), member 3
Abcc3 AF072816 ATP-binding cassette, sub-family C (CFTR/MRP), member 3
Slc13a3 AF080451 Solute carrier family 13 (sodium-dependent dicarboxylate transporter), member 3
Cyp2c J02657 Cytochrome P450, subfamily IIC (mephenytoin 4-hydroxylase)
Aldh1a1 L42009 Aldehyde dehydrogenase 1, subfamily A1
Aldh1a1 AF001897 Aldehyde dehydrogenase 1, subfamily A1
Cyp2b15 M37134 Cytochrome P450, 2b19
Cyp2b15 M37134 Cytochrome P450, 2b19
Top2a AA684779 Sim:Z19552, R. norvegicus mRNA for DNA topoisomerase II.
Cyp2c38 J02861 Cytochrome P450, 2c38
ugt2A1 X57565 R. norvegicus mRNA UDP-glucuronosyltransferase 2A1 precursor.
Cyp2a2 J04187 Cytochrome P450, subfamily 2A, polypeptide 1
CYP3A9 BF551997 Sim:U46118, R. norvegicus cytochrome P450 3A9 mRNA, complete cds.
CYP3A9 U60085 Cytochrome P450 3A9
Gstm2 M11719 Glutathione-S-transferase, � type 2 (Yb2)
Gstm2 AI502080 Sim:AK002845, glutathione S-transferase, mu 2
Gsta2 M25891 Glutathione-S-transferase, � type2
GST Ya subunit mRNA K01931 Rat liver glutathione S-transferase Ya subunit, clones pGST94 and pGTR261.
Slc21a5 U88036 Solute carrier family 21 (organic anion transporter), member 5
Slc21a5 U95011 Solute carrier family 21 (organic anion transporter), member 5
Apoa1 M00001 Apolipoprotein A-1
cyp450e mRNA K00996 Rat cytochrome P450e (phenobarbital-induced) mRNA, 3’ end.
CYP3A2 M13646 Testosterone 6�-hydroxylase
UDPGT mRNA M13506 Rat liver UDP-glucuronosyltransferase, phenobarbital-inducible form mRNA, complete cds
Cyp3a18 X79991 Cytochrome P450, 3a18
Ces2 AB010632 Carboxylesterase 2 (intestine, liver)
Cyp3a3 M10161 Cytochrome P450, subfamily 3A, polypeptide 3 (CYP3A1/23)
Cyp3a3 AA945133 Sim:NM_013105, R. norvegicus Cytochrome P450, subfamily IIIA, polypeptide 3 (Cyp3a3;

CYP3A1/23), mRNA.
Cyp3a3 X96721 Cytochrome P450, subfamily 3A, polypeptide 3; CYP3A1/23
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patic and intestinal gene expression. We observed a very
broad effect of L-742694 and DEX on regulation of drug
metabolism genes, wherein multiple genes reported as so-
called PXR target genes were induced. As reported above,
robust increases in CYP3A, CYP2B, Oatp2, UGT1A1, and
UGT2B1 would probably contribute to an increased capacity
of the liver for oxidative and conjugative metabolism in
L-742694 treated rats. These data are also supported by
recent reports that demonstrate that another rat PXR acti-
vator, spironolactone, increased hepatic UGT1A1 and
UGT2B1 gene expression and the 3-O-glucuronidation and
17�-O-glucuronidation of EE in microsomes prepared from
these rats (Catania et al., 2003). In addition, other PXR
target genes that function in the metabolism of drugs were
induced in rat liver by L-742694, but not DEX, including
ALDH1A1 and GSTA2, and these data are consistent with
previous reports in human or rat (Falkner et al., 2001; Ma-
glich et al., 2002).

With respect to the effect of xenobiotic transporters that
may function to enhance the clearance of EE-conjugates, a
number of transporter genes were increased/decreased to a
significant level. The fact that Oatp2, a known PXR target
gene (Rausch-Derra et al., 2001; Guo et al., 2002), changes so
robustly suggests that the liver is primed to be able to more
efficiently extract anionic metabolites formed in the intestine
as well as circulating anionic metabolites such as glucu-
ronides. A rifampicin-inducible/PXR-regulated human OATP
has yet to be identified, but numerous xenobiotic transport-

ers are constitutively expressed on the sinusoidal membrane
of hepatocytes that could function in the plasma clearance
and subsequent elimination of extra-hepatic anionic conju-
gates. It is interesting that hepatic gene expression of Mrp3,
and not Mrp2, was induced in these studies but only by
L-742694 (Fig. 3 and Table 3). This is an agreement with the
report of Staudinger and colleagues (2003) as well as Maglich
et al. (2002), which demonstrated in Pxr wild-type mice that
the rodent PXR agonist PCN induced Mrp3, but in Pxr�/�
mice Mrp3 gene expression did not change. That DEX did not
change Mrp3 expression in this study is in agreement with a
previous report (Cherrington et al., 2002). Although several
reports suggest that Mrp2 expression can be affected at ei-
ther the transcriptional (Kast et al., 2002) or post-transla-
tional level (Johnson and Klaassen, 2002), in the present
study, neither hepatic Mrp2 gene expression nor Mrp2 pro-
tein levels (data not shown) were increased.

A surprising finding of this study is the lack of concordance
between the effect of L-742694 or DEX on liver and small
intestinal gene expression, especially with respect to the PXR
target gene, CYP3A1/23. In contrast to liver, where DEX and
L-742694 elicited a robust induction of CYP3A1/23, this
effect was not detectable in the intestinal tract, where ex-
pression of these genes was generally suppressed. This effect
was not caused by loss of detectable signal for CYP3A1/23;
we observed significant constitutive expression of
CYP3A1/23 in intestine by RT-qPCR. In addition, testoster-
one 6�-hydroxylase activity in intestinal microsomes was

Fig. 5. Heat map displaying the effects of L-742694 and DEX on small intestinal gene expression in female Sprague-Dawley rats. Genes significantly
regulated by individual compounds in rat small intestine were determined by a nonparametric method. All genes significantly regulated greater than
2-fold with p � 0.01 in at least two thirds of the repeats are identified as the signature genes for the individual compound. Each row represents the
gene expression profile for small intestine from an individual rat. Genes implicated in drug metabolism and regulated by the compounds are shown
in the heat maps. The color scale for the heat map ranges from 50% reduction to 2-fold induction; green, black, and red represent suppression, no
change, or induction of gene expression, respectively. Multiple probes exist for individual genes, and their profiles are all illustrated in the heat map.
All probes are labeled by the gene symbol targeted by the probes. See Table 5 for all relevant annotation for each probe including probe name, accession
numbers, and a description of each target.
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Fig. 6. Nonparametric analysis for coordinated hepatic and small intestinal gene expression of drug metabolism related genes in female
Sprague-Dawley rats. Significantly regulated and drug metabolism related genes by individual compounds in both rat liver and small intestine
are determined by a nonparametric method. To capture additional genes in both organs, all genes significantly regulated greater than 2-fold with
p � 0.01 in at least one third of the repeats are identified as the signature genes for the individual compound. Common genes identified in both
liver and small intestine were selected from the previous gene sets. The gene expression profile in both liver and small intestine are
demonstrated in the heat map with color scale from 50% reduction to 2-fold induction. See Table 6 for all relevant annotation for each probe
including probe name, accession numbers, and a description of each target. The information in Table 6 lists the genes as they occur from left
to right in Fig. 6.

TABLE 5
Genes significantly regulated in small intestine
Genes are listed in the order of first occurrence in Fig. 5 reading from left to right

Probe Name Accession No. Gene/Expressed Sequence Tag Description

Sth2 M31363 Sulfotransferase hydroxysteroid gene 2
Sult1c2 AJ238392 Sulfotransferase family, cytosolic, 1C, member 2
g3120832 AA957137 Sim:U07183, R. norvegicus ileal sodium-dependent bile acid transporter mRNA, complete cds.
g980367 G980367 Sim:NM_017222, R. norvegicus solute carrier family 10, member 2 (Slc10a2), mRNA.
Sult2a1 M33329 Sulfotransferase family, cytosolic, 2A, dehydroepiandrosterone (DHEA) -preferring,

member 1
Mch NM_022705 Medium-chain S-acyl fatty acid synthetase thio ester hydrolase (MCH)
3�-Hydroxysteroid

dehydrogenase
AF159099 Sim:AF159099, R. norvegicus 3�-hydroxysteroid dehydrogenase mRNA, partial sequence.

Cyp3a3 M10161 Cytochrome P450, subfamily 3A, polypeptide 3; CYP3A1/23
Cyp3a3 X96721 Cytochrome P450, subfamily 3A, polypeptide 3; CYP3A1/23
Cyp2a1 J02669 Cytochrome P450 IIA1 (hepatic steroid hydroxylase IIA1) gene
Abcc6 AB010466 Liver multidrug resistance-associated protein 6
Scd2 NM_031841 Stearoyl-Coenzyme A desaturase 2
Slc27a2 NM_031736 Solute carrier family 27 (fatty acid transporter), member 32
Sult1a1 L19998 Sulfotransferase family 1A, phenol-preferring, member 1
Sult1a1 X52883 Sulfotransferase family 1A, phenol-preferring, member 1
Hsd17b7 NM_017235 Hydroxysteroid dehydrogenase 17�, type 7
Ptgds2 D82071 Prostaglandin D2 synthase 2
Ptgds2 AF021882 R. norvegicus glutathione-dependent prostaglandin D synthase mRNA, partial cds.
UGT1 D38066 R. norvegicus gene for UDP glucuronosyltransferase, exon 1.
600519109R1 600519109R1 Sim:AK008601, homolog to UDP GLUCURONOSYLTRANSFERASE UGT2A3.
g3019901 G3019901 Sim:AW142311, ESTs, Weakly similar to GSHH_RAT Phospholipid hydroperoxide

glutathione peroxidase
Slc39a1 U76714 Solute carrier family 39 (iron-regulated transporter), member 1
Hsd11b1 NM_017080 Hydroxysteroid dehydrogenase, 11� type 1
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used as a biomarker for CYP3A1/23, CYP3A9, and CYP3A18
activity (Nagata et al., 1996; Mahnke et al., 1997; Johnson et
al., 2000; Wang et al., 2000). In our rat studies, testosterone
6�-hydroxylase activity was not measurable in intestinal
microsomes, whereas in liver microsomes CYP3A activity
was robustly induced by both L-742694 and DEX (Table 2).
Others have reported modest induction of intestinal CYP3A1
in female and male rats treated with DEX (Debri et al., 1995;
Salphati and Benet, 1998; Lin et al., 1999; Cotreau et al.,
2001; Yokogawa et al., 2002). In contrast, Huang et al. (2001)
reported a significant increase in hepatic but not intestinal
CYP3A in rats treated with the HIV-protease inhibitors am-
prenavir and nelfinavir. Although intestinal CYP3A1/23
was suppressed in this report, a modest degree of CYP3A9
induction was observed in the intestine of DEX-treated rats
(Fig. 6, Table 3). Recent studies suggest that CYP3A9 as well
as CYP3A18 may be the most abundantly expressed cyto-

chromes P450 in rat intestine, whereas CYP3A1 and
CYP3A2 may not be expressed at all (Takara et al., 2003).
Debri et al. (1995) reported that DEX induced a protein that
cross-reacted with a CYP3A2 antibody, which recognized a
C-terminal epitope in CYP3A2. This DEX-inducible protein
in intestine was probably CYP3A9, given its high degree of
similarity with CYP3A2 in the C-terminal region (Wang et
al., 1996). Taken together, these findings are also consistent
with our finding that intestinal CYP3A9 mRNA levels are
increased in response to DEX (Fig. 6, Table 3). Overall, our
studies are in agreement with the majority of the findings
that suggest CYP3A activity in the small intestine is only a
small fraction of the activity found in the liver. However, we
did detect appreciable levels of CYP3A1/23 transcript in in-
testine, as measured by RT-qPCR, that was suppressed in
response to L-742694 and DEX. However, we could find no
evidence for L-742694 or DEX to induce phenotypically sig-

TABLE 6
Genes significantly regulated in liver and small intestine.

Probe Name Accession No. Gene/Expressed Sequence Tag Description

g3221709 AI007877 Sim:AJ238392, R. norvegicus mRNA for Sulfotransferase K2.
Sult1c2 AJ238392 Sulfotransferase family, cytosolic, 1C, member 2
ES-HVEL X65296 Sim:X65296, R.rattus mRNA for carboxylesterase (Es-HVEL).
g4131901 G4131901 Sim:BQ211454, ESTs, Moderately similar to MT1_RAT METALLOTHIONEIN-I (MT-I)
Slc39a1 U76714 Solute carrier family 39 (iron-regulated transporter), member 1
Acp5 NM_019144 Acid phosphatase 5
Ddc NM_012545 Dopa decarboxylase
Pla2g4a U38376 Phospholipase A2, group IVA (cytosolic, calcium-dependent)
Sult1a1 L19998 Sulfotransferase family 1A, phenol-preferring, member 1
Sult1a1 X52883 Sulfotransferase family 1A, phenol-preferring, member 1
Acadm J02791 Acetyl-coenzyme A dehydrogenase, medium chain
CYP2D1 J02867 Cytochrome P450 2D1
Ssg1 NM_022543 Steroid sensitive gene 1
Cat M11670 Catalase
Pcca M22631 Rat �-propionyl-CoA carboxylase mRNA, complete cds
Slc2a5 D13871 Solute carrier family 2, member 5
Fdps NM_031840 Farensyl diphosphate synthase
Acadl L11276 Acyl Coenzyme A dehydrogenase, long chain
Cyp2a1 J02669 Cytochrome P450 IIA1 (hepatic steroid hydroxylase IIA1) gene
Adh1 M15327 Alcohol dehydrogenase 1
Cpt1a L07736 Sim:L07736, Rat carnitine palmitoyltransferase I mRNA, complete cds.
g3667439 G3667439 Sim:AB071986, Rattus norvegicus rELO2 mRNA for fatty acid elongase 2, complete cds.
Cpt2 U88295 Carnitine palmitoyltransferase 2
M86678 M86678 Rat cytochrome P450-IIC24 gene.
Pgy1 M81855 P-glycoprotein/multidrug resistance 1
Aldh1a1 L42009 Aldehyde dehydrogenase 1, subfamily A1
Aldh1a1 AF001897 Aldehyde dehydrogenase 1, subfamily A1
D00729 D00729 Rat mRNA for delta3, delta2-enoyl-CoA isomerase
700585804H1 700585804H1 Sim:AK009478, peroxisomal delta3, delta2-enoyl-Coenzyme A isomerase
CYP3A9 BF551997 Sim:U46118, Rattus norvegicus cytochrome P450 3A9 mRNA, complete cds.
CYP3A9 U60085 Cytochrome P450 3A9
UGT1 D38066 R. norvegicus gene for UDP glucuronosyltransferase, exon 1.
Cyp1a1 X00469 Cytochrome P450, 1a1
LOC64305 U38419 Dopa/tyrosine sulfotransferase
Ephx1 M26125 Epoxide hydrolase 1
ugt2A1 X57565 R. norvegicus mRNA UDP-glucuronosyltransferase 2A1 precursor.
Scd2 NM_031841 Stearoyl-Coenzyme A desaturase 2
Aldh1a4 NM_017272 Aldehyde dehydrogenase family 1, subfamily A4
g3513109 AI113160 Sim:M00002, K02421 Rat apolipoprotein A-IV mRNA, complete cds.
Apoa4 M00002 Apolipoprotein A-IV
Gsta2 M25891 Glutathione-S-transferase, � type2
600508768R1 AI232716 Sim:NM_009349, Mus musculus thioether S-methyltransferase (Temt), mRNA.
Cte1 NM_031315 Cytosolic acyl-CoA thioesterase 1
600518678R1 600518678R1 Sim:AY034877, R. norvegicus carboxylesterase isoenzyme gene, complete cds.
600519109R1 600519109R1 Sim:AK008601, homolog to UDP GLUCURONOSYLTRANSFERASE UGT2A3.
Ces2 AB010632 Carboxylesterase 2 (intestine, liver)
Cyp3a3 M10161 Cytochrome P450, subfamily 3A, polypeptide 3; CYP3A1/23
Cyp3a3 AA945133 Sim:NM_013105, R. norvegicus cytochrome P450, subfamily IIIA, polypeptide 3

(Cyp3a3), mRNA; CYP3A1/23
Cyp3a3 X96721 Cytochrome P450, subfamily 3A, polypeptide 3; CYP3A1/23

a Genes are listed in the order of first occurrence in Fig. 6 reading from left to right.
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nificant intestinal CYP3A expression in this animal model by
either DNA microarray, RT-qPCR, or microsomal activity
assays.

We postulated that this differential regulation of
CYP3A1/23 in liver and intestine was caused by the differ-
ential expression of PXR, CAR, or HNF-4� in these organs
given the reported role of these transcription factors in li-
gand-mediated induction (Tirona et al., 2003). However, sup-
pression of intestinal CYP3A1/23 gene expression was inde-
pendent of expression of PXR, CAR, or HNF-4� expression in
small intestine. In fact, abundant levels of these transcripts
were detected in small intestine and liver and did not change
after the 4-day treatment with L-742694 or DEX (Table 3).
Both PXR and HNF-4� were previously reported to be highly
expressed in both liver and small intestine (Sladek et al.,
1990; Zhang et al., 1999). We cannot rule out that these
nuclear receptors and transcription factors may play a role in
the regulation of intestinal drug metabolism, as suggested
previously (Maglich et al., 2002; Tirona et al., 2003). How-
ever, our studies suggest that in rats, intestine is less respon-
sive than liver to the effects of compounds like L-742694. In
addition, our data collectively suggest that there is not a
robust coregulation of genes common to both liver and intes-
tine in response to PXR activators (Fig. 5). Clearly, these
differences in hepatic and intestinal response to PXR activa-
tors require further study. We can only speculate that these
differences in hepatic and intestinal gene expression in re-
sponse to these PXR activators may be caused by differences
in the half-life of hepatocytes compared with enterocytes or
that the coactivator(s)/corepressor(s) differs between the two
tissues.

The current data set supports the notion that a battery of
PXR signature genes exists, at least in liver. Maglich et al.
(2002) observed that PCN induced Aldh1a1, Cyp2b10,
Cyp3a11, Gsta1, Gstm1, Gstm2, Ugt1a1, Mdr1a, Mdr1b,
Mrp3, and Oatp2, in the livers of wild-type but not PXR
receptor-null mice. In addition, these authors used human
hepatocytes to demonstrate that rifampicin induced human
ALDH1A1, CYP1A1, CYP1A2, CYP1B1, CYP2A6, CYP2B6,
CYP3A4, GSTA2, and ABCB1. These data were further cor-
roborated in the report by Watkins et al. (2003), wherein
hyperforin and rifampicin significantly induced CYP3A4,
CYP2B6, CYP1A1, CYP1A2, CYP1B1, CYP2C8, CYP2C9,
P450 oxidoreductase, ABCB1, epoxide hydrolase, ALDH1A1,
and GSTA2. Herein, we report comparable findings for the
effect of PXR ligands on rat liver gene expression for a num-
ber of orthologous genes, including rat CYP3A, CYP2B,
Oatp2, ALDH1A1, GSTA2, GSTM2, UGT1A1, Mrp3, and
CYP1A1. Thus, although the ligand binding domains for ro-
dent and human PXR share only 75% amino acid sequence
homology and have slightly different substrate specificity
(Jones et al., 2000), extrapolation from rodent models may
reasonably predict the effect of PXR activators on the regu-
lation of orthologous drug metabolism genes in humans. This
is a particularly salient point given that the rat is the pre-
ferred preclinical species for evaluation of new drug entities
in drug development. As such, drug-drug interaction studies
in the rat that predict an interaction through activation of
PXR, such as that presented here for L-742694, may in fact
predict a drug-drug interaction in the human. Obviously, one
must consider the species differences beyond PXR (e.g., spe-
cies differences in pharmacokinetic parameters, uptake

transporters, and plasma protein binding), but if a drug
activates both the rat and human PXR receptor, a similar
program of orthologous genes may be modulated in liver
regardless of species, resulting in a gene expression signa-
ture typical for activation of the PXR receptor.

In conclusion, L-742694 is a potent activator of rat PXR
and elicits pleiotropic, but non-overlapping, effects on hepatic
and small intestinal gene expression in female Sprague-Daw-
ley rats. It is apparent from these observations that the
robust effects of PXR agonists (L-742694 and DEX) on the
expression of drug metabolism genes in liver do not occur in
small intestine in the rat and that this finding occurs inde-
pendently of nuclear hormone receptor gene expression in
these tissues. These data suggest that activation of PXR in
rats yields a gene expression profile in liver that is similar to
previous findings from human model systems and that may
be useful in defining the signature gene expression profile for
pharmacological activation of PXR irrespective of species.
Further studies in human model systems need to be per-
formed to gain more insight into the regulation of hepatic and
intestinal drug-management genes that occurs in response to
activation of PXR, in that this knowledge has significant
ramifications for interpreting drug-drug interaction studies
in humans.
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