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ABSTRACT:

The liver- and intestine-enriched carboxylesterase 2 (CES2) en-
zyme catalyzes the hydrolysis of several clinically important anti-
cancer agents administered as prodrugs. For example, irinotecan,
a carbamate prodrug used in the treatment of colorectal cancer, is
biotransformed in vivo by CES2 in intestine and liver, thereby
producing a potent topoisomerase | inhibitor. Pregnane X receptor
(PXR) and constitutive androstane receptor (CAR), two members of
the nuclear receptor superfamily of ligand-activated transcription
factors, mediate gene activation in response to xenobiotic stress.
Together, these receptors comprise a protective response in
mammals that coordinately regulate hepatic transport, metabo-
lism, and elimination of numerous xenobiotic compounds. In the
present study, microarray analysis was used to identify PXR target

genes in duodenum in mice. Here, we show that a gene encoding
a member of the CES2 subtype of liver- and intestine-enriched CES
enzymes, called Ces6, is induced after treatment with preg-
nenolone 16a-carbonitrile in a PXR-dependent manner in duode-
num and liver in mice. Treatment of mice with the CAR activator
1,4-bis[2-(3,5-dichloropyridyloxy)] benzene also induced expres-
sion of Ces6 in duodenum and liver in a CAR-dependent manner,
whereas treatment with phenobarbital produced induction of Ces6
exclusively in liver. These data identify a key role for PXR and CAR
in regulating the drug-inducible expression and activity of an im-
portant CES enzyme in vivo. Future studies should focus on deter-
mining whether these signaling pathways governing drug-induc-
ible CES expression in intestine and liver are conserved in humans.

Carboxylesterase (CES) enzymes comprise a multigene family and
are dominantly involved in hydrolysis activity in liver and small
intestine of mammals (Satoh and Hosokawa, 1998). These enzymes
participate in the biotransformation of a wide range of ester- and
amide-containing drugs and prodrugs, including angiotensin-convert-
ing enzyme inhibitors, antitumor drugs, and narcotics such as cocaine
and heroin (Pindel et al., 1997; Takai et al., 1997; Humerickhouse et
al., 2000). Members of the CES family of enzymes also hydrolyze
numerous endogenous compounds, including short- and long-chain
acyl-glycerols, long-chain acyl-carnitine, and long-chain acyl-CoA
esters (Satoh and Hosokawa, 1998).

The mouse Ces6 gene was first identified in 2004 and encodes a
protein of 558 amino acid residues in length (Stok et al., 2004). In this
same study, the Ces6 gene product was found to hydrolyze selected
pyrethroid compounds, a major class of insecticides used worldwide
and extensively in the United States. The closest relative of the mouse
Ces6 protein in humans is the CES2 enzyme, because these two
orthologous proteins are approximately 61% identical and 72% sim-
ilar when compared at the amino acid level.

Like the human CES2 enzyme, mouse Cesb6 is expressed in a liver-
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and intestine-enriched manner. The CES2 enzyme has come under
recent scrutiny because it catalyzes the hydrolysis of several clinically
used anticancer agents that are administered as prodrugs. In par-
ticular, CES2 is a high-affinity, high-velocity enzyme with respect
to the prodrug 7-ethyl-10-[4-(1-piperidino)-1-piperidino] carbonyloxy-
camptothecin, also called irinotecan, and probably plays a substantial
role in irinotecan bioactivation in human liver and intestine at relevant
pharmacological concentrations (Humerickhouse et al., 2000). Al-
though much is known regarding the role of CES enzymes in bio-
transformation of prodrugs, little is known regarding the tissue-spe-
cific transcriptional regulation of these important drug-metabolizing
enzymes in vivo in tissues such as liver and intestine.

Nuclear receptors comprise a superfamily of ligand-activated tran-
scriptional factors that are involved in diverse physiological, devel-
opmental, and metabolic processes. The pregnane X receptor (PXR,
NR1I2) and constitutive androstane receptor (CAR, NR113) are two
closely related members of “xenobiotic-sensing” nuclear receptors
among this family. It is now well established that PXR is a key
regulator of xenobiotic-inducible CYP3A gene expression in liver
(reviewed in Goodwin et al., 2002). PXR also regulates the drug-
inducible expression and activity of genes encoding key members of
the CYP2B and CYP2C subfamily of enzymes in liver, as well as the
drug-inducible expression and activity of several glutathione S-trans-
ferase, sulfotransferase, and UDP-glucuronosyltransferase enzymes in
liver (Maglich et al., 2002; Sonoda et al., 2002; Wei et al., 2002; Tully

ABBREVIATIONS: CES, carboxylesterase; PXR, pregnane X receptor; CAR, constitutive androstane receptor; PB, phenobarbital; PCN, preg-
nenolone 16a-carbonitrile; PXR-KO, PXR knockout; CAR-KO, CAR knockout; TCPOBOP, 1,4-bis[2-(3,5-dichloropyridyloxy)] benzene; QC, quality
control; rt-QPCR, real-time quantitative polymerase chain reaction; PPAR, peroxisome proliferator-activated receptor.
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et al., 2006). PXR target genes also encode key hepatic drug trans-
porter proteins such as organic anion transporting polypeptide 2,
multidrug resistance 1/P-glycoprotein, and multidrug resistance pro-
teins 2 and 3 (Geick et al., 2001; Kast et al., 2002; Staudinger et al.,
2003). Recent reports indicate a key role for human PXR in regulating
the expression of the CES2 gene in human hepatocytes and the human
hepatoma cell line Huh-7 in culture (Yang and Yan, 2007). Other
reports suggest a positive role for rat PXR in regulating liver-enriched
expression of CES enzymes in rodents (Goetz et al., 2006; Tully et al.,
2006; Shi et al., 2008). Earlier research indicates that overexpression
of constitutively active human PXR has a positive effect on the
expression of mouse genes encoding Ces2 and Ces3 enzymes in
mouse liver (Rosenfeld et al., 2003).

The nuclear receptor CAR is also recognized as a xenobiotic-
sensing nuclear receptor that is mainly expressed in hepatic tissue. It
was originally shown to regulate the phenobarbital (PB)-inducible
expression of several genes encoding important members of the
CYP2B subfamily of enzymes (Honkakoski et al., 1998). CAR has
since been shown to regulate the expression and activity of a number
of phase I and phase II metabolic enzymes, as well as the expression
and activity of numerous important membrane transporter proteins
involved in the elimination of endogenous and exogenous substances,
including bilirubin, steroid hormones, and xenobiotics (Ueda et al.,
2002). Definitive reports linking CAR activation to drug-inducible
CES gene expression in any species or tissue are currently lacking.
However, historical reports indicate that treatment of rodents with PB
or PB-like inducers significantly increases carboxylesterase expres-
sion and activity in liver tissue (Hosokawa et al., 1987). Distinct, yet
overlapping functions of PXR and CAR in liver have been described
previously (Maglich et al., 2002; Wei et al., 2002), and it is well
established that these two receptors form the molecular basis of an
important class of drug-drug interactions through their actions in liver.
Although much is known regarding the identity and function of PXR
target genes in liver, less is known about their function in small
intestine.

In the present study, we report the identification of several preg-
nenolone 16a-carbonitrile (PCN)-inducible genes in duodenum of
wild-type mice using microarray analysis. Among the PCN-inducible
genes identified here, expression of the gene encoding the Ces6
protein was further characterized with respect to its basal and drug-
inducible expression in liver and intestine. By exploiting the Pxr
knockout (PXR-KO) and Car knockout (CAR-KO) mouse models, we
reveal that in both duodenum and liver tissues, the drug-inducible
expression of Ces6 is regulated by both PXR and CAR. Our data
conclusively show that Ces6 is a shared PXR and CAR target gene in
mice. It is interesting to note that, in small intestine, despite significant
expression of the CAR nuclear receptor, expression of the Ces6 gene
is exclusively regulated by intraperitoneal treatment with 1,4-bis[2-
(3,5-dichloropyridyloxy)] benzene (TCPOBOP) and not by intraperi-
toneal treatment of mice with PB. These data suggest that there may
be significant differences in the bioavailability of PB and TCPOBOP
in intestine after treatment with these two CAR activators that can
produce variable results. Alternatively, differences in the mode of
CAR activation, either phosphorylation-dependent in the case of PB
or direct ligand-mediated activation in the case of TCPOBOP, can
probably produce tissue-specific differences when using these two
compounds to activate the CAR nuclear receptor in intestine and liver
tissue in vivo. In any case, these data reveal that liver- and intestine-
enriched CES expression and activity are probably modulated in
humans on combination therapy in a clinically significant manner.
This is of particular importance because numerous drug development
programs seek to take advantage of intestine- and liver-enriched CES

XU ET AL.

enzymes as convenient targets for delivery of increasing numbers of
prodrugs.

Materials and Methods

Animal Care. All the rodents were maintained on standard laboratory chow
and allowed food and water ad libitum. All the mice were treated once a day
intraperitoneally with either vehicle (corn oil, saline), PCN (100 mg/kg in corn
oil), TCPOBOP (3 mg/kg in corn oil), or PB (100 mg/kg in saline) for 4 days.
The studies reported here have been carried out in accordance with the
Declaration of Helsinki and/or with the Guide for the Care and Use of
Laboratory Animals (Institute of Laboratory Animal Resources, 1996) as
adopted and promulgated by the National Institutes of Health.

Drugs and Chemicals. Unless otherwise stated, all the chemical com-
pounds were purchased from Sigma-Aldrich (St. Louis, MO). Antibody against
CES6 was purchased from Abcam Inc. (Cambridge, MA). The anti-Cyp3a23
antibody that cross-reacts with mouse Cyp3all protein was used to probe
immunoblots (Millipore Bioscience Research Reagents, Temecula, CA). The
anti-Cyp2b10 antibody was obtained from Millipore Bioscience Research
Reagents.

Microarray Analysis. Total RNA was isolated from duodenums of wild-
type mice using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. The quality and quantity of the total RNA samples
were examined with both UV spectrophotometry using a NanoDrop (ND-
1000; Thermo Fisher Scientific Inc., Waltham, MA) and Bioanalyzer 2100
(Agilent Technologies, Santa Clara, CA). For the subsequent microarray study,
Affymetrix (Santa Clara, CA) Mouse Genome GeneChip 430 2.0 oligonucle-
otide arrays were used that cover more than 39,000 transcripts from the mouse
genome. To carry out the GeneChip analysis, established standard protocols at
the University of Kansas Genomics Facility were performed on cRNA target
preparation, array hybridization, washing, staining, and image scanning. After
they were generated from the Affymetrix GeneChip Operating Software (ver-
sion 1.2), the microarray data were first subjected to quality assessment. All of
the GeneChip data passed the quality control (QC) step because data of all the
chips met established Affymetrix GeneChip QC criteria, including low back-
ground, low noise, positive detection of QC probe sets such as bioB, percent-
age of called present in the normal range (40—60%), similar scaling factors
across chips, and 3':5' ratio. Because of its known response to PCN, Cyp3all
was also used as a positive control in this study.

Microarray Data Analysis. To facilitate direct comparison of gene expres-
sion data between the PCN- and vehicle-treated samples, the GeneChip data
were first subjected to preprocessing, including background correction, probe
summarization, and normalization using the Affymetrix MASS algorithm. All
the chips were scaled to a target signal of 500. Before identification of
differentially expressed genes, genes that were called “Absent” by the MAS5
algorithm were filtered out. A volcano plot-based approach was subsequently
used to identify PCN-inducible gene expression. The expression value of a
PCN-inducible gene had to pass two criteria: 1) the -fold change between the
compound treatment and the negative control had to be =1.5, and 2) the p
value from parametric test using all the available error estimates had to be
=0.05.

Real-Time Quantitative Polymerase Chain Reaction. After DNase I
treatment, 1 ug of RNA was reverse-transcribed using random primers fol-
lowing the manufacturer’s instruction (Promega, Madison, WI). Equal
amounts of cDNA were used in real-time quantitative polymerase chain
reaction (rt-QPCR) reactions. Reactions included 200 nM fluorogenic probe
and 300 nM primers specific for each gene. The fluorogenic probe and primer
sets were designed using the Primer3 program (http://frodo.wi.mit.edu/). The
fluorogenic probes were synthesized by BioSearch Technologies (Novato,
CA). The sequences (5" to 3') for the primers and probes are as follows:
Cyp3all, forward primer (CAAGGAGATGTTCCCTGTCA), fluorogenic
probe (FAM-AGAAGGCAAAGAAAGGCAAGCCTG-BHQI), reverse primer
(CCACGTTCACTCCAAATGAT); and Cyp2bl10, forward primer
(GACTTTGGGATGGGAAAGAG), fluorogenic probe (FAM-TAGTG-
GAGGAACTGCGGAAATCCC-BHQ1), reverse primer (CCAAACA-
CAATGGAGCAGAT). For the Ces6 and 18S genes, 1X SYBR Green
(Lonza Rockland, Inc., Rockland, ME) was included in the reaction instead
of the fluorogenic probe. The sequences (5’ to 3") for the Ces6 and 18S are
as follows: Ces6, forward primer (GTGTGAGAGATGGGACCTCA),
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reverse primer (TCATTCATGGAAGCTGATCC); and 188, forward primer
(AGTCCCTGCCCTTTGTACACA), reverse primer (CGATCCGAGGGCCT-
CACTA). Cycling conditions were 95°C for 2 min followed by 45 cycles of 95°C
for 15 s, 60°C for 15 s, and 68°C for 15 s using the Cepheid Smart Cycler system
(Sunnyvale, CA). The -fold induction was calculated as described previously
(Staudinger et al., 2003).

Northern Blot Analysis. Total RNA was isolated as described in rt-QPCR,
and 20 pg of total RNA per lane was resolved on 3.7% formaldehyde/1%
agarose gel in MOPS buffer for Northern blot analysis. Blots were hybridized
with *?P-labeled ¢cDNA corresponding to the sequences for mouse Ces6,
Cyp3all, and Cyp2bl10, and 18S ribosomal RNA as described previously
(Ding and Staudinger, 2005).

Western Blot Analysis. Approximately 250 mg of liver tissue was homog-
enized using a Dounce Teflon (Thermo Fisher Scientific) homogenizer in 1 ml
of homogenization buffer (50 mM Tris-HCI, pH 7.4, at 4°C containing 150
mM KCI and 2 mM EDTA). The homogenate was subjected to centrifugation
at 500g for 15 min at 4°C to remove cell debris and nuclei. The supernatant
fraction was subjected to centrifugation at 12,000g for 15 min at 4°C. Micro-
somes were prepared by ultracentrifugation (50,000g for 60 min at 4°C) of the
postmitochondrial supernatant fraction. The first microsomal pellet was resus-
pended in wash buffer (10 mM EDTA containing 150 mM KCl), then reiso-
lated by ultracentrifugation (50,000g for 60 min at 4°C). The washed micro-
somes were suspended in a small volume of 250 mM sucrose. Liver
microsomal protein (20 wg/lane) was resolved on 10% SDS-polyacrylamide
gel electrophoresis gels and transferred to polyvinylidene difluoride micro-
porous membranes (Millipore Bioscience Research Reagents) that were probed
with anti-Ces6, anti-Cyp3A23, and anti-Cyp2b10 antibodies. Immunodetec-
tion was performed using the enhanced chemiluminescence kit (GE Health-
care, Little Chalfont, Buckinghamshire, UK) according to the protocol pro-
vided by the manufacturer. Quantitative densitometric analyses of Western blot
images were achieved using the digital Eastman Kodak (Rochester, NY)
EDAS 290 image acquisition system together with the 1D image analysis
software package.

Statistical Analysis. Statistical differences between treatment groups were
determined using one-way analysis of variance, followed by the Duncan’s
multiple range post hoc test.

Results

Basal Expression Profiles of Mouse Cyp3all, Pxr, and Car in
Liver, Duodenum, Jejunum, and Ileum. Liver and small intestine
are two major organs that play an important and primary role in
regulating the metabolism, transport, excretion, and efflux of xenobi-
otic compounds. The relative expression levels of mouse genes en-
coding Cyp3all, Pxr, and Car in three individual wild-type mice
were determined using total RNA isolated from liver, duodenum,
jejunum, and ileum (Fig. 1). The expression of the Cyp3all gene was
highest in mouse liver, followed by a significant reduction of approx-
imately 60% in duodenum. The Cyp3all transcript in jejunum and
ileum was virtually undetectable. The expression level of Pxr was also
determined. The Pxr mRNA was expressed at the highest levels in
liver, with lower but easily detectable levels observed in duodenum,
jejunum, and ileum. The Pxr mRNA was approximately 60% of that
observed in liver when examined in duodenum, jejunum, and ileum,
respectively. The expression level of Car was then determined. The
Car gene was expressed at the highest level in liver, with slightly
lower but easily detectable expression levels observed in duodenum,
jejunum, and ileum.

Detection of PCN-Inducible Cyp3all Gene Expression in Duo-
denum. Before performing microarray analysis, we sought to deter-
mine whether the known PXR target gene Cyp3all was induced in
small intestine after administration of PCN, a well known rodent PXR
activator. Wild-type mice (n = 3) were treated for 4 days using an
intraperitoneal injection of either vehicle (corn oil) or PCN (100
mg/kg). On the morning of day 5, tissues were harvested, and total
RNA was isolated from the entire small intestine and resolved on an
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FiG. 1. The basal expression of Cyp3all, Pxr, and Car gene expression levels in
liver, duodenum, jejunum, and ileum. Total RNA was isolated from liver, duode-
num, jejunum, and ileum of 6-week-old wild-type mice. rt-QPCR analysis was
performed to measure the relative abundance of the transcripts using reverse-
transcribed cDNA from all the tissues examined. All of the data are normalized to
18S levels and are expressed relative to that observed in liver and represent average
values = S.EMM. (n = 3). Letters different from each other indicate a statistical
difference between treatment groups (p < 0.05).

agarose gel for subsequent Northern blotting using a cDNA probe to
detect Cyp3all expression levels. This analysis revealed that
Cyp3all gene expression was induced in small intestine by treatment
with PCN (data not shown). These data indicate that PXR-mediated
target gene activation is completely intact in the small intestine of
wild-type mice. Induction of Cyp3all gene expression was absent
from duodenal tissue isolated from PXR-KO mice (data not shown).
Taken together with the data obtained in Fig. 1, we reasoned that
treatment of wild-type mice with PCN should produce robust induc-
tion of PXR target genes in the duodenum and that microarray
analysis should detect PXR-mediated gene activation.

Detection of PCN-Responsive Genes in Mouse Duodenum by
Microarray. To identify novel PXR target genes in mouse duode-
num, we performed microarray analyses using GeneChip Mouse
Genome 430 2.0 oligonucleotide arrays from Affymetrix, which in-
terrogate more than 39,000 transcripts encompassing the entire mouse
genome. As expected, the expression of the prototypical PXR target
gene Cyp3all was increased approximately 1.8-fold after treatment
with the known PXR activator PCN in duodenum. Several additional
CYP genes were increased by treatment with PCN, including
Cyp2C55, Cyp2C29, and Cyp3a25, by approximately 3.9-, 3.3-, and
2.0-fold, respectively. Seven genes encoding distinct members of the
glutathione S-transferase family of enzymes were up-regulated after
treatment with PCN. Three different glutathione S-transferase
m-isoenzymes were increased after treatment with PCN, including the
Gstml, Gstm3, and Gstm6 isoforms by 5.3-, 2.6-, and 1.9-fold,
respectively. The glutathione S-transferase Gsta2 and Gsta4 isoforms
were increased after treatment with PCN by 2.2- and 1.9-fold, respec-
tively. The microsomal glutathione S-transferase Mgstl and Mgst2
enzymes were increased 1.6- and 2.0-fold, respectively. The gene
encoding microsomal epoxide hydrolase was increased approximately
7.0-fold after treatment with PCN. Table 1 shows a complete listing of
selected genes identified after this analysis. The gene that was induced
to the highest absolute level as judged by the overall strength of the
signal detected from the PCN-treated sample after Cyp3all and Gsta2
was Ces6. Therefore, we chose to further characterize the potential
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TABLE 1

Genes up-regulated by PCN treatment in duodenum

Gene In—di?:lt(iion Description

Ephx1 7.0 Epoxide hydrolase 1, microsomal

Gstm1 53 Glutathione S-transferase, w 1

Gstm3 2.6 Glutathione S-transferase, w 3

Gstm6 1.9 Glutathione S-transferase, u 6

Cyp2c55 39 Cytochrome P450, family 2, subfamily c,
polypeptide 55

Cyp2c29 33 Cytochrome P450, family 2, subfamily c,
polypeptide 29

Cyp3a25 2.0 Cytochrome P450, family 3, subfamily a,
polypeptide 25

Cyp3all 1.8 Cytochrome P450, family 3, subfamily a,
polypeptide 11

Ces6 32 Carboxylesterase 6

Akrlb7 3.0 Aldo-keto reductase family 1, member B7

Hsd17bl11 24 Hydroxysteroid 17- dehydrogenase 9

Gstad 22 Glutathione S-transferase, a 4

Gsta2 1.9 Glutathione S-transferase, a 2 (Yc2)

Mgst2 2.0 Microsomal glutathione S-transferase 2

Mgstl 1.6 Microsomal glutathione S-transferase 1

Abcal 2.0 ATP-binding cassette, subfamily A (ABC1),
member 1

Aldhla7 1.9 Aldehyde dehydrogenase family 1, subfamily Al

Pdk4 1.8 Pyruvate dehydrogenase kinase 4

Sgk 1.7 Serum/glucocorticoid regulated kinase

Hpgd 1.7 Hydroxyprostaglandin dehydrogenase 15 (NAD)

Dbi 1.6 Diazepam binding inhibitor

role of PXR and CAR in modulating the drug-inducible expression of
this gene in both liver and intestine.

Regulation of Ces6 mRNA by PCN in Mouse Duodenum Is
PXR-Dependent. To determine whether Ces6 represents a bona fide
PXR target gene in duodenum, we performed both Northern blot and
rt-QPCR analysis using wild-type and PXR-KO mice. Northern blot
analysis using total RNA isolated from the duodenum of three indi-
vidual animals was performed to determine the relative expression
levels of both Cyp3all and Ces6 (Fig. 2A). Treatment of wild-type
mice with PCN produced marked increases in Ces6 and Cyp3all
mRNA levels; however, PCN-inducible increases in the expression of
both the Ces6 and Cyp3all mRNAs were totally absent when the
analysis was performed using total RNA isolated from the duodenum
of individual PXR-KO mice. The results obtained using Northern blot
analysis were quantified using rt-QPCR (Fig. 2B). The Ces6 (left) and
Cyp3all (right) mRNAs exhibited a significant increase in their
expression level, respectively, with each gene exhibiting an approxi-
mate increase of 5-fold in wild-type mice. In contrast, no significant
increases in expression were detected when total RNA was analyzed
from the duodenum of PXR-KO mice.

Regulation of Drug-Inducible Ces6 Is PXR- and CAR-Depen-
dent. A number of studies have shown that PCN treatment induces
Cyp3all gene expression in both mouse liver and intestine (Ma-
suyama et al., 2001; Staudinger et al., 2001b; Matheny et al., 2004).
Other research has shown that PXR and CAR share distinct but
overlapping target genes in liver (Moore et al., 2000; Xie et al., 2000;
Goodwin et al., 2001; Wei et al., 2002). We next investigated whether
induction of Ces6 gene expression in liver and intestine by treatment
with PCN, TCPOBOP, or PB is dependent on PXR or CAR. There-
fore, we treated wild-type, PXR-KO, and CAR-KO mice with vehicle,
PCN, TCPOBOP, or PB and isolated total RNA from liver and
duodenum and microsomes from liver for subsequent analysis of gene
expression and protein levels, respectively. We first analyzed Ces6
and Cyp3all gene expression levels using Northern blot analysis (Fig.
3A). As expected, treatment of wild-type mice with PCN produced
increased levels of Cyp3all gene expression in liver in a PXR-

XU ET AL.

A vehicle PCN

1 2 3 1 2 3

CES6- e o o ——

Cyp3ati- — #‘m

185' T W T —

(o7 L O ————

Cyp3at1- ol
185-
B T i ,
L
| Cesé6 Cyp3a11
§
§ 51
kT [}
=5
B
o
° ]
('S 1 € c
1 2 a
i i
a [
l i
[]

Vehicle

PCN Vehicle Vehicle Vehicle
X i AL

Wild Type PXR-KO Wild Type  PXR-KO

Fic. 2. Induction of Ces6 and Cyp3all gene expression by PCN treatment in
mouse duodenum is PXR-dependent. Total RNA was isolated from the duodenum
of wild-type and PXR-KO mice (n = 3) treated intraperitoneally with vehicle (corn
oil) or PCN (100 mg/kg) for 4 days. A, Northern blot analysis was performed using
20 g of total RNA/lane, and the blots were probed sequentially with **P-labeled
cDNA fragments encoding Ces6, Cyp3all, and 18S ribosomal RNA. Each lane
represents an individual animal. B, rt-QPCR analyses were performed to determine
the expression levels of Ces6 and Cyp3all. All the data are normalized to 18S levels
and represent the average values = S.E.MM. (n = 5) and are expressed as -fold
induction over vehicle control. Letters different from each other indicate a statistical
difference between treatment groups (p < 0.05).

PCN PCN PCN
] s

dependent manner. Treatment with PCN also produced increased
Ces6 mRNA levels in liver in a PXR-dependent manner. Subse-
quent quantitative analysis using rt-QPCR analysis revealed that
statistically significant induction of both Ces6 (left) and Cyp3all
(right) gene expression by PCN treatment in mouse liver is PXR-
dependent (Fig. 3B).

We next examined the relative expression levels of microsomal
Ces6 and Cyp3all protein in mouse liver. Hepatic microsomes were
isolated and resolved on an SDS-polyacrylamide gel electrophoresis
gel for subsequent Western blot analysis. Expression of both the Ces6
and Cyp3all proteins was induced by PCN treatment in a PXR-
dependent manner in hepatic microsomes (Fig. 4A). Quantitative
analyses of these data indicate that both Ces6 (left) and Cyp3all
(right) protein levels are significantly induced in liver in a PXR-
dependent manner (Fig. 4B). Deletion of the PXR protein in vivo
significantly increased the basal expression of both Ces6 and Cyp3all
protein levels.

We next sought to determine whether expression of the Ces6 gene
in liver is regulated by the nuclear receptor CAR. Mice were treated
for 4 days intraperitoneally with vehicle, TCPOBOP, or PB. Liver and
duodenum were removed, and total RNA and protein were isolated on
the morning of day 5. Gene expression levels were qualitatively and
quantitatively determined using Northern blot and rt-QPCR analyses,
respectively. In liver, the expression of genes encoding Cyp2b10 and
Ces6 was increased after treatment with TCPOBOP in a CAR-
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Fic. 3. Induction of Ces6 and Cyp3all gene expression by PCN treatment in
mouse liver is PXR-dependent. Total RNA was isolated from the liver of wild-type
and PXR-KO mice (n = 3) treated intraperitoneally with corn oil (vehicle) or PCN
(100 mg/kg) for 4 days. A, Northern blot analysis was performed using 20 pg of
total RNA/lane, and the blots were probed sequentially with **P-labeled cDNA
fragments encoding Ces6, Cyp3all, and 18S ribosomal RNA. Each lane represents
an individual animal. B, rt-QPCR analyses were performed to determine the ex-
pression of Cyp3all and Ces6. All of the data are normalized to 18S levels and
represent the average values = S.E.M. (n = 5) and are expressed as -fold induction
over vehicle control. Letters different from each other indicate a statistical differ-
ence between treatment groups (p < 0.05).
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dependent manner in liver (Fig. 5A). Quantitative analysis using
rt-QPCR confirmed that both Ces6 and Cyp2bl0 gene expression
levels were significantly induced by treatment with TCPOBOP in
liver and duodenum in a CAR-dependent manner (Fig. 5B).

We next examined Ces6 and Cyp2B10 protein levels in mouse
hepatic microsomes qualitatively and quantitatively using Western
blot analysis and photodensitometry, respectively. These analyses
revealed that treatment of mice with TCPOBOP produced robust
increases in hepatic microsomal Ces6 and Cyp2bl0 proteins in a
CAR-dependent manner in liver microsomal fractions (Fig. 6A).
Densitometric analysis showed that the increased levels of Ces6 (left)
and Cyp2b10 (right) protein observed in wild-type mice treated with
TCPOBOP were statistically significant (Fig. 6B). Similar results in
liver were obtained when PB treatment was used to activate the CAR
nuclear receptor protein in vivo. Qualitative analysis using Northern
blotting revealed that PB treatment produced robust increases in the
expression levels of the genes encoding Ces6 and Cyp2bl0 in a
CAR-dependent manner in liver (Fig. 7A). Quantitative analysis using
rt-QPCR revealed that treatment with PB produced significant in-
creases in the Ces6 and Cyp2bl0 genes in liver (Fig. 7B). Examina-
tion of Ces6 and Cyp2B10 protein levels in mouse hepatic micro-
somes was accomplished qualitatively and quantitatively using
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FiG. 4. Expression of Ces6 and Cyp3all protein is induced by PCN in a PXR-
dependent manner in mouse liver. Hepatic microsomes were from the liver of
wild-type and PXR-KO mice (n = 3) treated intraperitoneally with corn oil (vehicle)
or PCN (100 mg/kg) for 4 days. A, Western blot analysis was performed to
determine the expression levels of Ces6, Cyp3all, and B-actin protein, respectively.
Each lane represents an individual animal. B, the results from A were quantified
using scanning densitometry. All the data are normalized to B-actin levels and
represent the average values = S.E.M. (n = 3) and are expressed as -fold induction
over vehicle control. Letters different from each other indicate a statistical differ-
ence between treatment groups (p < 0.05).

Western blot analysis and photodensitometry, respectively. These
analyses revealed that treatment of mice with PB produced robust
increases in hepatic microsomal Ces6 and Cyp2bl0 proteins in a
CAR-dependent manner in liver microsomal fractions (Fig. 8A).
Densitometric analysis showed that the increased levels of Ces6 (left)
and Cyp2bl0 (right) protein observed in wild-type mice treated with
TCPOBOP were statistically significant (Fig. 8B). It is interesting to
note that no increases in the basal levels of either Ces6 or Cyp2bl10
proteins were observed in CAR-KO mice. This is in stark contrast
with that observed in the PXR-KO mice. This observation probably
indicates that the CAR protein does not play an active repressive role
in a nonstimulated state in liver. Treatment of all the genotypes of
mice examined here with PB did not produce any significant changes
in expression levels of genes encoding Ces6, Cyp3all, or Cyp2b10 in
duodenum (data not shown). These data indicate that the drug-
inducible expression and activity of the Ces6 and Cyp2blO gene
products are regulated by both PXR and CAR nuclear receptor pro-
teins. Taken together, these data lead to a model in which drug-
inducible activation of intestinal CES activity in intestine would be
expected to increase the conversion of prodrugs to the active drug,
thereby increasing the transport to portal vein and liver (Fig. 9). In the
liver, high levels of cytochrome P450 and CES activity would be
expected to further increase metabolism of coadministered drugs,
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Fic. 5. Induction of Ces6 and Cyp2b10 gene expression by TCPOBOP treatment in
mouse liver is CAR-dependent. Total RNA was isolated from the liver of wild-type
and CAR-KO mice (n = 3) treated intraperitoneally with corn oil (vehicle) or
TCPOBOP (3 mg/kg) for 4 days. A, Northern blot analysis was performed using 20
wg of total RNA/lane, and the blots were probed sequentially with *?P-labeled
cDNA fragments encoding Ces6, Cyp2b10, and 18S ribosomal RNA. Each lane
represents an individual animal. B, rt-QPCR analyses were performed to determine
the expression levels of Ces6 and Cyp2b10 in duodenum and liver tissues. All the
data are normalized to 18S levels and represent the average values = SEEM. (n =
5) and are expressed as -fold induction over vehicle control. Letters different from
each other indicate a statistical difference between treatment groups (p < 0.05).

leading to increased prospects for drug-drug interaction in patients on
combination therapy.

Discussion

The first-pass effect is a phenomenon of drug metabolism whereby
the concentration of a drug is greatly reduced before it reaches the
systemic circulation. This effect is largely mediated by drug-metab-
olizing enzymes and drug transporter proteins in the small intestine
and liver of mammals. When administered in the active form, these
tissues metabolize many drugs to such an extent that only a small
amount of the active drug emerges from the liver to the rest of the
circulatory system. Increasingly, prodrugs are designed using a ratio-
nal approach that takes advantage of the enzymes and transporter
proteins in these tissues in such a manner that promotes their bio-
transformation and absorption after oral administration. In particular,
introduction of an ester group generally improves bioavailability
because of increased transport. Ester-containing prodrugs, including
several angiotensin-converting enzyme inhibitors, antitumor drugs,
and narcotics, are acted on by CES enzymes in this manner. In this
regard, CES enzymes are considered to be one of the major determi-
nants of the metabolism and disposition of ester-containing drugs
through their actions in liver and intestine.

FiG. 6. Expression of Ces6 and Cyp2bl0 protein is induced by TCPOBOP in a
CAR-dependent manner in mouse liver. Hepatic microsomes were from the liver of
wild-type and CAR-KO mice (n = 3) treated intraperitoneally with corn oil
(vehicle) or TCPOBOP (3 mg/kg) for 4 days. A, Western blot analysis was
performed to determine the expression levels of Ces6, Cyp2bl0, and [B-actin
protein, respectively. Each lane represents an individual animal. B, the results from
A were quantified using scanning densitometry. All data are normalized to B-actin
levels and represent the average values = S.E.M. (n = 3) and are expressed as -fold
induction over vehicle control. Letters different from each other indicate a statistical
difference between treatment groups (p < 0.05).

Most of what is known regarding the liver- and intestine-enriched
CES enzymes (CES1 and CES2 subfamilies) consists of characteriza-
tion of their respective substrate specificities. In particular, the CES1
subfamily of CES enzymes mainly hydrolyzes substrates with small
alcohol and large acyl groups. In contrast, the CES2 subfamily of CES
enzymes mainly hydrolyzes substrates with large alcohol and small
acyl groups. Whereas much is known regarding their substrate selec-
tivity, little is known regarding the regulation of expression of these
important drug-metabolizing enzymes in liver and intestine, although
it is a topic of intense study in several laboratories.

Because expression of the prototypical PXR target gene, Cyp3all,
was still detectable in duodenum when compared with that observed
in jejunum or ileum (Fig. 1), we chose to further analyze the expres-
sion of PCN-inducible genes in this particular tissue. We show here
that treatment of mice with PCN, a known PXR activator, induces the
expression of multiple genes in duodenum involved in the regulation
of drug metabolism and disposition. It is important to note here that
we did not observe regulation of CAR target gene expression after
treatment of mice with PB, a known indirect and phosphorylation-
dependent activator of CAR, in the intestine, despite significant ex-
pression of the CAR gene itself in intestine. In contrast, treatment of
mice with the direct activating ligand of CAR, TCPOBOP, produced
significant increases in the expression of CAR target genes examined
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FiG. 7. Induction of Ces6 and Cyp2b10 gene expression by PB treatment in mouse
liver is CAR-dependent. Total RNA was isolated from the liver of wild-type and
CAR-KO mice (n = 3) treated intraperitoneally with saline (vehicle) or PB (100
mg/kg) for 4 days. A, Northern blot analysis was performed using 20 pg of total
RNA/lane, and the blots were probed sequentially with **P-labeled cDNA fragments
encoding Ces6, Cyp2b10, and 18S ribosomal RNA. Each lane represents an indi-
vidual animal. B, rt-QPCR analyses were performed to determine the expression of
Cyp2b10 and Ces6. All of the data are normalized to 18S levels and represent the
average values = S E.M. (n = 5) and are expressed as -fold induction over vehicle
control. Letters different from each other indicate a statistical difference between
treatment groups (p < 0.05).

here. Therefore, it is now tempting to speculate that the two different
modes of activation by these two CAR-activating compounds are
responsible for the distinct CAR-mediated gene activation profiles in
liver when compared with that observed in intestine. Alternatively,
differences in the bioavailability of these two compounds in vivo after
intraperitoneal administration could, in principle, be responsible for
the apparent disparate results observed in this study. It is interesting to
note that deletion of Pxr produced significant increases in the level of
Ces6 gene expression in both duodenum and liver. Although the trend
was clearly toward elevated expression, the level of Cyp3all gene
expression did not reach statistical significance in duodenum in
PXR-KO mice. Nonetheless, these data indicate a likely repressive
role for nonliganded PXR protein in duodenum, similar to what was
observed for Cyp3all in this study (Fig. 4B) and to what has been
previously reported by our group in liver tissue (Staudinger et al.,
2001a).

It is well established that relatively small increases in gene expres-
sion noted using microarray technology can sometimes translate into
very big changes in protein levels. This is especially true with respect
to genes that encode proteins that participate in drug metabolism
pathways. In particular, certain cytochrome P450 genes, as well as
those encoding other drug-metabolizing enzymes such as the gluta-
thione S-transferase enzymes, are known to be highly regulated at the
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Fig. 8. Expression of Ces6 and Cyp2bl0 protein is induced by PB in a CAR-
dependent manner in mouse liver. Microsomes were isolated from the livers of
wild-type and CAR-KO mice treated with saline (vehicle) or PB for 4 days (n = 3).
A, Western blot analysis was performed to determine the expression levels of Ces6,
Cyp2bl0, and B-actin protein, respectively. Each lane represents an individual
animal. B, the results from A were quantified using scanning densitometry. All of
the data are normalized to 3-actin levels and represent the average values = S.E.M.
(n = 3) and are expressed as -fold induction over vehicle control. Letters different
from each other indicate a statistical difference between treatment groups (p <
0.05).

level of transcription. Among the PCN-inducible genes in duodenum
reported here, several encode glutathione S-transferase enzymes
(Gstml, Gstm3, Gstmb6, Gsta2, Gsta4, Mgstl, and Mgst2) and drug-
metabolizing enzymes Cyp2C (Cyp2c55 and Cyp2c¢29) and Cyp3A
(Cyp3a25 and Cyp3all) family members, many of which have been
previously identified as PXR target genes in liver (Maglich et al.,
2002; Rosenfeld et al., 2003). It is interesting to note that expression
of the gene encoding epoxide hydrolase was induced in duodenum
after treatment with PCN. Epoxide hydrolase is well known to be
induced by compounds that produce electrophilic and oxidative stress
via the Nrf2-Maf transcription factor complex (Goldring et al., 2004);
however, relatively little is known regarding the regulation of this
gene by PXR in duodenum. Our observation of significant up-regu-
lation of epoxide hydrolase by PXR agonist treatment in small intes-
tine is in agreement with a recent report that used PXR activators in
rat model systems (Hartley et al., 2004). More research will need to be
conducted to verify this finding and determine its potential biological
relevance to drug metabolism and disposition in mammals in both
liver and intestine.

The Abcal gene product functions as a cholesterol efflux pump in
the cellular lipid removal pathway. Mutations in Abcal have been
associated with Tangier’s disease and familial high-density lipopro-
tein deficiency in humans (Tam et al., 2006). It is interesting that our
analysis identified Abcal as a PCN-inducible gene in duodenum
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because it has previously been identified as down-regulated by PXR
agonist treatment in transformed human liver cell lines, as well as in
rodent hepatocytes (Sporstgl et al., 2005; de Haan et al., 2009). Still,
other studies indicate that Abcal is up-regulated in small intestine in
mice in a PXR-dependent manner (Cheng and Klaassen, 2006). An-
other study indicates that treatment of intestinal cell lines Caco2 and
Ls174T with the PXR agonist rifampicin induces Abcal expression
but does not affect expression of this gene in liver cell lines (Li et al.,
2007). It is clear that more research is necessary to determine the
molecular basis by which this important cholesterol efflux transporter
is regulated differentially in hepatic versus intestinal tissue; however,
our data are consistent with others that indicate that this gene is
up-regulated in intestine after treatment with PXR agonists.

Our analysis also identified the acyl-CoA-binding protein, or diaz-
epam binding inhibitor, as a PCN-responsive gene. The acyl-CoA-
binding protein/diazepam binding inhibitor gene encodes a 10-kDa
intracellular protein that specifically binds acyl-CoA esters with high
affinity. This small protein is expressed in most cell types at low

accelerate conversion of prodrug to active
drug and increase uptake into the portal
circulation. The liver would then mediate
further uptake metabolism and excretion
into bile and elimination in feces, or back
into blood for eventual elimination through
the kidney and in urine (bottom).

Phqse 1

Tranjsport

$
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levels; however, its expression is inducible by metabolic and xenobi-
otic signals through sterol regulatory element binding protein and
peroxisome proliferator-activated receptor (PPAR)-a signaling in
hepatocytes, respectively (Sandberg et al., 2005). Our data indicate
that PXR also probably regulates the drug-inducible expression of this
important gene in small intestine.

Other genes of note up-regulated in mouse intestine after treatment
with PCN include 17-B-hydroxysteroid dehydrogenase type 11
(Hsd17b11), a member of the short-chain dehydrogenase/reductase
family. The Hsd17b11 gene product is involved in the activation and
inactivation of gender steroid hormones in liver and intestine. It is
interesting to note that treatment of mice with the potent peroxisome
proliferator Wy14,643 induced expression of this gene product in both
liver and intestine (Yokoi et al., 2007), presumably through activation
of PPARa. However, because several PPAR« agonists are also PXR
agonists, it is possible that induction of Hsd17b11 gene expression by
treatment with Wy14,643 occurs, in part, through activation of PXR
by this compound.
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Another PCN-inducible gene detected in duodenum by our analysis
is pyruvate dehydrogenase kinase, isozyme 4. This gene encodes a
member of the PDK protein kinase family that inhibits the pyruvate
dehydrogenase complex by phosphorylating one of its subunits. Ac-
tivation of this gene by glucocorticoid receptor, PPARS, and farnesoid
X receptor agonists contributes to the regulation of glucose metabo-
lism in several tissues (Savkur et al., 2005; Shearer et al., 2008).

The nuclear receptors PXR and CAR were originally identified and
characterized as “xenobiotic sensors”; however, more recent research
indicates a wider role for these two receptors in regulation of the
response to metabolic and nutritional stress (reviewed in Moreau et
al., 2008). In any case, taken together our data indicate that activation
of PXR target gene expression in intestine regulates the expression of
genes involved in modulating drug metabolism, the response to oxi-
dative stress, as well as the disposition of steroids, glucose, and
cholesterol homeostasis. Future research should seek to unravel the
molecular basis for the differential interaction between nuclear recep-
tor signaling and gene activation pathways in a tissue-selective man-
ner. Additional whole animal studies should be performed to test our
model that would include CES activity assays, as well as monitoring
prodrug and drug plasma levels after administration of PXR and CAR
activators in vivo. Additional studies should be performed using
primary hepatocytes and immortalized cell lines to determine whether
the signaling pathways investigated here are evolutionarily conserved
in humans. Together, these issues represent interesting research op-
portunities for the future.
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