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Abstract

The pregnane X receptor (PXR) interacts with a vast array of structurally dissimilar chemicals and confers induction of several major
types of drug metabolizing enzymes such as cytochrome P450s (CYP). We previously reported that the expression of PXR was markedly
increased in rats treated with clofibrate and perfluorodecanoic acid (PFDA). The present study was undertaken to test the hypothesis that
induced expression of PXR increases PXR ligand-dependent induction on CYP3A23. Rat hepatocytes were treated with clofibrate or
PFDA individually, or along with PXR ligand pregnenolone 16a-carbonitrile (PCN), and the levels of PXR and CYP3A23 were
determined by Western blots. Both clofibrate and PFDA markedly increased the expression of PXR with PFDA being more potent, and the
induction was abolished by actinomycin D, an inhibitor for mRNA synthesis. As expected, PCN alone markedly induced the expression of
CYP3A23. Interestingly, co-treatment with clofibrate enhanced the induction, whereas co-treatment with PFDA suppressed it. Clofibrate
and PFDA represent multi-classes of chemicals called peroxisome proliferators including many therapeutic agents and industrial
pollutants. The opposing effects of clofibrate and PFDA on the PCN-induced expression of CYP3A23 suggest that peroxisome
proliferators likely increase the expression of PXR but differentially alter its ligand-dependent induction. The interaction between PXR
inducer and ligand provides a novel mechanism on how functionally and structurally distinct chemicals cooperatively regulate the
expression of xenobiotic-metabolizing enzymes and transporters.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The pregnane X receptor (PXR) is a key regulator of
genes encoding several major types of xenobiotic-meta-
bolizing enzymes and transporters [ 1-4]. Structurally PXR
belongs to a superfamily of nuclear receptors with two
functional domains that mediate DNA and ligand binding,
respectively [2]. The DNA binding domain is highly con-
served from species to species, whereas the ligand-binding
domain is relatively diverse [2]. PXR heterodimerizes with
retinoic X receptor-a and the resultant heterodimers bind
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specifically to DNA elements with a half sitt AGGTCA.
The half site sequence varies slightly in some target genes
and is arranged in various configurations (e.g., direct
repeats spaced by three or four nucleotides, DR3 or
DR4), resulting in the formation of varying DNA elements
[2,5,6]. The ligand-binding domain interacts with a ligand,
initiating dissociation with co-repressors, and simulta-
neously association with co-activators [7,8]. In contrast
to other nuclear receptors, PXR has a rather large ligand-
binding pocket, which is spherical in shape, extremely
hydrophobic and expandable [9—11]. The structural fea-
tures of the ligand-binding pocket allow PXR to interact
with a vast array of chemicals with dissimilar structure
[12—14], and the ability to bind to varying DNA elements
enables PXR to have a wide range of target genes with
distinct physiological functions [5,15,16]. Among them,
the CYP3A23 gene is considered one of the most sensitive
targets [2].
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The expression of PXR itself, like its target genes, is
drastically altered by certain xenobiotics as well as con-
ditions that induce acute phase response (APR) [17-20].
The levels of PXR mRNA are rapidly decreased in both rats
and mice treated with APR-inducing agent lipopolysac-
charide. The decrease is more profound in mice than rats
(96% versus 50%), even though mice receive less lipopo-
lysaccharide (0.1 mg/kg versus 0.5 mg/kg) [21,22]. With
human hepatocytes, pro-inflammatory cytokine interleu-
kin-6 has been shown to markedly reduce the levels of PXR
mRNA [18]. More importantly, suppressed expression of
PXR is accompanied by reduced induction on the expres-
sion of PXR-regulated genes such as CYP3A23 [21,22]. In
contrast to suppressed expression, several chemicals are
shown to markedly increase PXR expression. In rats
treated with hypolipidemic agent clofibrate or industrial
additive perfluorodecanoic acid (PFDA), for example, the
levels of PXR are markedly increased [23,24]. The
increased expression appears to be regulated at the tran-
scriptional level as the increase in PXR protein is corre-
lated well with the increase in PXR mRNA. The induction
shows no tissue-dependence and occurs in both hepatic and
extrahepatic tissues [24]. The PXR protein is normally
undetectable in the kidney, whereas it is readily detected in
this organ from rats treated with clofibrate or PFDA [24].

The present study was undertaken to test the hypothesis
that increased expression of PXR by clofibrate and PFDA
enhances PXR ligand-dependent induction on the expres-
sion of CYP3A23. Rat hepatocytes were treated with
clofibrate or PFDA individually, or along with PXR ligand
pregnenolone 16a-carbonitrile (PCN), and the levels of
PXR and CYP3A23 were determined. Both clofibrate and
PFDA markedly increased the expression of PXR, and the
induction was abolished by actinomycin D, an inhibitor for
mRNA synthesis. Neither clofibrate nor PFDA alone
caused changes on the basal expression of CYP3A23.
However, both chemicals markedly altered PCN-induced
expression of this enzyme. Clofibrate potentiated the
induction whereas PFDA suppressed it. The opposing
effects by clofibrate and PFDA on the expression of
CYP3A23 provide an example on the complexity regard-
ing the regulated expression of xenobiotic-metabolizing
enzymes and transporters.

2. Materials and methods
2.1. Chemicals and supplies

Actinomycin D, clofibrate, dexamethasone, PCN,
PFDA, puromycin, HBSS, WME and (3-actin antibody
were purchased from Sigma (St. Louis, MO). Insulin-
transferrin-selenium G supplement (ITS) was from Invi-
trogen (Carlsbad, CA). Collagenase (Type I) was from
Worthington Biomedical Corporation (Lakewood, NI).
The goat anti-rabbit IgG conjugated with horseradish

peroxidase and chemiluminescent kit were from Pierce
(Rockford, IL). Fetal bovine serum was from HyClone
(Logan, UT). The CYP3A23 antibody was purchased from
Research Diagnostics (Flanders, NJ). Unless otherwise
specified all other reagents were purchased from Fisher
Scientific. Male Sprague—Dawley rats (~220 g) were pur-
chased from Harlan Teklad (Madison, WI). The use of
animals was approved by the Institutional Animal Care and
Use Committee.

2.2. Hepatocyte culture and treatment

Primary cultures of hepatocytes were isolated from rats
by a modified two-step collagenase digestion method,
essentially as described previously [25]. Rat liver was
perfused through the portal vein with calcium-free HBSS
buffer containing 0.5 mM EGTA for 1-2 min at a flow rate
of 28 ml/min until the liver was completely blanched (1-
2 min), followed by perfusion for 5-8 min with WME
media containing collagenase (150 U of collagenase activ-
ity/ml of medium). The liver was further perfused with
calcium-free HBSS containing EGTA. Hepatocytes were
dispersed from the digested liver in WME without col-
lagenase and washed by low speed centrifugation (100-
150 x g for 5 min) for three times. The resulting cell pellet
was then suspended in WME media containing 10% fetal
bovine serum, ITS supplement and dexamethasone [25],
and viability was determined by trypan blue exclusion.
Hepatocytes were then plated onto collagen coated culture
plate at a density of 6 x 10° hepatocytes/per well (12-well
plate). The cells were allowed to attach for 3—4 h at 37 °C
in a humidified chamber with 95%/5% air/CO,. Culture
plates were then gently swirled and the medium containing
unattached cells was then aspirated. Fresh WEM contain-
ing ITS supplement and dexamethasone (100 nM) was
added to each well, and the cultures were returned to
the humidified chamber. Unless otherwise specified, the
cells were maintained for 48 h before initiating treatment
with chemicals. Groups of cultures (n = 3 individual rats)
were then treated for 24—72 h with clofibrate, PFDA, PCN,
or in combined form with daily changes of medium con-
taining appropriate chemicals or solvent (DMSO at a final
concentration of 0.1%).

2.3. Western analysis

Hepatocytes were washed once with cold PBS and
lysed in Tris—HCl buffer (50 mM, pH 7.4) containing
SDS and Triton X-100 (0.1% each). The cell lysates were
subjected to centrifugation at 12,000 x g for 15 min at
4°C to remove insoluble precipitates. Cell lysates
(usually 6 pwg) were resolved by 7.5% SDS-PAGE in a
mini-gel apparatus and transferred electrophoretically to
nitrocellulose membranes (Bio-Rad, Hercules, CA). After
non-specific binding sites were blocked with 5% non-fat
milk, the blots were incubated with an antibody against
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PXR, CYP3A23 or B-actin. The anti-PXR antibody was
raised against a synthetic peptide from rat PXR and
recognized rat but not human PXR [24]. The anti-
CYP3A23 antibody recognized a single protein band with
a molecular weight of ~52 kDa in the lysates of hepato-
cytes. This antibody showed no cross-reactivity toward
CYP3A2, a closely related enzyme of CYP3A23. The
primary antibodies were subsequently localized with the
goat anti-rabbit IgG conjugated with horseradish perox-
idase [26]. Horseradish peroxidase activity was detected
with a chemiluminescent kit. The chemiluminescent sig-
nal was captured by KODAK Image Station 2000 and the
relative intensities were quantified by KODAK 1D Image
Analysis Software.

2.4. Reverse transcription coupled polymerase chain
reaction (RT-PCR)

The mRNA levels of CYP3A23 were determined by RT-
PCR experiments with a ThermoScript I kit (Invitrogen) as
described previously [27]. Total RNA (2 pg) was subjected
to the synthesis of the first strand cDNA in a total volume of
30 pl with random primers and ThermoScript I reverse
transcriptase. The reactions were incubated initially at
50 °C for 30 min, and then at 60 °C for 60 min after addi-
tional reverse transcriptase was added. The cDNAs were
then diluted (100 x) and subjected to PCR amplification
(10 pl of the diluted cDNA). The cycling parameters were:
95 °Cfor 30 s, 52 °C for 30 s and 68 °C for 30 s for a total of
23 cycles. The primers for PXR amplification were: 5'-GA-
TGTGTCAACCTACATGTTCAAG-3' (forward) and 5'-C-
TGCTCCGTGAGATCTCCACTCAG-3' (reverse), and the
primers for B-actin amplification were: 5'-GATCTTG-
ATCTTCATGGTGCTAGG-3' (forward) and 5'-TTGT-
AACCAACTGGGACGATATGG-3' (reverse). The PCR-
amplified products were resolved by agarose gel electro-
phoresis and detected by Typhoon 9410.

2.5. Other analyses

Protein concentrations were determined with BCA assay
(Pierce) with albumin as standard. Data are presented as
mean £ S.D. of at least three separate experiments, except
where results of blots are shown in which case a repre-
sentative experiment is depicted in the figures. Compar-
isons between two values were made with Student’s test at
p < 0.05.

3. Results

3.1. Clofibrate and PFDA efficaciously induce the
expression of PXR but not CYP3A23

We previously reported that the expression of PXR was
markedly induced in rats treated with clofibrate or PFDA

[23,24], two well-known peroxisome proliferators in
rodents [28]. The aim of this study was to determine
whether these chemicals alter the basal and induced
expression of PXR target gene CYP3A23 [15]. The initial
focus of the study was to determine the induction of PXR
by clofibrate or PFDA as a function of concentrations and
time of treatment. Rat hepatocytes were isolated and
treated for 24, 48 or 72 h with clofibrate or PFDA at
various concentrations. Total cell lysates were isolated
and analyzed for the abundance of PXR by Western blots
with a chemiluminescent kit. The chemiluminescent signal
was captured by KODAK Image Station 2000 and the
relative intensities were quantified by KODAK 1D Image
Analysis Software. All data were collected from three
independent experiments (three rats).

The results on the induction of PXR are summarized
in Fig. 1. Treatment with clofibrate markedly increased
the expression. However, the magnitude of induction
varied depending on the concentrations and time of
incubation. No induction was detected in the 24-h cultures
regardless of the concentrations (Fig. 1A). In the 48-h
cultures, a moderate induction (~2-fold) was detected in
the hepatocytes treated at 0.1 mM, and a markedly higher
induction (~4-fold) was observed in hepatocytes treated
with 0.2 mM. Interestingly, further increasing concentra-
tions (0.5 and 1 mM) caused no additional induction
(Fig. 1A). In the 72-h cultures, no apparent concentra-
tion-dependent induction was detected with the concen-
trations from 0.1 to 1 mM (Fig. 1A). As a matter of
fact, comparable induction (~4-fold) was detected with
all concentrations except the highest concentration
(1 mM), which was less effective (~3-fold). No induction
on PXR target gene CYP3A23 was detected with clofi-
brate (data shown from the 48-h cultures) (Fig. 1A,
bottom).

In contrast to clofibrate, PFDA induced PXR in a highly
concentration and time-dependent manner (Fig. 1B). The
maximum induction (~4.5-fold) was detected with the
highest concentration and the longest incubation
(Fig. 1B). Higher concentration or longer incubation
resulted in higher induction. In the 24-h cultures, for
example, induction was detected only in the hepatocytes
that were treated with high concentrations (10 and 25 pM),
whereas in the 72-h cultures, the induction was detected in
all concentrations except 0.1 wM (the lowest concentra-
tion). On the other hand, PFDA, like clofibrate, caused no
changes on the expression of PXR target gene CYP3A23
(Fig. 1B, bottom). No apparent toxicity was detected based
on the release of lactate dehydrogenase. Very recently, we
tested two PPAR-isoform specific agonists WY-14643
(PPARa) and ciglitazone (PPARY) for the induction of
PXR. Both chemicals increased the expression of PXR
with WY-14643 being more efficacious. This PPARa
agonist induced PXR to a comparably extent as clofibrate
or PFDA based on the maximum induction (data not
shown).
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Fig. 1. Induction of PXR by clofibrate or PFDA as a function of concen-
trations and incubation time. (A) Induction of PXR by clofibrate: rat
hepatocytes were cultured in WME and then treated with clofibrate
(0.01-1 mM) or the same volume of DMSO (0.1%) for 24-72 h with a
daily change of fresh medium and clofibrate. Cell lysates (6 pg) were
analyzed by Western blots for the levels of PXR (top) or CYP3A23 (bottom)
as described in Section 2. (B) Induction of PXR by PFDA: rat hepatocytes
were cultured in WME and then treated with PFDA (0.1-25 uM) or the
same volume of DMSO (0.1%) for 24-72 h with a daily change of fresh
medium and PFDA. Cell lysates (6 pg) were analyzed by Western blots for
the levels of PXR and CYP3A23. The chemiluminescent signal was
captured by KODAK Image Station 2000 and the relative intensities were
quantified by KODAK 1D Image Analysis Software. The data were
collected from three independent experiments (three rats), normalized based
on the signals from DMSO-treated hepatocytes, and expressed as
mean £ S.D.

3.2. Clofibrate and PFDA co-operatively induce the
expression of PXR

Clofibrate and PFDA caused a similar maximum induc-
tion of PXR with the concentrations used in this study.
However, they varied markedly on the concentration—

induction curves. For example, in the 72-h cultures, PFDA
but not clofibrate showed a clear concentration-dependent
manner (Fig. 1). The precise mechanism remains to be
determined. In order to shed light on the underlying
mechanisms, we performed an interaction study between
clofibrate and PFDA. Hepatocytes were treated with var-
ious concentrations of clofibrate in the presence of constant
PFDA or vice versa. Both chemicals were used at relatively
low concentrations (based on the concentration-response
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Fig. 2. Cooperative induction of PXR by clofibrate and PFDA (A) Effect of
clofibrate on PFDA-mediated induction of PXR: rat hepatocytes were
treated for 48 h with PFDA at various concentrations (0.1-5 uM) in the
presence or absence of clofibrate (0.1 mM). The lysates (6 pug) were
analyzed for the abundance of PXR and B-actin by Western blots. (B)
Effect of PFDA on clofibrate-mediated induction of PXR: rat hepatocytes
were treated for 48 h with clofibrate at various concentrations (0.01-
0.5mM) in the presence or absence of PFDA (1 uM). The lysates
(6 ng) were analyzed for the abundance of PXR and (-actin by Western
blots. The data were collected from three independent experiments (three
rats), normalized based on the signals from DMSO-treated hepatocytes, and
expressed as mean + S.D. (*) Significant difference between single and the
corresponding co-treatment according to the Student’s test (p < 0.05).
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Fig. 3. Transcriptional and post-translational involvement in induced
expression of PXR by clofibrate and PFDA (A) Western analysis of the
effect of actinomycin D and puromycin on the induction of PXR by
clofibrate or PFDA: rat hepatocytes were treated for 48 h with clofibrate
(0.5 mM) or PFDA (10 uM) in the presence of actinomycin D (10 uM) or
puromycin (1 wg/ml). Cell lysates were analyzed for the levels of CYP3A23
or B-actin by Western blots as described above. (B) RT-PCR analysis of the
effect of actinomycin D and puromycin on the induction of PXR by
clofibrate or PFDA: rat hepatocytes were treated for 48 h with clofibrate
(0.5 mM) or PFDA (10 uM) in the presence of actinomycin D (10 uM) or
puromycin (1 pg/ml). Total RNA was isolated and subjected to RT-PCR
analyses with a ThermoScript I kit as described in Section 2. For PCR
amplification, a master tube containing all common reagents was prepared
and equally distributed to individual PCR reaction tubes (PXR and (3-actin).
PCR amplification was conducted with cycling parameters as follows: 95 °C

curves in Fig. 1), and only a single time point (48 h) was
conducted. These conditions were designed to detect inter-
actions within the maximum induction (based on Fig. 1)
and to prevent potential cytotoxicity. Similarly, total cell
lysates were prepared and analyzed for the abundance of
PXR and B-actin by Western blots.

Fig. 2A shows the results on the interaction study with
PFDA assayed at various concentrations and clofibrate
being constant. As expected, no induction was detected
when PFDA was assayed at 0.1 wM, whereas a concentra-
tion-dependent induction was observed when higher con-
centrations (1 and 5 wM) were used (Fig. 2A). A moderate
induction (~2-fold) was detected in hepatocytes treated
with clofibrate alone at 0.1 mM. Interestingly, combined
treatment resulted in even higher induction than the max-
imum induction (~4.5-fold) elicited by each chemical
alone (Figs. 1 and 2A). For example, PFDA alone at
5 wM caused a 2.9-fold induction, but co-treatment with
clofibrate resulted in an ~7-fold induction (Fig. 2A). The
enhanced induction was also detected when clofibrate was
assayed at various concentrations (0.01, 0.1 and 0.5 mM)
in the presence of a constant amount of PFDA (1 uM)
(Fig. 2B). For example, clofibrate alone at 0.5 mM caused
an ~4-fold induction, in contrast, co-treatment with PFDA
resulted in a 6-fold induction (PFDA at 1 puM caused little
induction) (Fig. 2B).

3.3. Induction of PXR by clofibrate and PFDA is
mediated by gene transcription

The enhanced induction between clofibrate and PFDA
points to an important possibility: they induce PXR
through distinct or overlapping mechanisms. In order to
gain molecular insights, we examined whether induction of
PXR by both chemicals is differentially inhibited by
actinomycin D and puromycin, chemicals that selectively
inhibit RNA synthesis and protein translation, respectively.
Hepatocytes were treated with clofibrate or PFDA along
with actinomycin D or puromycin, and cell lysates were
analyzed for the abundance of PXR and (3-actin or the
corresponding mRNA. As expected, clofibrate or PFDA
alone markedly increased the expression of PXR, however,
the increased expression was abolished by actinomycin D
and puromycin, excluding the possibility that the induction
is achieved through increasing protein stability (Fig. 3A).
Similarly, the levels of PXR mRNA were markedly
increased in the hepatocytes treated with clofibrate or
PFDA alone. However, the increased levels were abolished
by actinomycin D but not puromycin (Fig. 3B), suggesting
that transactivation is involved in the induction of PXR for

for 30 s, 52 °C for 30 s and 68 °C for 30 s for a total of 23 cycles. The PCR-
amplified products were analyzed by agarose gel electrophoresis and
visualized by ethidium bromide staining. Three independent experiments
were performed but only representative data are presented.
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both chemicals and protein synthesis is not required for the
transactivation. It should be emphasized that no apparent
toxicity was observed with actinomycin D or puromycin at
the concentrations assayed.
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Fig. 4. PFDA suppresses PCN-mediated induction of CYP3A23 whereas
clofibrate enhances it (A) PFDA suppresses PCN-mediated induction of
CYP3A23: rat hepatocytes were cultured in WME and then treated for 48 h
with PCN (10 uM) in the presence of PFDA at various concentrations (0—
25 uM). Cell lysates (6 pg) were analyzed by Western blots for the
abundance of CYP3A23 (top) or PXR (bottom). (B) Clofibrate enhances
PCN-mediated induction of CYP3A23: rat hepatocytes were cultured in
WME and then treated for 48 h with PCN (10 wM) in the presence of
clofibrate at various concentrations (0—-1 mM). Cell lysates (6 pg) were
analyzed by Western blots for the abundance of CYP3A23 (top) or PXR
(bottom). (C) Clofibrate-potentiated induction of CYP3A23 as a function of
PCN: rat hepatocytes were cultured in WME and then treated for 48 h with
PCN at various concentrations (0—50 pM) in the presence or absence of
clofibrate (0.1 mM). Cell lysates (6 ng) were analyzed by Western blots for
the abundance of CYP3A23 (top), PXR (bottom) or B-actin (not shown).
Three independent experiments were performed. (*) Significant difference
for the expression of CYP3A23 between PCN and the corresponding co-
treatment according to the Student’s test (p < 0.05).

3.4. Clofibrate enhances whereas PFDA suppresses
PCN-mediated induction on CYP3A23

The experiments described above clearly established
that clofibrate and PFDA are inducers of PXR, and the
induction is achieved by increasing PXR mRNA. However,
neither chemical altered the basal expression of CYP3A23
(Fig. 1), a target gene that is inducibly regulated by PXR in
a ligand-dependent manner. Next, we examined whether
clofibrate or PFDA alters PXR-induced expression of
CYP3A23. PCN is an efficacious activator of PXR and
a prototypical inducer of CYP3A23 [6,17]. Therefore,
clofibrate and PFDA were tested for the ability to alter
PCN-induced expression of CYP3A23. Two types of
experiments were performed: (a) hepatocytes were treated
with various concentrations of clofibrate or PFDA along
with a constant amount of PCN; and contrarily (b) experi-
ments with various concentrations of PCN but a constant
amount of clofibrate were performed.

The results on the interaction study between PCN and
clofibrate/PFDA are summarized in Fig. 4. As expected,
PFDA caused a concentration-dependent induction of PXR
(Fig. 4A, bottom), and PCN alone markedly induced
CYP3A23 (~6-fold). Surprisingly, the PCN-mediated
induction on CYP3A23 was proportionally suppressed
by increasing concentrations of PFDA (Fig. 4A). Similarly,
clofibrate markedly induced the expression of PXR
(Fig. 4B, bottom). In contrast to PFDA, clofibrate enhanced
the PCN-mediated induction on CYP3A23 (Fig. 4B). For
example, combined treatment with clofibrate (0.1 mM) and
PCN (10 uM) caused a 10-fold induction of CYP3A23,
whereas PCN alone caused only ~6-fold induction. It
should be emphasized that neither PFDA nor clofibrate
alone caused any changes on the basal expression of
CYP3A23 (Fig. 1). We next conducted the interaction
study with clofibrate being assayed at a constant concen-
tration (0.1 mM) and PCN at various concentrations. As
expected, PCN caused a concentration-dependent induc-
tion of CYP3A23 with the maximum induction being ~6-
fold, and little changes were observed when clofibrate was
used alone (Fig. 4C). However, co-treatment with clofi-
brate increased PCN-mediated induction on CYP3A23,
and the relative enhancement appeared to be proportionally
increased with increasing concentrations of PCN with an
exception of 50 uM (Fig. 4C).

4. Discussion

The pregnane X receptor is a key regulator of genes
encoding several major types of drug metabolizing
enzymes (e.g., CYP3A) and transporters (e.g., MDR-1),
and thus contributes significantly to drug—drug interactions
[2]. Clofibrate and PFDA represent multi-classes of che-
micals that induce proliferation of the peroxisome in
rodents but less evidently in humans [28]. These chemicals
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are manufactured for a variety of applications including
pharmaceutical agents, food additives, industrial proces-
sors, herbicides and insecticides [28]. In this study, we
report that both clofibrate and PFDA markedly induce the
expression of PXR in rat hepatocytes. The induction is
abolished by actinomycin D, suggesting that they regulate
the expression of PXR through transactivation. More
importantly, clofibrate potentiates PXR ligand-dependent
induction on CYP3A23, whereas PFDA suppresses it. The
differential effects provide additional complexity on the
regulated expression of drug-metabolizing enzymes and
transporters.

There are three types of PXR inducers based on their
regulatory activity toward PXR ligand-dependent transac-
tivation. The first type of inducers acts as both inducer and
activator, and dexamethasone is an example in this cate-
gory [7,19,20]. This synthetic steroid has been shown to
increase the expression of both PXR and its target gene
CYP3A23. Based on the concentrations to exert induction
activity, the PXR gene is a more sensitive target than
CYP3A23. Nanomolar dexamethasone effectively induces
PXR, whereas micromolar concentrations are required to
induce CYP3A23 [7,20]. The concentrations for CYP3A23
induction are consistent with the concentrations required to
activate PXR [6]. The second type of PXR inducers
increases the expression of PXR but has little effects on
the expression of PXR-regulated genes, however, this type
of inducers potentiates PXR ligand-dependent transactiva-
tion. In this study, we have shown that clofibrate markedly
induces the expression of PXR and enhances PCN-
mediated induction of CYP3A23, although this hypolipi-
demic agent alone does not alter the expression of this
enzyme (Fig. 1A). The third type of PXR inducers is
represented by PFDA, which is widely used as an industrial
additive. Like clofibrate, PFDA induces the expression of
PXR, but unlike clofibrate, PFDA suppresses PCN-
mediated induction on CYP3A23 (Figs. 1B and 4A). It
should be emphasized that only a single PXR-target gene
CYP3A23 has been studied, whether the differential
effects of clofibrate and PFDA on the regulated expression
occur with other PXR targets remains to be determined.

In addition to the difference on the altered PXR ligand-
dependent regulation, clofibrate and PFDA exhibit several
additional differences in terms of regulating the expression
of PXR. First, PFDA is significantly more potent than
clofibrate. No induction is detected when clofibrate is used
at 10 uM regardless of the incubation time (Fig. 1A). In
contrast, PFDA at this concentration causes a 4-fold induc-
tion (Fig. 1B). Second, PFDA-mediated induction exhibits
a broader range of dependence on the concentrations and
incubation time, whereas clofibrate-mediated induction
displays narrower ranges on both aspects (Fig. 1). For
example, in the 72-h cultures, clofibrate causes no induc-
tion at 0.01 mM, whereas the maximum induction occurs
at 0.1 mM (10 times). In contrast, the concentrations for
PFDA to cause none to full induction display as many as a

250-fold difference (0.1-25 pM) (Fig. 1). And finally,
clofibrate-mediated induction is delayed compared with
that mediated by PFDA. No induction is detected in the 24-
h cultures treated with clofibrate regardless of the con-
centrations, whereas PFDA-mediated induction is evident
as early as 24 h (Fig. 1).

Although there are evident differences, it appears that
both chemicals induce PXR through transcription activa-
tion. In support of this notion, actinomycin D, an inhibitor
on mRNA synthesis, completely abolishes the induction in
response to both chemicals (Fig. 3). Furthermore, puro-
mycin, an inhibitor of protein synthesis, abolishes the
induction of PXR at the protein but not mRNA level,
suggesting that protein synthesis is not required for the
transactivation in response to both chemicals (Fig. 3).
Clofibrate and PFDA represent multi-classes of chemicals
called peroxisome proliferators [28], and these chemicals
exert their biological activities largely through the peroxi-
some proliferator activated receptors (PPARs) [29,30].
Therefore, it is likely that clofibrate and PFDA induce
the expression of PXR through transactivation of PPARs,
particularly PPARa. In support of this possibility, PFDA
shows a higher affinity toward PPARq, thus has a relatively
higher potency on the induction of PXR ([28], this study),
PPAR« specific agonist WY-14643 induces PXR to a much
higher extent than PPAR<y specific agonist ciglitazone
(unpublished data), and motif search on the genomic
sequences has revealed several perfect or slightly modified
PPAR elements in the regulatory region of the rat PXR
gene. However, several observations argue against the
notion that the same mechanism (e.g., PPAR«) is used
by clofibrate and PFDA in the induction of PXR. In
particular, clofibrate-mediated induction is delayed com-
pared with that with PFDA (Fig. 1). The precise mechan-
ism on the delayed induction remains to be determined. It
is likely that PFDA is kinetically more favorable and
achieves the steady level faster than clofibrate. Alterna-
tively, metabolites rather than parent clofibrate effica-
ciously induce PXR. Interestingly, we have shown that
clofibrate and PFDA synergize with each other on the
induction of PXR (Fig. 2). These findings suggest that
clofibrate and PFDA use overlapping mechanisms in PXR
induction (assuming that PPAR« plays a major role).

It appears that the induced expression of PXR by
clofibrate is not sufficient to enhance PCN-mediated induc-
tion on CYP3A23. In this study, PFDA markedly induces
the expression of PXR, however, the PCN-induced expres-
sion of CYP3A23 is reversely correlated with the increased
expression of PXR by PFDA (Fig. 4A). Studies on the
transactivation of CYP3A23 have demonstrated that sev-
eral other transcription factors play roles in the induction of
CYP3A23, notably chicken ovalbumin upstream promo-
ter-transcription factors (COUP-TF), hepatocyte nuclear
factor-4 (HNF-4) and complex B [7]. COUP-TF represses
the expression of CYP3A23, whereas HNF-4 and complex
B exert activation activity. It is conceivable that clofibrate
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and PFDA differentially modulate the expression/activity
of these proteins, leading to enhanced (clofibrate) or
suppressed (PFDA) activity toward the PCN-mediated
induction on CYP3A23. In support of this possibility,
peroxisome proliferators or related compounds have been
shown to alter the expression and modulate the activities of
these factors (e.g., COUP-TF) [31,32], although it remains
to be determined whether clofibrate and PFDA differen-
tially regulate the expression of these factors and whether
the altered expressions are the ultimate mechanisms for the
observed differential effect on the induction of CYP3A23.
Recently, we have found that both clofibrate and PFDA
moderately suppress PCN-mediated stimulation on the
CYP3A23 promoter in a reporter assay (CV-1 cells)
(unpublished results), further supporting the notion that
the opposing effects between clofibrate and PFDA on PCN
induction of CYP3A23 are due to their differential effects
on the expression of other transcription factors rather than
PXR.

In summary, our work points to several important con-
clusions. First, both clofibrate and PFDA are inducers of rat
PXR with PFDA being more potent, and the induction is
achieved by transcription activation. Second, the transcrip-
tion activation on the expression of PXR is likely mediated
by overlapping mechanisms, based on the fact that both
chemicals are PPAR ligands and the induction is synergis-
tically enhanced by each other. Third, induction of PXR
may result in enhanced or suppressed activity on PXR
ligand-dependent regulation depending on an inducer.
PXR is a key regulator of genes encoding several major
types of xenobiotics-metabolizing enzymes and transpor-
ters. Clofibrate and PFDA represent multi-classes of che-
micals and have a broad spectrum of its biological
activities. The differential effects by clofibrate and PFDA
on the expression of CYP3A23 provide an example on the
complexity regarding the regulated expression of xenobio-
tic-metabolizing enzymes and transporters.

Acknowledgements

This work was supported by NIH grants ROIGM61988,
RO1ES07965 and P20RR16457.

References

[1] Brinkmann U, Eichelbaum M. Polymorphisms in the ABC drug
transporter gene MDR1. Pharmacogenomics J 2001;1:59-64.

[2] Goodwin B, Redinbo MR, Kliewer SA. Regulation of cyp3a gene
transcription by the pregnane X receptor. Annu Rev Pharmacol
Toxicol 2002;42:1-23.

[3] Kast HR, Goodwin B, Tarr PT, Jones SA, Anisfeld AM, Stoltz CM, et
al. Regulation of multidrug resistance-associated protein 2 (ABCC2)
by the nuclear receptors pregnane X receptor, farnesoid X-activated
receptor, and constitutive androstane receptor. J Biol Chem
2002;277:2908-15.

[4] Venkatakrishnan K, Von Moltke LL, Greenblatt DJ. Human drug
metabolism and the cytochromes P450: application and relevance
of in vitro models. J Clin Pharmacol 2001;41:1149-79.

[5] Blumberg B, Sabbagh Jr W, Juguilon H, Bolado Jr J, van Meter CM,
Ong ES, et al. SXR, a novel steroid and xenobiotic-sensing nuclear
receptor. Genes Dev 1998;12:3195-205.

[6] Kliewer SA, Moore JT, Wade L, Staudinger JL, Watson MA, Jones SA,
et al. An orphan nuclear receptor activated by pregnanes defines a
novel steroid signaling pathway. Cell 1998;92:73-82.

[7] Gonzalez MM, Carlberg C. Cross-repression, a functional conse-
quence of the physical interaction of non-liganded nuclear receptors
and POU domain transcription factors. J Biol Chem 2002;277:18501—
9.

[8] Li X, Kimbrel EA, Kenan DJ, McDonnell DP. Direct interactions

between corepressors and coactivators permit the integration of

nuclear receptor-mediated repression and activation. Mol Endocrinol
2002;16:1482-91.

Watkins RE, Wisely GB, Moore LB, Collins JL, Lambert MH,

Williams SP, et al. The human nuclear xenobiotic receptor PXR:

structural determinants of directed promiscuity. Science 2001;292:

2329-33.

[10] Watkins RE, Maglich JM, Moore LB, Wisely GB, Noble SM, Davis-
Searles PR, et al. 2.1 A crystal structure of human PXR in complex
with the St John’s wort compound hyperforin. Biochemistry 2003;
42:1430-8.

[11] Watkins RE, Davis-Searles PR, Lambert MH, Redinbo MR. Coacti-
vator binding promotes the specific interaction between ligand and the
pregnane X receptor. J Mol Biol 2003;331:815-28.

[12] Moore LB, Goodwin B, Jones SA, Wisely GB, Serabjit-Singh CJ,
Willson TM, et al. St. John’s wort induces hepatic drug metabolism
through activation of the pregnane X receptor. Proc Natl Acad Sci
USA 2000;97:7500-2.

[13] Xie W, Barwick JL, Downes M, Blumberg B, Simon CM, Nelson MC,
et al. Humanized xenobiotic response in mice expressing nuclear
receptor SXR. Nature 2000;406:435-9.

[14] Xie W, Radominska-Pandya A, Shi Y, Simon CM, Nelson MC, Ong
ES, et al. An essential role for nuclear receptors SXR/PXR in
detoxification of cholestatic bile acids. Proc Natl Acad Sci USA
2001;98:3375-80.

[15] Kliewer SA, Willson TM. Regulation of xenobiotic and bile acid meta-
bolism by the nuclear pregnane X receptor. J Lipid Res 2002;43:359-64.

[16] Song X, Xie M, Zhang H, Li Y, Sachdeva K, Yan B. The pregnane X
receptor binds to response elements in a genomic context-dependent
manner, and PXR activator rifampicin selectively alters the binding
among target genes. Drug Metab Dispos 2004;32:35-42.

[17] Huss JM, Kasper CB. Two-stage glucocorticoid induction of
CYP3A23 through both the glucocorticoid and pregnane X receptors.
Mol Pharmacol 2000;58:48-57.

[18] Pascussi JM, Gerbal-Chaloin S, Pichard-Garcia L, Daujat M, Fabre JM,
Maurel P, et al. Interleukin-6 negatively regulates the expression of
pregnane X receptor and constitutively activated receptor in primary
human hepatocytes. Biochem Biophys Res Commun 2000;274:707-13.

[19] Pascussi JM, Drocourt L, Fabre JM, Maurel P, Vilarem MJ. Dexa-
methasone induces pregnane X receptor and retinoid X receptor-alpha
expression in human hepatocytes: synergistic increase of CYP3A4
induction by pregnane X receptor activators. Mol Pharmacol 2000;
58:361-72.

[20] Pascussi JM, Drocourt L, Gerbal-Chaloin S, Fabre JM, Maurel P,
Vilarem MJ. Dual effect of dexamethasone on CYP3A4 gene expres-
sion in human hepatocytes. Sequential role of glucocorticoid receptor
and pregnane X receptor. Eur J Biochem 2001;268:6346-58.

[21] Beigneux AP, Moser AH, Shigenaga JK, Grunfeld C, Feingold KR.
Reduction in cytochrome P-450 enzyme expression is associated with
repression of CAR (constitutive androstane receptor) and PXR (preg-
nane X receptor) in mouse liver during the acute phase response.
Biochem Biophys Res Commun 2002;293:145-9.

[9

—



[22]

[23]

[24]

[25]

[26]

Y. Ma et al./Biochemical Pharmacology 69 (2005) 1363-1371

Fang C, Yoon S, Tindberg N, Jarvelainen HA, Lindros KO, Ingelman-
Sundberg M. Hepatic expression of multiple acute phase proteins and
down-regulation of nuclear receptors after acute endotoxin exposure.
Biochem Pharmacol 2004;67:1389-97.

Zhang H, LeCulyse E, Liu L, Hu M, Matoney L, Zhu W, et al. Rat
pregnane X receptor: molecular cloning, tissue distribution, and
xenobiotic regulation. Arch Biochem Biophys 1999;368:14-22.
Sachdeva K, Yan B, Chichester CO. Lipopolysaccharide and cecal
ligation/puncture differentially affect the subcellular distribution of
the pregnane X receptor but consistently cause suppression of its target
gene CYP3A. Shock 2003;19:469-75.

Ma Y, Sachdeva K, Liu J, Ford M, Yang D, Khan IA, et al. Des-
methoxyyangonin and dihydromethysticin are two major pharmaco-
logical kavalactones with marked activity on the induction of
cytochrome P450-3A23. Drug Metab Dispos 2004;32:1317-24.

Xie M, Yang D, Liu L, Xue B, Yan B. Human and rodent carbox-
ylesterases: immunorelatedness, overlapping substrate specificity,
differential sensitivity to serine enzyme inhibitors, and tumor-related
expression. Drug Metab Dispos 2002;30:541-7.

(27

(28]

[29]

(30]

[31]

[32]

1371

Li Y, Xie M, Song X, Gragen S, Sachdeva K, Wan Y, et al. DECI
negatively regulates the expression of DEC2 through binding to the E-
box in the proximal promoter. J Biol Chem 2003;278:16899-907.
Dzhekova-Stojkova S, Bogdanska J, Stojkova Z. Peroxisome prolif-
erators: their biological and toxicological effects. Clin Chem Lab Med
2001;39:468-74.

Roberts RA, Chevalier S, Hasmall SC, James NH, Cosulich SC,
Macdonald N. PPAR alpha and the regulation of cell division and
apoptosis. Toxicology 2002;181-182:167-70.

Vosper H, Khoudoli GA, Graham TL, Palmer CN. Peroxisome pro-
liferator-activated receptor agonists, hyperlipidaemia, and athero-
sclerosis. Pharmacol Ther 2002;95:47-62.

Cabrero A, Jove M, Planavila A, Merlos M, Laguna JC, Vazquez-
Carrera M. Down-regulation of acyl-CoA oxidase gene expression in
heart of troglitazone-treated mice through a mechanism involving
chicken ovalbumin upstream promoter transcription factor II. Mol
Pharmacol 2003;64:764-72.

Jump DB. Dietary polyunsaturated fatty acids and regulation of gene
transcription. Curr Opin Lipidol 2002;13:155-64.



	Clofibrate and perfluorodecanoate both upregulate the expression �of the pregnane X receptor but oppositely affect its �ligand-dependent induction on cytochrome P450 3A23
	Introduction
	Materials and methods
	Chemicals and supplies
	Hepatocyte culture and treatment
	Western analysis
	Reverse transcription coupled polymerase chain reaction (RT-PCR)
	Other analyses

	Results
	Clofibrate and PFDA efficaciously induce the expression of PXR but not CYP3A23
	Clofibrate and PFDA co-operatively induce the expression of PXR
	Induction of PXR by clofibrate and PFDA is mediated by gene transcription
	Clofibrate enhances whereas PFDA suppresses �PCN-mediated induction on CYP3A23

	Discussion
	Acknowledgements
	References


