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The cytochrome P450 (CYP) gene products such as CYP3A and CYP2B are essential for the metabolism of
steroid hormones and xenochemicals including prescription drugs. Nuclear receptor SXR/PXR (steroid and
xenobiotic receptor/pregnenolone X receptor) has been shown both biochemically and genetically to activate
CYP3A genes, while similar studies have established constitutive androstane receptor (CAR) as a CYP2B
regulator. The response elements in these genes are also distinct, furthering the concept of independent
regulation. Unexpectedly, we found that SXR can regulate CYP2B, both in cultured cells and in transgenic
mice via adaptive recognition of the phenobarbital response element (PBRE). In a type of functional symmetry,
orphan receptor CAR was also found to activate CYP3A through previously defined SXR/PXR response
elements. These observations not only provide a rational explanation for the activation of multiple CYP gene
classes by certain xenobiotics, but also reveal the existence of a metabolic safety net that confers a second
layer of protection to the harmful effects of toxic compounds and at the same time increases the propensity
for drug–drug interactions.
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The liver cytochrome P450 (CYP) enzymes represent a
supergene family of hemeproteins that catalyze the
metabolic conversion to more polar derivatives of an
amazing diversity of foreign chemicals (xenobiotics) in-
cluding various environmental pollutants, carcinogens,
and prescription drugs as well as endogenous substrates
such as steroid hormones (for reviews, see Gonzalez
1992; Denison and Whitlock 1995). The levels of some
CYP enzymes are typically induced by their xenobiotic
substrates. For example, administration of glucocorti-
coids (both agonists such as dexamethasone [DEX] and
antagonists such as RU486), rifampicin (RIF), or pheno-
barbital (PB) increases the levels of CYP3A, a family of
medically significant isoenzymes involved in the me-
tabolism of more than half of all prescription drugs as
well as neutraceuticals and herbal medicines (Maurel
1996). Specificity studies reveal that some (but not all)

CYP3A-inducing compounds also activate CYP2B genes
(e.g., Strom et al. 1996; Honkakoski and Negishi 1997).
The metabolic versatility of CYP3A and CYP2B coupled
with their inducibility by xenobiotic substrates consti-
tutes a molecular basis for many clinical drug–drug in-
teractions. Such interactions pose one of the most vexing
problems in drug development. These problems arise
when P450 inducers such as glucocorticoids, PB, or RIF
are administered concurrently with medications such as
immunosuppressant cyclosporine A, oral contraceptives
and antihypertensives that are normally metabolized by
these CYP enzymes (Maurel 1996). Recently, St John’s
wort, a popular herbal remedy for depression, was found
to trigger severe adverse drug interactions with oral con-
traceptives, the HIV protease inhibitor indinavir, and cy-
closporine A as a consequence of activating the CYP3A
system (Moore et al. 2000a; Fugh-Berman 2000; Piscitell
et al. 2000; Ruschitzaka et al. 2000).

The human steroid and xenobiotic receptor (SXR) and
its rodent homolog pregnenolone X receptor (PXR) were
isolated as candidate xeno-sensors postulated to regulate
CYP3A genes (Blumberg et al. 1998; Kliewer et al. 1998;
Bertilson et al. 1998; and for reviews, see Blumberg and
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Evans 1998; Savas et al. 1999; Waxman 1999). Indeed,
SXR/PXR bind to the IR-6 and DR-3 response elements
localized to the 5’ regulatory regions of the human
CYP3A4 and rat CYP3A23 gene, respectively. Recently,
we have established unequivocally that SXR and PXR
function as xeno-sensors in vivo, by demonstrating that
targeted disruption of the mouse PXR gene by homolo-
gous recombination abolishes the CYP3A response. In
contrast, hepatic expression of an activated SXR trans-
gene results in constitutive upregulation of CYP3A gene
expression and enhanced protection against xenotoxi-
cants (Xie et al. 2000). Having demonstrated that SXR
and PXR mediate the hepatic CYP3A response, we noted
that the presence of candidate DR-3 or IR-6 response
elements in CYP2A, CYP2C, CYP2E, and glucouronosyl
transferase genes (Blumberg et al. 1998) raised the poten-
tial for a broader physiologic function. All of these en-
zymes are involved in steroid and xenobiotic catabolism
(for review, see Gonzalez 1992). However, whether these
or other CYP genes can serve as in vivo targets for SXR
and PXR is unclear. If so, this would have widespread
implications in understanding the nature and properties
of the adaptive hepatic response.

The orphan receptor CAR (constitutive androstane re-
ceptor) binds DNA as a heterodimer with RXR (retinoid
× receptor) and activates gene transcription in a consti-
tutive manner (Baes et al. 1994; Choi et al. 1997). As we
have previously shown, the CAR-mediated transcrip-
tional activation can be inhibited by androstane metabo-
lites such as androstenol and androstanol (Forman et al.
1998). In addition to its activation of a DR-5 type of
retinoid acid response element (�RARE), CAR also acti-
vates a distal 51-bp enhancer called the phenobarbital
response element (PBRE) found in phenobarbital (PB)-in-
ducible CYP2B genes (Trottier et al. 1995; Park and Kem-
per 1996; Honkakoski and Negishi 1997). Inspection of
the PBRE reveals it to contain two nuclear receptor (NR)
binding sites composed of imperfect direct repeats of
AG(G/T)TCA-like half sites spaced by four nucleotides
(DR-4 motif). The repeat sequences of these binding sites
are conserved in PB-inducible rodent and human CYP2B
genes, whereas they are divergent in the PB-nonrespon-
sive mouse CYP2B9 gene (Honkakoski et al. 1998a). Re-
cently, it has been suggested that CAR may regulate the
CYP3A gene, on the basis of transient transfection ex-
periments using isolated response elements (Honkak-
oski et al. 1998b; Tzameli et al. 2000; Moore et al.
2000b). Based on these observations, we wish to explore
the potential of cross-regulation between these two xe-
nobiotic sensors and a potential molecular means to in-
tegrate what is generally viewed as two distinct xenobi-
otic response systems.

In this report, we demonstrate the presence of this
hypothetical cross-regulatory response between SXR/
PXR and CAR. In particular, cultured primary hepato-
cytes, transgenic mice, and natural and synthetic report-
ers were all used to show that CYP2B is an endogenous
target of SXR and that CYP3A is an in vivo target for
CAR. This establishes the existence of a simple and
unique integrative mechanism to modulate the metabo-

lism of endogenous steroids, bioactive dietary com-
pounds, and xenobiotic substances.

Results

Binding of the PBRE by SXR

A 51-bp sequence termed the PBRE is conserved in the
inducible rodent and human CYP2B genes (Trottier et al.
1995; Park and Kemper 1996; Honkakoski and Negishi
1997) and has been shown to be necessary and sufficient
for phenobarbital induction of mouse CYP2B10 gene
(Honkakoski et al. 1998b; Kawamoto et al. 1999; Sueyo-
shi et al. 1999; Tzameli et al. 2000; Moore et al. 2000b).
Sequence analysis of the PBRE reveals two imperfect
DR-4 motifs (NR1 and NR2) (Fig. 1A) that have previ-
ously been shown to bind CAR (Honkakoski et al.
1998b). To explore the potential cross-regulation of
CYP2B, electrophoretic mobility shift assays (EMSA)
were used to determine the ability of SXR to bind the
PBRE. As shown in Figure 1B, both wild type SXR and its
activated variant VPSXR (Xie et al. 2000) bound the NR1
efficiently. The binding was dependent on the presence
of their heterodimerization partner RXR (Fig. 1B, lanes 2
and 3), while no DNA binding was seen in the absence of
RXR as expected (data not shown). These results dem-
onstrate that both SXR and VPSXR bind NR1 in a fash-
ion similar to the binding of CAR/RXR to the PBRE (see
below; Honkakoski et al. 1998b). This specific binding
was abrogated when the first half site of NR1 was mu-
tated to NR1/m TCTGGT (mutated nucleotides are un-
derlined) (data not shown); while the binding was main-
tained and slightly improved when the NR1 was con-
verted to a perfect DR-4 element (Fig. 1, NR1/DR4, lanes
5 and 6). The binding of NR1 by SXR and VPSXR was
specific, inasmuch as efficient competition of binding
was achieved by excess unlabeled wild type NR1 or
NR1/DR4, but not by NR1/m (Fig. 1C)

SXR activates CYP2B in cultured cells

Transfection based assays were utilized to determine
whether SXR can activate CYP2B. First, luciferase re-
porter plasmids containing the 51-bp PBRE or its mutant
derivatives (Fig. 2A) upstream of a minimal thymidine
kinase (tk) promoter were constructed and transfected
into monkey kidney CV-1 cells together with expression
vectors for SXR, VPSXR, or CAR. Modest but significant
activation of the CYP2B reporter by SXR was seen when
RIF, a known SXR specific activator, was added to the
culture medium (Fig. 2B, lane 3). Expression of VPSXR
resulted in a more potent induction of CYP2B without
added ligand (lane 4), and RIF treatment promoted an
additional two-fold of induction (lane 5). The CYP2B in-
duction is SXR-specific, as another constitutively active
orphan receptor, VPFXR (farnesoid X receptor) (Forman
et al. 1995) has no effect on this reporter gene (data not
shown). Consistent with DNA binding results, the
PBRE-mediated activation was abrogated when either
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the NR1 (PBRE/NR1m) or both NRs (PBRE/NR1m2m)
were mutated, and the activation was restored when the
NR1 was converted to a perfect DR-4 site (Fig. 2B).
Therefore, these NR binding sites are the putative me-
diators for both the binding and activation of the PBRE
by SXR. As controls, CAR activates CYP2B in a ligand-
independent manner as predicted, and androstenol inhib-
its this constitutive activation (lanes 6 and 7, respec-
tively) (Forman et al. 1998).

To explore this potential regulation of CYP2B in a
more relevant system, we transfected the SXR or CAR
vectors into primary cultures of rat hepatocytes and ex-
amined the effects of a panel of steroid and nonsteroid
inducers on the expression of a co-transfected natural
promoter of mouse CYP2B10 gene linked to firefly lucif-
erase gene. Primary cultures were employed not only
because CYP2B10 is a hepatic gene but also because this
natural promoter is completely inactive in cultured cell
lines (data not shown). In control rat hepatocytes with-
out the human SXR, CYP2B10 was modestly induced by
pregnenolone-16�-carbonitrile (PCN), presumably through
the binding and activation of endogenous PXR (Fig. 2C,
lane 2). In contrast, co-transfection of SXR resulted in a
significant induction of CYP2B10 in respond to the

known SXR activators RIF and RU486 (lanes 3 and 4),
while the addition of PCN (lane 2), a specific activator
for rodent PXR, or 3-methylcholanthrene (3MC) (lane 5),
a known inducer of an unrelated cytochrome CYP1A1/
1A2, had minimal effects. Taken together, these results
provide compelling evidence that SXR is capable of in-
ducing CYP2B gene expression in a ligand-dependent man-
ner, and that this induction is mediated through the PBRE.

Binding of SXR/PXR response elements by CAR

Based on the above observations, a set of reciprocal ex-
periments were initiated to determine whether CAR
might bind and activate SXR target genes. An IR-6 ele-
ment from the human CYP3A4 gene and a DR-3 repeat
from the rat CYP3A23 gene (Fig. 3A), have been identi-
fied as SXR/PXR response elements (Fig. 3, lanes 10 and
20; Blumberg et al. 1998; Kliewer et al. 1998). As shown
in Figure 3B, EMSA analysis reveals that both CAR/RXR
and VPCAR/RXR can bind the 3A4/IR-6 and the 3A23/
DR-3. The VPCAR is an activated form of CAR gener-
ated by fusing the VP16 activation domain to the amino-
terminal of CAR. In both cases, the binding was effi-
ciently competed by excess unlabeled IR-6 or DR-3.

Figure 1. Binding of the PBRE by SXR. (A)
The DNA sequence of the 51-bp PBRE de-
rived from the mouse CYP2B10 gene. The
two putative DR-4 type NR binding sites,
NR1 and NR2, are boxed. The DNA se-
quences of the oligonucleotides correspond-
ing to the wild type NR1 and its mutant
variants used for EMSA are also shown,
with the mutated nucleotides underlined.
(B) SXR:RXR heterodimers bind to the
PBRE. EMSA was performed using in vitro
synthesized SXR, VPSXR, and RXR� pro-
teins and radiolabeled oligonucleotides of
NR1 (lanes 1–3) and its mutant NR1/DR4
(lanes 4–6) in which the imperfect DR-4 of
NR1 was mutated to an AG(G/T)TCA type
of DR-4. (C) The binding of NR1 by SXR/
RXR� or VPSXR/RXR� can be efficiently
competed away by excessive unlabeled
NR1/WT (lanes 2 and 6), NR1/DR4 (lanes 4

and 8), but not by NR1/m (lanes 3 and 7).
The free probes ran off the gel.
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CAR activates CYP3A in cultured cells

The activation of CYP3A gene by CAR was first exam-
ined in a transfection-based assay in which a synthetic
CYP3A4/IR-6 containing reporter gene was introduced
into CV-1 cells in the presence of CAR or SXR expres-
sion vectors. A panel of compounds were tested as
shown in Figure 4A. As expected, this reporter was acti-
vated by CAR in the absence of ligand. The activation
was inhibited by the antagonistic ligand androstenol
but potentiated by the activating ligand 1,4-bis[2–(3,5 di-
chloropyridyloxyl)] benzene (TCPOBOP). In addition,
TCPOBOP can reverse the inhibitory effect of andro-
stenol when both ligands are added simultaneously
(Honkakoski et al. 1998b; Tzameli et al. 2000). Three
known SXR ligands, RIF, RU486, and nifedipine (NF)
(Blumberg et al. 1998) have little effect on CAR activa-
tion. Furthermore, RIF has little effect on the effects of

androstenol or TCPOBOP. Reciprocally, neither andro-
stenol nor TCPOBOP significantly activates SXR, or in-
terferes with the activation of SXR by RIF. These results
demonstrated that CAR can clearly regulate CYP3A but
only in response to its own (i.e., not SXR) ligands. In
aggregate, these results expand the range of molecules
that may function as activators of the CYP3A response,
presumably via receptors other than SXR/PXR.

The activation of CYP3A by CAR (Fig. 4B, lanes 1–5)
or VPCAR (data not shown) was also observed in the
primary rat hepatocyte system with the natural rat
CYP3A promoter reporter and its mutant variants (Xie et
al. 2000). Primary hepatocytes were used because this
natural CYP3A promoter is nonresponsive in CV-1 cells
or liver carcinoma HepG2 cells (data not shown). Con-
sistent with the observations in CV-1 cells, activation of
the natural CYP3A promoter by CAR in rat hepatocytes
was inhibited by androstenol (Fig. 4B, lane 2). This is the

Figure 2. SXR activates CYP2B in cultured cells. (A) The DNA sequences of the wild type PBRE and its mutant variants in the
synthetic tk-PBRE-Luc reporter genes. These reporters were used in the transfections shown in B. (B) Ligand-dependent activation of
tk-PBRE-Luc by SXR and constitutive activation of tk-PBRE-Luc by VPSXR. The wild type (PBRE/WT) or mutant variants (PBRE/
NR1m, PBRE/NR1m2m, and PBRE/DR4) of the synthetic tk reporter constructs were transfected into CV-1 cells in the absence
(vector) or presence of expression vectors for SXR, VPSXR or CAR. The transfected cells were subsequently mock treated or treated
with indicated compounds. Results are shown as fold induction over vector controls, and represent the averages and standard error
from triplicate assays. RIF, rifampicin, 10 µM; AndroE, androstenol, 5 µM. (C) Ligand-dependent activation of the natural promoter of
CYP2B10 gene. The CYP2B10 promoter driving luciferase construct was transfected into primary rat hepatocytes in the absence
(vector) or presence of expression vector for SXR. Cells were subsequently mock treated or treated with indicated compounds. Results
are shown as fold induction over solvent, and represent the averages and standard error from triplicate assays. PCN, pregnenolone-
16�-carbonitrile; 3MC, 3-methylcholanthrene. The concentration of compound is 10 µM with the exception of 3MC (2 mM).
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first time that a natural CYP promoter has been shown
to be downregulated, establishing a direct link between
the CAR, androstane metabolites and a target gene.
TCPOBOP not only activates CAR by itself (lane 3) but
also reverses the inhibitory effect of androstenol (lane 4).
This is the first example in which the current natural
CYP3A promoter has been active in a transfection-based
system. In contrast, additions to the culture medium of
the SXR activator RIF has little effect on CAR activity
(lane 5). Having established a relevant physiologic con-
text for the activation of CYP3A by CAR, we were in a
position to examine the necessity of the DR-3 response
element for this process. We showed previously that this
element mediates the SXR response; mutation of this
element (M1) abrogates while replacement of this ele-
ment by the human IR-6 element rescues the induction
(Fig. 4B, lanes 6 and 7; Xie et al. 2000). Remarkably, these
mutations display the same effects on transactivation of
CYP3A by CAR in that the mutant site (M1) fails to
respond to TCPOBOP, and it is successfully rescued by
the IR-6. These results provide compelling evidence that
the SXR/PXR response elements are effective targets for
transregulation by CAR.

Competition of DNA binding by SXR and CAR

If, as we have found, CAR and SXR cross-regulate two
classes of CYP genes, the relative DNA binding affinity
of these two receptors toward these response elements
may be important in establishing natural hierarchies. As
shown in Figure 5, SXR and CAR exhibited surprisingly
similar binding affinity toward IR-6 element found in
human CYP3A4 (lanes 1–8), which is particularly obvi-
ous when expressed at equal molar ratios (lane 6). In
contrast, the NR1 of CYP2B/PBRE can bind SXR, but it
displays a clear preference for CAR/RXR� heterodimers.

Reciprocal target gene activation by SXR/PXR
and CAR in vivo

The binding of PBRE and activation of CYP2B by SXR in
cultured cells prompted us to examine the hepatic ex-
pression of CYP2B in Alb-VPSXR mice in which an ac-
tivated form of SXR has been expressed under the control
of liver-specific albumin promoter/enhancer (Xie et al.
2000). For reasons that are not fully understood, expres-
sion of the mouse CYP2B10 gene is only detected in
uninduced wild type female livers (Fig. 6, cf. lanes 4 and

Figure 3. Binding of SXR/PXR response elements by CAR. (A) Sequences of the IR-6 and DR-3 elements found in human and rat
CYP3A genes, respectively. (B) EMSA was performed using in vitro synthesized CAR, VPCAR, SXR, and RXR� proteins and radio-
labeled oligonucleotides of IR-6 (lanes 1–10) from the human CYP3A4, or the DR-3 (lanes 11–20) from the rat CYP3A23 gene. One
hundred-fold excess of the unlabeled 3A4/IR-6, or 3A23/DR-3 was used for binding competitions.
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6), but is inducible in both sexes in response to xenobi-
otics such as phenobarbital (e.g., lane 2). However, it is
not induced by the CYP1A inducer 3MC (lane 3, and
Noshiro et al. 1988). In clear results shown in Figure 6A
lanes 4–7, we found that CYP2B10 is spontaneously in-
duced in both male and female transgenic animals. This

induction is a direct result of VPSXR transgene expres-
sion rather than the induction of other CYP2B10 regula-
tor(s), because expression levels of CAR remain un-
changed in transgenic animals. Furthermore, this effect
is specific for SXR target genes since other hepatic genes
such as the tyrosine aminotransferase (TAT) remain un-

Figure 4. CAR activates CYP3A in cultured cells. (A) The
synthetic tk-(3A4)3-Luc reporter was transfected into CV-1
cells in the absence (vector) or presence of expression vec-
tors for CAR or SXR. Cells were subsequently treated with
individual compound or combination of compounds. Re-
sults are shown as normalized luciferase activity, and rep-
resent the averages and standard error from triplicate assays. AndroE, androstenol, 5 µM; TCPOBOP, 1,4-bis[2–(3,5-dichloropyridy-
loxy)] benzene, 250 nM; RIF, rifampicin; RU486; NF, nifedipine, 10 µM each. Similar results were obtained using the CYP3A23/DR-3
containing tk reporter (data not shown). (B) Ligand-dependent and DR-3/IR-6-mediated activation of the natural CYP3A gene promoter.
The natural CYP3A23 promoter DR3 (WT) or its mutant variants (M1 and IR6) were transfected into primary rat hepatocytes in the
presence of expression vectors for CAR or SXR. Cells were subsequently mock treated or treated with indicated compounds. Results
are shown as fold induction over solvent, and represent the averages and standard error from triplicate assays. The concentrations of
compound were the same as in A.

Figure 5. Competition of DNA binding
by SXR and CAR. EMSA was performed
using in vitro synthesized CAR, SXR, and
RXR� proteins and radiolabeled oligo-
nucleotides of 3A4/IR-6 (lanes 1–8), or the
NR1 of CYP2B10/PBRE (lanes 9–16). The
protein ratios of receptors were indicated.
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changed in the transgenic livers (Fig. 6A, cf. lanes 4 and
5, and lanes 6 and 7, respectively). The induction of
CYP2B by PXR was also observed in wild type animals.
Treatment with a PXR-specific ligand, PCN, resulted in
elevated expression of CYP2B10 mRNA (Fig. 6B), consis-
tent with our previous observations in cultured hepato-
cytes (Schuetz et al. 1988).

Next, the requirement for PXR versus CAR in regula-
tion of CYP3A was examined in PXR null mice (Xie et al.
2000). Phenobarbitals have been shown to induce both
CYP2B and CYP3A in cultured cells and in animals
(Ramsden et al. 1993; Honkakoski et al. 1996). Clotrima-
zole (CTZ), a known SXR/PXR activator, has recently
been shown to bind and activate CAR (Moore et al.
2000b). As shown in Figure 6C, even in the PXR null
mice, CYP3A continues to be efficaciously induced both
by CTZ (lane 5) and by PB (lanes 8 and 10), whereas its
induction by DEX (lane 3) or PCN (data not shown;

Xie et al. 2000) was completely abolished. Indeed, the
PB-mediated induction of CYP2B10 was consistently
higher in the PXR null mice than in wild type animals
(Fig. 6C, cf. lanes 7 and 8, and 9 and 10, respectively).
These results indicate that PB or CTZ induction of
CYP3A genes can be achieved in the absence of PXR,
suggesting that CAR may function as a fail-safe system,
especially in the case where a single ligand can activate
both receptors.

Discussion

Our observations indicate that xenobiotics such as RIF
and DEX, in addition to inducing human CYP3A, may
function as primary inducers of both CYP3A and CYP2B
isoenzymes (Strom et al. 1996; Zhou and Wilkinson
1990). The basis for this phenomenon appears to reside
in the inherent capacity of both SXR and CAR to recog-
nize each other’s response elements. While these recep-
tors were presumed to be distinct in both their ability to
bind ligands and target DNA, some hints for adaptable
DNA recognition were apparent in our previous studies.
This idea was originally considered in Blumberg et al.
(1998), where SXR and PXR were found to display mea-
surable affinity for certain types of DR-4-like sequences.
However, the ligand specificity of SXR and PXR, particu-
larly for DEX, PCN and RIF clearly placed SXR/PXR as
CYP3A regulators. The essential role of PXR/SXR in
CYP3A regulation was confirmed by the PXR knockout
and the humanized SXR transgenic mice (Xie et al. 2000).
The initial rationale for examining the potential of SXR/
PXR to activate CYP2B is the responsiveness of this CYP
to structurally diverse xenochemicals that exceed the
known recognition capacity of CAR (Lubet et al. 1992;
Waxman and Azaroff 1992; Nims and Lubet 1995;
Honkakoski et al. 1998b). Because different inducers
bind to and activate these different nuclear receptors
(e.g., SXR/PXR and CAR), our results indicate that the
common target for induction must be the PBRE, rather
than the receptors. The ability of SXR/PXR and CAR to
each bind and activate the PBRE provides an explanation
for the cross-regulation albeit little insight into its rel-
evance. However, in the Alb-VPSXR mice, we cannot
exclude the possibility that the activation of SXR could
activate CYP2B10 by producing an endogenous ligand for
CAR as a result of induced CYP enzyme systems. Nev-
ertheless, this multiple receptor-mediated induction
mechanism is distinct from that used by aryl hydrocar-
bon (AH) receptor. The AH receptor itself binds dioxin
and other structurally similar polycyclic aromatic hydro-
carbons to activate the cognate xenobiotic response ele-
ment of the CYP1A and CYP1B1 genes (Hankinson 1995;
Whitlock et al. 1996).

CAR/RXR heterodimers were originally shown to bind
to the DR-5 type retinoid acid response elements
(�RAREs) (Baes et al. 1994; Choi et al. 1997), leading to
the transient view that it might be a variant retinoid
receptor. More recently, CAR has been shown to prefer-
entially bind to the imperfect DR-4 sites within the
CYP2B PBRE (Honkakoski et al. 1998b; Tzameli et al.

Figure 6. Reciprocal target gene activation by SXR/PXR and
CAR in vivo. (A) Constitutive upregulation of hepatic CYP2B10
mRNA in the liver of Alb-VPSXR mice. Mouse liver total RNAs
were subjected to Northern blot analysis and probed for
CYP3A11. The membranes were subsequently stripped and rep-
robed with cDNA probes of the glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH, as a loading control), CAR, and tyrosine
aminotransferase (TAT). To show the CYP2B10 regulation in
wild type animals, male mice were subjected to a single intra-
peritoneal injection of control solvent (lane 1), PB (lane 2), or
3MC (lane 3). (B) Induction of CYP2B10 expression by PXR-
specific ligand PCN in wild type males. (C) CTZ and PB, but not
DEX, efficaciously induce CYP3A11 in PXR null mice.
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2000). It was this observation, together with CAR-medi-
ated PBRE activation by a PB-type inducer such as
TCPOBOP, that established CAR as a potential mediator
of the phenobarbital response. As we have shown here,
CAR can also bind to the CYP3A4/IR-6 and the
CYP3A23/DR-3 type of SXR/PXR response elements and
regulate expression from the natural CYP3A promoter as
well as reporter gene constructs containing these ele-
ments. Therefore, we conclude that CYP3A genes, in
addition to CYP2B genes, are bona fide targets for CAR.
CAR has also recently been reported to bind to the DR-4
type of liver × receptor (LXR) element from the MMTV
promoter (Tzameli et al. 2000). However, whether CAR
can activate LXR (Willy et al. 1995) target genes has yet
to be seen.

The substantial overlap in DNA binding recognition
by these receptors stands in contrast to their distinct
specificities of ligand binding. Indeed, our results suggest
an important functional parallel in addition to ligand
binding. It is conceivable that for each specific element
or target gene, the extent of this overlap would be de-
pendent on a number of factors, such as relative affinity
for various receptors, availability of endogenous or exog-
enous ligands, and levels of their expression as well as
potential post-transcriptional regulation of CYP genes
among different tissues. Indeed, in addition to their ex-
pression in the liver, SXR/PXR has been shown to ex-
press in the intestine, kidney (Blumberg et al. 1998;
Kliewer et al. 1998) and mammary gland (Dotzlaw et al.
1999), whereas CAR also expresses in intestine, heart,
muscle, kidney and lung (Baes et al. 1994). Nevertheless,
the overlap in their response element recognition estab-
lishes a molecular basis for a regulatory network of CYP
gene expression that expands the function of individual
orphan receptors. As more is learned about these recep-
tors, we expect that additional categories of target genes
will be identified and that the concept of the metabolic
safety net will be more clearly defined.

The reciprocal activation of CYP genes may also con-
tribute to the apparently normal phenotype of PXR (Xie
et al. 2000) or CAR (David Moore, personal communica-
tion) null mice. In the case of PXR null mice, although
the inducibility of CYP3A by PCN and DEX is com-
pletely abolished, the basal expression level of CYP3A
remains unchanged compared with wild type animals.
This may result from the continued CAR expression and
signaling in these animals. Indeed, retained regulation by
the alternative receptor is supported by our observations
that CYP3A inducibility by PB and CTZ, two shared
ligands of SXR/PXR and CAR, was at least partially in-
tact in the PXR null mice. This indicates that PB or CTZ
induction of CYP3A genes can be achieved by a mediator
other than SXR/PXR, presumably CAR. However, we
cannot exclude the possibility that additional nuclear
receptor(s) or other transcriptional regulators may be in-
volved. The generation of mice deficient in both PXR
and CAR genes will enable to further explore this prob-
lem in vivo. Moreover, we cannot exclude the possibility
of “metabolic adaptation” in which an adaptive response
may have been activated as a consequence of continuous

stimulation (VPSXR) or absence (PXR null) of such a key
regulatory factor.

Considering the diversity of drugs and xenobiotics that
must be recognized by SXR and CAR (potentially thou-
sands or more), it seems unlikely that the metabolic ca-
pacity of the enzymes should show the same recognition
profile as the receptors themselves. After all, the protein
folds for the ligand binding domain of nuclear receptors
and the substrate recognition pockets for the cyto-
chromes are completely different. Thus, the establish-
ment of a metabolic safety net that enables dual enzyme
activation seems advantageous by expanding the protec-
tive capacity of the xenobiotic response system. In sum-
mary, this work establishes a molecular basis for cross-
regulation of the CYP regulatory network, increasing
both the complexity and capacity of the response and
perhaps most importantly providing a new way to think
about both the regulation of the xenobiotic response and
the realistic problem of drug–drug interactions.

Materials and methods

DNA-binding analysis

Electrophoretic mobility shift assays (EMSA) were performed
using in vitro transcribed and translated protein (TNT, Pro-
mega). Proteins (2 µl each) were incubated for 10 min at room
temperature with 200,000 cpm of 32P-labeled probes prepared by
Klenow fill-in reactions. The binding buffer contained 10 mM
Tris (pH8), 100 mM KCl, 6% glycerol, 1 mM PMSF, 1 mM DTT,
and 100 ng/ml poly[d(I-C)] (Pharmacia) and was electrophoresed
through a 6% polyacrylamide gel in 0.5x TBE (45 mM Tris-base,
45 mM boric acid, 1 mM EDTA) at 4°C. For competition bind-
ing, proteins plus unlabeled oligonucleotides at 100-fold molar
excess were preincubated for 10 min on ice, labeled probes
added, and further incubated for 20 min at room temperature.
Oligonucleotides were the following: NR1/WT, TCTGTACTT
TCCTGACCTTG; NR1/m, TCTCTGGTTTCCTGACCTTG;
NR1/DR3, TCTGAACTTTCCTGACCTTG; CYP3A4/IR-6, TA
TGAACTCAAAGGAGGTCAGT; CYP3A23/DR-3, ACAGTT
CATGAAGTTCATC.

Plasmid constructs

The tk-PBRE-Luc and its mutant variants were generated by
insertion of corresponding annealed oligonucleotides into the
tk-Luc vector. The CYP2B10 cellular promoter reporter, PGL3-
CYP2B10, was cloned by inserting the PCR-amplified 5’ regu-
latory sequence of mouse CYP2B10 gene (nt -1406 to 24)
(Honkakoski et al. 1996) into the PGL3 vector (Promega). The
CYP3A reporters (tk-(3A4)3-Luc, and PGL3-CYP3A23 and its
mutant variants) were described before (Xie et al. 2000). The
expression vectors for the wild type SXR and an activated form
of SXR (VPSXR) (Blumberg et al. 1998; Xie et al. 2000) and CAR
(Forman et al. 1995) were as described. The expression vector for
VPCAR was generated by replacing the cDNA of SXR in VPSXR
with that of CAR.

Preparation of hepatocytes, DNA transfections and drug

treatment

Primary cultures of rat hepatocytes were prepared as described
previously (Barwick et al. 1996). The plates were coated with
Vitrogen. Lipofectin (Gibco-BRL)-mediated DNA transfections
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were carried out as described (Barwick et al. 1996). For each
transfection, we used 3.5 µg of PGL3-CYP2B10, or PGL3-
CYP3A23 reporter with 50 ng of expression vectors for recep-
tors. When necessary, cells were treated with RIF, DEX, PCN,
NF, RU486 (10 µM each), PB, 3MC (2 mM each), TCPOBOP (250
nM), or the control solvent. Compounds except for TCPOBOP
were purchased from Sigma. CV-1 cell transfections using 48-
well-plates and DOTAP transfection reagent (Bohringer) were
carried out as described by Blumberg et al. (1998).

Animals and drug treatment

The generation of Alb-VPSXR transgenic mice and PXR null
mice has been described before (Xie et al. 2000). The animals
were maintained ad libitum. When necessary, mice were sub-
jected to a single intraperitoneal injection of DEX (50 mg/kg), PB
(40 mg/kg), CTZ (50 mg/kg), 3MC (4 mg/kg), or PCN (40 mg/kg)
24h before sacrifice.

Northern blot analysis

Total RNA was prepared from liver tissues using TRIZOL Re-
agent (Gibco-BRL). Northern hybridization was carried out as
described (Xie et al. 1999). The probe of CYP3A11 gene was
described before (Xie et al. 2000). The cDNA probe of CYP2B10
(nt 652–1457) (Noshiro et al. 1988) was cloned by RT-PCR from
wild type mouse liver mRNA.
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