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Abstract The nuclear pregnane X receptor (PXR; NR112)
is an integral component of the body’s defense mechanism
against chemical insult (chemoprotection). PXR is activated
by a diverse array of lipophilic chemicals, including xeno-
biotics and endogenous substances, and regulates the expres-
sion of cytochromes P450, conjugating enzymes, and trans-
porters involved in the metabolism and elimination of these
potentially harmful chemicals from the body. Among the
chemicals that bind and activate PXR is the toxic bile acid
lithocholic acid; activation of PXR, in turn, protects against
the severe liver damage caused by this bile acid.i Thus,
PXR serves as a physiological sensor of lithocholic acid and
perhaps other bile acids and coordinately regulates genes
involved in their detoxification. Interestingly, both the anti-
biotic rifampicin and the herbal antidepressant St. John’s
wort activate PXR and have anticholestatic properties,
which suggests that more potent, selective PXR agonists
may be useful in the treatment of biliary cholestasis or
other diseases characterized by the accumulation of bile
acids or other toxins in the liver.—Kliewer, S. A., and T. M.
Willson. Regulation of xenobiotic and bile acid metabolism
by the nuclear pregnane X receptor. J. Lipid Res. 2002. 43:
359-364.
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The body must be constantly vigilant against attack by
chemicals that are either derived from the environment
(xenobiotics) or produced by the body itself under condi-
tions of stress or disease. The cytochrome P450 (CYP)
family of heme-containing monooxygenases represents a
first line of defense in the body’s armamentarium against
a wide variety of lipophilic chemicals, including both
xenobiotics and endogenous chemicals such as bile acids
and other steroids (1). Members of the CYP3A subfamily
are particularly important in this respect because they are
the most abundant CYPs in the liver and intestine, and
they metabolize a structurally diverse collection of com-
pounds (2). Notably, CYP3A levels can be markedly in-
duced by a variety of xenobiotics as well as by disease states
that increase bile acid concentrations (2, 3). The induc-
tion of these enzymes provides a mechanism for amplify-

ing the physiologic response to potentially toxic chemi-
cals. However, the induction of CYP3A4 in human liver
and intestine also represents the basis for an important
class of drug-drug interactions, since many of the chemi-
cals that induce its expression are prescription drugs, and
CYP3A4 is responsible for the metabolism of >50% of
drugs currently on the market (2). Thus, one drug can ac-
celerate the metabolism of a second medicine, potentially
resulting in adverse consequences to the patient.

Although the effects of xenobiotics on CYP3A expres-
sion were well established, the molecular basis for this in-
duction had remained obscure. In this article, we high-
light the critical role that the nuclear pregnane X receptor
(PXR) plays in regulating the expression of CYP3A and
other genes involved in the body’s chemoprotective re-
sponse to a broad spectrum of compounds, including
xenobiotics and bile acids.

PXR: A PROMISCUOUS XENOBIOTIC RECEPTOR
THAT REGULATES CYP3A

In 1998, a novel murine member of the steroid-retinoid-
thyroid hormone receptor family of ligand-activated tran-
scription factors was reported and named the PXR based
on its activation by both natural and synthetic C21 steroids
(pregnanes) (4). PXR had all the hallmark features of a nu-
clear receptor, including a highly conserved DNA binding
domain of ~70 amino acids and a ligand-binding domain
(LBD) of ~300 amino acids in the C-terminal portion of
the protein. PXR orthologs have subsequently been cloned
from the human, rabbit, and rat (Fig. 1) (5-10). The hu-
man PXR is alternately referred to as the pregnane activated

Abbreviations: CA, cholic acid; CDCA, chendeoxycholic acid;
LBD, ligand-binding domain; LRH, liver receptor homolog; MDR,
multidrug resistance protein; MRP, multidrug resistance-associated
protein; OATP, organic anion transport protein; PCN, pregnenolone
16a-carbonitrile; PXR, pregnane X receptor; RXR, 9-¢is retinoic acid
receptor; UDCA, ursodeoxycholic acid.
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Fig. 1. A: Alignment of PXR orthologs. The similarity is expressed
as percent amino acid identity in the DNA-binding (DNA) and
ligand-binding (Ligand) domains. B: Pregnane X receptor (PXR)
binds as a 9-cis retinoic acid receptor (RXR) heterodimer to xeno-
biotic response elements composed of two nuclear receptor half
sites of the consensus sequence AGTTCA organized as either a di-
rect repeat with a three or four nucleotide spacer (DR-3 and DR-4,
respectively) or an everted repeat with a six or eight nucleotide
spacer (ER-6 and ER-8, respectively).

receptor (6) or the steroid and xenobiotic receptor (7).
The PXR orthologs share >90% amino acid identity in the
DNA binding domain. Surprisingly, there is a marked diver-
gence in the LBD across species. For example, human and
mouse PXR share only 77% identity in their LBDs, which is
much lower than most nuclear receptor orthologs (Fig. 1).
These data suggested that the pharmacology of PXR was
likely to vary between species.

It soon became apparent that PXR was an unusual nu-
clear receptor in that it was activated by a remarkably di-
verse collection of compounds, including both xenobiotics
and natural steroids (4—10). Among the chemicals that acti-
vated PXR were the macrocyclic antibiotic rifampicin, the
glucocorticoid dexamethasone, and the antiglucocorticoids
pregnenolone 16a-carbonitrile (PCN) and RU486 (Fig. 2).
All of these compounds are classic inducers of CYP3A ex-
pression, which provided the first hint that PXR regulated
CYP3A. Over the past 4 years, a large body of evidence has
accumulated linking PXR to the regulation of CYP3A
gene expression. The evidence includes the following:
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Fig. 2. Chemical structures of PXR agonists.

PXR and CYP3A are co-expressed in tissues

PXR is highly expressed in the liver and intestine of hu-
mans, rabbits, rats, and mice (4—10). These are the same
tissues in which CYP3A genes are expressed and induced
in response to xenobiotics.

PXR binds to xenobiotic response elements
in CYP3A promoters

Studies from the Guzelian and Kaspar laboratories had
identified response elements in human, rabbit, and rat
CYP3A promoters that conferred responsiveness to xeno-
biotics, including PCN and rifampicin (11, 12). These ele-
ments contained two nuclear receptor half sites of the
consensus sequence AGTTCA, organized as either a di-
rect repeat with a three nucleotide spacer (DR-3) or an
everted repeat with a spacer of six nucleotides (ER-6).
PXR binds as a heterodimer with the 9-cis retinoic acid re-
ceptor (RXR; NR2B1) to both the DR-3 and ER-6 response
elements (Fig. 1) and activates transcription efficiently
through these response elements (4—7). The PXR/RXR
heterodimer has also been shown to bind and to activate
through DR-4 and ER-8 response elements located in the
regulatory regions of CYP2B genes (13, 14) and the multi-
drug resistance-associated protein 2 (MRP2) gene (15).
Thus, the PXR/RXR heterodimer is capable of activating
transcription through a variety of response elements with
distinct architectures.

PXR is activated by CYP3A inducers
in a species-specific manner

Nearly all of the chemicals that induce CYP3A expres-
sion activate PXR in reporter gene assays. In addition to
rifampicin, dexamethasone, PCN, and RU486, chemicals
that activate PXR include the anti-fungal drug clotrima-
zole (5), the 11B-hydroxylase inhibitor metyrapone (16,
17), the diabetes drug troglitazone (8), the HIV protease
inhibitor ritonavir (18), the cancer drug Taxol (19), the
herbal antidepressant St. John’s wort (20, 21), and a variety
of environmental pollutants such as bisphenol A, diethyl-
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hexylphthalate, and nonylphenol (22, 23). PXR is also ac-
tivated by a variety of naturally occurring steroids includ-
ing progestins, estrogens, and corticosteroids (4, 6-8).
PXR has a very large (>1100 A3y, spherical ligand-binding
cavity, which accounts for its promiscuous ligand-binding
properties (24). Notably, there are marked differences in
PXR activation profiles between species. For example,
PCN is an efficacious activator of mouse and rat PXR, but
has much less activity on the human and rabbit receptors
(5, 7-9). Conversely, rifampicin activates the human and
rabbit PXR but has virtually no activity on the mouse or
rat receptors. The PXR activation profiles of these com-
pounds correlate closely with their effects on CYP3A ex-
pression in hepatocytes derived from the different species
(8, 25). These data provided strong pharmacologic evi-
dence that PXR regulates CYP3A expression.

CYP3A is dysregulated in PXR-null mice

Two groups generated mice in which the Pxr gene was
disrupted by homologous recombination (26, 27). The
PXR-null mice developed and reproduced normally. How-
ever, Cyp3all was not induced by PCN or dexamethasone
in these animals (26, 27). Moreover, the PXR-null mice
were hypersensitive to treatment with chemicals such as
the sedatives tribromoethanol and zoxazolamine that are
metabolized by CYP3A1l (26). These data demonstrated
unequivocally that PXR serves as a master regulator of
CYP3A expression.

We now know that PXR regulates an entire program of
genes involved in the detoxification and elimination of xeno-
biotics from the body. Among the genes that are regulated by
PXR in the liver and/or intestine are those encoding other
phase I monooxygenases, including CYP2B6, CYP2B9,
CYP2C8, CYP2C9, CYP2C19 (14, 19, 28, 29); genes encoding
phase II enzymes involved in the conjugation of xenobiotics,
including members of the glutathione-Stransferase (30),
sulfotransferase (31-33), UDP-glucuronosyltransferase
(34), and carboxylesterase families (35); and genes en-
coding proteins involved in the transport of xenobiotics
such as multidrug resistance protein 1 (MDRI) (19, 36),
MRP2 (15, 18, 37), and the organic anion transport pro-
tein 2 (OATP2) (15, 18, 27, 37). Thus, PXR regulates
genes whose products are involved in all aspects of the
metabolism of xenobiotics, including their oxidation, con-
jugation, and transport. Notably, many of these genes are
also involved in the metabolism of bile acids and other ste-
roids (see below).

Although PXR evolved as a chemoprotective receptor,
its inadvertant activation by prescription drugs such as
dexamethasone and rifampicin and the herb St. John’s
wort, represents the molecular basis for an important class
of drug-drug interactions (5, 20, 21). Activation of PXR by
one medication can increase the levels of CYP3A, MDR1,
and other gene products, and enhance the metabolism of
other medications, potentially resulting in adverse health
consequences to the patient. For example, St. John’s wort
has been reported to interact with the immunosuppres-
sant cyclosporin, the HIV protease inhibitor indinavir,
the anticoagulant warfarin, and oral contraceptives (38).

The availability of robust in vitro assays to detect PXR
binding and activation now permits new drug candidates
to be screened prospectively for PXR activity in order to
minimize the potential for drug-drug interactions.

IMPLICATIONS OF PXR IN BILE ACID METABOLISM

Bile acids are essential for the absorption of dietary lip-
ids and fat-soluble vitamins and are a means for eliminat-
ing excess cholesterol from the body. However, bile acids
are detergents that can be extremely toxic if their levels
become abnormally high. How are bile acid levels regu-
lated? In 1999, three groups reported that the farnesoid X
receptor (FXR; NR1H4), a member of the nuclear recep-
tor family, serves as a bile acid receptor (39-41). Several
bile acids and their taurine and glycine conjugates bind
and activate FXR at physiological concentrations, includ-
ing cholic acid and chenodeoxycholic acid, the primary
bile acids in humans (Fig. 3) (39-41). FXR is also acti-
vated by the secondary bile acids deoxycholic acid and
lithocholic acid and their conjugated derivatives. FXR
stimulates the expression of genes involved in bile acid ho-
meostasis, including the intestinal bile acid binding pro-
tein and the bile salt export pump (39, 42). Activation of
FXR also represses the expression of CYP7A1, which cata-
lyzes the rate-limiting step in the classical pathway for the
conversion of cholesterol to bile acids (39). FXR does not
suppress CYP7A1 expression directly. Rather, FXR induces
the expression of short heterodimer protein (SHP), an
atypical member of the nuclear receptor family that lacks
a DNA-binding domain (43, 44). SHP, in turn, binds to
and represses liver receptor homolog 1 (LRH-1), a nu-
clear receptor that activates CYP7AI expression. Thus,
feedback regulation of bile acid synthesis involves a tran-
scriptional cascade of three nuclear receptors. Mice lack-
ing FXR do not induce Sip or repress Cyp7al in response
to bile acids and exhibit markedly elevated levels of bile
acids in their serum (42). Interestingly, Cyp3all expres-
sion is dramatically increased in the livers of the FXR-null
mice (3).

It has been known for almost 30 years that PCN also
suppresses cholesterol 7a-hydroxylase activity (45). Treat-
ment of rodents with PCN results in a marked suppression
of CYP7A1 mRNA levels (46). Recently, Staudinger et al.
demonstrated that PXR is required for this effect (27, 47).
Cyp7al was dysregulated in two respects in PXR-null ani-
mals. First, the basal expression of Cyp7al was reduced
~2-fold in PXR-null mice relative to their wild type litter-
mates. Second, suppression of Cyp7al expression by PCN
was abolished in the PXR-null mice. Thus, PXR regulates
both the basal expression and repression of Cyp7al. Inter-
estingly, PXR did not regulate Shp expression. Thus, PXR
represses Cyp7al through a mechanism distinct from that
of FXR. In addition to Cyp7al, PXR also regulates other
genes that have also been implicated in bile acid metabo-
lism. These genes include MRP2 (15) and Oatp2 (27),
which transport bile acids across hepatic canalicular and
sinusoidal membranes, respectively (48); and, CYP3A,
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which hydroxylates bile acids including lithocholic acid
(LCA) (49).

Because PXR regulates a number of genes involved in
bile acid metabolism, two groups tested whether bile acids
activate PXR (27, 50). Unlike FXR, PXR was not activated
efficiently by cholic acid, chenodeoxycholic acid, or their
conjugated derivatives. However, both the mouse and hu-
man PXR were activated efficiently by the secondary bile
acid LCA and its 3-keto metabolite (Fig. 3). LCA and
3-keto LCA bound to human PXR with ICj, values of ~10
uM (27). As expected, LCA treatment resulted in the in-
duction of PXR target genes, including Cyp3all and
Oatp2, in the livers of wild type mice but not PXR-null ani-
mals (27, 50).

LCA is a highly toxic bile acid that, when administered
to rodents, causes severe liver damage and biliary chole-
stasis, a disease state characterized by decreased bile flow
and the accumulation of bile constituents in the liver and
blood (51). Normally, LCA levels are low in mammals, but
they can reach 5-10 pM in the livers of cholestatic pa-
tients and in rodent models of biliary cholestasis (52).
These data suggest that pathophysiologic levels of LCA
and/or its metabolites may activate PXR and regulate the
expression of genes involved in the production, detoxifi-
cation, and elimination of bile acids from the body. Con-
sistent with this hypothesis, PXR-null mice treated with
LCA had markedly higher LCA concentrations in their
urine than their wild type littermates, indicating abnormal
LCA metabolism (27). Moreover, it has long been known
that treatment of rodents with the potent PXR agonist
PCN blocks the severe hepatotoxicity and mortality caused
by LCA treatment in rats (53). Two groups recently dem-
onstrated that this hepatoprotection is dependent on PXR
(27, 50). Co-administration of PCN severely reduced the
liver damage caused by LCA in wild type mice as assessed
by liver histology and serum levels of liver enzymes. No
such hepatoprotection was detected in PXR-null mice

COH COH

LCA 3-keto LCA

Fig. 3. Chemical structures of bile acids that activate PXR and/or
farnesoid X receptor (FXR). FXR is activated efficiently by each of
these bile acids. PXR is activated efficiently by lithocholic acid and
3-keto lithocholic acid. CA, cholic acid; CDCA, chenodeoxycholic
acid; LCA, lithocholic acid.
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treated with LCA. Mice expressing a constitutively active
form of the human PXR were also protected against LCA
toxicity (50). Thus, PXR can protect the body against
pathophysiologic concentrations of toxic bile acids.

PXR AND HUMAN CHOLESTASIS

Primary biliary cirrhosis and other human cholestatic
liver diseases are characterized by elevated serum levels of
liver enzymes, severe itching (pruritus), lethargy, jaun-
dice, and, ultimately, liver failure. There are currently no
effective long-term treatments for these chronic liver dis-
eases short of liver transplant. Several lines of evidence
suggest that the chemoprotective actions of PXR agonists
may be useful in the treatment of human cholestatic liver
disease. Patients suffering from cholestasis have elevated
urinary levels of 6-hydroxylated bile acids, including the
LCA metabolite hyodeoxycholic acid, which are gener-
ated by CYP3A4 (49, 54). Thus, 6-hydroxylation appears to
be a relevant mechanism for reducing the levels of toxic
bile acids in humans. Interestingly, the PXR ligand
rifampicin has been used successfully in the treatment of
pruritus caused by cholestasis and, in certain cases, has
been reported to induce remission of cholestasis (55-57).
Similarly, the herbal PXR agonist St. John’s wort has been
used for centuries as a tonic for liver disorders, including
cholestasis (58). Finally, the bile acid ursodeoxycholic
acid (UDCA), which is the primary drug used clinically for
the treatment of cholestasis, was recently shown to induce
CYP3A4 expression in primary cultures of human hepato-
cytes and to activate PXR in reporter gene assays (3).
Although the molecular underpinnings of the anti-
cholestatic effects of rifampicin, St. John’s wort, and
UDCA are not well understood, the discovery that all of
these chemicals activate PXR suggests that their therapeu-
tic actions may be mediated at least in part through activa-
tion of this nuclear receptor. These results raise the intrigu-
ing possibility that more potent PXR ligands may prove to
be efficacious drugs for the treatment of biliary cholestasis.

SUMMARY

During the past several years, the study of orphan nu-
clear receptors has provided important insights into the
mechanisms underlying bile acid homeostasis. We now
know that at least two nuclear receptors are activated by
bile acids and impact bile acid homeostasis. The first of
these, FXR, binds to several bile acids and their conju-
gated derivatives, including cholic acid and chenodeoxy-
cholic acid, the primary bile acids in man, and regulates
the expression of genes involved in their biosynthesis and
transport. As such, FXR represents the body’s rheostat for
setting bile acid homeostasis (Fig. 4). The second bile acid
receptor, PXR, is activated by a remarkable diversity of en-
dogenous and exogenous chemicals, and represents an
important component of the body’s chemoprotection mech-
anism. Among the many compounds that activate PXR is the
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Fig. 4. PXR and FXR are bile acid receptors. Bile acids (BAs)
bind and activate PXR and FXR in the liver, resulting in a suppres-
sion of CYP7AI expression and bile acid synthesis, and the stimula-
tion of bile acid transporter expression and the excretion of bile
acids in the bile. PXR also stimulates CYP3A expression and the for-
mation of hydroxylated bile acids, which are excreted from the
body in the urine. Genes that are upregulated by PXR or FXR are
indicated by green arrows; repression of CYP7A1 expression by
PXR and FXR is indicated by red lines. The actions of bile acids on
PXR and FXR and the pathways for the elimination of bile acids are
indicated with dotted lines.

toxic bile acid LCA. Because PXR regulates genes in-
volved in bile acid metabolism and excretion, this nuclear
receptor represents a second line of defense against the
accumulation of toxic bile acids in the liver (Fig. 4). These
findings provide a molecular explanation for the long-
standing observation that PCN protects against the severe
hepatotoxicity caused by LCA in rodents (53). Although
PXR and FXR are activated by distinct sets of bile acids,
they are both activated by LCA. These data, together with
the finding that PXR and FXR regulate distinct but over-
lapping sets of target genes involved in bile acid metabo-
lism, suggest that these two nuclear receptors may cooper-
ate in eliminating LCA and other bile acids from the body
when their concentrations reach pathophysiologic con-
centrations. Moreover, these findings raise the exciting
possibility that potent PXR activators, either alone or to-
gether with FXR agonists, may have utility in the treat-
ment of biliary cholestasis and other diseases in which bile
acids or other toxins accumulate in the liver. 0
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