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Abstract

The pregnane X receptor (PXR; NR1I2) is a nuclear hormone receptor (NR) that transcriptionally
regulates genes encoding transporters and drug-metabolizing enzymes in the liver and intestine. PXR
activation leads to enhanced metabolism and elimination of xenobiotics and endogenous compounds
such as hormones and bile salts. Relative to other vertebrate NRs, PXR has the broadest specificity
for ligand activators by virtue of a large, flexible ligand-binding cavity. In addition, PXR has the
most extensive sequence diversity across vertebrate species in the ligand-binding domain of any NR,
with significant pharmacologic differences between humans and rodent PXRs and especially marked
divergence between mammalian and non-mammalian PXRs. The unusual properties of PXR
complicate the use of in silico and animal models to predict in vivo human PXR pharmacology.
Research into the evolutionary history of the PXR gene has also provided insight into the function
of PXR in humans and other animals.

1. Introduction

The pregnane X receptor (PXR; NR112) is a key regulator of xenobiotic, steroid hormone, and
bile salt metabolism and excretion. PXR is a member of the nuclear hormone receptor (NR)
superfamily, a diverse group of transcription factors found throughout the animal kingdom that
regulate gene expression, often in response to binding of small molecules such as hormones,
vitamins, and lipids. Genome sequencing projects have revealed 48 NRs in humans [1,2], 49
in mice [1], and 47 in rats [1]. Teleost (bony) fish have a somewhat larger complement of NR
genes due to gene duplication [3-5], illustrated by the 68 NR genes in the pufferfish Fugu
rubripes [6]. NRs share a characteristic multi-domain structure, which includes, from N-
terminus to C-terminus, a modulatory A/B domain, the DNA-binding domain (DBD; C
domain), the hinge D domain, the ligand-binding domain (LBD; E domain) and a variable F
domain. Sequence-specific binding to ‘response elements’ in target genes is mediated by the
DBD. The LBD mediates ligand activation, dimerization (to other NRs or homodimerization),
and ligand-independent repression.

Insights into PXR function have been greatly aided by in vitro studies, mouse models,
comparative genomics, and multiple high-resolution, crystallographic structures of human
PXR bound to various ligands. These studies have revealed that PXR has a number of properties
that are unusual in the NR superfamily. Three major features distinguish PXR from other NRs:

First, mammalian PXRs, particularly human PXR, have the broadest specificity for ligands of
any functionally characterized NR, a consequence of a large and flexible ligand-binding pocket.
The broad specificity of the PXR LBD makes it difficult to develop in silico models that can
accurately predict ligand activity at human PXR. In addition, while the PXR LBD shares some
structural features with other NRs, the crystal structures of human PXR bound to ligands reveal
a mode of ligand binding different than that used by other NRs.
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Second, PXRs show the greatest sequence and functional differences across species of any
vertebrate NR, with substantial divergence even between mammalian PXRs. The high cross-
species variation of PXR complicates the relevance of animal models to human pharmacology
and physiology, a situation partially addressed by mice genetically altered to express human
PXR in place of the endogenous (mouse) PXR. PXRs from the zebrafish (Danio rerio) and the
African clawed frog (Xenopus laevis), two animals commonly used in high-throughout drug
discovery and toxicology research, are especially divergent from mammalian PXRs. The frog
PXRs, in fact, show completely different pharmacology and tissue expression patterns from
mammalian PXRs. Paradoxically, in contrast to the high degree of sequence divergence across
animal species, the PXR gene actually shows less inter-individual variation between humans
than the genome-wide average for other genes. The documented genetic variation of the human
PXR gene accounts for little of the observed phenotypic variation in liver and intestinal
metabolism such as that carried out by cytochrome P450 (CYP) 3A4.

Third, PXRs show the strongest evidence for evolutionary selection in the LBD of any
vertebrate NR, raising interesting questions on the evolution and biological functions of this
receptor. The PXR LBD has likely adapted to cross-species differences in important ligands,
although so far evidence exists only for biliary bile salts as ligands that have shaped PXR
evolution. Evidence for evolutionarily relevant dietary or environmental activators is currently
limited but it seems likely that exogenous ligands have also shaped the evolution of PXR.

This article reviews the insights that experimental and evolutionary analyses provide into the
functions of PXR. This unusual NR presents many challenges for in vitro, in silico, and in
vivo animal models to predict human PXR function.

2. Discovery and functional characterization of PXRs

2.1 Discovery and cloning of PXRs

PXR is part of the NR1I subfamily, which also includes the 1,25-(OH),-vitamin D3 (calcitriol)
receptor (VDR; NR1I1) and constitutive androstane receptor (CAR; NR113). Mouse and
human PXRs were first cloned in 1998 and found to be highly expressed in liver and intestine
[7-9]. Functional expression of human and mouse PXRs revealed activation by an impressive
array of structurally diverse molecules, ranging from xenobiotics to steroids [7-11]. These
studies showed that human PXR mediated the ability of the tuberculosis drug rifampin and the
herbal antidepressant St. John’s wort to ‘induce’ (upregulate) the expression of drug-
metabolizing enzymes such as CYP3A4 [7-9,12-14].

The name “pregnane’ X receptor derives from activation of the receptor by pregnane (21-carbon
or Cyq) steroids such as progesterone or 5p-pregnan-3,20-dione [8,9], although estrane (Cg)
and androstane (C1g) steroids also activate PXRs (note that another name for PXR is the “steroid
and xenobiotic receptor’ or SXR). In contrast to the “classic’ steroid hormone receptors (e.g.,
estrogen and androgen receptors), high-affinity (subnanomolar) ligands for PXR have not been
discovered. The lowest ECsgq values of steroids for activating human PXR in reporter gene
assays are low micromolar or barely submicromolar, generally at least two to three orders of
magnitude higher than concentrations found circulating in plasma [7-10,13,15-18]. The
highest affinity ligands for human PXR (e.g., hyperforin, the active component of St. John’s
wort) only have binding affinities in the tens of nanomolar range [11,19]. PXR has been cloned
and functionally expressed from zebrafish, frog, chicken, and multiple mammalian species
(human, rhesus monkey, mouse, rat, rabbit, dog, and pig) [7-11,18,20-22].

2.2 Transcriptional targets of PXR

PXR activation induces the expression of broad-specificity hepatic and intestinal phase |
enzymes such as CYP2C9 [23,24] and CYP3A4 [7,13,14,25]. PXR also upregulates the
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expression of phase Il conjugating enzymes (e.g., uridine diphosphate
glucuronosyltransferases or UGTSs) [25,26] as well as ‘phase 111’ transporters such as P-
glycoprotein (MDR1; ABCB1) [14,25,27-29]. VDR, PXR, and CAR have overlapping
functions and share transcriptional targets in regulating metabolism and elimination of
endogenous compounds [30,31].

PXR-mediated upregulation of phase | enzymes, phase Il enzymes, and transporters enhances
the metabolism and elimination of a broad range of endogenous and exogenous compounds,
including bile salts, steroid hormones, and xenobiotics [8,9,13,25,32-35]. In an evolutionary
sense, PXR activation would serve a ‘chemical defense’ function by mediating a coordinated
response to exposure to potentially toxic compounds [36]. In humans, certain xenobiotics cause
clinically important drug-drug or drug-hormone interactions by virtue of PXR activation. For
example, the efficacious PXR activators rifampin and St. John’s wort increase clearance of the
immunosuppressant cyclosporine by inducing CYP3A4 and MDR1 expression, possibly
leading to organ rejection in an allograft recipient [37]. Similarly, PXR activators increase
metabolism of the estrogen component of combined oral contraceptives, potentially leading to
unintended pregnancy [38,39].

3. Ligand specificity of PXRs

3.1 Broad ligand specificity of mammalian PXRs

Human PXR has the broadest ligand specificity of any human NR, consistent with its flexible
and large ligand-binding cavity [40-44]. In general, mammalian PXRs are remarkably
promiscuous with respect to ligand specificity [45-47]. Human, rabbit, pig, and dog PXRs
have especially broad specificity for activating compounds [10]. The ability of PXR to be
activated by structurally diverse ligands parallels the broad substrate specificity of two
important transcriptional targets of PXR: the CYP3A subfamily (e.g., CYP3A4 and 3A7 in
humans; CYP3A11 in mice) [48-52] and P-glycoprotein [53-56]. A variety of ligands are
capable of activating human PXR, including prescription drugs (rifampin, nifedipine,
indinavir), herbal compounds (St. John’s wort), steroids (androstane, pregnane, and estrane),
environmental contaminants, endocrine disruptors, and bile salts [7-11,18,19,57-60]. Some
endogenous and exogenous ligands of PXR are shown in Figure 1.

3.2 Structural basis of human PXR ligand specificity

The structural basis of the ligand promiscuity of human PXR has been studied in several high-
resolution crystal structures of human PXR, including structures of human PXR bound to three
different ligands — rifampin [44], SR12813 (experimental cholesterol-lowering drug) [40,43],
and hyperforin [41]. The human PXR LBD shares a number of structural features with other
NRs, including the ligand-binding cavity in one hemisphere and an ‘a-helical sandwich’ of
helices al/a3, ad4/a5/a8, and a7/al0 in the other hemisphere [40-44]. However, the ligand-
binding cavity of human PXR is large, smooth, and hydrophobic, which contrasts with ‘typical
endocrine’ NRs (including VDR) that have compact ligand-binding cavities that approximate
the shape of their specific ligands [42]. The human PXR ligand-binding cavity also shows
considerable flexibility, expanding by 250 A3 to accommodate the ligand hyperforin [41].
There are a number of features of the human PXR LBD that are not found in other NRs and
which contribute to its broad ligand specificity: a variable four-residue turn between helices
al and a3, replacement of a6 by a large, flexible loop, and two additional (3 strands not observed
in other NRs [40-44]. No other NR has been documented to bind such large and diverse ligands
[42,46].
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3.3 Cross-species difference in PXR activators

There are considerable differences between species in terms of PXR activators. Human, dog,
pig, rabbit, and chicken PXRs have very broad ligand specificity, accommodating large ligands
such as rifampin while mouse PXR has a narrower ligand specificity [10,11,58]. Pregnenolone
16a-carbonitrile activates mouse but not human PXR, whereas human PXR is more sensitive
to hyperforin and rifampin than mouse PXR [7,8,10,11,13,61,62]. The PXRs from the African
clawed frog Xenopus laevis deserve special mention in that these receptors completely lack
the broad ligand specificity of other PXRs and have a tissue expression pattern different from
other PXRs, being found not in drug-metabolizing organs like liver or intestine but mostly in
gonadal tissue and brain [10,20,63-65]. The frog PXRs are not activated by xenobiotics,
steroids, or bile salts, but essentially only by benzoates (see Figure 1), endogenous compounds
with unique roles in frog development (hence the alternative term of benzoate X receptors, or
BXRs, for the frog PXRs) [10,20,63,66]. The zebrafish PXR shares a number of steroid and
bile salt activators with mammalian PXRs but is only activated by a handful of xenobiotics
[10,66,67].

4. Sequence variation of PXRs

4.1 Cross-species variation in PXR amino acid sequences

Vertebrate NR genes typically show tight sequence conservation between species. For
example, amino acid sequence identities between orthologous human and mouse NR genes are
typically greater than 95% in the DBD and greater than 85% in the LBD [1]. Not surprisingly,
a study comparing human, mouse, and rat genomes and another study comparing human,
mouse, and chimpanzee genomes revealed that genes in the NR superfamily have been
subjected to negative evolutionary selection (i.e., selection against changes in protein amino
acid sequence) [1,68]. The only two clear exceptions in the vertebrate NR superfamily were
the LBDs of PXR and CAR [1,66,67,69].

In contrast to other NRs, a striking feature of PXR is high cross-species sequence divergence
in the LBD (Figure 2). The LBD of PXR shares amino acid identities of only 75% between
human and rodent sequences and only 50% between human, zebrafish, and chicken sequences
[1,10]. The sequence identities of the PXR LBD across species are the lowest in the NR
superfamily, whose other members tend to have comparable identities between species at least
10-15% higher [1,10].

PXR even shows extensive sequence variation at amino acid positions corresponding to
residues that interact directly with ligands in X-ray crystallographic structures of human PXR.
Even within mammals, there is substantial divergence of PXR ligand-binding residues [40,
41,43,44], an especially unusual finding in the NR superfamily [67]. This is likely the most
extreme divergence of ligand-binding residues of any of the ligand-activated NRs in vertebrates
[31]. In contrast, ligand-binding residues are strongly conserved in the VDRs (a ‘classic’
endocrine NR closely related to PXR), with only 4 residues showing any difference across
vertebrate species ranging from human to sea lamprey (a jawless fish). Only one ligand-binding
residue varies at all between mammalian VDRs [31].

4.2 Phylogenetic analyses of vertebrate PXRs

The section above describes variation of amino acid sequence. The cross-species variation in
the LBD of PXR is even more striking when DNA sequences are compared, in particular by
analyzing the rate of nonsynonymous (changes amino acid sequence of a codon) and
synonymous (does not change amino acid sequence) nucleotide substitution rates. The ratio of
the rate of non-synonymous versus the rate of synonymous nucleotide variation (i.e., how many
non-synonymous or synonymous changes have occurred in comparison to the total number of
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non-synonymous or synonymous changes possible; dy/ds or o ratio) provides some indication
into evolutionary selective forces acting on a given gene [70]. Synonymous substitutions are
considered to be ‘neutral’ with respect to functional consequences, an assumption that is
probably true most of the time, although there are documented exceptions [71]. For most gene
comparisons, the w ratio is less than one, often less than 0.1, reflective of ‘negative’ or
‘purifying’ selection to maintain a conserved amino acid sequence (i.e., changes in amino acid
sequence are deleterious to function) [70]. An ® ratio of 1 reflects neutral selection (a finding
that would be expected for a non-functional pseudogene), while an w ratio greater than 1
suggests ‘positive’ selection (in this case non-synonymous substitutions are actually favored
over synonymous, ‘neutral’ substitutions). Large-scale comparisons of genes between species
show that very few genes, or even gene domains, have o ratios equal to or exceeding one. Most
of the genes with these properties were either viral proteins or proteins with immune or
reproductive properties [72]. In two-species comparisons between human genes and either
mouse or rat genes, PXR genes have o ratios severalfold higher than the average for all other
NR genes [1,68].

More sophisticated phylogenetic analysis with the ability to analyze individual codons within
genes, using techniques such as the maximum likelihood method [73-75], reveals that the PXR
LBD has a sub-population of codons with the highest w ratios of any gene in the vertebrate NR
superfamily [66,67,69]. These results suggest that natural selection has favored sequence
diversity in the LBD of PXR, possibly to adapt to cross-species differences in important
ligands. PXR may therefore represent an unusual example of an NR gene that has changed
ligand specificities across vertebrate species to adapt to cross-species differences in exogenous
and/or endogenous toxic compounds [8,10,66,67,76,77].

The Xenopus laevis (frog) PXRs (benzoate receptors a and f or BXRa and BXRp) show the
strongest evidence for positive selection. Relative to other PXRs such as those from zebrafish,
chicken, or mammals, the BXRs have lost broad specificity for ligands, gained high efficacy
activation by endogenous benzoates, and altered tissue expression pattern to play a
developmental role in the frog [20,63,64]. Phylogenetic analysis by maximum likelihood
shows that 23 codons in BXRa and/or BXRp show strong evidence for positive selection, with
nearly half of these codons having predicted influence on ligand specificity [66,67]. Overall,
phylogenetic analyses of PXR genes across species strongly suggest that the LBD of PXRs
has changed across species to evolutionary advantage.

4.3 Genetic variation of PXR within humans

The marked diversity of the PXR LBD across vertebrates contrasts with detailed ‘re-
sequencing’ studies of the human PXR gene showing that mutations in the PXR coding region
are quite rare, although variation in non-coding regions or due to splice variants may have
clinical importance [78]. Re-sequencing of 100 individuals from multiple ethnic groups for the
PXR gene showed nucleotide diversity lower than the genome-wide average for human genes
and no aminoacid changing mutations in the LBD [79]. Sequencing of 205 Japanese subjects
found non-synonymous substitutions in two individuals that caused modest reductions in a
transactivation assay using a mammalian cell line [80,81]. Two separate substitutions in the
PXR LBD were discovered in a re-sequencing study of 74 Africans and 418 Caucasians [17].
Sequence differences in the coding region of PXR do not account for well-described inter-
individual differences in metabolism, such as variation in baseline activity or inducibility of
CYP3A4 in liver or intestine [78].

In addition, sequence divergence is also low between human, chimpanzee, and rhesus monkey
PXRs [10,67,68]. Specifically, the nucleotide divergence between the human and chimpanzee
PXR genes is lower than the average for other genes in the human and chimpanzee genomes
[68,69,82]. This suggests that important ligands for PXR, at least in terms of influencing
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reproductive fitness, do not vary between humans, or perhaps not even between humans and
other primates, but do vary between primates and other animals.

5. Evolutionary significance of PXR activators

5.1 Ligand specificity and PXR evolution

The broad ligand specificity of PXR, coupled with its transcriptional targets in the liver and
intestine, suggests that a major function of this receptor is to protect animals against toxic
compounds [32,34,36,76,77,83]. From an evolutionary standpoint, these toxic compounds may
be endogenous (hormones, bile salts) or exogenous (likely of dietary origin). An important
goal of comparative evolutionary studies of PXR is to explain why PXR shows little sequence
and functional variation within humans, or even between humans and other primates, but such
striking sequence variation between primates and other species in the LBD. This implies that
key ligands for PXR vary across species due to differences in physiology, environmental
exposure, and/or diet.

5.2 Bile salts as PXR ligands

Bile salts such as cholic acid (30, 70, 12a-trihydoxy-5p-cholan-24-oic acid) are the end-
products of cholesterol metabolism and also solubilize lipophilic compounds in the gut [84].
Bile salts are synthesized in the liver and stored in the gallbladder (in those animals that have
this organ), and are generally not toxic even when micromolar concentrations accrue in the
circulating plasma. An exception is lithocholic acid (3o-hydroxy-5B-cholan-24-oic acid), a
mono-hydroxylated ‘secondary’ bile acid formed by the action of bacterial 7-dehydroxlases
on primary bile acids such as chenodeoxycholic acid (3a,7a-dihydroxy-5-cholan-24-oic
acid). High levels of lithocholic acid are cytotoxic and implicated as a factor in colon cancer
[85].

Mouse models have illustrated the importance of PXR-mediated pathways in lithocholic acid
toxicity. PXR ‘knockout’ mice are more susceptible to exogenously administered lithocholic
acid [35,86-89]. Conversely, administration of PXR activators, or genetically engineering
mice to express high levels of PXR, reduces the toxic sequelae of high doses of exogenous
lithocolic acid [86,87,89]. Lithocholic acid is a low potency PXR activator, with maximal
effects occurring only at concentrations around 100 uM. PXR activation by lithocholic acid
leads to upregulation of several genes that can detoxify lithocholic acid, including the CYP3A
enzymes [88]. VDR is also activated by micromolar concentrations of lithocholic acid; this has
physiologic importance particularly in the gut where high levels of lithocholic acid can
accumulate [90].

In severe cholestatic liver injury, serum concentrations of bile acids other than lithocholic acid
reach concentrations high enough to activate PXR [91]. This was demonstrated clearly in a
mouse bile duct ligation model, in which hepatic CYP3A11 (ortholog of human CYP3A4)
expression was upregulated even though serum levels of lithocholic acid were not increased,
whereas serum levels of 6B-hydroxylated bile acids were markedly increased [92]. Given that
6p-hydroxylated bile acids such as B-muricholic (3,68, 7p-trihydroxy-5p-cholan-24-oic acid)
and murideoxycholic acid (3a,6B-dihydroxy-5p-cholan-24-oic acid; also known as murocholic
acid) are efficacious activators of mouse PXR, but not other NR1I subfamily members [66,
90], hepatic CYP3A11 upregulation in the bile duct ligation model is likely PXR-mediated.

The importance of PXR in bile salt metabolism and elimination is also illustrated by the rare
disease cerebrotendinous xanthomatosis (CTX), an inborn error of metabolism caused by
deficiency of CYP27A1. The enzyme defect of CTX results in pathological accumulation of
27-carbon (Cy,7) bile alcohols (which retain the entire carbon skeleton of cholesterol), leading
to gallstones, xanthomas, and neurologic dysfunction [93]. Interestingly, knockout of the
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Cyp27a gene in mice did not reproduce the symptoms seen in human CTX due to a dramatic
increase of CYP3A expression that allowed the Cyp27a~/~ mice to bypass the enzyme
deficiency and detoxify the bile acid precursor 5p-cholestan-3a,7a,12a-triol (*58-
cholestantriol”) [94,95]. Two research groups later showed that 53-cholestantriol activates
mouse, but not human, PXR (more precisely 53-cholestantriol is probably a very weak partial
agonist of human PXR) [57,96]. Because 58-cholestantriol does not effectively activate human
PXR, individuals with CTX are unable to prevent pathological accumulation of 5p3-
cholestantriol and other bile acid precursors.

In contrast to the data in mammals described above, the first major study to systematically
compare multiple non-mammalian and mammalian PXRs found that the zebrafish PXR was
not activated by a variety of bile acids and synthetic bile acid derivatives [10]. However, biliary
bile salts vary significantly across vertebrate species and the bile acids found in humans, mice,
and most other mammals are not found in zebrafish and some other fish [97-99]. Most
mammals and birds, and even the majority of present-day bony fish, convert 27-carbon
cholesterol predominantly to C,4 bile acids such as cholic acid and chenodeoxycholic acid,
conjugated to either glycine or taurine. In contrast, the evolutionarily “earliest’ fish (i.e., the
fish most distantly related to humans), represented now by jawless fish (lampreys, hagfish),
cartilaginous fish (e.g., sharks, skates, rays) and some bony fish (like zebrafish), synthesize
C,7 bile alcohols conjugated with sulfate (see Figure 1) [99,100]. In these “early’ fish, C,7 bile
alcohol sulfates account for nearly all biliary lipids [100]. The zebrafish does not produce any
Cy4 bile acids and instead synthesizes 5a-cyprinol (5a-cholestan-3a,70,120,26,27-pentol)
sulfate [101,102], a bile alcohol sulfate very similar to the bile salts found in the earliest
vertebrates to evolve, the jawless fish [103,104]. The bile salt synthetic pathway leading to
C,7 bile alcohol sulfates is a simpler pathway than that needed to produce Cyq4 bile acids such
as cholic acid (avoiding for example the need to cleave the cholesterol side-chain) and likely
represents the first bile salt synthetic pathway to evolve in vertebrates [100,102].

In a functional assay, zebrafish PXR was activated efficaciously by cyprinol sulfate, scymnol
(5B-cholestan-3a,70,12a,24,26,27-hexol) sulfate (from the Spotted eagle ray, a cartilaginous
fish), and essentially by no other bile salts [66,67]. Further, human, mouse, rat, rabbit, and
chicken PXRs were all activated by cyprinol sulfate and scymnol sulfate [66]. Activation by
C,7 bile alcohol sulfates thus appears to be a ‘basal’ property of PXRs and has been retained
as a vestigial function in mammalian and chicken PXRs, even though these animals, including
humans, produce only minute quantities of C,7 bile alcohols except in rare inborn errors of
bile salt metabolism. The ability to be activated by C,4 bile acids is likely a more recent
evolutionary innovation for PXRs.

Overall, the variation of bile salts across species parallels the sequence variation of the PXR
LBD. Bile salts vary little between primates [98], but do show differences between humans
and other mammals (e.g., a- and B-muricholic acids are the main primary bile acids in rodents
while cholic and chenodeoxycholic acids are dominant in humans and other primates) [97,
98]. Even within mammals, there is evidence that PXRs have adapted to variations in biliary
bile salts [66]. As described above, there is even more divergence between human and early
fish bile salts, and PXRs again appear to have adapted to these differences. Thus, biliary bile
salts are plausible endogenous ligands whose variation across species has influenced the ligand
specificity of PXRs. This hypothesis can be strengthened by more extensive testing in
additional vertebrates, particularly cartilaginous and jawless fish, and in reptiles.

PXR activation by high circulating levels of bile acids could be a protective response to

cholestasis of various etiologies. Even if high circulating levels of some bile salts do not directly
result intoxicity, the presence of elevated bile acids signifies likely impairment of hepatobiliary
excretion of xenobiotics and some endogenous compounds. PXR activation would thus be an
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attempted adaptive response to increase metabolism and elimination of toxic compounds by
alternative pathways. The ability of PXR to mediate detoxification of bile acids suggests that
activators of this receptor may find therapeutic effect in treating cholestasis and diseases such
as primary biliary cirrhosis where abnormally high levels of bile acids accumulate [105].
Indeed, the PXR activator rifampin has shown therapeutic benefit in the treatment of primary
biliary cirrhosis [106]. It remains to be seen if selective PXR agonists can be developed to
detoxify bile acids while avoiding adverse effects.

5.3 Steroid hormones as PXR ligands

PXRs generally share the property of being activated by micromolar concentrations of
androstane and pregnane steroids. This property is conserved across all PXRs, except for the
divergent Xenopus laevis BXRs. For example, both 5B-pregnan-3,20-dione and 5a-
androstan-3a-ol activate human, rhesus monkey, dog, pig, mouse, rat, rabbit, chicken, and
zebrafish PXRs [10]. Though it is tempting to view such conservation as significant,
physiologic relevance of steroid effects on PXR have been difficult to prove.

The concentrations of individual steroid hormones that affect PXR are much higher than
concentrations typically found in human serum or plasma, even during pregnancy or fetal
development. What has not been examined in detail is the ability of combinations of steroid
hormones, for instance at levels found in pregnancy, to activate PXRs. A recently published
clinical study clearly shows that CYP3A activity, as measured by N-demethylation of
dextromethorphan, is increased approximately 35% throughout all trimesters of pregnancy
[107], confirming previous more limited investigations of drug metabolism during pregnancy,
suggesting that hormonal changes may influence CYP3A expression. However, hormonal
changes during the menstrual cycle have generally not been shown to affect CYP3A expression
[108-110]. The increase in CYP3A during pregnancy may thus be mainly due to fetal or
placental contribution [107], although this may not explain the significant rise in CYP3A
activity in the first trimester of pregnancy.

Whether hormonal factors during pregnancy increase CYP3A activity, possibly via PXR-
mediated pathways, warrants more careful investigation. One possibility would be to expose
human hepatocytes or cells that recombinantly express PXR to maternal serum or to
combinations of hormones found in pregnancy. The elevation of CYP3A activity in pregnancy
serves the possible function of protecting the developing fetus from harmful compounds and
is a potential evolutionarily important adaptation. It will be interesting to see if this finding is
seen in other animals and, if so, whether PXR mediates the effect.

The physiologic roles of the pregnane and androstane steroids most active at PXRs are not well
understood. A recent report provides evidence that PXR activation by 5-dihydroprogesterone
mediates chronic uterine relaxation during pregnancy via regulation of inducible nitric oxide
synthase expression [111]. Several of the androstane steroids that activate PXRs (and are
inverse agonists at mouse CAR) [112] have documented pheromone activities in some
mammals. These include 5a-androst-16-en-3a-ol and 5a-androst-16-en-3-one, musk-scented
compounds with pheromone activities in boars but unclear effects in humans [113,114]. The
role of androstane and pregnane steroids such as 5p-pregnan-3,20-dione, 5a-androstan-3a-ol,
or 5a-androst-16-en-3a-ol is basically unknown in non-mammalian species. Overall, the
physiologic and evolutionary relevance of preghane and androstane steroids as PXR activators
remains an open question.

5.4 Xenobiotics as PXR ligands

The impressive ability of PXR to be activated by xenobiotics in humans suggests that a possible
evolutionary function of PXR is to detect toxic exogenous compounds, acquired through diet
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or environmental exposure. A similar role may also be performed by the aryl hydrocarbon
receptor, a key regulator of the CYP1A genes, which has recently been shown to be activated
by dietary compounds in cow’s milk [115]. Somewhat surprisingly, evidence that dietary
ligands activate PXR has been slow to accumulate, although vitamin E [116-118] and
carotenoids [119] are now documented PXR activators. The identification of dietary or
environmental ligands for PXR and CAR will be aided by cloning and functional expression
of these genes from more species, particularly focusing on species that show diversity of
evolutionary history and diet.

6. PXR functions in non-mammalian species

6.1 Function and evolution of non-mammalian PXRs

In contrast to the wealth of data on mammalian PXRs, there has been much less functional
characterization of PXRs and of the regulation of liver and intestine metabolism in non-
mammalian species. This differs considerably from the aryl hydrocarbon receptors, key
regulators of CYP1A expression, for which fish models have provided considerable insight
into toxicology, pharmacology, and receptor function [120]. Similar to mammals, some drugs
and endogenous compounds can induce CYP3A gene expression in reptiles, amphibians, and
fish. Chemically-induced upregulation of CYP3A expression has been demonstrated in
microsomes from a Xenopus laevis kidney cell line by dexamethasone and corticosterone
[121], in microsomes from alligator liver by phenobarbital and 3-methylcholanthrene [122],
in Atlantic cod by alkylphenols [123], in rainbow trout and Killifish by ketoconazole [124], in
adult zebrafish liver by pregnenolone 16a-carbonitrile (but not clotrimazole or nifedipine)
[125], and in larval zebrafish foregut by rifampin and dexamethasone [126]. The molecular
mechanism of CYP3A induction in the species mentioned above has not been precisely
determined.

Curiously, the compounds shown to increase CYP3A expression in zebrafish adult liver
(pregnenolone 16a-carbonitrile) [125] or larval foregut (rifampin, dexamethasone) [126] did
not activate zebrafish PXR in an in vitro reporter assay [10], whereas clotrimazole and
nifedipine, which did activate zebrafish PXR in vitro [10], did not induce CYP3A in adult
zebrafish liver [125]. This raises the possibility that other NRs (e.g., glucocorticoid receptors)
or other receptors regulate hepatic and intestinal metabolism and elimination in fish. Overall,
much work remains to be done with non-mammalian models of PXR function.

The origins and evolution of the NR1I subfamily, which currently includes PXR, VDR, and
CAR, is an area of active inquiry. Based on current genetic data, multiple NR1I subfamily
members have been found only in vertebrates. The orthologs (if any) of the NR1I subfamily
members in the fruit fly Drosphila melanogaster or the nematode Caenorhabditis elegans are
unknown. A single NR1I-like gene equally similar to VDR/PXR/CAR and a Drosophila NR
is found in the draft genome of the urochordate Ciona intestinalis, an invertebrate much more
closely related to vertebrates than flies or nematodes [127]. The functional properties of this
invertebrate NR remain uncharacterized.

The evolutionary origins of VDR and PXR in vertebrates also remain unclear [31], although
it appears probable that a single NR gene duplicated early in vertebrate evolution. These two
genes then diverged from each other to become the separate PXR and VDR genes found in
modern-day species [31]. Additional duplications have resulted in multiple PXR and VDR
genes in some non-mammalian species. For example, the pufferfish has two VDR genes [6]
and the Xenopus laevis frog has two PXR genes (BXRa and BXRp) [20,63]. Distinct PXR and
CAR genes appear to be solely found in mammals. An elegant series of studies demonstrated
that the chicken only has a single ‘xenobiotic-responsive’ NR1I gene (currently classified as
a PXR although some researchers debate this), the product of which has properties similar to
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both CAR and PXR [128]. Genome sequencing studies in two pufferfishes [3,6,129], chicken
[130], and the frog Xenopus tropicalis have so far failed to find evidence for a CAR gene. A
likely explanation is that an ancestral gene similar to the chicken PXR duplicated just prior to
or early in mammalian evolution [31]. The two genes then diverged from other another to
become the modern-day PXR and CAR genes found in all mammalian genomes sequenced so
far (including opossum, two species of seals, dog, pig, mouse, rat, and rhesus monkey). The
evolutionary benefit to mammals for having both PXR and CAR genes is not clear. Figure 3
shows a proposed phylogeny of the NR1I subfamily, focusing on PXR, and taking into account
functional data and tissue expression patterns of the subfamily members.

6.2 PXR role in development

The dominant role of the Xenopus laevis BXRs in regulating early frog development [20,63,
64] and the high levels of PXR expression in larval zebrafish [125], suggests that PXR may
generally be a developmental regulator in non-mammalian vertebrates. Developmental roles
of PXR in mammals have not been detected. PXR knockout mice are phenotypically normal
unless challenged with potentially toxic compounds such as lithocholic acid or xenobiotics
[88,131]. It remains to be seen if PXR mediates subtle functions during mammalian
development.

7. Challenges in modeling and predicting human PXR function

7.1 Human hepatocytes

Xenobiotic-mediated induction of enzymes and transporters involved in drug metabolism and
elimination are a significant cause of drug-drug and drug-herbal product interactions that can
lead to morbidity and mortality in patients [132]. CYP3A4 alone has a role in metabolizing
approximately 50% of prescription drugs in the United States [133] explaining why economical
and accurate determination of CYP3A4 induction potential is a high priority in drug
development [50,134-137]. Given the prominent role of PXR in regulating drug metabolism
and elimination, assessing PXR activation is also important in drug development [138]. The
most widely used in vitro methods for assessing PXR activation are cell culture-based reporter
assays and human hepatocytes [24,135-137,139-141]. Aside from in vivo experiments, short-
term hepatocyte cultures are the ‘gold standard’ for in vitro assessment of drug-mediated
induction of enzymes and transporters, a topic that has been reviewed in detail elsewhere
[24,137,139,140]. The main limitations of hepatocyte cultures are scarcity of supply, cost, and
relatively high degrees of inter-individual variability [137,139].

7.2 In vitro reporter assays

Cell culture-based reporter assays are much cheaper than human hepatocyte culture and can
be adapted for high throughput [136,138,141]. The reporter assays use either full-length PXR,
in which the reporter gene is typically the CYP3A4 promoter driving expression of luciferase,
or ‘two-hybrid’ reporter systems using the PXR LBD [136,138,141]. The advantages of
reporter assays are the ability to specifically assess PXR activation without the contribution of
other receptors, although careful controls must be used with full-length PXR assays to insure
that the cell line used does not express endogenous PXR or other receptors (e.g., VDR or CAR)
capable of activating the reporter gene [138].

The limitations of cell culture-based reporter assays are that the cell lines currently available
cannot fully reproduce the hepatocyte. This can lead to discrepancies between experiments
using reporter assays versus human hepatocytes. For example, St. John’s wort is more potent
than rifampicin as a human PXR activator using reporter assays [60]; the situation is reversed
when assessing CYP3A4 induction in human hepatocytes [12]. This type of discrepancy can
occur when hepatocytes or intact livers metabolize the compound studied or when efflux
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transporters remove the compound from the hepatocyte [12]. Therefore, while reporter assays
can be used for high-throughput screening for PXR activation, positive results should be
confirmed in vivo or in human hepatocytes, if indicated. It is also critical that cytotoxicity for
compounds be assessed as toxicity may lead to underestimates of PXR activation [142].

7.3 Animal models

The most widely used animal model for PXR function is the mouse [143]. PXR

‘knockout’ (PXR ") mice have been widely studied and have demonstrated the importance of
PXR in detoxifying bile acids and xenobiotics [26,35,87-89,131,144-147] and in maintaining
vitamin K homeostasis [148]. The first research group to generate PXR ™~ mice showed clearly
that PXR mediated the ability of pregnenolone 16a-carbonitrile to induce drug-metabolizing
enzymes in mice [131]. Following the generation of PXR ™~ mice, this group then created
‘humanized’ mice that lacked the mouse PXR but overexpressed an activated form of human
PXR in the liver. Unlike wild-type mice, the humanized PXR mice responded to rifampin
administration by upregulating CYP3A11 expression but, as expected, were unresponsive to
pregnenolone 16a-carbonitrile [131]. These humanized mice remain the best animal system
for modeling human PXR function in vivo [143,149].

The functional divergence of PXR across mammalian species complicates the use of other
animal models. All the mammalian PXRs studied so far show significant differences so far in
terms of PXR activation [10,18,22,66]. Human, dog, pig, and rabbit PXRs have very broad
specificity for xenobiotics and endogenous compounds, whereas mouse PXR has more narrow
ligand specificity [10]. There is an additional complication that CAR, a NR that has overlapping
ligand specificity and functions with PXR, also shows significant divergence across species.
Therefore, pre-clinical animal studies of drugs can show substantial differences between
humans and other animals in the upregulation of enzymes and transporters involved in
metabolism and elimination of xenobiotics and endogenous compounds. This reinforces the
value of the humanized mouse strain described above and of the continuing development of
mouse strains that express human genes in place of the endogenous genes.

The situation becomes even more difficult in non-mammalian species. PXRs in these animals
are particularly divergent in sequence and function from human PXR [10,31,66,67];
furthermore, chicken, frog, and bony fish lack the CAR gene and cannot reproduce the
mammalian situation of having both PXR and CAR genes [10,20,58,128]. Consequently,
animals amenable to high-throughput small molecule or developmental toxicology screening,
such as zebrafish or Xenopus laevis frogs, are poor models for human PXR function. These
animals may, however, provide insight into subtle developmental effects or alternative
pathways mediated by PXR not yet discovered using mouse models [20,64,125].

7.4 In silico models

Perhaps not surprisingly given the broad specificity that human PXR has for binding ligands,
development of predictive in silico models of human PXR-ligand interactions has proven to
be difficult. Similar to efforts to model enzymes and transporters with broad specificity, such
as CYP3A4 [48,150] or the P-glycoprotein transporter [53,151-153], in silico modeling of
PXR activation has important applications in drug development, particularly if such models
can reliably eliminate drug candidates that would activate PXR and cause potentially harmful
drug-drug interactions [154,155].

Three studies have utilized molecular modeling analysis for a series of PXR ligands [156—
158]. The first study looked at barbiturate, hydantoin, and macrolide antibiotic activation of
human PXR but only performed limited computational analysis involving intra-atomic
distances between atoms in the ligands [156]. The second study utilized data on 12 diverse
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ligands (rifampicin, pregnenolone 16a-carbonitrile, dexamethasone, RU-486, clotrimazole,
SR12813, TCPOBOP, androstanol, 5p-pregnane-3,20-dione, hyperforin, lithocholic acid, and
3-keto-lithocholic acid) from three different studies [11,60,88] to develop a three-dimensional
pharmacophore using Catalyst® (Accelrys, Inc.) [157]. This study was completed prior to the
first report of a human PXR LBD crystal structure [43], and the reported pharmacophore was
found to be in agreement with the predominantly hydrophobic nature of the PXR LBD as
revealed by the crystal structure. The developed pharmacophore was validated using an
external test set of 28 known PXR ligands.

The third and more recent study examined a dataset of 54 compounds and developed both
ligand-based and structure-based models, also using Catalyst® [158]. This study conclusively
found only one structural feature that was common to all PXR ligands. However, highly active
PXR ligands were found to share certain unique features that were postulated to enhance
receptor activation by occupying the large binding pocket. Some of the models developed in
this third study may be amenable to screening large databases of compounds, but this was not
extensively validated. This study also investigated two pairs of structurally similar ligands
(docetaxel/paclitaxel and cortisol/cortisone) to explain their differential activity at human PXR.
Both of the studies using Catalyst® [157,158] were technically sound but do have the caveat
of having used data from multiple previous studies rather than a dataset collected by a single
protocol. Predictive modeling of PXR would be aided by the collection of a large dataset of
ligands using a consistent experimental method.

So far, it has not been possible to utilize the published crystal structures of human PXR for
predictive high-throughput docking studies. The flexible nature of the human PXR LBD,
discussed above in Section 3.2, makes structure-based modeling very challenging [157,158].
The determinants that mediate ligand selectivity of human PXR are still not fully understood,
partly due to the flexibility of the human PXR LBD. Comparisons between human and mouse
PXR [43] or rat PXR [159] have helped in determining some of the structural factors that
differentiate human PXR from the rodent PXRs, aided by a homology model of the rat PXR
[159]. Overall, however, much remains to be learned about the structural factors mediating
cross-species differences in PXR ligand specificity.

8. Expert opinion and conclusion

PXR is a key regulator of the metabolism and excretion of xenobiotics and endogenous
compounds. PXR underlies a number of clinically important adverse drug interactions. The
broad ligand specificity of PXR and the high degree of sequence divergence across animal
species complicates the translation of in silico and animal models to human physiology.

Similar to efforts with enzymes and transporters with broad specificity, such as CYP3A4 or
P-glycoprotein, predictive animal and in silico modeling of PXR-ligand interactions has
important clinical and drug development applications but is challenging. For in silico models,
the field would be aided by the collection of a large dataset of PXR activation by a consistent
validated protocol, looking at subsets of both structurally diverse and structurally related
compounds. Prior efforts reporting in silico models have had the limitation of using data from
multiple previous studies using different experimental designs.

Lastly, the unusually high variability of the PXR LBD offers a unique opportunity to understand
the evolution of a protein that putatively protects animals against toxic endogenous and
exogenous compounds. There still remain open questions into what ligands have shaped the
evolution of the PXR LBD and what consequences there are to mammals in having the CAR
gene in addition to the PXR gene. Cross-species differences in biliary bile salt composition is
one possible evolutionary driving force for diversification of the PXR LBD, but this hypothesis
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has not yet been solidified by structural comparisons of PXRs from different species, whether
by experimentally determined or predicted structures. A potentially important finding would
be the identification of hitherto unidentified dietary activators of PXR. Such activators may
explain inter-individual variation in parameters such as CYP3A4 or P-glycoprotein expression.
It may be that foods consumed by humans in hunter-gatherer types of societies, or by wild
animals, have PXR activators not found or rarely encountered by people consuming processed
foods.

The extreme divergence of the zebrafish and frog PXRs from their mammalian counterparts
means that these model organisms respond very differently from humans in terms of
compounds that alter liver and intestinal metabolism. In addition, the small size and rapid
development of zebrafish, an advantage for high-throughput studies, has limited the ability to
perform detailed studies equivalent to the dissociated human hepatocyte models. This needs
to be taken into account when using these animals for toxicology and drug discovery studies.

Overall, much progress has been made in understanding the biology of PXR. Future studies
should continue to aid our understanding of the regulation of liver and intestinal metabolism
and elimination and how to apply this knowledge to clinical benefit.
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5B-Pregnane-3,20-dione Sa-Androstan-3a.-ol
PXR agonist (mammals, chicken, fish) PXR agonist (mammals, chicken, fish)
(Also a human CAR agonist) (Also a human and mouse CAR inverse agonist)

COO-

Lithocholic acid (toxic secondary bile salt) Cyprinol sulfate (early fish 27-carbon bile
salt)
PXR agonist (mammals, chicken) PXR agonist (mammals, chicken, zebrafish)

(Also a low affinity human and mouse VDR agonist)

HC o, ™

H,C O\\p 'O—CH,CH, 0O__0
, ' ~O—CH,CH;
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H N _O-CH,CH;
H.C 77 .
. 0" O-CH,CH, NH,
H;C  CH,
SR12813 3-Aminoethylbenzoate
PXR agonist (all mammals except mouse; chicken) PXR agonist (frog BXRa only)

Figure 1. Ligands for PXR

Chemical structures of ligands for PXR including pregnane and androstane steroid hormones,
bile salts (including an “early’ bile salt typical of the earliest bile salts to evolve in vertebrates),
the experimental cholesterol-lowering drug SR12813, and the putative endogenous benzoate
ligand of the Xenopus laevis BXRa. Note that some of the PXR activators are also agonists of
VDR or CAR or, in the case of 5a-androstanol, inverse agonists of human and mouse CAR.
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Figure 2. Sequence alignment of PXR LBDs along with CAR and VDR

The location of the a-helices above the amino acid sequence are based on the structures of
human PXR [43] and human VDR [160]. Amino acid residues in bold type are residues show
to directly interact with ligand in high-resolution x-ray crystallographic structures of human
PXR [40,41,43,44], human VDR [160-163], human CAR [164], and mouse CAR [165,166].
Note that the orthologous positions of many of the amino acid residue positions involved in
binding of ligand in PXR are also involved in ligand binding in VDRs and CARs. The extreme
sequence divergence between PXRs is especially seen in the region between helices 1 and 3,
where some PXRs (e.g., chicken, frog) lack sequence relative to other PXRs and where the
zebrafish PXR has a stretch of sequence similar in length to that of mammalian PXRs but very
dissimilar in sequence similarity.
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Figure 3. Proposed phylogeny of PXRs showing functional characteristics

The phylogenetic tree is derived from known phylogenetic relationships of the animal species
integrated with tissue expression patterns and pharmacological properties. Characteristics
included are tissue expression pattern; activation by pregnane steroids, androstane steroids,
C,7 bile alcohol sulfates (representative of the earliest bile salts to evolve in vertebrates),
Cy4 bile acids (such as cholic acid and lithocholic acid, LCA); ability to upregulate expression
of CYP3A and MDR1; and high constitutive activity. * and ** indicate proposed times when
gene duplication occurred leading to expansion of the NR1I subfamily (that currently includes
PXR, VDR, and CAR) when one of the duplicated genes diverged and took on different
functions. An ancestral gene is thought to have duplicated in early vertebrate evolution,
ultimately resulting in separate VDR and PXR genes (*). Just prior to or early in mammalian
evolution, the PXR gene is thought to have duplicated (**); subsequent divergence of one of
these genes resulted in the CAR gene.
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