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Abstract

Drug-metabolizing enzymes (DMESs) and transporters play pivotal roles in the disposition and
detoxification of numerous foreign and endogenous chemicals. To accommodate chemical
challenges, the expression of many DMEs and transporters is up-regulated by a group of ligand-
activated transcription factors namely nuclear receptors (NRs). The importance of NRs in
xenobiotic metabolism and clearance is best exemplified by the most promiscuous xenobiotic
receptors: pregnane X receptor (PXR, NR112) and constitutive androstane/activated receptor
(CAR, NR113). Together, these two receptors govern the inductive expression of a largely
overlapping array of target genes encoding phase | and || DMEs, and drug transporters. Moreover,
PXR and CAR also represent two distinctive mechanisms of NR activation, whereby CAR
demonstrates both constitutive and ligand-independent activation. In this review, recent advances
in our understanding of PXR and CAR as xenosensors are discussed with emphasis placed on the
differences rather than similarities of these two xenobiatic receptors in ligand recognition and
target gene regulation.
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1. Introduction

Exposure to xenobiotics such as drugs and environmental chemicals has profound influence
on human health. In order to modulate their own metabolism and excretion, xenobiotics alter
the transcription of a broad array of genes expressed in multiple tissues and vital organs such
as the liver, kidney, intestine, lungs, brain, placenta, and pancreas [1-3]. Mechanistically
speaking however, it is majorly the mammalian nuclear receptor (NR) superfamily of
transcription factors that makes xenobiotic regulation of gene expression at the
transcriptional level possible. The characteristic structural features of NRs include a highly-
conserved DNA-binding domain (DBD), which links the receptors to specific promoter
regions of their target genes, and a less conserved ligand-binding domain (LBD) that permits
them to directly interact with hormones and/or xenobiotics [4,5]. Moreover, the
extraordinary flexibility in the size and shape of LBDs provides the basis for a number of
NRs being able to accommodate a myriad of ligands with diverse chemical structures [6,7].
Notably, the first human nuclear receptor, glucocorticoid receptor (GR), was cloned starting
from the purification and characterization of the receptor protein from the cortisone-

*This review is part of the Advanced Drug Delivery Reviews theme issue on “Development of Novel Therapeutic Strategy by
Regulating the Nuclear Hormone Receptors”.

"Corresponding author. Tel.: +1 410 706 1280; fax: +1 410 706 5017. hwang@rx.umaryland.edu (H. Wang).



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tolson and Wang

Page 2

producing adrenal glands, before specific antibodies were used to isolate the corresponding
cDNA [8,9]. Utilizing these classical endocrinology approaches, a number of endocrine
receptors such as GR, estrogen receptor (ER), and thyroid hormone receptor (TR), were
isolated soon thereafter. Typically all these receptors have relatively compact LDBs and are
capable of binding unique high-affinity endogenous ligands at nanomolar concentrations.

Taking advantage of the fact that nearly all NRs share a highly conserved cysteine-rich
DBD, researchers strive to search for unrecognized NRs using this common segment as bait
to screen recombinant DNA libraries at low stringency [10]. This approach has led to the
identification of a group of proteins that resemble NRs on the basis of structure and
sequence, but lack identified endogenous ligands. Coined “orphan receptors,” this group of
NRs accounts for approximately 60% of the over 70 distinct members of the NR
superfamily [11-13]. The availability of this large number of orphan receptors also triggered
a shift of the classic endocrinology approach into the so called “reverse endocrinology” one,
whereby instead of using a purified hormone to identify its partner receptor, novel bioactive
molecules were recognized as selective ligands of these orphan receptors [14]. As such, a
number of the orphan receptors were termed ‘adopted.” Nevertheless, in contrast to the
prototypical endocrine receptors, members of the orphan receptors are typically activated by
abundant but low-affinity lipophilic molecules at micromolar concentrations [15,16].

Notably, the majority of ligands for orphan or adopted receptors are xenobiotics including
drugs, carcinogens, food additives, pesticides and environmental pollutants [17].
Functioning as sensors of toxic byproducts derived from both endogenous and exogenous
chemical breakdowns, a number of these receptors were also termed xenobiotic receptors,
which include but are not limited to: farnesoid X receptor (FXR), liver X receptor (LXR),
proxisome proliferator activation receptors (PPARS), constitutive androstane/active receptor
(CAR), pregnane X receptor (PXR), nuclear factor-erythroid 2-related factor 2 (Nrf2), and
aryl hydrocarbon receptor (AhR). Also worth mentioning, though primarily responsive to
xenobiotics, AhR belongs to the basic helix—loop-helix protein of the PAS Per-ARNT-Sim
(PAS) family, not to the NR superfamily [18]. Among these xenobiotic receptors, PXR and
CAR exhibit promiscuous xenobiotic activation capability; and collaboratively they govern
the transcription of a broad spectrum of distinct and overlapping genes encoding phase I,
phase Il drug-metabolizing enzymes (DMEs), as well as uptake and efflux transporters
[17,19-22] (Fig. 1).

The purpose of this review is to highlight the recent advances in our understanding of the
regulation of DMEs and transporters by xenobiotic receptors: PXR and CAR. Emphasis is
given to the distinct, rather than the overlapping roles, of PXR and CAR in gene regulation.
To a lesser extent, we also discuss the role of AhR as a xenosensor. This review however is
by no means a comprehensive coverage of CAR, PXR, and AhR research findings.

2. Pregnane X receptor (PXR)

The pregnane X receptor (PXR, NR1I2) is an approximately 434-amino acid, 50-kDa
protein, primarily expressed in the liver and intestine [23]. In 1998, three research groups
independently isolated cDNAs encoding a novel orphan receptor, PXR, which was
subsequently shown to play a central role in the transcriptional regulation of CYP3A genes
across multiple species [24-26]. Prior to being designated NR112, this receptor was also
named SXR (steroid and xenobiotic receptor) and PAR (pregnane-activated receptor) in
humans, which proved to be reflective of its subsequently identified versatility in
recognizing a broad array of both synthetic steroids and xenobiotics [27,28].

Compared with other NRs, PXR possesses a bulky and flexible ligand-binding cavity, which
enables it to accommodate a more structurally promiscuous library of ligands [29]. Multiple
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structural studies have facilitated the rationalization of the ligand-binding characteristics of
PXR, such as the determination of the structure of human (h)PXR, in both the SR-12813-
bound and unbound forms [30], followed by similar characterization of hPXR bound to
hyperforin [31], or rifampicin [32]. Among the many key insights that have been gained
from these studies are the realization that the ligand-binding cavity of PXR can be, for
example, differentially induced to change shape, expand in volume, or adopt unique
conformational structures. This suggests that the promiscuity of PXR with respect to ligand
binding can be attributed to the tremendously unique binding capabilities of this receptor
[6,33]. Additionally, although most human and rodent NR orthologs share greater than 90%
amino acid identity, the LBDs of PXR are less conserved among species; for instance, hPXR
and rat PXR share 76% amino acid identity [34]. The sequence divergence in the LBD of
PXR among species is believed to be responsible for the species-specific PXR activation and
target gene induction.

Initially PXR was thought to be the more “conventional” NR, as it appears to exert its
effects through a similar mechanism of action as the other steroid hormone receptors.
However, its apparently ever-evolving library of structurally diverse ligands has come to
distinguish PXR as a unique, promiscuous, but integral mediator of inductive expression of
many DMEs and transporters (Table 1). Using transgenic PXR mouse model, approximately
150 gene tags expressed in a PXR-dependent manner were identified, which include a
spectrum of biologically important phase | and || DMEs, as well as uptake and efflux drug
transporters [35]. The extremely flexible nature of PXR in ligand and target gene
recognition has set it apart as a special xenobiotic sensor in a class of its own.

2.1. PXR in phase | DME regulation

2.1.1. Regulation of cytochrome P450 genes—The main function of the oxidative
cytochrome P450 (CYP) superfamily is to catalyze the metabolic conversion of xenobiotics,
therefore promoting their conversion to more polar derivatives which can be readily
excreted, or making them more desirable substrates to further biotransformation by phase Il
enzymes or drug transporters [36]. Ever since the initial cloning of this receptor, the
implications of PXR-mediated gene regulation in drug metabolism and drug—drug
interactions (DDIs) were recognized. PXR was first postulated to regulate CYP3A gene
expression in both human and rodents [25,26,37]. Subsequent analysis of the promoter of
CYP3A genes revealed that PXR regulates the drug-induced expression of CYP3A by
directly binding to the everted or direct repeats of (A/G)G(G/T)TCA spaced by six (ER6) or
three (DR3) base pairs, respectively [25,26,37,38]. Along with the identification of
consensus response elements from promoter regions of different genes, PXR has also been
shown to play key roles in the regulation of several other inducible CYPs such as CYP2Bs,
CYP2Cs, and CYP2A6 genes [39-46]. The mechanism and significance of these regulations
have been well documented in the literature (refer to review articles [47-54]).

Recently however, CYP4F12, an enzyme responsible for metabolizing arachidonic acid, was
identified as a new PXR target gene through a chromatin immunoprecipitation (ChIP)-based
genomic screening in human primary hepatocytes [55]. Different from electro-mobility shift
assays, which utilize ‘naked” DNA as probes, this discovery approach recognizes PXR-
binding sites in living cells where genomic DNA was presented in the form of
chromosomes. Interestingly, two PXR-binding sites were identified in the CYP4F12 gene
located downstream of its transcription start site. Yet treatment with rifampicin (RIF), the
prototypical agonist of hPXR, significantly enhanced the binding of PXR protein to these
sites and induced CYP4F12 expression in human primary hepatocytes [55]. Although
additional validation is needed, CYP4F12 appears to be the first PXR target gene with
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functional binding sites primarily sitting in the intron instead of the upstream region of the
gene.

To date, it has been widely accepted that induction of PXR target genes by xenobiotics is
mediated through direct interaction of the receptor with putative xenobiotic responsive
elements located in the promoter of these genes [44,56,57]. Nevertheless, several significant
phenomena regarding PXR-mediated gene regulation could not be fully explained by this
simplified model. For example, in contrast to other target genes of PXR, members of
CYP2B and CYP3A gene families are highly inducible by PXR ligands across multiple
species. Although identification of additional distal xenobiotic responsive elements (XREM)
in both CYP3A4 and CYP2B6 promoters offered partial explanation for the maximal
induction of these genes in human, these distal XREMSs were not evolutionarily conservative
[38,57]. Moreover, significant interindividual variability in PXR-mediated induction of
CYP3A4 and CYP2B6 occurs among people even with normal sequences of both proximal
and distal response elements in the promoters of these two CYPs, indicating that other
regulatory factors may also contribute to the optimal induction of these genes [58,59].
Indeed, accumulating evidence demonstrates that a number of coactivators such as steroid
receptor coactivator 1 (SRC-1), glucocorticoid receptor interacting protein 1 (GRIP-1), and
peroxisome peroliferator-activated receptor coactivator 1 (PGC-1), play pivotal roles in
determining the tissue specific induction of PXR target genes [60-63]. Most recently, we
have shown that the interplay of the constitutive CCAAT/enhancer binding protein alpha (C/
EBPa) and the xenobiotic PXR contributes to the synergistic CYP2B6 induction between a
polymorphic mutation in CYP2B6 promoter and PXR activation [64]. In addition to the
induction of CYPs, PXR activation also represses CYP7A1 expression as a protective
feedback mechanism in response to the accumulation of bile acids in the liver, further
reflecting the complexity of PXR in gene regulation [65,66].

2.1.2. Regulation of phase | non-CYP genes—In addition to CYPs, a number of other
phase | enzymes also play important roles in the clearance of xenobiotics through
hydrolysis, reduction, and oxidation. Carboxylesterases (CES) are liver- and intestine-
enriched isozymes which catalyze the hydrolysis of endogenous lipids and foreign
compounds containing functional groups such as carboxylic acid ester, amide, and thioester
[67]. Like many other xenobiotic metabolizing enzymes, the expression of CES is regulated
by many xenobiotics. In studies utilizing microarray analyses of samples obtained from wild
type and PXR knockout (—/=) mice, PXR was linked to the transcriptional regulation of
CESs, where Ces6, a member of the CES2 subtype, was induced after treatment with
pregnenolone 16alpha-carbonitrile (PCN), the known selective activator of mouse (m) PXR,
in wild type but not in PXR—/— mice [35,68]. Although exact PXR binding site(s) from
carboxylesterase genes has not been identified thus far, a recent study clearly showed that
PXR activation enhances the luciferase activity of a reporter construct containing
approximately —5 kb of the rat carboxylesterase B in a dose-dependent manner [69].

Aldo-keto reductases (AKRs) are phase | metabolizing enzymes that mediate the
detoxification of harmful aldehydes and ketones generated from endo- and xenobiotic
toxicants. Most recently, two research groups independently reported Akrlb7 as PXR target
gene using PXR transgenic animal models [68,70]. More detailed analysis by Xie and
colleagues revealed that mouse Akrlb7 is a shared transcriptional target of PXR and CAR in
the liver and intestine [70]. Treatment of wild-type mice with PCN and 1,4-bis[2-(3,5-
dichlor-opyridyloxy)] benzene (TCPOBOP, a selective mCAR activator) activated Akrlb7
gene expression, whereas the inductive effects were abrogated in PXR—/— and CAR—/—
mice, respectively. Further analysis demonstrated that PXR/CAR induction of Akrlb7 was
mediated through recognizing and binding to multiple DR4 type binding sites located in the
Akrlb7 gene promoter [70]. Additionally, using a genome-wide ChIP based screening
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approach, several other human AKR isoforms, such as AKR1C1 and AKR1C2, were also
recognized as genes containing potent PXR binding sites [55].

Overall, PXR has been associated with the transcriptional regulation of a number of non-
CYP phase | genes. In addition to chemically-stimulated induction, mice expressing a
constitutively active variant of hPXR (VP-hPXR) have also been utilized as tools to identify
and characterize PXR-specific genes. In so doing, a plethora of additional non-CYP phase |
genes has been identified. These potentially novel PXR targets include up-regulated genes
such as aldehyde dehydrogenase 1al (ALDH1al), aldehyde dehydrogenase 1a7
(ALDH1a7), alcohol dehydrogenase 3A2 (ADH3A2), and CES2/3; as well as down-
regulated genes such as hydroxysteroid dehydrogenases (HSDs), and esterases [35,68].

2.2. PXR in phase Il DME regulation

The main function of phase Il DMEs is to enhance the water solubility of chemicals
containing conjugatable groups that are either present on the xenobiotics or introduced
during phase | biotransformation, and in turn, promote their renal or biliary excretion [71].
Prototypical phase Il biotransformation reactions include glucuronidation, sulfation,
acetylation, methylation, and conjugation with glutathione. Together with phase | DMEs and
drug transporters (phase 111 detoxification), they orchestrate a defensive system and control
the elimination rate of xenobiotics [72]. Examples of key phase || DMEs under PXR-
governed transcriptional regulation include: the uridine-5'-diphosphate glucuronosyl
transferase (UGT), sulfotransferase (SULT), and glutathione S-transferase (GST) enzyme
families (Table 1).

2.2.1. PXR and glucuronidation—Glucuronidation is a major metabolic pathway
involved in phase Il metabolism for many endobiotics and xenobiotics alike. This reaction is
catalyzed by the membrane-bound superfamily of UGTs. To date, 17 UGT enzymes have
been shown to be expressed in humans including 9 functional members from UGT family 1
[73]. UGT1AL1 is one of the most extensively characterized UGT isoforms, and plays an
important physiological role in the clearance of bilirubin in addition to xenobiotics [74,75].
Malfunction of UGT1AL has been associated with CriglerNajjar (CN) syndrome or CN type
Il and Gilbert’s syndrome with a hallmark of “hyperbilirubinemia” [73]. Although
phenobarbital (PB) treatment was shown to dramatically reduce hyperbilirubinemia over 40
years ago [76], the mechanism by which PB increases the bilirubin transferase activity has
only been realized within the last decade. In 2001, Sugatani, et al., [77] reported that PB-
mediated induction of UGT1A1 could be attributed to a 290-bp distal enhancer sequence at
—3 kb of UGT1AL1 promoter, which contains 3 putative NR-binding motifs, and is
responsive to CAR activation. In 2003, Xie and colleagues demonstrated that UGT1Al
expression was up-regulated, at both the mRNA and protein levels, in both transgenic VP-
PXR mice and in RIF-treated, “humanized” PXR transgenic mice [78]. Meanwhile,
independent studies showed that rodent-specific PXR agonist PCN increases UGT
enzymatic activity and expression in wild-type, but not in PXR—/— mice [79]. Subsequently,
Yueh et al., [80] showed that in human hepatoma HepG2 cells the UGT1A1 gene was
significantly induced by prototypical AhR ligands such as 2,3,7,8-tetrachlodibenzo-p-dioxin
(TCDD), p-naphthoflavone, and benzo[a] pyrene metabolites. Intriguingly, the latter-
identified PXR responsive element (GGTTCATAAAGGGTA) and the AhR responsive
element with a core sequence of CACGCA are all located within the same 290-bp CAR
responsive region, implying that the major xenobiotic responsive sequences of UGT1A1
tend to cluster together, which may increase both induction efficacy and xenobiotic
promiscuity.

Adv Drug Deliv Rev. Author manuscript; available in PMC 2011 October 30.
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In addition to UGT1AL, expression of UGT1A9 was also increased upon PXR activation
[79]. Further evidence demonstrated that UGT1A3, 1A4, 1A6 and 1A9, may also be PXR
target genes, although exact DNA responsive elements required for these effects has yet to
be identified [81-83]. Overall, the role of PXR as a mediator in the induction of UGTs
expands the scope of this xenosensor, illustrating its involvement in controlling both drug-
inducible phase | and phase 1l metabolism.

2.2.2. PXR and sulfation—The sulfotransferase (SULT) gene family encodes more than
10 distinct enzymes that catalyze the conjugation of nucleophilic compounds to form sulfate
or sulfamate conjugates via the transfer of a sulfonyl group from a sulfate donor (PAPS) to
hydroxyl or amino groups of acceptor molecules [84]. The bile acid sulfotransferase
(SULT2A1) was the first SULT enzyme being identified as regulatory target of PXR
[85,86]. Treatment with PCN significantly enhanced the expression of Sult2al in both male
and female wild-type mice, while PCN-mediated induction of Sult2al was abolished in PXR
—/— mice [86]. Notably, an IR0 rather than the putative DR3/4, or ER6 PXR-binding
element was identified in the proximal region of Sult2al promoter, displaying the flexibility
of PXR-DNA interaction [86]. Although SULT2A1 and SULT1A1 are established PXR
target genes in mice and rats, it is difficult to directly extrapolate the mechanism regulating
human SULT2A1 and SULT1A1 from animal SULT gene regulation studies. For instance,
dexamethasone (DEX) increased SULT1A1 expression in rat liver, but not in human
primary hepatocyte cultures treated with either DEX or RIF [85,87,88]. Recently, Fang et
al., [89] reported that in contrast to the typical PXR target gene CYP3A4, RIF induction of
SULT2A1 was only observed in 12 of 23 human primary hepatocyte preparations, whereas
RIF-mediated repression of SULT2A1 was noticed in some of the other 11 preparations.
Detailed analysis revealed that hPXR-mediated effect on SULT2A1 transcription is
primarily suppression; and SULT2A1 induction by a higher concentration of RIF (50 pM) is
mediated through a PXR-independent mechanism [89]. These findings further underscore
the significance of species specificity pertaining to the regulation of hepatic SULT2A genes
in both man and animals.

Additionally, other studies in rodent animal models showed that typical ligands of PXR
induced the expression of Sultlel in male, Sult2al/2a2 in female, as well as the cofactor
generator, 3’-phosphoadenosine 5'-phosphosulfate synthase 2(PAPSs2) in both male and
female mice [84]. Nevertheless, it is clear that more insight remains to be gained regarding
the role of PXR in SULT regulation, especially in comparison with the well validated PXR
target genes such as CYP3A4 and UGT1AL.

2.2.3. PXR and glutathione conjugation—A critical phase 11 detoxification pathway is
the catalytic glutathione S-transferases (GSTs)-mediated conjugation of glutathione to the
electrophilic center of various xenobiotics [90]. GSTs are a family of phase 11 DMEs
grouped into the classes Alpha, Mu, Pi, Theta, Omega, and Zeta, based on homology of their
amino acid sequences. GSTs are particularly important in protecting cells from oxidative or
environmental stress, and are also important determinants of cellular resistance to drugs
during chemotherapy [91]. The detoxification capability of many cells for environmental
chemicals is reflected by the abundance of individual GSTs. In many species, members of
GSTs can be induced by exposure to xenobiotics [92,93]. The first linkage between PXR
and GSTs came with the investigation of DEX-mediated induction of rat GSTA2 [94]. In
this study, GSTA2 expression was suppressed at nanomolar concentration of DEX (GR
activation) in cultured hepatocytes, but induced by DEX at micromolar (PXR activation)
concentrations or RU486, which is a GR antagonist and PXR agonist [94]. Further analysis
demonstrates that although no canonical PXR/RXR responsive element was observed in the
promoter of GST2A, a 20-bp region (=700 to —683) containing the antioxidant response
element (ARE) seems to be required for PXR response [94]. Utilizing PXR transgenic
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animal models, Gong et al., [95] systematically analyzed multiple GSTs, and showed that
GSTa, m and p were all under the positive control of PXR in a tissue- and sex-specific
manner.

2.3. PXR in drug transporter regulation

Over the last decade or so, our understanding of the role of PXR in modulating drug
metabolism and disposition has greatly improved. In addition to modulating metabolic
processes, PXR participates in the regulation of drug transporters responsible for both efflux
and uptake of endogenous and exogenous chemicals [19,21]. Comparatively, mechanisms
involving PXR regulation of efflux transporters tend to be more commonly studied, given
that efflux transporters are often postulated as the major blockades for drugs to achieve
therapeutic concentrations by crossing barriers such as the blood-brain barrier into the
central nervous system, or the placenta during pregnancy.

Initially identified from cancer cells as a mechanism of chemo-therapeutic resistance, the
multidrug-resistance (MDRZ1) gene coded P-glycoprotein (P-gp) also plays a pivotal role in
the efflux transport of xenobiotics from various cells in intestine, liver, kidney, and other
biological barriers [96]. A number of drugs such as RIF were shown to significantly induce
the expression of MDR1 [97]. Utilizing human colon cancer LS174 cells as an intestinal
model, RIF induction of MDR1 was demonstrated to be a direct transcriptional activation
through a PXR-dependent manner [98]. A consensus DR4 PXR binding element was
discovered at the distal —8 kb upstream of the transcription initiation site of MDR1 [98].
Given the fact that distal PXR binding sites were also identified in several of its other target
genes such as CYP3A4, CYP2B6, and CYP2Cs, it appears that these distal enhancer
modules are required for PXR-mediated maximal induction of target genes. Multidrug
resistance-associated proteins (MRPSs) are liver-enriched efflux transporter playing
important roles in hepatobiliary clearance of many endo- and exogenous chemicals. Kast et
al., [99] found that expression of Mrp2 was induced by PCN and DEX in primary
hepatocytes prepared from wild-type but not PXR—/— mice. Interestingly, an unusual 26-bp
sequence was identified at the proximal region upstream of rat MRP2 promoter that contains
an ER-8 element binding to both PXR/RXR and CAR/RXR heterodimers; and this element
was capable of conferring PXR and CAR responsiveness on the luciferase reporter construct
containing 1 kb of the MRP2 promoter [99]. Of note, in addition to the putative ER6 and
DR3/4 elements, PXR and CAR can also bind to irregular elements such as IR0 and ER8
(Fig. 2), which further expand the flexibility and promiscuity of these xenobiotic receptors
in target gene recognition.

In addition to up-regulating MDR1 and MRPs, PXR has also been shown to enhance the
expression of organic anion transporters such as sodium taurocholate co-transporting
polypeptide (SLC10A1, NTCP), and organic anion transporting polypeptide 2 (SLC21A86,
OATP2) [100-104]. As such, up-regulation of these proteins through the activation of PXR
provides a critical determinant of the bioavailability and pre-systemic metabolism of drugs
in the intestinal epithelium and the liver.

3. Constitutive androstane/activated receptor (CAR)

In the nuclear receptor superfamily tree, CAR (NR1I13) is the closest relative to the
abovementioned PXR and is expressed primarily in the liver and intestine. Initially named
MBG67 in 1994, this receptor was designated as constitutive activated receptor (CAR),
because it forms a heterodimer with retinoid X receptor (RXR) that binds to retinoic acid
response elements (RARES) and transactivates target genes in the absence of ligand
stimulation [105,106]. In 1998, the first class of CAR ligands including androstanol and
androstenol was identified [107]. Interestingly, these compounds were characterized as
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inverse agonists because instead of activation they repressed the constitutive activity of
CAR in vitro [107]. Accordingly, this receptor is also referred to as constitutive androstane
receptor. Major progress in our understanding of the physiological roles of CAR, however,
came with the observation that activation of CAR was linked to the induction of the CYP2B
gene family by PB and PB-like inducers [108]. This finding has triggered a wealth of
subsequent studies exploring the role of CAR on xenobiotic detoxification and excretion
[109,110]; and the definite role of CAR on CYP2B induction was established eventually by
using CAR knockout mice [111].

During the last decade, mounting evidence suggests that CAR induces a broad spectrum of
hepatic and intestinal genes involving xenobiotic metabolism and transport [110,112].
Notably, CAR and PXR share significant cross-talk in both target gene recognition by
binding to the similar xenobiotic responsive elements in their target gene promoters, and in
accommodating a diverse array of xenobiotic activators [42,54]. Coordinately, CAR and
PXR regulate a largely overlapping set of xenobiotic metabolizing genes. These target genes
include several CYPs (i.e. CYP3A4, CYP2B6, CYP2Cs, and CYP2AG6) [44,56,113,114],
UGTs (i.e. UGT1A1, UGT1A®6, and UGT1A9) [77,78,83], GSTs, and SULTSs; as well as
drug transporters such as MRPs, MDR1, and OATPs [94,115,116]. On the other hand, CAR
displays unique activation mechanisms compared with PXR and other orphan receptors,
involving both direct ligand binding and indirect ligand-independent pathways (Fig. 1)
[117-119]. In addition, CAR may also respond to stress and energy crisis in a way distinct
from PXR [120,121]. As will be discussed further below, our focus is given to the
differential rather than the redundant roles of CAR from PXR in xenobiotic metabolizing
gene regulation and the mechanisms underlying CAR activation.

3.1. CAR in DME regulation

3.1.1. CAR in CYP1A regulation—CYP1Al and CYP1A2 are xenobiotic metabolizing
enzymes involved in the biotransformation of many drugs and xenotoxicants, particularly
the metabolic activation of a number of procarcinogens including halogenated aromatic
hydrocarbons and polycyclic aromatic hydrocarbons. It has been well established that
inducible expression of CYP1A1/1A2 is predominantly governed at the transcriptional level
by AhR [122]. Nevertheless, PB-mediated induction of CYP1al and/or CYP1a2 genes has
been observed in AhR-knockout or aryl hydrocarbon-nonresponsive mice [123,124].
Moreover, expression of CYP1lal mRNA was enhanced by PB but not by the mPXR ligand
PCN in wild-type mice, while the PB response was abrogated in CAR—/— mice [125,126].
Most recently, a CAR binding site located in the shared 5'-flanking region of human
CYP1Al and CYP1AZ2 has been identified and functionally characterized [127]. Notably,
this cis-element ERS, right adjacent to the XRE, is highly conserved in the proximal
promoter region of CYP1A1 among multiple species, suggesting that CAR-mediated
induction of CYP1AL1/1A2 might be evolutionarily conserved. In the case of PXR, although
convincing evidence indicates that CYP1As are not mouse PXR target genes, the role of
hPXR in CYP1A induction seems rather confusing. Using human primary hepatocytes,
Maglich et al., [126] reported that activation of PXR by RIF results in a modest induction of
AhR and a marked induction of CYP1A1 and CYP1AZ2. In contrast, other reports showed
RIF has a negligible effect in CYP1AL1/1A2 induction in the similar cell system [128,129].
To this end, it is not known whether hPXR could regulate CYP1A1/1A2 expression through
the same ER8 element.

3.1.2. CAR in UGTs regulation—UGT1AL1 is the first glucuronidation enzyme that was
delineated as a CAR target gene through recognizing and binding to a distal phenobarbital-
responsive enhancer module of UGT1AL (gtPBREM) [77]. In addition to its capability in
xenobiotic detoxification, UGT1AL plays pivotal roles in the clearance of bilirubin — an

Adv Drug Deliv Rev. Author manuscript; available in PMC 2011 October 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tolson and Wang

Page 9

oxidative end product of heme catabolism that is one of the most toxic natural breakdown
products in the body [73]. Reduction in UGT1AL expression is associated with various
clinical conditions including Gilberts’ syndrome characterized by mild, unconjugated
hyperbilirubinemia in the absence of liver disease. Polymorphism analysis of the UGT1Al
promoter revealed that a SNP of —3263 T>G located within the CAR-responsive gtPBREM
displayed significantly higher frequency in patients with Gilbert’s syndrome (58%) than in
healthy volunteers (17%) [130]. Moreover, this mutation markedly reduced CAR-mediated
transcriptional activation of UGT1A1 in cell-based luciferase assays, indicating that
interplay exists between gene polymorphism and NR-mediated induction of UGT1AL. Soon
thereafter, Qatanai and colleagues showed that activation of CAR increases the major
pathway of bilirubin clearance by inducing the expression of UGT1Al, MRP2, SLC21A6,
GSTAL and GSTAZ2 [131]. Pretreatment with PB or TCPOBOP markedly enhances bilirubin
clearance in wild-type but not CAR—/— mice. Interestingly, it was also reported that
bilirubin itself can act as a CAR activator, which may stimulate a protective feedback when
bilirubin is accumulated in the body [132]. Recently the list of UGTSs as potential CAR
target genes has expanded to encompass UGT1A3, UGT1A5, UGT1A6, UGT1A7,
UGT1A8, UGT1A10, UGT2B1, and UGT2B5 [81,131]. For instance, Merrell et al., [133]
reported recently that the chemopreventive agent oltipraz induces UGT2B1 and UGT1AG6 in
male over female Wistar—Kyoto rats in a CAR-dependent manner. Activation of CAR in
mice induced the expression of Ugtlal, Ugtla9, and Ugt2b36, but repressed Ugt2b3
expression [134]. Although the association between CAR and some of these UGTS requires
further validation, it seems that CAR may serve as a global regulator of glucuronidation in
general.

3.1.3. CAR in SULTSs regulation—The roles of CAR in the transcriptional regulation of
SULTSs expression, though comprehensively discussed, are contradictory at times. Using the
prototypical CAR activator PB as a chemical tool, studies demonstrated that PB treatment
resulted in a 62% decrease of SULT2A1 mRNA in male rats, meanwhile it increased the
expression of SULT2A3 and SULT2A4 in female rats [135]. Moreover, PB treatment led to
a 60% decrease of SULT1A1 but an increase of SULT1B1 by more than 4-fold [135,136].
In a separate report, Alnouti et al., [84] showed that activation of CAR by PB and
TCPOBOP up-regulates Sultlc2, Sultlel, Sult2al/2a2, Sult4al as well as PAPSs2 in female
mice only, wherein endogenous expression of CAR is significantly higher than in male
mice. More convincing evidence regarding the role of CAR in SULTSs regulation came with
several reports using CAR transgenic mice as models, where PB- and TCPOBOP-induced
expression of SULTSs such as SULT2A1, 1C1 and 1E1 in wild-type mice was totally
abolished in CAR-knockout mice [131,137]. Moreover, enhanced expression of SULT2A1,
SULT1A4, and PAPSs2 were also observed in a genetically activated CAR (VP-CAR)
transgenic model, and these CAR related responses seem to be essential in bile acid
detoxification [138]. Taken together, just like the example scenario illustrated with the
UGTs, CAR may govern overall sulfation in a sex and species specific manner, possibly
coordinating thyroid hormone homeostasis as part of xenobiotic detoxification.

3.2. CARin transporter regulation

Many drug transporters have been identified as shared targets of multiple xenaobiotic
receptors. For instance, MDR1, MRP2, and OATP2 can be induced by typical PXR and
CAR activators [98-100,115]; meanwhile MRP3, MRP5, and MRP6 are shared target genes
for PXR, AhR, and Nrf2 [21]. Nevertheless, unlike that of PXR and AhR, conflicting data
have been presented in the literature regarding the contribution of CAR in the transcriptional
regulation of MRP3, one of the major efflux pumps excreting many organic anions back to
the blood from hepatocytes. Using obese and lean Zucker rats, Xiong et al., [139] observed
that PB induction of MRP3 in the liver was closely associated with the endogenous
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expression of CAR in lean vs obese mouse models. Nevertheless, in the same studies, it was
demonstrated that PB induced MRP3 to a similar extent in male and female Wistar Kyoto
(WKY) rats, despite the fact that CAR protein levels were significantly lower in female vs
male WKY rat livers. Soon thereafter, direct evidence regarding CAR involvement in PB-
mediated induction of MRP3 showed that different from typical CAR target genes such as
Cyp2b10, hepatic expression of Mrp3 was equally induced in both wild-type and CAR—/—
mice by PB [140]. Given the fact that approximately 50% of PB regulated genes are actually
CAR-independent [112]; and that CAR and PXR can be activated by many receptor pan-
activators, data obtained from ligand-based target gene identification needs to be properly
interpreted and additional evaluation is almost always required.

3.3. Xenobiotic activation of CAR

Compared with the highly overlapping target genes between CAR and PXR, these two
receptors share much less similarity in their activation mechanisms upon chemical
stimulation. Different from PXR, where activation is dependent exclusively on ligand-
binding, CAR can be activated by either direct ligand binding or ligand-independent
(indirect) pathways. As a matter of fact, the majority of CAR activators identified to date
actually activate this receptor through rather mutedly defined indirect mechanisms [141].
Interestingly, CAR exhibits a unique subcellular distribution and activation pattern between
immortalized cell lines and physiologically relevant primary cells. In primary hepatocytes
and intact liver in vivo, CAR is primarily located in the cytoplasm prior to activation and
translocates to the nucleus in an activator-dependent manner [117,142]. Nevertheless,
consistent with its designated name, CAR is spontaneously accumulated in the nucleus and
constitutively activated in all known immortalized cell lines without xenobiotic stimulation
[143]. A CAR protein complex seems to be required to retain this receptor in the cytoplasm,
and components of this complex identified thus far include heat shock protein 90 (Hsp90),
cytoplasmic CAR retention protein (CCRP), PPP1R16A, and possibly PP2A [144,145]. In
HepG2 cells, over-expression of CCRP retained mCAR in the cytoplasm of transfected
cells; the cytoplasmic retained CAR, however, seems to have lost its nuclear translocation
upon PB-stimulation, indicating that CCRP may not be a xenobiotic responsive component
of the CAR complex [144]. Notably, PB, the prototypical activator of CAR and inducer of
CYP2B in multiple species, does not bind to either mouse or human CAR, but triggers
nuclear accumulation of CAR in hepatocytes under primary culture or in vivo conditions.

Ligand-independent activation of CAR distinguishes it from typical NRs, but also poses
major difficulties for evaluating drug-mediated CAR activation, particularly, in high
throughput manners in vitro. Due to the multi-mechanistic activation of CAR, in vitro
ligand-binding assays offer only limited value in identifying CAR activators. Moreover,
cell-based luciferase reporter assays in immortalized cell lines are not sensitive to chemical
activation. In mouse primary hepatocyte cultures, PB-mediated CAR translocation and
Cyp2b10 expression were efficiently repressed by the pretreatment of okadaic acid (OA),
the prototypical inhibitor of PP2A [117,146]. Further analysis revealed that PB treatment of
mouse hepatocytes led to the recruitment of PP2A to the CAR-Hsp90 cytoplasmic complex,
suggesting a possible mechanism in PB-triggered CAR translocation [147]. To this end,
although the definitive mechanisms behind PB-mediated CAR translocation have yet to be
elucidated, primarily cultured hepatocytes seem to be an attractive in vitro model for the
investigation of CAR localization/translocation and the identification of xenobiotics as CAR
activators. Utilizing human primary hepatocytes infected with adenovirus expressing EYFP-
tagged hCAR (Ad/EYFP-hCAR), Li et al., [142] evaluated CAR nuclear translocation-
triggered by 22 compounds including known CAR activators, non-activators, and selective
activators of other receptors. Results obtained from this study indicate a close correlation
between chemically-mediated CAR translocation and activation in this system, where
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nuclear accumulation of Ad/EYFP-hCAR was clearly increased upon the treatment of
known human CAR activators; whereas no changes were observed after treatment with
selective activators of other receptors such as RIF for PXR, 3MC for AhR, Wy-14643 for
PPARa, or TCPOBOP, as a selective activator, of mouse CAR.

In addition to the unique feature of indirect activation, CAR can be activated also by a
prototypical ligand-dependent mechanism. TCPOBOP is the first potent and selective
MCAR ligand identified through a combination of in vivo and in vitro approaches [118].
Unlike the universal CAR activator PB, TCPOBOP induces the expression of CYP2B in
mice but not in humans [118]. Comparatively, identifying selective hCAR activators has
been proven to be difficult because: 1) known mCAR invert agonists androstanol and
androstenol are not effective repressors of hCAR, 2) hPXR appears to have evolved into a
more promiscuous xenobiotic sensor than its rodent counterparts; and 3) significant overlap
in the pharmacology of hCAR and hPXR exists. For instance, PB activates rodent CAR but
not PXR, but is an activator of both hCAR and hPXR [44]. Recently identified hCAR
deactivators such as clotrimazole (CLZ), and PK11195 are also potent activators of hPXR
[148,149]. In 2003, CITCO was reported as the first selective hCAR activator by directly
binding and activating this receptor. Indeed, preferential induction of CYP2B6 over
CYP3A4 has been observed in CITCO treated human hepatocytes [119,150]. Notably,
PK11195 repressed constitutive activity of hCAR could be efficiently reactivated by CITCO
but not PB in luciferase reporter assay in HepG2 cells (Fig. 3), thus PK11195 may represent
a chemical tool for distinguishing direct vs indirect activators of hCAR [149]. Recently,
several reports have discussed a novel role of AMP-activating protein kinase signaling in
PB- but not CITCO-mediated induction of CYP2BS6, indicating that AMPK may exert
differential effects in direct vs indirect activation of CAR [151,152]. Nevertheless, CITCO
also activates hPXR at slightly higher concentrations with an ECsg of approximately 3 uM
in cell-based reporter assays [119]; as such, more selective hCAR activators and deactivators
are still necessary for delineating the specific function of CAR in humans.

4. Aryl hydrocarbon receptor (AhR)

In addition to PXR and CAR, a ligand-activated transcription factor AhR has been
frequently referred to as another important xenosensor dictating the inductive expression of
many DMEs and transporters. Although AhR was classified into the basic helix—loop—helix
protein of the PER-ARNT-SIM (PAS) family, it shares several important characteristics
comparable to CAR and PXR as xenobiotic receptors [18,141]. In response to chemical
activation, AhR enhances the expression of drug-metabolizing genes such as CYP1A1,
CYP1A2, CYP1B1, UGT1Al, UGT1A3, UGT1A4, UGT1AS6, and BCRP [80,153-158].
The broad spectrum of xenobiotic activators of AhR includes many environmental
halogenated aromatic hydrocarbons and polycyclic aromatic hydrocarbons such as TCDD
and 3-methylcholanthrene, as well as clinically used drugs (e.g. omeprazole) and
endogenous breakdown byproducts (e.g. bilirubin) [159,160].

Unlike CAR and PXR, AhR is primarily expressed in the cytoplasm of nearly all
immortalized cells prior to activation, indicating that essential protein partners holding AhR
in the cytoplasm were well preserved in these cell lines. Interestingly, AhR is translocated to
the nucleus both after ligand binding and exposure to indirect activators in a fashion similar
to that of CAR activation [141,160,161]. For instance, TCDD and 3MC are well-validated
ligands of AhR, while omeprazole activates AhR through the alternative indirect pathway
[161]. In addition to chemical stimulation, cellular localization and activation of AhR seems
also to be sensitive to cell—cell interactions. Disruption of cell-cell contacts resulted in
spontaneous nuclear accumulation and activation of AhR in certain cell lines. For example,
suspension cultures of Hepa-1 cells led to auto activation of AhR and enhanced expression
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of CYP1AL1 to the extent similar to TCDD treatment [162]. Once inside the nucleus, AhR
forms a heterodimer with its partner aryl hydrocarbon receptor nuclear translocator (ARNT)
and binds to a putative xenobiotic response element (XRE) located in the promoter of its
target genes. UGT1A1 has been well established as a DME that is under the control of all
three major xenosensors PXR, CAR and AhR through a core module in the distal promoter
region [77,78,80]. On the other hand, a recent report demonstrated that CAR-mediated
induction of the prototypical AhR target genes CYP1A1/1A2 was actually enhanced in AhR
—/— mice [127]. Another study showed that activation of PXR in human primary
hepatocytes converted omeprazole-sulfide, an antagonist of AhR into omeprazole, a well-
known activator of AhR [163]. Moreover, activation of AhR has been reported to induce the
expression of CAR in primary hepatocytes [164]. As such, in addition to the well-
established cross-talk of CAR and PXR, interplay between AhR and CAR/PXR may also
exist, which contributes further to the coordinated xenobiotic-detoxification system in the
liver.

5. Concluding remarks

Over the past ten years, remarkable advances have been achieved in our understanding of
CAR and PXR-governed inductive expression of drug metabolism and disposition genes. It
is clear now that, as the major xenobiotic receptors, CAR and PXR control a largely
overlapping array of genes coding hepatic DMEs and transporters, thereby affecting the
pharmacokinetics and toxicity of many drugs and environmental chemicals. The impact of
these xenobiotic receptors on the induction-related DDIs has been well documented, as
exemplified by the role of St. John’s wort (SJW) in the bioavailability and toxicity of oral
contraceptives and cyclosporine [51,165]; the effects of CAR and PXR on the
acetaminophen hepatotoxicity [166,167]; as well as the beneficial effects of CAR activation
in the clearance of bilirubin in neonatal jaundice [77,168]. Additionally, PXR also
coordinates the homeostasis of hepatic bile acids by governing their biosynthesis (e.g.
CYP7AL), metabolism (e.g. CYP3As, SULT2As and UGT2Bs), and clearance (e.g. MRP2
and OATP2) via a well controlled feedback mechanism [169,170]. Together, CAR and PXR
orchestrate an adaptive network in combating toxic byproducts derived from both
endogenous and exogenous chemicals.

In spite of all these recent developments, a number of important questions require
heightened awareness in order to fully appreciate the impact of CAR and PXR in human
health. First, significant species differences were observed in CAR and PXR activation
profiles. A large number of xenobiotics may affect the efficacy and toxicity of certain drugs
in animals but not in humans. Secondly, in addition to xenobiotics detoxification, it is likely
that CAR and PXR also play critical roles in energy homeostasis and hormone metabolism
[120,121]. Identification of specific ligands for CAR and PXR may offer innovative
therapeutic choices for metabolic disorders such as diabetes and obesity. Last but not least, it
appears that hPXR has evolved into a more promiscuous xenobiotic sensor in comparison
with its rodent counterparts; meanwhile hCAR, on the other hand, may represent a critical
component of the regulatory network that controls hormone and energy homeostasis [110].
Undoubtedly, with the growing appreciation of CAR and PXR as true xenosensors, further
insights into the endocrinal and evolutionary effects of these receptors are needed in order to
better understand the role of CAR and PXR in both drug disposition and pathophysiology.
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Fig. 1.

Schematic illustration of the activation mechanisms and target genes of CAR and PXR.
CAR can be activated by either direct (ligand binding) or indirect mechanisms, while
activation of PXR is purely ligand dependent. CAR and PXR shared target genes are
grouped in a red box, CAR-specific targets in a blue box, and PXR-specific targets in a
purple box (modified from Qatanani and Moore, Curr. Drug Metab., 2005).
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Fig. 2.

Expanded xenobiotic responsive elements binding to PXR and CAR. In addition to
traditional direct or everted repeats of (A/G)(G/G)GTCA half site spaced by 3, 4 or 6
nucleotides, novel inverted (IR0) and ER8 were identified in the promoter of PXR and CAR
target genes.
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CITCO but not PB reactivates PK11195 deactivated constitutive activity of hCAR in HepG2
cells. HepG2 cells were transfected with CYP2B6-2.2 kb reporter and hCAR expression
vectors, then treated with different combinations of PK11195, CITCO, or PB at indicated
concentrations for 24 h. Luciferase activities were determined and expressed relative to
vehicle control (CT). Data represent the mean + S.D. (n=3) (**, P<0.01 denotes comparison
with DMSO group; #, P<0.05, and ##, P<0.01 denote comparison with 10 pM PK11195
group). (Adopted from Li et al., Mol. Pharmacol. 2008).
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