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Abstract

Introduction—The constitutive androstane receptor (CAR) induces drug-metabolizing enzymes
for xenobiotic metabolism.

Areas covered—This review covers recent advances in elucidating the biological functions of
CAR and its modulation by a growing number of agonists and inhibitors.

Expert opinion—Extrapolation of animal CAR function to that of humans should be carefully
scrutinized, particularly when rodents are used in evaluating the metabolic profile and
carcinogenic properties of clinical drugs and environmental chemicals. Continuous efforts are
needed to discover novel CAR inhibitors, with extensive understanding of their inhibitory
mechanism, species selectivity, and discriminating power against other xenobiotic sensors.
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1. Introduction

Constitutive androstane receptor (CAR), first identified as MB67 [1], now belongs to
subfamily NR1I of the nuclear receptors (NRs) superfamily. CAR is unique in its ability to
be constitutively active in the absence of direct binding ligands, and yet it retains its ability
to be further activated or inhibited by various direct or indirect chemical modulators. The
most frequently expressed isoform of human CAR protein (denoted hCAR1 or SV3)
consists of 9 exons comprising 348 amino acid residues with a molecular weight of ~40
kDa. Similar to other NRs, the function of CAR is determined by its structural domains: the
DNA-binding domain (DBD), dimerization domain, and the ligand-binding domain (LBD).

The CAR-DBD allows its binding to specific regulatory sequences of DNA (composed of
direct repeats [DR] or inverted repeat motifs in the promoter regions of CAR target genes.

Corresponding author: Taosheng Chen, PhD, Department of Chemical Biology and Therapeutics, St. Jude Children’s Research
Hospital, 262 Danny Thomas Place, Mail Stop 1000, Memphis, TN 38105, USA, Phone: (901) 595-5937, Fax: (901) 595-5715;
Iaosheng.Chen@stjude.org.

These authors contributed equally to this work
Declaration of | nterest
The authors declare no conflict of interest.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cherian et al. Page 2

For example, the gene promoter of cytochrome P450 2B6 (CYP2B6) has multiple
xenobiotic-response elements concentrated mainly at two loci. The main binding sites for
CAR are the phenobarbital-responsive enhancer module (PBREM), which is approximately
1.8 kb upstream and harbors two DR4 matifs, and the 400-bp distal xenobiotic responsive
enhancer module (XREM), which contains one DR4 motif (and a few half sites) [2]. CAR
shares these response elements with pregnane X receptor (PXR) [2, 3]; together, CAR and
PXR regulate genes with important metabolic functions. CAR has also been shown in gel
shift assays to bind estrogen responsive motifs [4].

CAR binds DNA as a heterodimeric complex with retinoid X receptors (RXRs) [1, 5], which
in turn is the obligate heterodimeric partner of many of the class 1 nuclear receptors [6].
Among the RXR isoforms, CAR has been verified to interact with RXR alpha [1, 7] but
whether or not it interacts with RXR beta or gamma is hitherto unknown. The dimerization
interface between CAR and RXR is unique and unusually large as revealed by co-
crystallization of the LBDs along with a coactivator peptide [8]. The CAR/RXR heterodimer
has been shown to be permissive or non-permissive depending on the cellular context and
CAR isoform [9, 10].

CAR is characterized by its broad specificity for both endogenous and exogenous ligands
with varying chemical structures, which allows it to be a xenobiotic sensor. The CAR-LBD
is partly responsible for this phenomenon and sanctions binding to a diverse variety of
chemical structures. The LBD consists of ~250 amino acid residues, most of which are
hydrophobic. In the case of CAR, the activation function 2 (AF2) domain is constantly fixed
in an active conformation, and ligand binding further supports the conformational change
causing the dissociation of the complex with corepressors and the formation of a new
complex with coactivators and histone-acetyl transferases [11].

2. CAR agonists and activators

Since its identification in 1994, CAR has been known to be constitutively active in the
absence of any activating ligand [1]. Researchers speculated about the existence of a natural
activating ligand for CAR, and it has since been shown that CAR can be regulated by many
endobiotics, including many steroids (androstanes, estrogens, and progestins), bile acids, and
cholesterol metabolites. Additionally, many xenobiotics, such as clinical drugs, pesticides,
food-derived flavonoids, and alcohol-derived polyphenols, are CAR modulators (reviewed
in [12]). ECsq values for ligand binding to CAR vary from the nanomolar to micromolar
range, suggesting that CAR-mediated ligand recognition can accommodate even low-
affinity binding with a high capacity to induce and transduce cell signaling. CAR activation
can occur through direct binding of ligands, as in the case of 6-(4-
Chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime
(CITCO) [13], or indirectly, as in the cases of phenobarbital (PB) [14] and others (Table 1).
Ligand-dependent activation of CAR by direct binding seems to heavily rely on the nuclear
translocation step, whereby once inside the nucleus, ligand-bound CAR adopts a
conformation similar to that of the constitutively active CAR and maintains transcriptional
activity. Table 1 summarizes a list of chemicals that activate CAR in various species either
directly by binding or indirectly by inducing CAR dephosphorylation (such as in the case of
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PB). Note that published data were not available for some chemicals listed in Table 1 in
their ability to activate PXR along with CAR.

Human and rodent CAR share several common characteristics, such as nuclear translocation
after phenobarbital treatment and PBREM binding. But remarkable species selectivity is
exhibited by CAR in its ligand binding and activation profiles. Moreover, many isoforms of
human CAR (hCAR) have been identified: some are constitutively active, and others are
strictly ligand inducible [15]. Because these CAR isoforms do not exist in rodents, data
generated from rodent models may not reflect human CAR functions accurately,
confounding the direct extrapolation of mouse/rat data to humans. For example, 1,4-Bis[2-
(3,5-dichloropyridyloxy)]benzene (TCPOBOP) activates mouse but not human CAR, and
pharmacological concentrations of androstanol repress mouse but not human CAR [10, 16].
Conversely, CITCO binds and activates human CAR but not mouse CAR (mCAR).
Interestingly, in cell-based assays in which CAR is ectopically expressed, the activation of
human CAR by CITCO is less than 2-fold because of high basal activation; yet, up to 10-
fold activation can be observed with TCPOBOP on exogenous mouse CAR. In primary
hepatocytes, however, both chemicals activate robust CAR-mediated gene expression in
their respective species. Furthermore, chemicals such as CITCO, artemisinin, and diazepam
that exhibit agonistic effects on hCAR by direct binding are also associated with some
activation of human PXR (hPXR), albeit with higher ECsq values [13, 17, 18]. PXR and
CAR regulate overlapping sets of genes, confounding the understanding of the mechanism
of action of these receptors separately, especially in the liver, where both receptors are
expressed and functional.

In addition to being activated by direct binding, CAR transactivation can be mediated by
indirect activators. CAR activation seems to be heavily dependent on CAR phosphorylation
status. Epidermal growth factor (EGF) and growth hormone have long been identified as
suppressors of CYP2B1 mRNA induction by PB [19]. PB-mediated increase in CYP2B1
mRNA in rodent hepatocytes was previously observed and documented [20]. The discovery
of CAR and subsequent identification of CAR binding to a PBREM upstream of the CYP2B
gene led to a better understanding of the mechanism of action underlying this phenomenon
[14]. The pathway of indirect CAR activation by PB involves the EGF receptor (EGFR)
signaling pathway [21]. PB binds to EGFR to inhibit the binding of EGF, thus antagonizing
EGF activation of EGFR which eventually leads to dephosphorylation of CAR at Thr38 [21,
22]. Dephosphorylation activates CAR nuclear translocation and subsequent transcriptional
activity [22]. Recently, the dietary flavonoids chrysin, baicalein, and galangin were also
shown to be indirect activators of hCAR [23] working through the EGFR-EIk1 signaling
pathway.

In addition to small molecules, biologics may modulate xenobiotic receptor activity.
Adnectins™ are a new family of therapeutic protein fragments designed to bind with high
affinity to specific therapeutically relevant targets [24]. Adnectins™ are also being
developed extensively for various protein targets indicated in cancers, lipoprotein
maintenance, and other conditions. For example, the Adnectin™ CT-322 binds and
inactivates vascular endothelial growth factor receptor 2 (VEGFR2) [25] and is being
evaluated in Phase Il clinical trials for efficacy in lung and metastatic colorectal cancer. In
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the first report of a xenobiotic receptor in complex with a biologic, Adnectin-1 was found to
bind to PXR by competing with and effectively displacing steroid receptor coactivator-1
(SRC-1) peptide [26]. In this case, Adnectin-1 was shown to bind PXR, but whether it binds
to CAR is unknown. However, the finding raises the possibility of xenobiotic receptor—
mediated metabolic profile changes occurring with biologic treatment. Because of the
structural similarity and functional overlaps between PXR and CAR, it is likely that both are
capable of mediating biologic-induced alterations of drug metabolism.

3. CAR inhibitors

Because CAR regulates the expression of drug-metabolizing enzymes, there is great impetus
to develop therapeutics that can prevent drug-drug interactions induced by elevated activity
of CAR. Several compounds have been reported to decrease CAR activity (Figure 1), and
some of these can competitively displace an agonist from the ligand-binding site (thus
functioning as antagonists). Constitutive basal activity in the absence of an agonist can be
abrogated by an inverse agonist. The term “inhibitor” is thus applied to any compound that
decreases CAR activity, regardless of the mode of action (antagonism vs. inverse agonism).

Androstanol and the pheromone androstenol were among the first compounds to be
validated as inhibitors of CAR basal activity [16]. This repression was not due to
interference with protein-protein interactions of CAR and RXRa nor to disruption of DNA
binding. Instead, it is believed that the androstanes cause dissociation of the co-activator
from CAR. Although androstanol and androstenol share similar chemical structures, CAR
was not inhibited by molecules with slight modifications, including 5a-androstan-33-ol, 5a
androst-16-en-3p-ol, androstenone, 5a-androst-16-ene-3-one, dehydroepiandrosterone
(DHEA), 5a-cholestan-3a-ol and pregnenolone.

The synthetic steroidal estrogen 17a-ethynyl-3,17 B-estradiol, also known as EE2, was
described as a partial deactivator of hCAR, with 10 uM reducing transcriptional activity by
50-60% in reporter assays of cultured cells [27]. It was shown to promote the interaction
between hCAR and the nuclear receptor co-repressor (NCoR). Conversely, it behaved as an
agonist of mCAR, highlighting that slight sequence differences among orthologs can have
contrasting regulatory effects.

Meclizine is an antiemetic and antihistamine drug of the piperazine class that targets H1
receptors. It was initially reported to be an hCAR inverse agonist based on reporter assays,
with observed disruption of co-activator recruitment at high compound concentrations in a
mammalian two-hybrid system [28]. By using humanized CAR mice, meclizine was shown
to decrease acetaminophen-induced liver toxicity. Interestingly, this compound was reported
to be an mCAR agonist instead. However, other studies did not validate meclizine as being
an hCAR inverse agonist [29, 30].

The antifungal drug clotrimazole was reported to be a deactivator of hCAR but not of
mMCAR, displaying an ECgy of 700 nM in transcriptional reporter assays [31]. This
compound was deemed to interact directly and with high affinity (K; of 100 nM) with the
protein in radioligand binding assays. By using a Foster/fluorescence resonance energy
transfer (FRET) assay, clotrimazole was shown to disrupt the interaction of hCAR and
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SRC-1 with an I1Csq of 100 nM. Nonetheless, these findings are challenged by contradicting
reports that clotrimazole has no effect [32] or actually increases hCAR activity [27, 30, 33].

The peripheral benzodiazepine receptor ligand designated as PK11195 attenuates hCAR
activity in different cell lines, with only a marginal response against mCAR [34]. Ina
mammalian one-hybrid system, the ECsp was approximately 0.8 uM [30]. Mammalian two-
hybrid and GST pull-down assays demonstrated that PK11195 could repress the recruitment
of the co-activators SRC-1 and glucocorticoid receptor-interacting protein 1 (GRIP1)
without altering the interactions of CAR with the co-repressors NCoR and SMRT [34].
Contradictorily, another group reported that PK11195 increases CAR-NCoR interaction in a
dose-dependent manner as a result of direct binding to the receptor as purified CAR is
stabilized against proteolysis degradation to the same extent as several agonists [30].
Interestingly, in the presence of PK11195, hCAR localizes in the nucleus in the liver of
mCAR-null mice [34].

By using virtual screening, the hCAR inverse agonist S07662 was identified as having an
ICgq of 0.7 uM [30]. This compound could enhance NCoR recruitment, and it was suggested
that it can directly bind to the LBD region, as it prevented protease digestion of the protein.
Molecular dynamics simulations reaffirm the notion that this compound stabilizes the
protein, modulating interactions of the receptor with cofactors. It is envisioned that S07662
increases the helical content of helix 12 and reorients it in such a way that prevents the
adoption of the active form.

More recently, the potent LXR and hPXR agonist TO901317 was described as being an
inverse agonist of the human, mouse, and rat orthologs of CAR, with an estimated 1Cs of
2.2 UM [35]. The potent agonist CITCO reverses the inhibitory effect of TO901317
implying a competitive inhibition modality. TO901317 also is an antagonist of CAR splice
variant 2 (CAR3), which does not possess constitutive activity and requires ligand-
dependent activation. TO901317 prevented the interactions of hCAR with SRC-1 and
increased interactions with the co-repressor NCoR.

Coumestrol is a phytoestrogen prevalent in legumes and soy beans [36]. The results of
competition ligand binding assays using radiolabeled agonists show that coumestrol
competes for binding to the CAR LBD with a K value of 54 uM. In cell-based reporter
assays, the phytochemical displayed a profile consistent with a CAR inverse agonist, with an
ICsq of 30 uM. Mechanistic studies are lacking for CAR, but the results of assays involving
PXR mutants suggest that this compound binds to the outer surface of the PXR LBD.
Because of structural similarities between PXR and CAR, it is also conceivable that
coumestrol interacts with CAR LBD in a region other than the binding pocket.

The alkaloid nigramide J from Piper nigrum roots was discovered to be an hCAR inverse
agonist via a mammalian one-hybrid screening of a library of natural compounds [37]. Cell-
based assays displayed maximal activity suppression at a concentration of 5 pM. The
compound had a lesser effect on rat CAR (rCAR), and no inhibition was observed in mCAR.
Nigramide J is thought to occupy the ligand binding pocket because the inhibition can be
reversed by the CAR agonist CITCO. This reversal would result in disengagement of CAR

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2016 July 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cherian et al.

Page 6

from the coactivator SRC-1, as the compound was shown to perturb the binding of SRC-1
but not that of the corepressor NCoR1. Interestingly, the alkaloids nigramide C and
nigramide H, which are structurally similar to nigramide J, failed to attenuate CAR activity.

Several other compounds have been reported to reduce CAR transactivation, but detailed
characterization is lacking, particularly concerning the inhibitory mechanism. In these
reports, the main focus was the inhibition of PXR, and that of CAR was studied only for
comparison purposes. These reported compounds include the quinoline alkaloid
camptothecin [38], the antihyperglycemic agent metformin [39], the natural compound allyl
isothiocyanate [40], and the antifungal ketoconazole [41]. We note that most known
inhibitors of hCAR are also PXR activators, confounding the use of these molecules in
instances of both receptors being present and functional.

4. CAR structure in complex with ligands

CAR displays several structural features shared among NRs [42], including a DBD linked to
an LBD through a flexible hinge. The DBD, located at the N-terminus, binds to distinct
target genes at the hormone response elements facilitated by zinc-finger motifs. CAR LBD
is relatively large and flexible, which allows for the binding of ligands with a wide spectrum
of chemical structures and molecular weights. Additionally, the LBD plays major roles in
the interaction of CAR with co-regulatory proteins and RXR.

Only a few CAR crystal structures have been elucidated, but they provide invaluable
information about the nature of CAR constitutive activity, ligand-mediated activation, and
repression. All of these structures show the ligand to be positioned in the binding pocket
within the LBD (Figure 2). The agonists 53-pregnanedione and CITCO did not form direct
contacts with the AF-2 helix, obstructed by a barrier comprising the residues Phe161,
Asnl165, Phe234, and Tyr326 [43]. In contrast, the high potency of the mCAR agonist
TCPOBOP was attributed to its ability to penetrate this barrier [44].

The three-dimensional structure of mMCAR LBD in complex with androstenol provides
insight into the structural features leading to decreased basal activity [45]. In the active
conformation, helices a10 and a1l appear to be a single continuous helix, which become
two distinct helices separated by a “kink” upon androstenol binding [45]. The formation of
the “kink” is thought to lead to an eventual destabilization of the active conformation by
disrupting AF-2’s interaction with Lys205, which is an important characteristic of the active
state of CAR.

5. Biological significance of CAR

5.1 CAR expression and function

CAR is predominantly expressed in the liver and intestine, but a low level of basal
expression is also detected in the brain, heart, adrenal, testis, prostate, and Kidney tissues [1,
46-49]. Many alternatively spliced variants of CAR have been identified [15, 47, 50, 51],
with varying tissue expression profiles and different ligand specificities [5, 48, 52-55].
Although there is some preliminary data about the expression levels of the variants of CAR
in liver [47, 56], further investigation of organ-specific induction of CAR target genes is
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needed to understand the tissue-specific variation in drug metabolism and drug—drug
interactions. In one study of the splice-variant profile of CAR in the liver, researchers
observed inter-ethnic and inter-individual variations among liver samples of Koreans and
Caucasians [57]. In addition, single-nucleotide polymorphisms in the CAR gene have been
indicated to confer differential functional effects (e.g., changes in bone mineral density or
pharmacokinetics of the anti-HIV drug Efavirenz) [53, 58, 59]. Thus, any variation in CAR
that is due to genetic polymorphisms or alternative splicing has the potential to influence the
expression of CAR target genes and may contribute to the overall inter-individual variability
in drug metabolism and the extent of drug—drug interactions.

CAR mRNA expression itself can be modulated by other nuclear receptors, such as
hepatocyte nuclear factor 4 alpha (HNF4a), glucocorticoid receptor (GR), and possibly
others [60-62]. It has been well documented that glucocorticoids (such as dexamethasone)
increase the amount of CAR mRNA in the liver [62]. CAR is activated by a variety of
xenobiotics and endobiotics (reviewed in [12]). CAR transactivation results in the
expression of genes involved in the metabolism and efflux of these molecules. CAR target
genes are often phase I, 11, and 1l enzymes/transporters regulating the metabolism and
secretion of endogenous and exogenous signaling molecules. These targets include many
members of the cytochrome P450 family (CYPs), sulfotransferases (SULTSs), UDP-
glucoronyltransferases (UGTS), glutathione S-transferase (GST), membrane transporters,
and many more genes that play crucial roles in absorption, distribution, metabolism, and
excretion. CYP2B6 is considered to be a primary target gene of CAR activation. The
response elements in this gene that bind activated CAR are also able to bind PXR, thus
allowing this gene to be regulated by both receptors. Although an important phase | enzyme,
CYP2BS6 is considered to be minor compared to CYP3A4 in its ability to metabolize a broad
spectrum of administered drugs and other xenobiotics. Although CYP3A4 is thought to be
mainly regulated by PXR, activated CAR can enhance CYP3A4 levels [63, 64]. Therefore,
there is a possibility of localized drug metabolism and removal in instances of tissues with
increased expression and/or activation of CAR, even in the absence of PXR signaling.
Extensive studies have revealed that CAR, much like PXR, plays a key role in xenobiotic
and endobiotic metabolism, especially in liver and intestinal tissues, and in maintaining
cellular and systemic homeostasis. Discussed below are a few such instances in which
modulators of CAR could be vital players in sustaining normal physiology.

Hormone homeostasis—Androstanes were the first group of chemicals to be identified
as CAR inverse agonists [16]. Micromolar concentrations of androstanes, which is several-
fold higher than the physiological levels in circulation, are required to repress CAR-
mediated transactivation. A major precursor of androgens and estrogens,
dehydroepiandrosterone (DHEA) is a direct activator of CAR in mice, and its binding to
CAR results in CAR nuclear accumulation and in increased transactivation of a CAR target
gene [65]. Estrogens bind CAR with low binding affinity and promote CAR movement to
the nucleus, similar to other CAR activators [66, 67]. But it is generally accepted that
endogenous levels of estrogen in normal females might be too low to affect CAR. High
concentrations of estrogens, which occur during pregnancy, are sufficient to activate CAR to
induce CYP2B6 expression [68]. Estradiol and progesterone concentrations within this
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elevated physiological range during pregnancy may play a role in glucose tolerance and
insulin resistance working through CAR [69]. Furthermore, CAR represses estrogen
receptor (ER)-mediated transcriptional activation in cell-based transfection assays, and this
action is proposed to occur by competition of CAR with ER for the existing coregulator
pool, thus limiting availability for ER transactivation [70].

Androgens, estradiol, and their metabolites undergo sulfation by SULTs and glucuronidation
by UGTs as part of their metabolic breakdown and excretion, and many of these Phase 11
enzymes are target genes of CAR [71, 72]. Thyroid hormone (TH) levels can also be
regulated by xenobiotics working through CAR [73, 74], with CAR influencing TH activity
by directly regulating synthesis of the hormone [74]. In this way, steroid hormone
metabolism and clearance is tightly linked to the expression and activation status of CAR,
amongst other receptors. These observations were made mostly in rodent models, and
careful recapitulation in human tissue is needed. Nevertheless, cross-talk of CAR with other
NRs could be a reason for the clinically observed alterations of physiological function and
endocrine disruptions caused by xenobiotics.

Energy and heme homeostasis—Some clinical observations, especially those about
PB treatments, were verified in the latter part of the 20t century to involve CAR signaling.
Researchers have known for a long time that chronic PB treatment reduces plasma glucose
levels in diabetic patients and decreases elevated bilirubin levels in patients with jaundice.
Activation of CAR by PB causes a repression of hepatic gluconeogenic enzymes, such as
phosphoenoylpyruvate carboxykinase 1 (PEPCK1) and glucose-6-phosphatase (G6Pase),
and oxidative enzymes, such as carnitine palmitoyltransferase 1 (CPT1) and enoyl-CoA
isomerase (ECI), suggesting a critical role for CAR in regulating hepatic energy metabolism
in response to drug exposures [75, 76]. Important species differences in controlling hepatic
energy metabolism could exist between hCAR and mCAR. For example, hCAR activation
selectively inhibits gluconeogenesis without suppressing fatty acid synthesis, but mCAR
activation results in downregulation of genes associated with gluconeogenesis (G6Pase and
PEPCKJY), fatty acid synthesis (Fas and Acc-a), and lipogenesis (Srebp-1c and Scd-1) [77].
CAR ligands can also induce Insig-1, an anti-lipogenic protein that controls triglyceride and
cholesterol biosynthesis, which could explain the clinically reported alterations in lipid
levels after certain drug therapies [78]. CAR activator TCPOBOP improved insulin
sensitivity and glucose uptake and metabolism, inhibited lipogenesis and gluconeogenesis,
and reduced adipose deposition induced by high fat diet in mice [79-82]. This suggests that
CAR might have a role to play in preventing obesity and alleviating type 2 diabetes.

Bilirubin clearance is an important step in heme catabolism and reabsorption, misregulation
of which could result in chronic accumulation associated with jaundice. CAR can regulate
bilirubin breakdown and subsequent heme reabsorption by inducing UGTs and membrane
transporters that promote bilirubin excretion [71, 83-85]. Liver-generated bile acids are
required for micelle formation that promotes digestion and absorption of dietary fat. Bile
secretion is also an important pathway for the elimination of large, hydrophobic endobiotic
and xenobiotic metabolites, including many high-molecular weight conjugates. CAR
activation has been consistently shown to reduce serum bile acid and bilirubin
concentrations, with an elevation of the expression of the hepatic genes involved in their
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metabolism and excretion (CYPs, MRPs, UGT1A, GST, and SULTs [86-88]. Preliminary
data from mice also indicate that CAR may be involved in the regulation of enzymes that
produce bile acids [89]. These studies and others have thus broadened our understanding of
CAR from being just a xenosensor to being a master regulator involved in several important
physiological processes.

5.2 CAR regulation of cell growth and tumor resistance

In addition to being involved in maintenance of normal physiological processes, CAR
regulation is also implicated in cell growth and tumor maintenance in a strictly species-
specific manner. Phenobarbital is an anticonvulsant that has been successfully administered
as anti-seizure medication globally since the early 1900s. Chronic phenobarbital exposure in
rats has been historically linked to tumor formation in the liver [90, 91], and the discovery of
CAR shed new light on possible mechanisms. In various strains of mice and rats, liver
hyperplasia and tumors could be maintained with PB [92-96] or treatment with other
CYP2B inducers [97-106] after exposure to liver tumor initiators such as diethylnitrosamine
(DEN) or N-2-fluorenylacetamide (FAA). Subsequently, CAR knockout mice were noted to
lack liver tumor formation after treatment with the tumor initiator DEN followed by PB,
whereas tumors developed in normal mice [107]. Extrapolating from these compelling
rodent studies, researchers pondered the possibility of CAR activators and CYP2B inducers
(which includes a long list of clinical drugs and environmental agents) being tumor initiators
or tumor promoters in humans. But results of multiple epidemiological studies in human
patient cohorts treated with phenobarbital have demonstrated a lack of correlation between
PB and an increased incidence of liver tumors in humans [108-110]. So, although
tumorigenic events such as altered epigenetic changes, induction of hepatic P450 enzymes,
liver hypertrophy, and decreased apoptosis were visible in PB-treated rodents (mice and
rats), these changes are not observed in human hepatocytes or in patients treated with PB.

To address this species-specific variability in CAR activation and function, researchers have
used chimeric mice with livers composed of human hepatocytes or humanized hCAR mice
(with or without hPXR). In the chimeric mouse liver with human hepatocytes, a slight
increase in liver weight was observed after PB treatment, which could be attributed to the
small increase in cell volume (hypertrophy), but no hyperplasia was detected [111].
Furthermore, replicative DNA synthesis was not altered by PB treatment in the chimeric
model, supporting the observation that rodent CYP2B inducers are not necessarily mitogenic
agents in human hepatocytes. A change in methylation pattern of key genes in tumor
development processes (angiogenesis, apoptosis, migration/invasion/metastasis) has been
observed when comparing PB-treated normal mice (wild-type CAR) to CAR-knockout mice
[112]. Studies have also been conducted in transgenic humanized knockout models (mice in
which mCAR was replaced with hCAR), with interesting results. Although some researchers
have reported that PB can produce proliferative transcriptional responses [113] and promote
some tumor production [114] in hCAR/hPXR double-humanized mice, others have
demonstrated liver hypertrophy without hyperplasia [115] and conclude that humanized
mouse models are relatively resistant to tumorigenesis [92, 110, 114, 116, 117]. However,
the hCAR/hPXR transgenic mouse, in which human-origin CAR and PXR are used with
mouse-origin CAR target genes, may not be an appropriate model for extrapolating risk
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from rodent findings to humans. For example, PB and other CYP2B inducers can be non-
genotoxic carcinogens and tumor promoters in mice and rats but appear to have a low
likelihood of producing liver tumors in humans.

The reduced interspecies homology of CAR-LBDs contributes to the species-specific
variability in CAR activation by small molecules (reviewed in [118]). It might be prudent to
keep in mind that key species differences in the signaling of CAR target genes are likely to
contribute to differences in the potency of hepatocellular proliferation and expression of
drug-metabolizing enzymes. Although it is agreed upon that the presence of CAR activators
can cause CAR-mediated activation of xenobiotic metabolizing enzymes and liver
hypertrophy in human hepatocytes, these activators do not induce liver hyperplasia or
hepatocellular carcinomas in humans [110, 116, 117]. Thus, particular considerations need
to be made when evaluating human cancer risk and carcinogenic potential of chemicals in
animal models [119].

CAR function in cell growth and tumorigenesis has also been evaluated in human primary
hepatocytes and various human cancers. A divided opinion exists among researchers about
the utility of CAR activators and CAR deactivators in their function as antineoplastic agents.
Some reports point to CAR activation as a step in increasing chemotherapeutic efficacy. The
chemotherapeutic cyclophosphamide (CPA) is widely used to treat many types of cancers.
As a prodrug, CPA is converted in the body to its active form mainly by CYP2B6. Because
CYP2B6 is a major target of CAR, in hepatocyte co-cultures with a leukemia cell line, CAR
activation (with agonist CITCO) can enhance CPA-based antitumor activity and apoptosis
[120] by increasing the availability of the active form. Recently, the common
chemotherapeutic paclitaxel was used to determine that CAR agonists modestly increase
paclitaxel-induced tumor depletion in 5 human lung cancer cell lines [121]. Interestingly,
paclitaxel is a PXR agonist and a known inducer of CYP3A4 [122] and membrane
transporters [123], which in turn could affect the breakdown and elimination of
chemotherapeutics. Human CAR agonist CITCO inhibited the growth and expansion of
brain tumor stem cells in isolated human gliospheres and in xenograft mouse studies by
inducing cell-cycle arrest and apoptosis [124].

Consistent with the anticipated role of CAR in promoting drug breakdown and elimination,
other reports point to CAR inhibition as an approach to increase chemotherapeutic efficacy.
In four ovarian cell lines expressing CAR, treatment with CAR activator CITCO and
anticancer agents caused an enhanced upregulation of MDR1 and UGT1A1 and induced
significantly lower levels of apoptosis than did any single anticancer drug [125]. These
observations were reversed when CAR was downregulated by RNA interference, indicating
the possibility of increasing the efficacy of anticancer agents by downregulating CAR.
Downregulation of CAR function can also be achieved by small molecules, underscoring the
need for new CAR inhibitors that do not induce metabolic enzymes or membrane
transporters through other mechanisms (for instance, by activating PXR). The divided
opinion among researchers on the utility of CAR activators and CAR deactivators as
antineoplastic agents, each supported by reasonable experimental data obtained from
different experimental models by using therapeutic agents with different modes of action,
indicates the need for further investigation of CAR regulation. There are many CAR
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isoforms. CAR isoform expression may vary between cancer types thus bringing up the
possibility of isoform-specific regulation of cancer cells, which in turn enables them to
respond to CAR activators or inhibitors differently. The feasibility of modulating the
function of CAR by using small molecules with a specific mechanism of action will greatly
facilitate such investigations.

6. Conclusion

CAR is known as a master xenobiotic sensor. Although we do not yet fully understand the
significance of CAR other than its ADME and energy homeostatic functions, evidence
suggests that CAR can regulate other important functions in the organism. In one study,
neonatal activation of CAR in mice resulted in an epigenetic memory change, leading to
permanent upregulation of certain liver drug—metabolic enzymes in the adult [126]. In other
studies, CAR activation in the rodent liver increased cell proliferation and inhibited
apoptosis, resulting in an increased incidence of hepatocellular carcinomas and liver injury
from chronic exposure to CAR activators. In addition, CAR levels were markedly enhanced
during the differentiation of hepatic-like cells derived from human embryonic stem cells,
suggesting that CAR has a key functional role in directing human hepatogenesis [127].

Small-molecule modulators of CAR, including activators and inhibitors, exist. The reported
CAR inhibitors encompass a wide range of chemical scaffolds, attesting to the promiscuous
nature of CAR. This feature would provide ample opportunities for further modifications to
improve potency and selectivity and reduce toxicity. The fact that several of these
compounds are of natural sources, including some that are part of a routine diet, underscores
the possibility of obtaining inhibitors with reduced side effects.

Although only a few structures exist of CAR LBD in complex with ligands, they cover some
of the most important aspects of ligand-induced modulation of CAR activity, including
agonism, superagonism, and inverse agonism. The structures also provide the basis for
understanding the constitutive activation of CAR.

7. Expert opinion

The mouse CAR activator TCPOBOP has been shown to significantly suppress adipose
deposition and weight gain induced by high fat diet in mice, and CAR activation was
associated with improved serum lipid profile and insulin sensitivity [79-81]. In human
studies, the anti-epileptic drug phenytoin, which is also a known indirect activator of CAR,
has been shown to increase levels of high-density cholesterol [128, 129] suggesting a
protective role of CAR activation in cardiovascular ailments [130]. Although CAR
activators can cause CAR-mediated induction of xenobiotic metabolizing enzymes and liver
hypertrophy in human hepatocytes, stronger evidence is required to determine the
involvement of CAR activation in inducing hepatocellular carcinomas in humans [110, 116,
117]. Extrapolation of rodent CAR function to humans has to be done cautiously
considering the species differences exhibited by CAR. Rodent models of xenobiotic
receptors are used for evaluating the metabolic profile and carcinogenic properties of many
clinical drugs and environmental chemicals, and special considerations need to be in place
when evaluating human cancer risk and carcinogenic potential of chemicals in animal
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models. In addition, since activators of CAR promote carcinogenesis in rodent models in a
CAR-dependent manner, when using such rodent tumor models that depend on activator of
CAR to promote tumorigenesis to evaluate the anti-cancer properties of compounds, it is
critical to first evaluate the effect of these compounds on CAR function in order to fully and
appropriately interpret data obtained from such studies; a compound that modulates CAR
function will behave differently from a compound that doesn’t, in such rodent tumor models.
Some recent studies have hinted at the possibility of CAR inhibition as a therapeutic target
for averting chemoresistance, possibly by reducing membrane transporters that are involved
in the active efflux of chemotherapeutics; or CAR activation as a therapeutic target that
induces CYP2B6, which increases the conversion of a prodrug CPA to its active form thus
enhancing CPA-based antitumor activity and apoptosis [120, 125]. This possibility
emphasizes the need for better understanding of CAR as a therapeutic target and for
developing new small-molecule modulators (either activators or inhibitors, depending on the
specific therapeutic need as discussed above) which are specific to CAR and able to
modulate specific functions of CAR. One such small molecule capable of inhibiting CAR
without activating PXR, named CINPAL, was recently identified and shown to reduce the
co-activator recruitment and DNA binding properties of CAR [131] (Figure 1), supporting
the feasibility of developing specific small molecule CAR modulators to meet a specific
therapeutic need as required.

The ever-growing number of CAR inhibitors should be extensively assessed, particularly
because target genes and various ligands of CAR are shared with PXR, another master
xenobiotic sensor. Comparative analyses of CAR and PXR inhibitors that are performed by
using purified proteins, careful selection of cell-based assay parameters, and structural/
computational studies would be considerably beneficial.

CAR and PXR were discovered and initially defined as master xenobiatic receptors; they
were since revealed to affect many other physiologic and pathologic processes. They not
only are regulated, but also regulate other cellular signaling pathways. Therefore, to
comprehensively understand the regulation and function of CAR, a systematic approach to
investigate CAR by placing CAR in the context of all relevant signaling pathways is needed.
Because of the increasing complexity of CAR regulation and function, novel small
molecules with specific properties are needed to modulate the specific function of CAR
under specific physiologic or pathologic context. Therefore, instead of passively evaluating
whether existing compounds affect the function of CAR, it is critical to actively develop
small molecules that specifically modulate CAR, guided by the newly discovered function
of CAR. In the coming years, the comprehensive function of CAR will be revealed, assisted
by large-scale genomic and proteomic studies, which will trigger the development of
specific CAR modulators to further chemically validate the comprehensive function of
CAR, some of which might become useful therapeutic leads. Continued study of CAR
biology and that of other xenobiotic receptors, by taking a multidisciplinary and systematic
approach, will be highly beneficial in better understanding their roles in drug metabolism
and development of human diseases.
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Figure 1.
CAR inhibitors as reported for human (H), mouse (M) and rat (R) CAR.
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Figure 2.
Crystal structures of the CAR LBD (cartoon representation) in complex with a ligand (stick

representation) A) hCAR with CITCO (pdb 1XVP); B) mCAR with androstenol (pdb
1XNX); C) hCAR with 53-pregnanedione (pdb 1XV9); D) mCAR with TCPOBOP (pdb
1XLS). Oxygen, nitrogen, and chlorine atoms are depicted in red, blue, and dark green,
respectively. The residues Phel61, Asn165, Phe234, and Tyr326 (Figure 2A, carbon atoms
in orange) form the barrier that obstructs ligand access to the AF-2 helix and helix-x
residues Leu336, Met340, Leu343 and Cys347 (carbon atoms in purple). All structures are
depicted in the same orientation for comparison.
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