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PREFACE

I am happy to present you with this special-topic book Nuclear Receptors in Drug
Metabolism.

It has been widely appreciated that drug-induced changes in the expression and/or
activity of drug-metabolizing enzymes and transporters can affect the absorption and
elimination of drugs, thereby altering the therapeutic or toxicological responses to
a drug. The molecular mechanisms by which drugs regulate the expression of drug-
metabolizing enzymes and transporters have been elusive despite the cloning in 1991
of aryl hydrocarbon receptor (AhR), the first “xenobiotic receptor” and a PAS domain
transcriptional factor.

A major breakthrough was achieved in 1998 when two groups, led by Steven
Kliewer (then at Glaxo Wellcome) and Ronald Evans (at the Salk Institute), first
reported the cloning and characterization of the xenobiotic nuclear receptor pregnane
X receptor (PXR). The xenobiotic receptor identity for the constitutive androstane
receptor (CAR), a receptor cloned by David Moore’s lab, was subsequently revealed.
This effort was spearheaded by the laboratories of Masahiko Negishi at the National
Institute of Environmental Health Sciences and David Moore at the Baylor College of
Medicine. Since 1998, combinations of molecular biology, mouse genetics, structural
biology, and drug metabolism studies have led to the conclusion that PXR and CAR
can function as master regulators of the xenobiotic responses by regulating phase I
and phase II enzymes as well as drug transporters. It has also become evident that
the nuclear receptor mediated xenobiotic regulation represents a complex regulatory
network. The complexity is manifested by the observations that multiple receptors
are involved in the regulation; each receptor is capable of regulating multiple xeno-
biotic targets; there is extensive cross talk between receptors; and receptors exhibit
a distinctive, yet overlapping, spectrum of ligands. Finally, the receptor-mediated

xiii



xiv PREFACE

regulation of enzymes and transporters only impacts drug metabolism, but can also
influence many pathophysiological conditions by affecting the homeostasis of en-
dogenous substances. This book is intended to offer a comprehensive review of
the historical discoveries and current development of nuclear hormone receptors as
transcriptional regulators of drug-metabolizing enzymes and transporters. The impli-
cations of this regulation in drug metabolism, drug development, clinical drug use,
therapeutic potentials, and pharmacogenetics are particularly emphasized.

I want to thank all the contributing authors, who are experts in the forefront of this
emerging and exciting field of research. Special thanks is extended to Mr Jonathan
T. Rose, Editor at John Wiley & Sons, Inc., who has been inspirational in proposing
the book topic and extremely helpful in all stages of the development of this book.

Wen Xie, MD, PhD
Associate Professor

Center for Pharmacogenetics
University of Pittsburgh
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DRUG METABOLISM: SIGNIFICANCE
AND CHALLENGES

CHANDRA PRAKASH AND ALFIN D. N. VAz

Department of Pharmacokinetics, Dynamics and Metabolism, Pfizer Global Research and
Development, Pfizer Inc., Groton, CT, USA

1.1 INTRODUCTION

Searching for new drugs is a very time-consuming and expensive endeavor, taking
approximately 1012 years and on the order of $900 million to bring a new drug to
market [1, 2]. It has been estimated that for every 5000 new chemical entities (NCEs)
evaluated in a discovery program, only 1 is approved for market [3]. Even after a drug
is marketed, there is the possibility of some undesired side effects, which were not seen
in earlier clinical trials. In these cases, the drug is either withdrawn from the market
or acquires a warning label (black box). Therefore, efforts are being made to reduce
attrition of drug candidates during the various stages of their development to bring
safer compounds to market. The major reasons for the failure of the NCEs are lack
of in vivo efficacy, serious undesired side effects, and unfavorable drug metabolism
and pharmacokinetics (DMPK). Therefore, in addition to potency and selectivity,
drug candidates are selected on the basis of DMPK properties, such as desired
clearance, oral bioavailability, low potential of drug—drug interactions, and acceptable
metabolism/toxicology profiles in preclinical species [4, 5]. In support of this need,
and as a consequence of increased knowledge within the drug metabolism discipline,
new approaches have been developed that include extensive in vitro methods using
human and animal hepatic cellular and subcellular systems, recombinant human drug-
metabolizing enzymes, transgenic animals and cell lines stably expressing human
transporters, increased automation for higher throughput screens, sensitive analytical
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FIGURE 1.1 Reasons for attrition of NCEs in drug development: (@) 1990 and (b) 2000.
(Modified from Ref. 6)

technologies, and in silico computational models to assess drug metabolism aspects
of the NCEs. Recent data suggest that these approaches have reduced the attrition due
to DMPK issues from 40% of total attrition in 1990 to 10% in 2000 (Figure 1.1) [6].
The predictive power of in vitro studies using animal and human hepatocellular and
subcellular fractions and/or recombinant enzymes [7-9], in silico models [10—12],
and in vivo studies using a range of experimental animal models [13, 14] has advanced
considerably due to an ever increasing understanding of the relationships between in
vitro and in vivo drug metabolism and disposition. These in vitro studies include

1. absorption/transport studies in Caco-2 cells or cell lines over expressing various
transporters;

2. metabolic stability and metabolite formation in liver microsomes, S-9,
hepatocytes or recombinant cytochrome P450 enzymes;

3. cytochrome P450 inhibition and induction;
4. plasma protein binding;
5. reactive metabolite (glutathione adduct formation).

The in vivo studies include

1. pharmacokinetic studies in laboratory animals via various routes of adminis-
tration (oral, intravenous, subcutaneous, etc.);

2. tissue distribution (e.g., brain penetration);

3. metabolite identification and clearance pathways in animals and humans using
radiotracers;

4. PK/PD relationship;
5. specific studies using genetically engineered mouse models.
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Among ADME (absorption, distribution, metabolism, and excretion) properties,
metabolism of an NCE by the host system can be one of the most important de-
terminants of its pharmacokinetic disposition. It is the biochemical process by which
compounds are converted to more hydrophilic (water-soluble) entities, which not
only enhance their elimination from the body but also lead to compounds that are
generally pharmacologically inactive and relatively nontoxic. However, metabolic
transformation of an NCE at times can lead to the formation of metabolites with
pharmacological activity [15] and/or toxicity [16—18]. Additionally, metabolism can
be the main cause of poor bioavailability and drug—drug interactions via inhibi-
tion or induction of drug-metabolizing enzymes [19, 20]. Therefore, determination
of metabolic rate and biotransformation pathways of an NCE, in animals and hu-
mans, and evaluation of pharmacological and toxicological consequences of its
metabolites are very critical to pharmaceutical development [21]. At the lead op-
timization stage, information on the metabolic fate of the NCEs can direct medic-
inal chemists to synthesize metabolically more stable analogs by blocking sites of
metabolism, and potentially creating NCEs with superior pharmacology and safety
profiles. Knowledge of the major human metabolites of an NCE early in its de-
velopment is useful to enable the judicious selection of animal species used for
safety evaluation, to ensure that the selected animal species are exposed to all major
metabolites formed in humans [22, 23]. Subsequently, major circulatory metabo-
lites in humans can be synthesized for the evaluation of their pharmacological
activity.

The metabolism of drugs has traditionally been classified into two reaction classes,
phase I and phase II. Phase I reactions include hydroxylation, dealkylation, deam-
ination, N- or S-oxidation, reduction, and hydrolysis. These reactions introduce or
unmask a functional group (e.g., —OH, -COOH, —NH,, or —SH) within a molecule to
enhance its hydrophilicity. Phase II or conjugation biotransformations include glu-
curonidation, sulfation, methylation, acetylation, and amino acid (glycine, glutamic
acid, and taurine) and glutathione (GSH) conjugation. The cofactors of these reac-
tions react with functional groups that are either present on the NCE or are introduced
during phase I biotransformation. Most phase II biotransformation reactions result
in a large increase in drug hydrophilicity, thus greatly promoting the excretion of
foreign chemicals via urine and/or bile, and, with few exceptions, are generally phar-
macologically inactive. While phase I and phase II reactions are thought of as acting
sequentially in the biotransformation of drugs, NCEs, and xenobiotics, these reac-
tions occur independently, and often phase Il enzymes become the primary metabolic
route.

1.2 PHASE I DRUG-METABOLIZING ENZYMES

The phase I reactions are mediated primarily by liver enzymes such as cytochrome
P450 (CYP450), FAD-containing mono-oxygenase (FMO), monoamine oxidase
(MAO), molybdenum hydroxylase (aldehyde oxidase/xanthine oxidase; AO/XO),
aldo-ketoreductase (AKR), epoxide hydrolase (EH), and esterase.
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1.2.1 Cytochrome P450

CYP450 is a superfamily of hemoproteins, responsible for the oxidative metabolism
as well as metabolic activation of the vast majority of xenobiotics (drugs, dietary com-
ponents, and pollutants) and endogenous substrates (e.g., steroids, cholesterol, and
bile acids). The CYP450 system possesses three known types of activities. CYP450
enzymes, acting as mono-oxygenases, activate molecular oxygen with electrons from
NADPH via NADPH-CYP450 reductase, and insert one atom of molecular oxygen
into the substrate while reducing the other atom of oxygen to water (equation 1.1).
As a result, the xenobiotics can undergo hydroxylations, epoxidations, N-, S-, or
O-dealkylations, deaminations, N- or S-oxidations, and oxidative dehalogenations:

RH + O, + NADPH + H" — ROH + H,0 + NAD(P)* (1.1)

The second activity commonly referred to as the oxidase activity of CYP450 involves
electron transfer from reduced CYP450 to molecular oxygen with the formation of
superoxide anion radical and H,O, (equations 1.2a and 1.2b):

NADPH + 0, — O; + NAD(P)* (1.2a)

2NADPH + 2H' + 0, — H,0, + NAD(P)* (1.2b)

The third activity of P450 system, known as reductase activity, involves direct electron
transfer to reducible substrates such as quinones and proceeds readily under anaerobic
conditions.

CYP450 superfamily members are grouped into subfamilies on the basis of amino
acid sequence homology. The drug-metabolizing CYP450 enzymes are confined to
subfamilies 1, 2, 3, and 4. These subfamilies are further divided into isoforms. There
are approximately 57 human CYP450 isoforms exhibiting major differences with
respect to their catalytic specificity and patterns of tissue expression [24, 25]. Only
a small group of these isoforms is involved in xenobiotic transformations. In the
human liver, there are at least 18 distinct CYP450 isozymes while only 10 iso-
forms from families 1, 2, and 3 (CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9,

FIGURE 1.2 Human cytochrome P450 genes in the drug-metabolizing CYP1, CYP2, and
CYP3 families (Modified from Ref. 24).
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CYP2C19, CYP2D6, CYP2EL, CYP2F1, and CYP3A4) are responsible for the hep-
atic metabolism of most of the marketed drugs (Figure 1.2) [24].

CYP1A subfamily. CYP1A subfamily consists of two members CYP1A1 and
1A2. CYP1AL1 is present predominantly in extrahepatic tissue such as lung,
small intestine, placenta and kidney, and at a very low level in the liver. On
the other hand, CYP1A2 is mainly confined to the liver and expressed at a
very low level in extrahepatic tissue. Both CYP1Al and 1A2 play an im-
portant role in the metabolic activation of polycyclic aromatic hydrocarbons
(PAHs), aromatic amines, and heterocyclic amines [26]. Despite the high sim-
ilarity in their primary structures, CYP1A1 and 1A2 have different substrate
specificities. For example, dibenzo[a]pyrene, a potent carcinogen, is oxidized
almost exclusively by CYP1A1 in humans to highly mutagenic diol-epoxides
[27] while acetanilide is metabolized primarily by CYP1A2. In human liver,
CYP1A2 accounts for ~15% of the total CYP content and is involved in the
metabolism of ~4% of marketed drug including acetaminophen, phenacetin,
tacrine, ropinirole, riluzole, theophylline, and caffeine [25, 28].

CYP1B subfamily. CYP1B1 is expressed at a low level in heart, brain, placenta,
lung, liver, and kidney [29], but it is present at much higher levels in tumor
cells compared with the surrounding normal tissue [30]. CYP1BI1 catalyzes
2- and 4-hydroxylation of 17B-estradiol [31]. It also participates in the
metabolic activation of a number of procarcinogens, including PAHs, PAH-
dihydrodiols, and aromatic amines [32, 33]. CYP1B1 is also involved in the
metabolism of some clinically relevant anticancer agents used in the treatment
of hormone-mediated cancer.

CYP2A subfamily. CYP2A subfamily includes CYP2A6, 2A7, and 2A13 in hu-
mans (Figure 1.2). CYP2AG6 is expressed in the liver and accounts for ~4%
of total hepatic CYP450, whereas 2A7 and 2A13 appear to be expressed at
even lower levels. CYP2AG6 is the principal and perhaps the sole catalyst for
human liver microsomal coumarin 7-hydroxylation. CYP2A6 is involved in the
oxidation of only 3% of drugs such as nicotine, cyclophosphamide, ifosfamide,
and fadrozole [25, 34, 35]. In addition, CYP2A6 also plays an important role
in the activation of several procarcinogens and promutagens especially the ni-
trosamines [36]. CYP2A6 might also be involved in the metabolic activation of
3-methylindole in human pulmonary microsomes [37]. CYP2A13 is predom-
inantly expressed in the human respiratory tract and significantly involved in
the activation of aflatoxin B [38].

CYP2B subfamily. CYP2B subfamily includes CYP2B6 and 2B7 isoforms.
CYP2B6 is expressed in the liver and in some extrahepatic tissues, whereas
CYP2B7 mRNA expression was detected in lung tissue. CYP2B6 accounts for
~1% of total hepatic CYP content. CYP2B6 is involved in the metabolism
of only 4% of the marketed drugs, such as the anticancer drugs cyclophos-
phamide and tamoxifen [39], the anesthetics ketamine and propofol [40],
and procarcinogens, such as the environmental contaminants aflatoxin B1 and
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dibenzanthracene [41]. Significant interindividual differences from 25- to 250-
fold have been reported in hepatic CYP2B6 expression [42]. Recent studies have
reported that females express significantly higher amounts of CYP2B6 than
males [43].

CYP2C subfamily. To date, four members of the human CYP2C subfamily
(CYP2CS, 2C9, 2C18, and 2C19) have been identified and all together ac-
count for ~25% of the total CYP in human liver [25]. CYP2CS8 and 2C9 are
the major isoforms, accounting for 35% and 60%, respectively, of total human
CYP2C, whereas CYP2C18 (4%) and CYP2C19 (1%) are the minor expressed
CYP2C isoforms [44]. In addition to liver, CYP2C9 mRNA is also detected
in the kidney, testes, adrenal gland, prostate, ovary, and duodenum, and 2C19
is detected in duodenum. CYP2C subfamily is involved in the metabolism
of ~25% of drugs on the market. CYP2CS is involved in the metabolism
of retinol and retinoic acid, arachidonic acid, benzo[a]pyrene, and anticancer
drug paclitaxel. CYP2C9 plays a critical role in the metabolism of a number
of clinically significant drugs, including tolbutamide, phenytoin, S-warfarin,
ibuprofen, diclofenac, piroxicam, tenoxicam, mefenamic acid, losartan, glip-
izide, and torasemide. CYP2C19 metabolizes (S)-mephenytoin, omeprazole,
imipramine diazepam, some barbiturates, and proguanil.

CYP2D subfamily. In humans, only one isoform, CYP2D6, is expressed in vari-
ous tissues including the liver, kidney, placenta, brain, breast, lungs, and small
intestine. It is expressed at a low level in human liver, accounting for only
~3% of total CYP protein. In the small intestine, CYP2D6 is expressed in
the duodenum and jejunum and not in the ileum and colon. CYP2D6 is re-
sponsible for the metabolism of numerous therapeutically used drugs [25, 45].
Approximately 7-10% of the Caucasian population shows an inherited defi-
ciency in this enzyme due to the presence of one or several mutant alleles at
the CYP2D6 gene locus [46]. These subjects are characterized by the poor
metabolizer (PM) phenotype. Compared with normal or extensive metaboliz-
ers (EMs), PM subjects demonstrate markedly greater AUC values for parent
drugs that are metabolized by CYP2D6, and therefore require lower doses to
achieve therapeutic effects [47].

CYP2E subfamily. CYP2EI is the only gene of this subfamily. It is expressed in
many tissues, such as the nose, lung, and the liver. CYP2E1 accounts for ~7%
of total CYP in the human liver and is involved in the metabolism of only 3%
of the drugs, such as acetaminophen, caffeine, and chlorzoxazone, the latter
being considered a marker of CYP2E1 activity [48]. CYP2E1 has a ubiquitous
role in the metabolism and activation of an array of solvent carcinogens (which
also induce its expression), such as N-nitrosamines, benzene, styrene, carbon
tetrachloride, acrylonitrile, and ethylene glycol. CYP2EI is the most active
CYP enzyme in forming reactive oxygen intermediates, such as superoxide
radical, causing tissue injury [49].

CYP2F subfamily. Only one functional gene has been found in the human CYP2F
subfamily. The expression of CYP2F1 is highly tissue selective with highest
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expression observed in the lung and little or no hepatic expression [50].
Substrates for CYP2F1 include ethoxycoumarin, propoxycoumarin, and pen-
toxyresorufin, but not ethoxyresorufin. Recombinant CYP2F1 is capable of
activating two prototypical pneumotoxicant, 3-methylindole and naphthalene.
CYP2F1 metabolizes naphthalene to its highly toxic intermediate, naphthalene-
1,2-epoxide, and 3-methyl indole to its dehydrogenated pneumotoxic metabo-
lite 3-methyleneindolenine [51, 52].

CYP2]J subfamily. CYP2J2 is the only gene of this subfamily. It is known to be
expressed in many extrahepatic tissues and may play a role in the oxidative
bioactivation of arachidonic acid to form epoxyeicosatrienoic acids, which
modulate bronchial smooth muscle tone and airway transepithelial ion transport
[53]. CYP2J2 is also active toward other compounds such as linoleic acid and
testosterone. Recently, it has been reported that CYP2J2 is involved in the
intestinal first-pass metabolism of an antihistamine drug, astemizole [54].

CYP2S subfamily. In humans, CYP2S1 appears to be the sole member of a
new subfamily, CYP2S. The CYP2S1 gene is located at the proximal end on
chromosome 19q13.2 CYP2 gene cluster [55]. Of interest, CYP2S1 is closely
related to CYP2F1 (47-49% identity) and is induced by dioxin in a human lung
epithelial cell line, suggesting the possibility that CYP2S1 may participate in
the metabolism of toxic and carcinogenic compounds [39]. Recent studies using
heterologously expressed CYP2S1 in yeast have shown that CYP2S1 is able
to metabolize naphthalene [56]. Therefore, it is speculated that CYP2S1 might
also play a role in naphthalene-induced lung toxicity [57].

CYP3A subfamily. The CYP3A subfamily of CYP450 in humans is composed
of several enzymes and accounts for ~28% of total hepatic P450 content.
The human CYP3A family is clinically very important because it has been
shown to catalyze the metabolism of an amazingly large number of struc-
turally diverse xenobiotics and endobiotics. It is estimated that CYP3A forms
participate in the metabolism of 35-50% of all marketed drugs [25, 58]. The
human CYP3A subfamily includes CYP3A4, CYP3AS5, CYP3A7 [59], and
CYP3A43 [60]. CYP3A4 is the major human liver CYP3A enzyme, whereas
CYP3AS is present in only ~20% of human liver. CYP3A4 and CYP3AS are
also expressed in the stomach, lungs, small intestine, and renal tissue. Most
of the CYP3A4 substrates are also metabolized by CYP3AS [61]. CYP3A7
and CYP3A43 isozymes seem to play only a minor role in the metabolism
of drugs. In fact, CYP3A7 is only present in fetal liver, whereas CYP3A43,
which is expressed in liver, appears to be very restricted, both in terms of its
activity and expression [62]. The highest concentration of transcript expression
of CYP3A43 is in the prostate, whereas hepatic mRNA concentration is only
0.2-5% that of CYP3A4 [62]. Some examples of drugs metabolized by CYP3A
are terfenadine, the benzodiazepines midazolam and triazolam, quinidine, li-
docaine, carbamazepine, nifedipine, tacrolimus, dapsone, erythromycin, and
dextromethorphan [63]. In addition to drugs, CYP3A is involved in the oxi-
dation of a variety of endogenous substrates, such as steroids, bile acids, and
retinoic acid [64].
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1.2.2 Flavin Mono-Oxygenase (FMO)

FMOs are NADPH-dependent and oxygen-dependent microsomal flavoenzymes,
which oxygenate a number of drugs and xenobiotics that contain a “soft-nucleophile”
heteroatom such as nitrogen, sulfur, and phosphorus. Unlike CYPs, which generally
use sequential one-electron transfer, the FMOs are two-electron oxygenating en-
zymes for N-oxidation. The microsomal FMO enzyme family is comprised of five
isozymes (designated FMO1 to FMOS5), whose expression is tissue specific. FMO1 is
predominantly expressed in human kidney and FMO2 in lung and kidney [65]. FMO3
is the prominent isozyme in adult human liver, FMO4 is more broadly distributed
in liver, kidney, small intestine and lung, and FMOS is expressed in human liver,
lung, small intestine, and kidney [66]. Of all the FMOs isozymes, FMO3 has a wide
substrate specificity, including the physiologically and plant-derived tertiary amine,
trimethylamine, tyramine, and nicotine; commonly used drugs including cimeti-
dine, ranitidine, clozapine [65, 66], methimazole, itopride, ketoconazole, tamoxifen,
and sulindac sulfide; and agrichemicals, such as organophosphates and carbamates
[65, 66].

1.2.3 Monoamine Oxidase

MAOs are mitochondrial flavoproteins containing one covalently bound FAD cofac-
tor. Two isozymes, termed as MAO-A and MAO-B, are known for the MAO en-
zyme family. They catalyze the oxidative deamination of structurally diverse amines
including neurotransmitters dopamine, norepinephrine, serotonin, tyramine, and 2-
phenylethylamine, and some drugs and xenobiotics that contain cyclic and acyclic
alkylamine functional groups [67, 68]. The MAO reaction cycle involves two half
reactions, as shown in equations 1.3a and 1.3c:

RCH,NH, + FAD — RCH = NH, + FADH, (1.3a)
RCH = NH, + H,0 — RCH = O + NH; (1.3b)
FADH, + O, + 2H" — FAD + H,0, (1.3¢)

A two-electron oxidation results in the imine and reduced protein-bound FAD (equa-
tion 1.3a). The imine is then nonenzymatically hydrolyzed to the carbonyl compound
(equation 1.3b). In the second half reaction, the reduced FAD (FADH,) is reoxidized
by molecular oxygen producing hydrogen peroxide (equation 1.3c).

MAQOs are expressed in most mammalian tissues that complicate pharmacokinetic
predictions when MAOs are involved in metabolism. Inhibitors of MAOs are used in
psychiatry for the treatment of depressive disorders and in neurology for the treatment
of Parkinson’s disease. MAO-A and MAO-B play a critical role in the bioactivation
of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) to a toxic metabolite that
induces Parkinson-like effects [68].
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1.2.4 Molybdenum Hydroxylases

Molybdenum hydroxylases (i.e., AO and XO) are flavoproteins that contain in ad-
dition to a FAD, a pterine cofactor coordinated to a molybdenum atom, and an iron
sulfur center for their catalytic activity. They catalyze the two-electron oxidation of
substrates with transfer to molecular oxygen to produce H,O,, and insert an atom
of oxygen from water into a wide range of N-heterocycles and aldehydes via two-
electron redox reaction as shown in equation 1.4:

RH + H,O — ROH + 2¢~ + 2H" (1.4)

AO and XO are cytosolic enzymes and are closely related. However, they differ
in their substrate/inhibitor specificities. AO is involved in the metabolism of several
clinically significant drugs such as famciclovir, zaleplon, zonisamide, and ziprasidone
[69—72]. XO has a narrower substrate specificity than AO and is mainly active toward
purines and pyrimidines. XO plays arole in the oxidation of several chemotherapeutic
agents and has been implicated in the bioactivation of mitomycin B [73].

1.2.5 Epoxide Hydrolase

EH converts potentially reactive epoxides to trans-dihydrodiols. Originally, it was
thought to be localized solely in the endoplasmic reticulum; subsequent studies
demonstrated there are distinct microsomal (EH1) and cytosolic (EH2) forms of the
enzyme. The EH1 gene is polymorphic and the expressed enzyme has two metabolic
functions, detoxification and bioactivation, depending on the particular substrate. EH1
hydrolyzes epoxides, derived from aromatics and alkenes by CYP450 enzymes, to the
corresponding dihydrodiols through the trans addition of water. Dihydrodiols from
PAHs can be substrates for further transformation by CYP450 enzymes to dihydrodiol
epoxides such as (4)-anti—benzo[a]pyrene (B[a]P)-7,8-diol-9,10 epoxide, the most
mutagenic and carcinogenic metabolite of B[a]P [74].

1.2.6 Esterase/Amidase

These enzymes are widely distributed in various tissue types and belong to the neu-
tral, acidic, or metalloproteinase classes. While their roles have been recognized
when drug structures contain ester or amide functions, very little characterization
of the specific enzymes involved have been reported. Commonly, the ester function
is introduced into drug structures as a means of masking carboxylate functions to
increase absorption by increasing lipophilicity as with the antiviral drugs such as val-
ganciclovir and oseltamivir that are converted in vivo to ganciclovir and oseltamivir
carboxylate by intestinal and hepatic esterases [75, 76]. Amide functions are com-
monly used in linking drug substructures. These bonds are generally not susceptible
to amidase activity since typically they are not natural amino acid derived. However,
when such functions do present themselves in the NCEs, the potential for hydrolysis
as a mechanism for clearance should be considered and stability in whole blood and
hepatic subcellular matrices should be determined.
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1.3 PHASE II CONJUGATIVE ENZYMES

Phase II reactions are catalyzed by conjugative enzymes, such as UDP-
glucuronosyltransferase (UGT), sulfotransferase (SULT), glutathione S-transferase
(GST), N-acetyltransferase (NAT) and methyltransferase (N-methyl-, thiomethyl-,
and thiopurinemethyl-). Glutathione conjugates are further metabolized to cysteine
and N-acetyl cysteine adducts. Most phase II reactions result in a compound’s con-
comitant increase in hydrophilicity and decrease in volume of distribution (VDyy),
which together greatly facilitate its excretion from the body.

1.3.1 Uridine Diphosphate Glucuronosyltransferase (UGT)

UGT family of enzymes catalyzes the transfer of glucuronic acid from UDP glu-
curonic acid to available substrates to form the water-soluble glucuronide conju-
gates, suitable for excretion. Thus, glucuronidation is a major detoxification pathway
of endo- and xenobiotics in man and other animals. Beside human liver, the gut and
kidneys are two important sites of glucuronidation. The UGT family of enzymes is
subdivided into two subfamilies, UGT1 (1A1, 1A3, 1A4, 1A5 1A6, 1A7, 1AS, 1A9,
and 1A10) and UGT2 (2A1, 2B4, 2B7, 2B10, 2B11, 2B15, 2B17, and 2B28), on the
basis of sequence homology [77]. All classes of drugs containing a wide range of
acceptor groups including phenols, alcohols, aliphatic and aromatic amines, thiols,
acidic carbon atoms, and carboxylic acids are substrates for UGTs and this pathway
has been estimated to account for ~35% of all drugs metabolized by phase II drug-
metabolizing enzymes [78]. Human UGTs can also form N-linked glucuronides of
several tertiary amine drugs [79]. Some acyl glucuronides are reactive intermediates
that bind covalently to macromolecules causing potential toxicity. Several drugs that
contain a carboxylic acid such as diclofenac, ketoprofen, suprofen, and tolmetin are
glucuronidated to form a reactive acyl glucuronide that could be associated with some
of the observed toxicity of these drugs [80].

1.3.2 Sulfotransferase

SULT family of enzymes catalyzes the transfer of sulfite (SO;~) from 3'-
phosphoadenosine 5’-phosphosulfate (PAPS) to a hydroxyl or an amino group on
an acceptor molecule to form the water-soluble sulfonate or sulfamate conjugates
and thereby aid in their excretion via the kidneys or bile. SULTs are capable of
sulfonating hydroxyl group of a wide range of substrates including phenols, primary
and secondary alcohols, N-hydroxy arylamines, and N-hydroxy heterocyclic amines.
Amino groups of arylamines such as 2-naphthylamine are also sulfonated by SULTSs.
SULTs have a wide tissue distribution and play an important role in the detoxifi-
cation, metabolism, and bioactivation of numerous xenobiotics, many dietary and
environmental mutagens, drugs, neurotransmitters, and hormones [81]. In humans,
three SULT families, SULT1, SULT2, and SULT4, have been identified that contain at
least 13 distinct members. SULT1 and SULT?2 families are the largest and are respon-
sible for sulfonating the greatest number of endogenous and xenobiotic compounds.
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Studies using recombinant enzymes demonstrated that many promutagens are acti-
vated with high selectivity by an individual SULT form.

1.3.3 Glutathione S-Transferase

The GST family of enzymes catalyzes the nucleophilic attack of the tripeptide
(y-glu-cys-gly) (GSH) on a wide variety of soft electrophiles such as epoxides and
quinones, formed during phase I oxidation of xenobiotics, generally resulting in their
elimination and detoxification. There are two GST superfamilies: (1) the membrane-
bound GST isozymes and leukotriene C4 synthetase and (2) the cytosolic-soluble
enzymes, each of which displays different intracellular distribution and distinct cat-
alytic as well as noncatalytic binding properties. Thirteen different human GST
subunits, GSTA1 through GSTA4, GSTM1 through GSTMS5, GSTP1, GSTT1 and
GSTT?2, and GSTZ1, have been identified belonging to seven distinct classes: alpha
(o), mu (), omega (w), pi (1), sigma (o), theta (0), and zeta (&) [82]. GSTs appear to
be ubiquitously distributed in human tissues. Some examples of clinically significant
drugs that form glutathione conjugates include acetaminophen, sulfonamides, irinote-
can, carbamazepine, rotonavir, clozapine, procainmide, hydralazine, cyclosporine A,
diclofenac, estrogens, and tamoxifen [83].

1.3.4 N-Acetyltransferase

NAT family of enzymes catalyzes the acetyl-CoA-dependent acetylation of aryl
amines and arylhydrazines and N-hydroxyarylamine including many drugs and car-
cinogens. In most cases, this reaction is generally considered to result in the detoxifi-
cation of potentially toxic exogenous compounds. However, NATs are also involved
in bioactivation reactions via O-acetylation of N-hydroxyarylamines to unstable ace-
toxy esters that decompose to highly reactive mutagens that form adducts with cellular
macromolecules. Humans express two distinct isozymes, designated NAT1 and NAT2
[84]. Clinically relevant substrates of NAT include isoniazid, procainamide, aminog-
lutethimide, sulphamethoxazole, S-aminosalicylic acid, hydralazine, phenelzine, and
dapsone. Also, NATS play an important role in the metabolism of industrial and envi-
ronmental carcinogens, including 2-naphthylamine, benzidine, 2-aminofluorene, and
4-aminobiphenyl, as well as of potentially carcinogenic heterocyclic amines found
in well-cooked red meat and cigarette smoke [85].

1.3.5 Methyl Transferase (MT)

MT family of enzymes catalyzes the O-, S-, or N-methylation of drugs, hormones, and
neurotransmitters, and utilizes S-adenosyl-L-methionine (SAM) as a methyl donor.
Catechol-O-methyltransferase (COMT) is the most extensively investigated drug-
metabolizing MT. It plays an important role in the biotransformation of both endoge-
nous and exogenous catechols. COMT has a rather broad substrate specificity for
structures that contain catechol moieties and is often involved in the methylation of
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drugs that have been metabolized by the CYP system to generate catechol functions
[86, 87].

S-Methylation is also an important pathway in the biotransformation of
many sulfur-containing drugs. At least two separate enzymes, thiol methyltrans-
ferase (TMT) and thiopurine methyltransferase (TPMT) are known to catalyze
S-methylation in humans [87]. TMT, a membrane-bound enzyme, catalyzes the
S-methylation of captopril, D-penicillamine, and other aliphatic sulthydryl com-
pounds such as 2-mercaptoethanol. On the other hand TPMT, a cytosolic enzyme,
catalyzes the S-methylation of aromatic and heterocyclic sulfhydryl compounds in-
cluding 6-mercaptopurine and other thiopurines. Recently, S-methyltransferase has
been shown to play a critical role in the metabolism of the antipsychotic drug, ziprasi-
done, in humans [72, 88]. Both TPMT and TMT have been shown to be genetically
polymorphic in humans.

Histamine-N-methyltransferase is a hepatic enzyme, although its inhibition by
various drugs has been reported [87, 89], its ability to methylate drugs has not been
established. Several protein arginine methyltransferases (PRMTs) are known and
their physiological role in producing mono- and dimethylated arginine is known
[90]. However, their role in N-methylating drug molecules has yet to be identified.
Thus, except for COMT and S-methyltransferases the other MTs including DNA
methylating enzymes are not known to play a role in drug metabolism.

1.4 DRUG EFFLUX TRANSPORTERS

Carrier-mediated transport of drugs and their metabolites has recently been recog-
nized as an important issue in pharmaceutical research. There is a wealth of infor-
mation that suggests that transporters are responsible both for the uptake and efflux
of drugs and other xenobiotics, and may be key determinants of the disposition of a
drug [91, 92]. Transporter proteins are divided into two categories: (1) the adenosine
triphosphate (ATP) binding cassette (ABC) transporter superfamily and (2) the solute
carrier (SLC) family of proteins.

1.4.1 ABCBI1 (P-Glycoprotein, MDR1)

The first member of ABC efflux transporter family to be discovered was
P-glycoprotein (P-gp; gene ABCB1 or MDR1). The importance of P-gp or MDR 1 was
first recognized in the multidrug resistance of tumor cells in response to chemotherapy
treatment [93]. However, constitutive expression of P-gp in many normal tissues such
as liver, kidney, intestine, blood—brain barrier, and lymphocytes demonstrates its role
in modulation of the absorption, distribution, metabolism, excretion, and toxicology
behaviors of some drugs and NCEs in development [94]. Experiments with mdria
knock-out mice revealed that P-gp not only limits the CNS entry of drugs, but it also
reduces the oral absorption of drugs by extruding them from enterocytes back into
the intestinal lumen [95]. Therefore, the inhibition and induction of P-gp transporter
can lead to significant drug—drug interaction and, most importantly, to drug treatment
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resistance. Talinolol, fexofenadine, and digoxin are the most commonly used probe
substrates for assessing the modulation of P-gp.

1.4.2 ABCCI1 (Multidrug Resistance Related Proteinl, MRP1)

ABCCI or MRP1 is a 190-kDa transport protein that was originally cloned from
a doxorubicin-selected lung cancer cell line. MRP1 has now been found to be ex-
pressed in a range of solid and hematological tumors, and has been demonstrated to
transport a wide array of structurally diverse anticancer drugs such as oxorubicin,
vincristine, and methotrexate [96]. In addition, MRP1 also transports many glu-
tathione, glucuronide, and sulfate conjugated organic anions, such as leukotriene Cy,
17B-estradiol-glucuronide, and estrone 3-sulfate, respectively. MRP1 is also found
in normal tissues throughout the human body and plays a significant role in tissue
defense from toxic agents. Thus the expression levels and activity of MRP1 are
important considerations in drug development and chemical toxicity.

1.4.3 ABCC2 (Multidrug Resistance Related Protein2, MRP2)

ABCC2 or MRP2 is located on the bile canalicular membrane and is involved in
the biliary excretion of glucuronide, glutathione, and sulfate conjugates of lipophilic
compounds (i.e., drugs) as well as endogenous compounds such as hormone and
bilirubin conjugates. In addition, MRP2 can also transport uncharged compounds in
cotransport with glutathione and thus can modulate the disposition of many drugs.
MRP2 is predominantly expressed at the hepatocyte canalicular membrane [97]. It
is also expressed in other tissues such as the kidney, as well as the intestinal entrocytes
[97, 98] and apical membrane of brain capillary endothelial cells [99]. In humans,
a genetic deficiency of MRP2 results in a disease known as Dubin—Johnson syn-
drome [100]. In addition, altered MRP2 function can change the ADME properties
of many clinically important drugs including cancer chemotherapeutics (irinotecan,
methotrexate, and vinblastine), antibiotics (ampicillin and rifampin), antihyperlipi-
demics, and angiotensin-converting enzyme inhibitors.

1.4.4 ABCG?2 (Breast Cancer Resistance Protein, BCRP)

ABCG?2 or BCRP, a 655 amino acid peptide with an ability to extrude a wide variety
of chemical compounds from the cells, was first cloned from mitoxantrone and
anthracycline-resistant breast and colon cancer cell lines [101, 102]. BCRP is a half-
transporter efflux pump with an intracellular N and C terminus and an intracellular
ATP binding site, followed by six putative transmembrane segments. It is expressed
in liver, small intestine, placenta, kidney, mammary gland, and endothelial cells at
the blood-brain barrier, and is believed to be involved in protecting tissues from
xenobiotic accumulation and resulting toxicity [103]. It is capable of transporting
sulfate and glucuronide conjugated organic anions, at least in vitro. It affects intestinal
absorption/bioavailability, organ distribution, hepatic/renal elimination, and plasma
clearance of substrate drugs such as topotechan [104]. Downregulation of BCRP was
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suggested to contribute to cellular adaptation to folate deficiency and homeostasis
[105].

1.5 DRUG UPTAKE TRANSPORTERS

The drug uptake (SLC) family of transporter is the largest superfamily of transporters.
This family includes 31 transporters from organic anion transporter polypeptides
(OATPs), organic anion transporters (OAT's), organic cation transporters (OCTs), pep-
tide cotransporters (PEPTs), and sodium—bile acid cotransporter classes. Only OATP,
OAT, OCT, and PEPT are primarily involved with the transport of drugs/xenobiotics.

1.5.1 Organic Anion Transporter Polypeptides

The OATP transport proteins function as organic solute exchangers with broad sub-
strate specificity that includes organic anions, cations, and neutral compounds [106].
The OATP transporters are expressed in organs such as the intestine, liver, and
blood-brain barrier and considered to be the key determinant in the cellular uptake of
many endogenous and exogenous chemicals, including drugs in clinical use. To date,
eight different OATPs (OATP1A2, OATP1B1, OATP2B1, OATP3A1, OATP4Al,
OATP1C1, OATP1B3, and OATP 2A1) have been cloned from human tissues [107].

1.5.2 Organic Cation Transporter

OCTs are responsible for reabsorption and excretion of a wide variety of organic
cations, such as quinidine, cimetidine, procainamide, vecuronium, and cardiac gly-
cosides as well as endogenous substances including, dopamine, epinenephrine, nore-
pinephrine, creatinine, and choline. The OCT transporters are expressed in human
organs such as the intestine, liver, proximal tubules of kidney, brain, arota, skeletal
muscle, prostate, adrenal gland, salivary gland, and fetal lung. To date, three different
OCTs (OCT1, OCT2, and OCT3) have been identified in humans [108, 109].

1.5.3 Organic Anion Transporter

OAT family plays a critical role in the renal excretion and detoxification of a wide va-
riety of compounds including drugs, toxins, hormones, and neurotransmitter metabo-
lites. OATSs are primarily expressed in the kidney. In addition, OAT expression has
been detected in liver, placenta, brain, and choroid plexus. At least five different
OATs (OAT1, OAT2, OAT3, OAT4, and Uratl) have been detected in human tissues
[109].

1.5.4 Peptide Transporter

The PEPTs are hydrogen ion-dependent transporters that transport small peptides
and proteinlike compounds such as cephalosporins, penicillin, enalapril, and cap-
topril. Humans express two distinct PEPTs designated PEPT1 and PEPT2. PEPT1
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is involved with the oral absorption of drugs from small intestine while PEPT2
contributes to the proximal tubular reabsorption of drugs [108].

1.6 CHALLENGES IN DRUG METABOLISM

1.6.1 Prediction of Metabolism and Pharmacokinetics in Humans

1.6.1.1 In silico Computational Tools. In recent years, several in silico computa-
tional methods have become available for prediction of metabolism and pharmacoki-
netics of the NCEs and are increasingly becoming a part of the drug discovery process
to select candidates with desirable ADME properties [110—112]. De Graaf et al. [110]
have described how in silico computational approaches can be used to understand,
rationalize, and predict the activity and substrate selectivity of CYPs. Mechanism-
based quantum chemical calculations on substrates and the enzyme, pharmacophore
modeling of ligands, and protein homology modeling in combination with automated
docking and molecular dynamics simulations have been used to rationalize and pre-
dict ligand binding and formation of metabolites. Several of these models, especially
for CYP2D6 [113] and CYP2C9 [114], have been shown to have a reasonably good
predictive value concerning qualitative metabolism and substrate inhibitor selectivity.
Programs such as Meteor and Metasite use database-based evaluations or de novo
computational methods based on bond energies and active site docking to predict
metabolic transformations and hot spots. While these methods assist in predicting
metabolic outcomes, they are still limited and neither software is capable of predicting
rates of metabolism at the sites that are predicted. These tools cannot be used to guide
new chemical synthesis that incorporates metabolic concerns without experimental
verification.

1.6.1.2 In Vitro-In Vivo Extrapolation. The ability to predict human pharmacoki-
netic from in vitro and in vivo models with a reasonable degree of accuracy (<2.0-fold
variation) is an ongoing challenge with many different approaches yielding varying
degrees of success. Interspecies allometric scaling of pharmacokinetic parameters
is the earliest of the approaches and is still a tool used in predicting human phar-
macokinetic behavior of drugs. The method is based on empirically observed re-
lationships between physiological processes and body weights of mammals [115].
Several enhancements have been introduced to the original method such as maximum
life-span potential, brain weight, body surface area, rule of exponents, and protein
binding [115-117]. The allometric methods assume that clearance mechanisms are
similar across species and do not consider interspecies specificity differences in drug-
metabolizing enzymes and metabolic pathways. A recent analysis of 103 compounds
for allometric scaling incorporating the enhanced methods where data were available
for rat, dog, and monkey showed that the success rate for human projection from
preclinical models was suboptimal (18-53%) with or without the enhanced methods
[118]. A major limitation of the allometric methods is the lack of incorporation of
metabolic differences in preclinical species and humans.
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In vitro methods using liver slices, hepatocytes, and liver subcellular fractions,
such as microsomes, have also been developed, and are used to varying extents in
clearance prediction. Methods based on half-life of NCEs in metabolically active liver
microsomes are used to project hepatic extraction from which clearance predictions
are calculated [119]. The limitation of this approach is that prediction is limited to
those NCEs for which hepatic metabolism by oxidative enzymes of the endoplasmic
reticulum dominate the overall clearance mechanism. When drug-metabolizing en-
zymes other than CYPs or FMOs dominate the metabolic clearance, this approach
falls short. Hepatocytes contain the entire cellular metabolic machinery and would
be considered the better choice for hepatic clearance prediction. However, unlike hu-
man liver microsomes, which can be prepared from frozen liver tissue and effectively
stored at —80°C, fresh human hepatocytes are not readily accessible, and the activities
of some drug-metabolizing enzymes have been shown to decline with age of hepato-
cyte cultures, thus limiting their use. Cryopreserved human hepatocytes are used in
a limited capacity to predict hepatic clearance and in evaluating overall metabolism
of NCEs. When allometric scaling was combined with in vitro metabolism-based
scaling for 10 highly metabolized drugs, a significant improvement was noted for the
predicted human clearance compared to either method alone [120]. A recent retro-
spective analysis of pharmacokinetic data for a large set of diverse drugs suggests
that human pharmacokinetic parameters can be predicted from rat pharmacokinetic
data within a threefold variation by a fixed exponent approach [121]. This method
allows for early binning of NCEs into low-, medium-, or high-clearance categories
at a very early stage in drug discovery.

In the past two decades, success in predicting human pharmacokinetics from
preclinical and in vitro techniques has dropped the attrition rate for NCEs due to
failure to achieve the pharmacokinetic thresholds necessary for drug action in hu-
mans from ~40% to less than 10% [6]. Thus, while success has been achieved in
this area, clearly much progress is still necessary in preclinical models to achieve
greater success in eliminating attrition due to pharmacokinetics. A more direct ap-
proach using drug microdosing in humans to predict pharmacokinetic behavior early
in the drug development process is under investigation. In this approach, NCEs are
administered at doses significantly below therapeutic levels (>100-fold lower than
projected therapeutic dose or 100 pg) in order to get an early readout on their phar-
macokinetic behavior [122, 123]. A microdosing study with five marketed drugs
(warfarin ZK253 (schering), midazolam, erythromycin, and diazepam), known to be
problematic in extrapolation to humans from either in vitro or animal models, has
shown good concordance in the pharmacokinetic parameters obtained under micro-
and therapeutic-dosing conditions for all except erythromycin [124]. Because of the
extrmely low dose, this method does not require the same extent of animal safety
testing as is required by a traditional investigative new drug (IND) application to the
Food and Drug Administration [124—126]. Microdosing has become possible because
of newer analytical tools such as liquid chromatography coupled high sensitivity soft
ionization mass spectrometry and more recently at significantly higher sensitivity
with accelerator mass spectrometry [127].
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1.6.1.3 Species Specificity and Limitation of Animal Models. The primary goals
in the use of preclinical studies in animals, typically rodent (rat and mouse), dog,
monkey, and rabbit, are to extrapolate pharmacokinetic parameters and establish
clearance mechanisms applicable to human drug administration, determine toxicity
limiting dosages, and evaluate long-term carcinogenic and teratogenic potential of
the NCEs. Drug-metabolizing enzymes in mammals have common ancestral roots.
However, the substrate and reaction rate specificities of NCEs are known to vary
considerably among species [128, 129]. These variations in activity and specificity
are particularly important for pharmacokinetic parameters when drug clearance is
metabolically driven, and also when preclinical species are considered for the toxi-
cological model. For toxicological studies, identification of major metabolites from
in vitro and in vivo studies in rodent, dog, and monkey compared to those from human
in vitro reactions with hepatocytes and microsomes are particularly useful to identify
the preclinical species with optimal coverage of exposure to potential circulating
metabolites in humans. Interspecies specificity of some drug-metabolizing enzymes
can differ significantly. For example, when AO is involved in metabolic clearance,
species selection for pharmacokinetics and toxicology testing is critical. AO activity
is high in monkey and human, moderate in rodent, and not detected in dog liver.
Complicating the situation is that significant species differences exist in both speci-
ficity and activity of this enzyme. Thus, in addition to identifying metabolites, the
reaction phenotype for the major metabolites of an NCE at early stages in the drug
development process can be critical in selection of the species for pharmacokinetic
and toxicological testing [130].

1.6.2 Drug-Drug Interactions

Drug—drug interactions (DDIs) have received considerable attention in the pharma-
ceutical industry because in recent years several prominent drugs have been with-
drawn from the market in the US and Europe due to serious adverse events as a result
of significant DDIs [131]. DDIs are caused when the clearance of one drug is influ-
enced by a coadministered drug [131]. Therefore, the consequences of these DDIs
can range from loss of therapeutic efficacy to the introduction of potential lethal toxic
effects. Although DDIs can occur during absorption, distribution, and elimination
phases following initial drug administration, metabolism seems to be the predom-
inant mechanism for such interactions. Since most marketed drugs are eliminated
from the body at least in part by metabolism, inhibition and/or induction of DMEs
by one drug could have a significant effect on the disposition of another drug. The
NCEs can either be perpetrators or victims of such interactions, and early evaluation
of NCE:s for their potential to function in either capacity is critical to the development
of new drug candidates and involves the identification of drug-metabolizing enzymes
inhibited by NCEs (in particular CYPs) as well as the metabolic pathways by which
they are cleared [130]. High specificity substrates for in vitro/in vivo use in drug
interaction assays are known for six major isoforms of CYP enzymes involved in
drug metabolism.
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1.6.2.1 Biotransformation Reaction Phenotyping. As described earlier, a majority
of drugs are cleared by metabolic transformation, generally first by oxidation to
more polar metabolites, by hepatic enzymes. Knowledge of the specific enzyme(s)
especially CYPs, involved in the metabolism of and inhibition by the NCE, particu-
larly of the major pathways, is critical for evaluation of the potential liabilities that
an NCE may have with respect to DDI [130]. Metabolic flux of an NCE through
several CYP-dependent pathways where each pathway contributes less than 30% of
the overall metabolic clearance is always preferable to flux through a unique CYP
isoform since inhibition of any one of the pathways by a coadministered drug would
not significantly increase the systemic exposure of the NCE, and consequently pose
no significant risk. Terbinafine, an oral antifungal agent, is an example of such a
drug where multiple pathways for its metabolism predict lack of significant clinical
DDI for its clearance [132], which has been clinically confirmed [133]. However,
terbinafine is an inhibitor of CYP2D6 and has been shown to increase the AUC of
desipramine when coadministered to CYP2D6 EMs, suggesting that caution must
be used with coadministration of terbinafine to patients on medications with narrow
therapeutic index (TI), and its metabolism is mediated primarily by CYP2D6. Thus,
terbinafine can be considered as an example of a drug that is only a perpetrator for
a drug interaction that involves coadministered drugs that are metabolized primarily
by CYP2D6.

If the metabolic flux of an NCE is greater than 60% through a unique CYP isoform,
especially by a polymorphic enzyme (CYP2D6), the potential for DDI is extreme
and careful consideration has to be given to the forward development strategy for
such an NCE [134]. The case of the antihistaminic drug terfenadine stands out as
an excellent example of this process. Terfenadine is primarily metabolized to its
pharmacologically active form by CYP3A4. Inhibition of CYP3A4 by a variety of
drugs, best exemplified by ketoconazole, results in dramatic increases in the AUC of
terfenadine to toxic levels [135] that can prolong the QT interval and produce poten-
tially fatal ventricular arrhythmias. This example shows how ketoconazole functions
as the perpetrator of the DDI while terfenadine, because of its major flux through
CYP3A4, becomes victim. When the TI for the NCE is narrow, knowledge of the
CYP isoform(s) involved is critical and close attention is needed to the potential for
DDI by coadministered drugs.

Cyclosporine, paclitaxel, tacrolimus, and warfarin are examples of drugs with
narrow TIs where even dietary habits can play significant roles in toxicity. For
example, in the late 1980s clinical observations noted a dramatic effect of grapefruit
juice consumption on the levels of dihydropyridine calcium ion channel blockers.
Flavanoids present in grapefruit juice were speculated on the basis of studies that
showed Naringenin, the aglycone component of the flavanoid naringin, which is
abundant in grapefruit juice, as inhibiting the in vitro metabolism of dihydropyridines
by human liver microsomes [ 136]. Clinical studies on renal transplant patients showed
that grapefruit juice significantly enhanced the systemic exposure of cyclosporine,
while having no significant effects on prednisone or prednisolone [137]. Further
investigations have established that the effect is on drugs that are primarily cleared by
CYP3A4 and show low bioavailability due to presystemic metabolism by CYP3A4
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in the entrocytes. The increase in systemic exposure arises from the inactivation of
CYP3A4 in the entrocytes.

Epoxyfuranocoumarins formed from grapefruit juice components like bergamottin
and related natural products have been identified as responsible for self-inactivation
of CYP3A4 [138]. The inhibitory effect of grapefruit juice on enteric metabolism by
CYP3A4 is temporal and its duration is limited to the duration of consumption
[139]. Dietary effects from the consumption of other foods and natural remedies
on the metabolism of some drugs have also been reported [131-143]. Examples of
such processes with other CYP450 enzymes abound in the literature with over 500
published articles since 1990 that examine in vitro, in vitro—in vivo correlations, and
in vivo drug interactions via CYP450 enzymes demonstrating the importance of such
studies in drug development. Thus, early phenotyping of metabolic pathways for an
NCE and the inhibitory effect of the NCE on CYP isoforms are important aspects of
the development process for NCEs as drug candidates that provide an understanding
of potential clinical DDI issues that may arise for which early clinical evaluations
can be conducted. Reaction phenotyping is done by several methods including the
use of specific inhibitors for some CYP isoforms, recombinant CYP isoforms and
relative activity factors, inhibitory antibodies, and interindividual correlations [130,
144-148].

As with CYP isoforms, UGTs are also more commonly encountered in the
metabolism of drugs and xenobiotics. There are several drugs and xenobiotics where
glucuronidation contributes to the overall metabolic clearance mechanism and in
some instances is the predominant metabolic pathway. Examples include zidovudine
(AZT) [149], mycophenolate [150], retigabine [151], mitiglinide [152], fenamates
[153], and gemcabene [154]. In contrast to extensive DDIs caused by binding of
drugs to CYP isoforms, DDIs with the UGT family enzymes are relatively few, and
are confined to compounds where UGTs are either the primary clearance mecha-
nism or contribute substantially to it. The cancer drug irinotecan is metabolized to
its active form SN-38 (7-ethyl-10-hydroxy-camptothecin), which is cleared by glu-
curonidation by UGT1A1. Ketoconazole increases the circulating levels of SN-38
due to potent inhibition of its glucuronidation by UGT1A1 [155]. Since irinotecan
has a small TI, patients should be genotyped for UGT1A1 prior to commencement of
therapy. Another example of a UGT-dependent drug interaction is that of statins and
the lipid-lowering drug, gemfibrozil [156]. A significant component of simvastatin’s
clearance is via an unusual lactonization mechanism involving an intermediate acyl
glucuronide catalyzed by UGTs [157]. Gemfibrozil, which is also metabolized to its
glucuronide by UGTs, inhibits the glucuronidation of simvastatin with the resultant
pharmacokinetic effect of an increase in simvastatin’s AUC and decrease in biliary
levels of simvastatin lactone and glucuronide [158]. UGT1A1 has a critical physi-
ological function in the elimination of bilirubin as its glucuronide. Surprisingly, no
reports on drug interactions with UGT1A1 such as that of ketoconazole have been
reported to show significant increases in the blood levels of bilirubin. A possible
explanation for this may be that the in vivo concentrations of substrates or inhibitors
cleared primarily by the particular UGT under consideration may often be below their
corresponding K, and K values, resulting in partial site occupancy and consequently
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insignificant in vivo interactions. Hence, when considering the potential for drug in-
teractions with the UGTs, dose and concentrations in the blood and in the liver are
important parameters to consider. Reaction phenotyping of UGTs is less developed
than that for CYPs. Few high specificity low K, or K; substrates or inhibitors have
been identified, except for UGT1A1 where bilirubin is a highly specific substrate.
However, it is only useful for in vitro inhibition assays. Phenotyping of UGT reactions
is generally conducted in vitro using recombinant forms of the enzymes.

Drug interactions with MAOs are particularly relevant when patients are on therapy
with MAO inhibitors and the MAOs are significant contributors to the clearance of
a drug. As with UGTs, the Ky, or K; for MAO substrates tend to be generally
high and drug interactions at therapeutic levels are less pronounced than with CYP
enzymes. MAO-A and MOA-B can be selectively inactivated by Chlorgyline and
Deprenyl, respectively [68]. Thus, distinguishing between these enzymes can be
readily achieved using either liver microsomal suspension where MAO-A and B
are present as contaminants from fractured mitochondrial membrane particles or
recombinant enzymes [68].

AO has been shown to be responsible for the primary metabolism of several drugs
that contain an aromatic nitrogen heterocycle [72, 88, 159, 160]. In general, when drug
structures contain aromatic nitrogen heterocycles, a role for AO should be considered
in preclinical and in vitro tests. The contribution of this enzyme to drug clearance
can be defined by examining metabolism of an NCE by cytosolic preparations and
inhibition by either menadione or raloxifene [161, 162]. DDIs with AO have not yet
been reported in the literature.

Several in vitro models including cell-based, cell-free, and yeast systems as well
as in vivo models such as genetic knock-out, gene-deficient, and chemical knock-out
animals have recently been developed in order to understand the interaction between
drugs and transports [163]. However, unlike the CYP-mediated drug interactions, the
evidence for the transport-mediated drug interactions is often less conclusive due to
a broad overlap of substrate specificities between transporters and drug-metabolizing
enzymes. Some evidences for the interaction of digoxin, a good P-gp substrate, when
coadministered with valspodar or verapamil (potent and selective P-gp inhibitors)
have been reported [164].

1.6.2.2 Metabolism-Based Inactivation/Bioactivation. The metabolic activation of
an NCE to a reactive intermediate is an important consideration in the development
of NCEs as new drug candidates. Metabolic activation can be effected by phase 1 or
phase 2 enzymes. Depending on the mechanism and the substrate, oxidative reactions
can yield reactive intermediates such as epoxides, quinone methides, quinone imines,
and quinones, which are alkylating agents, which react with cellular constituents
such as DNA and proteins. A comprehensive listing of known bioactivation reactions
and mechanisms has been presented [83, 165]. These modifications are thought to be
responsible for DNA damage that can result in tumor initiation and promotion, and
idiosyncratic reactions that are observed in patients post marketing of a new drug. The
Ames test and micronucleus assay are routinely used to determine the carcinogenic
potential of an NCE early in the development process. In addition, metabolism-based
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inactivation (MBI) assays have been established to detect either an enzymatic activity
loss at a single concentration or an IC50 shift when an NCE is preincubated with
either pooled human liver microsomes or recombinant CYP enzymes, and human
hepatocytes. However, the relationships between protein covalent binding by reactive
intermediates and toxicity are not well understood.

An in vitro test commonly used to establish reactive intermediates is the trapping of
a reactive intermediate by glutathione [166—170]. While this test shows the potential
for a reactive intermediate to be generated from an NCE by the oxidative enzymes
in hepatic microsomes, it does not imply that toxicity will necessarily result from
such an intermediate. Acetaminophen (Tylenol) and ethynylestradiol are examples of
drugs that, when used in the proper manner, have proven to be extremely safe, and
yet are positive for reactive intermediates when tested with the glutathione reactive
intermediate screen. Accordingly, a positive reaction for an NCE in this assay should
by itself not constitute a kill shot, rather it should serve as a flag for enhanced
vigilance in toxicological testing, and such information should be used cautiously
when selecting between NCEs for progression of compounds for drug development
[171].

As described earlier, conjugation of xenobiotics to glucuronide or sulfate is gen-
erally associated with detoxification. However, phase II enzymes can also catalyze
the bioactivation of drugs. For example, acyl glucuronides formed by UGTs from
carboxylic acid functions present in drugs, NCEs or their metabolites can be reac-
tive intermediates that acylate macromolecules by transferring the aglycone moiety.
The modified macromolecules may be recognized by the immune system and elicit
an immunological response either to the aglycone or the modified macromolecule.
Consequences of such events can be hypersensitization to the drug or induction of
auto immunity [80, 172—175]. Acyl glucuronides undergo intramolecular acyl group
migration, which is used as a measure of reactivity. A recent NMR study provides a
rapid means of assessing the migration half-life and the competing hydrolytic process.
A general observation is that increased substitution at the a-carbon of the carboxylic
acid increases the migration half-life and decreases toxicity [176]. Clearly, a better
understanding of the relationships between reactive intermediates, macromolecular
adducts, and toxicity is necessary.

NATs are also involved in bioactivation reactions via O-acetylation of
N-hydroxylamines formed from CYP-mediated N-hydroxylation of arylamines.
These bioactivation reactions form unstable acetoxy esters that decompose to highly
reactive species, which bind to cellular DNA [83]. The O-sulfonation of compounds
catalyzed by SULTS can also result in the formation reactive intermediates. Recently,
it has been shown that a-hydroxytamoxifen (derived from CYP-mediated hydroxy-
lation of tamoxifen) is bioactivated by SULTs [177].

1.6.2.3 Induction and Repression of Drug-Metabolizing Enzymes. Among the var-
ious classes of drug-metabolizing enzymes, members of the CYP family have been the
most extensively studied for susceptibility to regulation by xenobiotic and endobiotic
mediators. FMOs and MAOs have not been shown to be susceptible to induction or
repression by xenobiotics, and UGTs have not been sufficiently investigated despite
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large interindividual variability. Induction of CYPs by xenobiotics and drugs has been
known since early studies on this class of enzymes. Inductions of CYP1A, 2B, and 3A
families by drugs such as phenobarbital, dexamethasone, rifampin, and xenobiotics
like dioxins, benzo[a]pyrene and others have been well documented. An increase in
functional expression of a drug-metabolizing enzyme can result in increased clear-
ance of a drug, resulting in reduced efficacy. Repression of expression can result in
toxic accumulation of a drug above its TI. Induction mechanisms are complex and
involve the proximal promoter and xenobiotic-response enhancer regions of genes to
which bind the various nuclear transcription factors. The various nuclear transcription
factors can interact individually or in concert, creating an interaction network that
affects the magnitude of the induction response [178, 179]. Critical to the develop-
ment of new drugs is the dose-dependent magnitude of the induction response to an
NCE [180]. It is recognized that major differences exist in the response to inducers in
humans and preclinical models as a consequence of differences in xenobiotic recep-
tors and nuclear transcription factors including differences in the binding affinities of
receptors for xenobiotics. For example, the ligand binding domains of rabbit, rodent,
and human pregnane X receptor (NR112) share only 75-80% sequence identity. Thus,
induction in preclinical species may not appropriately reflect induction in humans or
vice versa. The importance of nuclear receptors in regulation of drug-metabolizing
enzymes has been established. However, much effort is needed to elucidate the molec-
ular mechanisms involved in these processes. Primary cultures of human hepatocytes
have been used to examine induction of drug-metabolizing enzymes by NCEs [181].
Recently, the use of an immortalized hepatocyte cell line (Fa2N-4) has been shown
to be more reproducible for examining induction [182, 183].

1.6.3 Polymorphisms

Genetic polymorphisms in the form of single nucleotide polymorphisms (SNPs) have
been observed in most genes that have been examined in mammals. SNPs are the
most commonly encountered mutations that are observed either in the coding or
promoter regions of genes encoding drug-metabolizing enzyme. Such changes can
have effects that range from innocuous to extremely deleterious. The relevant forms of
polymorphism from a drug metabolism perspective are those that affect the clearance
and active transport of drugs. Genetic variability in drug-metabolizing enzymes is a
significant contributor to the variability in human drug pharmacokinetics. An SNP
that results in a stop codon within the coding region can result in a lack of expression,
or expression of a nonfunctional or unstable protein that is phenotypically observed
as a lack of metabolic activity. SNPs that result in amino acid changes can alter
protein structure with variable effects ranging from a lack of activity to varying
degrees of impaired activity. Other SNPs can be silent, resulting in no changes in
the sequences or protein expression. SNPs in the promoter regions of the gene can
affect levels of protein expression. Thus, for an NCE extensively metabolized by a
particular drug-metabolizing enzyme, polymorphisms in the gene could cause plasma
concentrations to rise to levels far above its TI with toxic consequences. This would
be particularly critical for NCEs with low TIs. Hence, knowledge of the enzymes
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involved in clearance of NCEs along with knowledge of polymorphisms that exist
for these enzymes is critical to the development of safer drugs.

1.6.3.1 CYP450. Polymorphisms that have been discovered in the genes for CYPs,
2D6, and 2C19 are particularly good examples of the importance of knowing poly-
morphisms in drug-metabolizing enzymes and the challenges in the development
of NCEs as new drugs. The “Debrisoquine Polymorphism” observed for the hy-
pertensive drug debrisoquin was first recognized in the mid-1970s among hyper-
tensive patients as a bimodal distribution in the ratio between debrisoquine and
its 4-hydroxydebrisoquine metabolite, and via familial studies was suggested to be
caused by a recessive allelic gene [184—186]. Subsequently this polymorphic effect
was correlated with other drugs used in the 1970s and 1980s [187], and the en-
zyme responsible for the 4-hydroxylation of debrisoquine was identified [188, 189].
Extensive genotype/phenotype studies have been conducted in ethnically different
populations around the globe and over 60 allelic variants have been identified for
CYP2D6. The effect on enzymatic activity of these allelic forms is varied and ex-
tends from increased to complete loss in metabolic capacity of this enzyme. For
drugs primarily cleared by CYP2D6 the consequence of increased metabolic capac-
ity would be subtherapeutic levels of drug and loss of optimal efficacy. More critically,
for patients with allelic variants moderately to extensively devoid of metabolic ca-
pacity, the effect would be increased drug levels with consequent toxicity. Hence,
patient genotyping would appear to be critical prior to administration of drugs with
low TIs and a significant contribution of CYP2D6 to their clearance. Consideration
of CYP2D6 genotype can also be important when a drug such as Timolol is used top-
ically. Timolol, a known CYP2D6 substrate, is known to have significant cardiopul-
monary effects. The fraction absorbed systemically from a 0.5% aqueous ophthalmic
application increases heart rate due to systemic absorption. With PMs the systemic
exposure can reach levels sufficient to effect QT prolongation and consequent cardiac
arrhythmia.

Similarly, for CYP2C19 over 20 allelic variants have been identified with sev-
eral variants devoid of enzymatic activity. The activation of clopidogrel to its active
metabolite is known to involve both CYP3A4 and CYP2CI9. Clinical studies in
healthy subjects have shown that in subjects carrying the CYP2C19*2 allelic vari-
ant, platelet responsiveness was markedly decreased [190]. Similarly, in the use of
the anticancer drug Indisulam, which is metabolized primarily by CYPs 2C9 and
2C19, patients carrying allelic variants CYP2C9*6 or CYP2C19*2 can be suscep-
tible to neutropenia due to increased systemic exposure to the drug [191]. SNPs
have been identified among all the major CYP isoforms including the CYP3A
family.

The majority of allelic variants identified for CYP3A4 and 3AS5 either have no phe-
notypic effect or result in diminished catalytic activity, which can result in an increase
in circulating drug levels to some extent. A rare allelic form of CYP3A4 recently
discovered in a German subject with a midazolam clearance of 2.99 mL (minkg)~!
has been shown to be due to the lack of heme incorporation into the heterologously
expressed protein [192]. The frequency of this variant in the general population has
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not been established, and its effect on drug metabolism by such allelic carriers re-
mains to be established. Tacrolimus, cyclosporine, and some other CYP3A cleared
drugs that have low TIs are particularly sensitive to allelic variants with diminished
metabolic capacity, and care in dose administration is critical. Clinical studies in re-
nal transplant patients have shown that the CYP3AS5 genotype correlated with dose,
and the mean dose required to achieve efficacious concentrations was lowest for the
CYP3A5*1\*1 allele. Tacrolimus is nephrotoxic and hence genotyping of subjects is
critical for effective dose administration [193, 194].

Allelic variants for other CYP isoforms involved in the metabolism of drugs have
been documented and in some cases effects of allelic variants have been examined.
A compendium of allelic variants for human CYP isoforms in families 1, 2, 3, and
4 is available on the Web at the home page of the Human Cytochrome P450 (CYP)
Allele Nomenclature Committee (http://www.cypalleles.ki.se/cypalleles.html).

1.6.3.2 UGTs and SULTs. Polymorphisms have been identified in all the UGT
isoforms that have been examined. The mutations are observed in the coding and
promoter regions of the genes. A compendium of allelic variants in families 1 and
2 is available on the Web at http://galien.pha.ulaval.ca/alleles/alleles.html. Sixty-two
allelic variants have been reported for the UGT1A1 gene. Bilirubin is cleared as its
glucuronide only by UGT1A1. Several syndromes are associated with mutations in
the UGT1AL1 gene. The type I Crigler—Najar (CN) syndrome is lethal and is due to
any of 36 allelic forms of UGT1A1 that result in complete loss of UGT1A1 activity.
Systemic accumulation of bilirubin results in severe neurological toxicity. Currently,
only liver transplant is the approach used to treat such patients [195]. Gene and cell
therapies hold promise for future treatment of this disease [196, 197]. Sixteen allelic
variants of UGT1A1 result in the less lethal, type II CN syndrome. Gilbert syndrome
is a form of inherited mild hyperbilirubinemia that results from mutations in the
TATA box upstream of the UGT1A1 gene resulting in altered gene expression [198].
The magnitude of severity in type II CN syndrome is determined by the intrinsic
activity of allelic forms toward bilirubin and treatments vary from phenobarbital and
phototherapy to dietary control [197].

The active metabolite of Irinotecan, SN-38, and the cancer drug Etoposide are
drugs that are cleared primarily by UGT1A1 and have narrow TIs. To maintain drug
concentrations within the therapeutic window, it would appear critical to genotype
patients to be treated with such drugs. Therefore, from a drug development perspec-
tive, in vitro knowledge of the involvement of UGT1A1 in primary clearance of, or
inhibition by, an NCE or its metabolite and their potential to limit bilirubin clearance
would appear useful to conduct at an early drug discovery stage. Such knowledge is
useful either to conduct early drug interaction studies to limit late stage attrition or
as indicators for patient genotyping prior to commencement of therapy.

Polymorphisms have also been identified among several SULT members, and
some secondary effects on metabolism have been documented. However, since this
enzyme system has not yet been identified in any critical drug metabolism function,
the effects of such mutations have been far less defined [199].
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1.6.3.3 Other Drug-Metabolizing Enzymes. MOA-A and MOA-B are critical for
maintenance of neurotransmitter homeostasis. Polymorphisms in these genes have
been encountered and reports generally address polymorphisms in the promoter
regions of these enzymes that result in alterations in enzyme levels [68]. No reports
exist in the literature where polymorphisms encountered in the coding region of the
genes have dramatically altered the catalytic activities for these enzymes.

There are five human flavin monooxygenase (FMO) gene families. Polymorphisms
are known for these enzymes. However, due to a lack of significant primary roles in
drug clearance or demonstrated DDIs, polymorphisms among these enzymes have not
gained much attention [200]. FMO3 has received the highest attention because of its
physiological role in clearance of trimethylamine. Polymorphic forms of FMO3 result
in variable loss of trimethamine metabolic capacity from moderate to severe. This
results in varying degrees of trimethylaminuria (fish odor syndrome) and consequent
psychological effects [200].

AO/XO belongs to the family of molybdenum cofactor dependent enzymes as
described earlier. XO has received the most attention because of its role in the
metabolism of purines. Type I xanthinuria is caused by mutations in the XO gene
that result in a lack of protein expression or inactive protein [201, 202]. Type II
xanthinurias are caused by potentially inactive XO polymorphism and due to lack of
the molybdenum cofactor caused by mutations in the molybdenum cofactor sulfurase
gene [203, 204]. Literature on polymorphic forms of AO is limited. However, with
increasing involvement of AO in drug clearance, attention needs to be focused on
polymorphic forms of this enzyme. A recent report has identified Donryu rats with
significant variability in clearance of the IND RS-8359. The variability was shown
to be associated with mutations in the AO gene [205].

While no critical physiological function for the two forms of NAT1 and NAT?2
have been identified, these enzymes have been associated with drug and xenobiotic
metabolism, and with polycyclic aromatic amine-induced cancer. Humans have been
classified as high, medium, and PMs with respect to these genes. Various reports have
tried to link acetylator status with disease states. However, while trends have been
noted, no definitive linkages have been established [206]. SNPs in the genes encoding
for NAT1 and NAT?2 are responsible for the high degree of variability observed in
N-acetylator status. The antituberculosis drug isoniazid is cleared by NATSs, and
consequently the NAT genotype does influence the dose requirement for treatment of
tuberculosis. Thus, from a drug metabolism perspective, it may be important to know
if NATS play a role in clearance of NCEs. However, these enzymes have not become
frontline screens in the drug discovery and development paradigm.

1.6.3.4 Transporters. If the NCEs are substrates for transporters, systemic or target
tissue availability of the NCE may become limiting, and consequently influence the
pharmacokinetics and pharmacodynamics of the NCE. Efflux transporters such as
P-gp present in intestinal epithelia can have negative effects on the bioavailability of
NCEs, particularly those that have poor membrane permeability. Whereas for NCEs
that have good membrane permeability, efflux transporters do not play as critical
role in intestinal absorption since a dose-dependent saturation of the efflux pump
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is possible. While systemic exposure may be achieved by overcoming the intestinal
efflux barrier, target tissues that express such transporters may function as efficient
barriers to tissue penetration from systemic circulation. For example, P-gp present
in the blood/brain barrier and in tumor cells is an effective hindrance to brain and
tumor cell access of P-gp substrates [207, 208]. Uptake and efflux transporters in
the liver and kidney can have similar influences on systemic exposure of NCEs
[209]. Inhibition of transporter function can, depending on the endogenous role of
a transporter, result in toxicity. For example, inhibition of bile salt transporters can
result in cholestasis and hepatic failure [210]. Conversely, inhibition of P-gp efflux
transporters can enhance efficacy of antineoplastic agents [211]. While extensive
knowledge has been gained in transporters, techniques for rapid evaluation of their
roles in pharmacokinetics is still lacking and major strides are needed to effectively
incorporate transporters in the drug discovery paradigm.

SNPs in many classes of transporter genes are known, particularly among those
involved in bile salt homeostasis [212]. Polymorphisms in P-gp have also been
identified and are thought in part to contribute to variability in P-gp function. However,
insufficient studies have thus far been conducted to establish distinct roles for SNPs
[213].

1.7 SUMMARY

Since the early 1980s a majority of the human enzymes involved in drug metabolism
such as the CYPs, UGTs, MAOs, FMOs, and some of the lesser encountered drug-
metabolizing enzymes have been isolated or heterologously expressed and charac-
terized, and more recently some crystal structures have been solved, providing a
better understanding of the structural basis for their broad specificity. Knowledge of
transporters such as P-gp, MRPs, OATPs, and OCTs has expanded with construction
of cell systems incorporating specific transporters for use in characterizing their role
in drug efflux or uptake. Progress in molecular genetics of drug-metabolizing and
related enzyme systems has enabled some understanding of the molecular basis for
inherited traits such as PMs and EMs. Several CYP isoform-specific inhibitors and
substrates are known that allow for the elucidation of some primary metabolic path-
ways and an evaluation of the potential for DDIs. The enzyme kinetic parameters
(K, Ki, Vi) for the isoforms involved in clearance or inhibition can be accurately
determined and used to assess the potential for drug interactions and issues that may
be associated with metabolism by, or inhibition of, polymorphic forms that can alter
projected pharmacokinetic parameters. With this information preclinical and clinical
studies can be designed to address and evaluate such concerns. Expansion of our
knowledge of the reaction mechanisms of CYP enzymes, their substrate specificities,
and crystal structures allows for in silico predictive models to be constructed. This
can minimize exhaustive experimental testing by selectively examining compounds
in a series. Advances in structure elucidation by soft ionization mass spectroscopy
allow for rapid characterization of metabolites and identification of metabolic hot
spots. When done in an iterative manner, this can aid in designing compounds with
better pharmacokinetic properties.
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Advances in our understanding of mechanisms of induction through nuclear re-
ceptors are expanding and allow for early screening to identify compounds with the
potential to induce CYP isoforms using in vitro ligand binding assays for nuclear re-
ceptors rather than preclinical animal models where outcomes often do not translate
to humans. This knowledge allows for appropriate nonclinical or clinical testing to be
conducted at an early stage to mitigate late stage attrition due to enzyme induction.

Progress in efflux and uptake transporters allows for assessment of the role of the
more commonly encountered transporters in achieving targeted drug concentrations
at the site of action. This is particularly important in CNS and cancer programs
where P-gp plays a critical role in the blood-brain barrier and tumor cell surface by
preventing drug entry. Thus if CNS or cancer drugs are P-gp substrates, depending
on the intrinsic efflux parameter, TI, and safety window, such drugs may not achieve
their targeted concentrations for efficacy. For drugs not targeted to organs or sites with
high P-gp content, the presence of P-gp in the intestinal wall, although limiting drug
entry, is not as critical since saturation of the pathway can be achieved by increasing
the oral dose to overcome the efflux. Biliary efflux pumps can also play a significant
role in limiting systemic exposure. As tools to assess the roles of such transporters
become available, the ability to more accurately predict behavior in human subjects
becomes a reality.

Knowledge of non-CYP metabolic pathways has also expanded. Tools are avail-
able to assess if enzymes, such as MAOs, UGTs, aldehyde or xanthine oxidases,
contribute to the clearance. Lacking are means of assessing the magnitude of the
contribution made by these enzymes to the overall clearance. As medicinal chemists
become more effective in limiting CYP-mediated metabolism of NCEs, non-CYP
metabolic pathways will become increasingly involved in drug clearance and con-
sequently better tools are necessary to evaluate the role such enzymes may play in
metabolism of NCEs early in the drug development process.

Most drug testing is conducted in adult humans between the ages of 18 and 60
years. Pediatric use of drugs has generally been limited to allometric scaling from
adult pharmacokinetic studies. Developmental changes in the hepatic expression of
some drug-metabolizing enzymes have been noted; however, far greater understand-
ing and statistical knowledge is needed for projection of pediatric pharmacokinet-
ics and simulation thereof by predictive tools such as SimCYP can be effectively
employed.

Despite major strides in understanding of drug metabolic processes, knowledge
in several areas is still lacking, and predictive tools, while significantly improved,
need further enhancement. In silico tools are improving with better ability to predict
metabolic hot spots (Meteor and Metasite). As technologies evolve, strategies used
in drug metabolism studies in early drug discovery will also evolve to fit changing
paradigms.

REFERENCES

1. Grabowski, H., Vernon, J., and DiMasi, J. (2002) Returns on research and development
for 1990 drug introductions. Pharmacoeconomics 20, 11-29.



28

10.

11.

12.

13.

14.

15.

16.

17.

18.

DRUG METABOLISM: SIGNIFICANCE AND CHALLENGES

. Caldwell, J. (1996) The role of drug metabolism studies for efficient drug discovery

and development: opportunities to enhance time- and cost-efficiency. J. Pharm. Sci. 2,
117-119.

. DiMasi, J. A., Hansen, R. W., and Grabowski, H. G. (2003) The price of innovation: new

estimates of drug development costs. J. Health Econ. 22, 151-185.

. Alavijeh, M. S. and Palmer, A. M. (2004) The pivotal role of drug metabolism and

pharmacokinetics in the discovery and development of new medicines. Invest. Drugs 7,
755-763.

. Segall, M. D., Beresford, A. P, Gola, J. M. R., Hawksley, D., and Tarbit, M. H.

(2006) Focus on success: using a probabilistic approach to achieve an optimal bal-
ance of compound properties in drug discovery. Expert Opin. Drug Metab. Toxicol. 2 (2),
325-337.

. Kola, I. and Landis, J. (2004) Can the pharmaceutical industry reduce attrition rats? Nat.

Rev. Drug Discov. 3, 711-715.

. Baranczewski, P., Stanczak, A., Kautianinen, A., Sandin, P., and Edlund, P.-O. (2006)

Introduction to early in vitro identification of metabolites of new chemical entities in
drug discovery and development. Pharmacol. Rep. 58, 341-352.

. Bachmann, K. A. and Ghosh, R. (2001) The use of in vitro methods to predict in vivo

pharmacokinetics and drug interactions. Curr. Drug Metab. 3, 299-314.

. Hewitt, N. J., Gémez Lechon, M. J., Houston, B. J., Hallifax, D., Brown, H. S.,

Maurel, P, Kenna, J. G., Gustavsson, L., Lohmann, C., Skonberg, C., et al. (2007)
Primary hepatocytes: current understanding of the regulation of metabolic enzymes and
transporter proteins, and pharmaceutical practice for the use of hepatocytes in metabolism,
enzyme induction, transporter, clearance, and hepatotoxicity studies. Drug Metab. Rev.
39, 159-234.

Beresford, A. P., Segall, M. D., and Tarbit, M. H. (2004) In silico prediction of ADME
properties: are we making progress? Curr. Opin. Drug Discov. Dev. 7, 36-42.

Noller, J., Schmitt, J., Hartmann, T., and Loffler, T. (2005) Just married-in vitro assays
and in silico ADME prediction. Screening 1, 32-33.

Bajorath, J. (2002) Integration of virtual and high-throughput screening. Nat. Rev. Drug
Discov. 1, 882-894.

Mahmood, I. (1998) Interspecies scaling predicting volumes, mean residence time and
elimination half-life. Some considerations. J. Pharm. Pharmacol. 50, 493-499.

Jang, J. R., Harris, R. Z., and Lau, D. T. (2001) Pharmacokinetics and its role in small
molecule drug research. Med. Res. Rev. 21, 382-396.

Fura, A., Shu, Y., Zhu, M., Hanson, R. L., Roongta, V., and Humphreys, W. G. (2004)
Discovering drugs through biological transformation: role of pharmacologically active
metabolites in drug discovery. J. Med. Chem. 47, 4339-4351.

Baillie, T. A. (2003) Drug Metabolizing Enzymes: Cytochrome P450 and Other Enzymes
in Drug Discovery and Development, Marcel Dekker, New York, pp. 147-154.

Evans, D. C., Watt, A. P., Nicoll-Griffith, D. A., and Baillie, T. (2004) Drug-protein
adducts: an industry perspective on minimizing the potential for drug bioactivation in
drug discovery and development. Chem. Res. Toxicol. 17, 3—-6.

Kalgutkar, A. S., Gardner, 1., Obach, R. S., Shaffer, C. L., Callegari, E., Henne,
K. R., Mutlib, A. E., Dalvie, D. K., Lee, J. S., Nakai, Y., et al. (2005) A comprehensive
listing of bioactivation pathways of organic functional groups. Curr. Drug Metab. 6,
161-225.



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

REFERENCES 29

Clark, S. E. and Jones, B. C. (2002) Human cytochrome P450 and their role in metabolism-
based drug—drug interactions. In: Drug and Pharmaceutical Sciences: Drug—Drug Inter-
actions, Rodrigues, A. D., ed., Marcel Dekker, New York, pp. 55-88.

Obach, R. S. (2003) Drug—drug interactions: an important negative attribute in drugs.
Drug Discov. Today 39, 301-338.

Watt, A. P., Mortishire-Smith, R. J., Gerhard, U., and Thomas, T. (2003) Metabolite
identification in drug discovery. Drug Discov. Dev. 6, 57-65.

Baillie, T. A., Cayen, M. N, Fouda, H. G., Gerson, R. J., Green, J. D., Grossman, S. J.,
Klunk, L. J., LeBlanc, B., Perkins, D. G., and Shipley, L. A. (2002) Drug metabolites in
safety testing. Toxicol. Appl. Pharmacol. 182, 188-196.

Smith, D. A. and Obach, R. S. (2005) Seeing through the MIST: abundance versus
percentage. Commentary on metabolites in safety testing. Drug Metab. Dispos. 33,
1409-1417.

Guengerich, E. P. (2003) Cytochrome P450, drugs, and diseases. Mol. Interv. 3 (4),
194-204.

Rendic, S. (2002) Summary of information on human CYP enzymes: human P450
metabolism data. Drug Metab. Rev. 34, 83—448.

Shou, M., Korzekwa, K. R., Crespi, C. L., Gonzalez, F. J., and Gelboin, H. V. (1994)
The role of 12 cDNA-expressed human, rodent, and rabbit cytochrome P450 in the
metabolism of benzo[a]pyrene and benzo[a]pyrene trans-7,8-dihydrodiol. Mol. Carcinog.
10 (3), 159-68.

Shou, M., Krausz, K. W., Gonzalez, F. J., and Gelboin, H. V. (1996) Metabolic activation
of the potent carcinogen dibenzol[a,l]pyrene by human recombinant cytochrome P450,
lung and liver microsomes. Carcinogenesis 17, 2429-2433.

Baldwin, S. J., Bloomer, J. C., Smith, G. J., Ayrton, A. D., Clarke, S. E., and Chenery,
R. J. (1995) Ketoconazole and sulphaphenazole as the respective selective inhibitors of
P4503A and 2C9. Xenobiotica 25, 261-270.

Sutter, T. R., Tang, Y. M., Hayes, C. L., Wo, Y., Jabs, E. W., Li, X., Yin, H., Cody,
C. W., and Greenlee, W. F. (1994) Complete cDNA sequence of a human dioxin-inducible
mRNA identifies a new gene subfamily of cytochrome P450 that maps to chromosome
2.J. Biol. Chem. 269, 13092—-13099.

Murray, G. L., Taylor, M. C., Mcfadyen, M. C., McKay, J. A., Greenlee, W. F., Burke,
M. D., and Melvin, W. T. (1997) Tumor-specific expression of cytochrome P450 CYP1B1.
Cancer Res. 57, 3026-3031.

Belous, A. R., Hachey, D. L., Dawling, S., Roodi, N., and Parl, F. F. (2007) Cytochrome P
450 1B1-mediated estrogen metabolism results in estrogen-deoxyribonucleoside adduct
formation. Cancer Res. 67 (2), 812-817.

Hukkanen, J., Pelkonen, O., Hakkola, J., and Raunio, H. (2002) Expression and regulation
of xenobiotic-metabolizing cytochrome P450 (CYP) enzymes in human lung. Crit. Rev.
Toxicol. 32 (5), 391-411.

Nebert, D. W., Dalton, T. P., Okey, A. B., and Gonzalez, F. J. (2004) Role of aryl
hydrocarbon receptor-mediated induction of the CYP1 enzymes in environmental toxicity
and cancer. J. Biol. Chem. 279 (23), 23847-23850.

Guengerich, F. P. (1997) Comparisons of catalytic selectivity of cytochrome P450 sub-
family enzymes from different species. Chem. Biol. Interact. 106 (3), 161-82.
Honkakoski, P. and Negish, M. (1997) The Structure, function, and regulation of cy-
tochrome P450 2A enzymes. Drug Metab. Rev. 29, 977-996.



30

36

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

DRUG METABOLISM: SIGNIFICANCE AND CHALLENGES

. Smith, G. B. J., Bend, J. R., Bedard, J. J., Reid, K. R., Petsikas, D., and Massey,
T. E. (2003) Biotransformation of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK) in peripheral human lung microsomes. Drug Metab. Dispos. 31 (9), 1134—
1141.

Ruangyuttikarn, W., Appleton, M. L., and Yost, G. S. (1991) Metabolism of 3-
methylindole in human tissues. Drug Metab. Dispos. 19 (5), 977-84.

He, X. Y., Tang, L., Wang, S. L., Cai, Q. S., Wang, J. S., and Hong, J. Y. (2006)
Efficient activation of aflatoxin B1 by cytochrome P450 2A 13, an enzyme predominantly
expressed in human respiratory tract. Int. J. Cancer 118, 2665-2671.

Rivera, S. P., Saarikoski, S. T., and Hankinson, O. (2002) Identification of a novel dioxin-
inducible cytochrome P450. Mol. Pharmacol. 61 (2), 255-259.

Court, M. H., Duan, S. X., Hesse, L. M., Venkatakrishnan, K., and Greenblatt, D. J.
(2001) Cytochrome P450 2B6 is responsible for interindividual variability of propofol
hydroxylation by human liver microsomes. Anesthesiology 94, 110-119.

Lang, T. A., Klein, K. A., Fischer, J. A., Nussler, A. K. B., Neuhaus, P. B., Hofmann,
U. A, Eichelbaum, M. A., Schwab, M. A., and Zanger, U. M. A. (2001) Extensive genetic
polymorphism in the human CYP2B6 gene with impact on expression and function in
human liver. Pharmacogenetics 11, 399-415.

Code, E. L., Crespi, C. L., Penman, B. W., Gonzalez, F. J., Chang, T. K., and
Waxman, D. J. (1997) Human cytochrome P4502B6: interindividual hepatic expres-
sion, substrate specificity, and role in procarcinogen activation. Drug Metab. Dispos. 25,
985-993.

Lamba, V., Lamba, J., Yasuda, K., Strom, S., Davila, J., Hancock, M. L., Fackenthal,
J.D.,Rogan, P. K., Ring, B., Steven, A., et al. (2003) Hepatic CYP2B6 expression: gender
and ethnic differences and relationship to CYP2B6 genotype and CAR (constitutive
androstane receptor) expression. J. Pharmacol. Exp. Ther. 307, 906-922.

Romkes, M., Faletto, M. B., Blaisdell, J. A., Raucy, J. L., and Goldstein, J. A. (1991)
Cloning and expression of complementary DNAs for multiple members of the human
cytochrome P4501IC subfamily. Biochemistry 30, 3247-3255.

Zuber, R., Anzenbacherova, E., and Anzenbacher, P. (2002) Cytochrome P450 and ex-
perimental models of drug metabolism. J. Cell. Mol. Med. 6, 189-198.

Hanioka, N., Kimura, S., Meyer, U. A., and Gonzalez, F. J. (1990) The human CYP2D6
locus associates with a common genetic defect in drug oxidation: a G1934 to a base
change in intron 3 of a mutant CYP2D6 allele results in an aberrant 3" splice recognition
site. Am. J. Hum. Genet. 47, 994—1001.

Mulder, H., Herder, A., Wilmink, F. W., Tamminga, W. J., Belitser, S. V., and Egberts,
A. C. G. (2006) The impact of cytochrome P450-2D6 genotype on the use and interpreta-
tion of therapeutic drug monitoring in long-stay patients treated with antidepressant and
antipsychotic drugs in daily psychiatric practice. Pharmacoepidemiol. Drug Saf. 15 (2),
107-114.

Lofgren, S., Hagbjork, A., Ekman, S., Fransson-Steen, R., and Terelius, Y. (2004)
Metabolism of human cytochrome P450 marker substrates in mouse: a strain and gender
comparison. Xenobiotica 34, 811-834.

Ronis, M. J. J., Lindros, K. O., Ingelman-Sundberg, M., Ioannides, C., and Parke,
D. V., eds. (1996) Cytochromes P450: Metabolic and Toxicological Aspects. 9, The
CYP2E Subfamily, CRC Press, Boca Raton, FL, pp. 211-239.



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

REFERENCES 31

Carr, B. A., Wan, J., Hines, R. N., and Yost, G. S. (2003) Characterization of the human
lung CYP2F1 gene and identification of a novel lung-specific binding motif. J. Biol.
Chem. 278 (18), 15473-15483.

Lanza, D. L., Code, E., Crespi, C. L., Gonzalez, F. J., and Yost, G. S. (1999) Specific de-
hydrogenation of 3-methylindole and epoxidation of naphthalene by recombinant human
CYP2F]1 expressed in lymphoblastoid cells. Drug Metab. Dispos. 27, 798-803.
Thornton-Manning, J., Appleton, M. L., Gonzalez, F. J., and Yost, G. S. (1996)
Metabolism of 3-methylindole by vaccinia-expressed P450 enzymes: correlation of 3-
methyleneindolenine formation and protein-binding. J. Pharmacol. Exp. Ther. 276 (1),
21-29.

Zeldin, D. C., Foley, J., Ma, J., Boyle, J. E., Pascual, J. M., Moomaw, C. R., Tomer,
K. B., Steenbergen, C., and Wu, S. (1996) CYP2J subfamily P450s in the lung: expres-
sion, localization, and potential functional significance. Mol. Pharmacol. 50 (5), 1111—
1117.

Matsumoto, S., Hirama, T., Matsubara, T., Nagata, K., and Yamazoe, Y. (2002) Involve-
ment of CYP2J2 on the intestinal first-pass metabolism of antihistamine drug, astemizole.
Drug Metab. Dispos. 30 (11), 1240-1245.

Hoffman, S. M., Nelson, D. R., and Keeney, D. S. (2001) Organization, structure and
evolution of the CYP2S gene cluster on human chromosome 19. Pharmacogenetics 11,
687-698.

Karlgren, M., Miura, S., and Ingelman-Sundberg, M. (2005) Novel extrahepatic cy-
tochrome P450s. Toxicol. Appl. Pharmacol. 207 (2, Suppl.), S57-S61.

Buckpitt, A., Boland, B., Isbell, M., Morin, D., Shultz, M., Baldwin, R., Chan, K.,
Karlson, A., Lin, C., Taff, A., et al. (2002) Naphthalene-induced respiratory tract toxicity:
metabolic mechanisms of toxicity. Drug Metab. Rev. 34 (4), 791-820.

Wrighton, S. A., VandenBranden, M., and Ring, B. J. (1996) The human drug metabo-
lizing cytochrome P450. J. Pharmacokinet. Biopharmacol. 24, 461-473.

Li, A. P, Kaminsky, D. L., and Rasmussen, A. (1995) Substrate of human hepatic
cytochrome P450 3A4. Toxicol. 104, 1-8.

Domanski, D. L., Finta, C., Halpert, J. R., and Zaphiropoulos, P. G. (2001) cDNA
cloning and initial characterization of CYP3A43, a novel human cytochrome P450. Mol.
Pharmacol. 59, 386-392.

Williams, J. A., Ring, B. J., Cantrell, V. E., Jones, D. R., Eckstein, J., Ruterbories,
K., Hamman, M. A., Hall, S. D., and Wrighton, S. A. (2002) Comparative metabolic
capabilities of CYP3A4, CYP3AS, and CYP3A7. Drug Metab. Dispos. 30, 883—891.
Gellner, K., Eiselt, R., Hustert, E., Arnold, H., Koch, I., Haberl, M., Deglmann, C. J.,
Burk, O., Buntefuss, D., Escher, S., et al. (2001) Genomic organization of the human
CYP3A locus: identification of a new inducible CYP3A gene. Pharmacogenetics 11,
111-121.

Nebert, D. W. and Russell, D. W. (2002) Clinical importance of the cytochromes P450.
Lancet 360, 1155-1162.

Marill, J., Cresteil, T., Lanotte, M., and Chabot, G. G. (2000) Identification of human cy-
tochrome P450s involved in the formation of all-frans-retinoic acid principal metabolites.
Mol. Pharmacol. 58, 1341-1348.

Cashman, J. R. (2000) Human flavin-containing monooxygenase: substrate specificity
and role in drug metabolism. Curr. Drug Metab. 1, 1037-1045.



32

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

DRUG METABOLISM: SIGNIFICANCE AND CHALLENGES

Zhang, J. and Cashman, J. R. (2006) Quantitative analysis of FMO gene mRNA levels in
human tissues. Drug Metab. Dispos. 34 (1), 19-26.

Shih, J. C., Chen, K., and Ridd, M. J. (1999) Monoamine oxidase from genes to behavior.
Annu. Rev. Neurosci. 22, 197-217.

Kalgutkar, A. S., Dalvie, D. K., Castagnoli, N., Jr., and Taylor, T. J. (2001) Interactions
of nitrogen-containing xenobiotics with monoamine oxidase (MAQ) isozymes A and B:
SAR studies on MAO substrates and inhibitors. Chem. Res. Toxicol. 14 (9), 1139-1162.
Rashidi, M. R., Smith, J. A., Clarke, S. E., and Beedham, C. (1997) In vitro oxidation of
famciclovir and 6-deoxypenciclovir by aldehyde oxidase from human, guinea pig, rabbit,
and rat liver. Drug Metab. Dispos. 25, 805-813.

Lake, B. G., Ball, S., Kao, J., Renwick, A. B., Price, R. J., and Scatina, J. A. (2002)
Metabolism of zaleplon by human liver: evidence for involvement of aldehyde oxidase.
Xenobiotica 32, 835-847.

Sugihara, K., Kitamura, S., and Tatsumi, K. (1996) Involvement of mammalian liver
cytosols and aldehyde oxidase in reductive metabolism of zonisamide. Drug Metab.
Dispos. 24, 199-202.

Kamel, A., Prakash, C., and Obach, S. (2002) Determination of the enzyme involved
in the reductive metabolism of ziprasidone to dihydroziprasidone and the formation of
S-methyl dihydroziprasidone using human in vitro systems and electrospray ionization
tandem mass spectrometry. Proceedings of the 50th ASMS Conference, Orlando, USA.
Pristos, C. A. and Gustafson, D. L. (1994) Xanthine dehydrogenase and its role in cancer
chemotherapy. Oncol. Res. 6, 477.

Benhamou, S., Reinikanen, M., Bouchardy, C., Dayer, P., and Hirvonen, A. (1998)
Association between lung cancer and microsomal epoxide hydrolase genotypes. Cancer
Res. 58, 5291-5293.

Razonable, R. R. and Paya, C. V. (2004) Valganciclovir for the prevention and treatment
of cytomegalovirus disease in immunocompromised hosts. Expert Rev. Anti—infect. Ther.
2 (1),27-42.

McClellan, K. and Perry, C. M. (2001) Oseltamivir: a review of its use in influenza.
Drugs 61 (2), 261-283.

Tukey, R. H. and Strassburg, C. P. (2000) Human UDP-glucuronosyltransferases:
metabolism, expression, and disease. Annu. Rev. Pharmacol. Toxicol. 40, 581-616.
Evans, R. W. and Relling, M. V. (1999) Pharmacogenomics: translating functional ge-
nomics into rational therapeutics. Science 286, 487-491.

Hawes, E. (1998) N*-glucuronidation, a common pathway in human metabolism of drugs
with tertiary amine group. Drug Metab. Dispos. 26 (9), 830-837.

Benet, L. Z. and Spahn, H. (1988) Acyl migration and covalent binding of drug
glucuronides—potential toxicity mediators. Collog. INSERM 173, 261-269.

Kauffman, F. C. (2004) Sulfonation in pharmacology and toxicology. Drug Metab. Rev.
36, 823-843.

Hayes, J. D. and Pulford, D. J. (1995) The glutathione S-transferase supergene family:
regulation of GST and the contribution of the isoenzymes to cancer chemoprotection and
drug resistance. Crit. Rev. Biochem. Mol. Biol. 30, 445-600.

Zhou, S., Chan, E., Duan, W., Huang, M., and Chen, Y.-Z. (2005) Drug bioactivation:
covalent binding to target proteins and toxicity relevance. Drug Metab. Rev. 37 (1),
41-213.



84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

REFERENCES 33

Grant, D. M. (1993) Molecular genetics of N-acetyltransferases. Pharmacogenetics 3,
45-50.

Hanna, P. E. (1996) Metabolic activation and detoxification of arylamines. Curr. Med.
Chem. 3, 195-210.

Tenhunen, J., Salminen, M., Lundstrom, K., Kiviluoto, T., Savolainen, R., and Ulmanen,
L. (1994) Genomic organization of the human catechol-O-methyltransferase gene and its
expression from two distinct promoters. Eur. J. Biochem. 223, 1049-1059.
Weinshilboum, R. M., Otterness, D. M., and Szumlanski, C. L. (1999) Methylation
pharmacogenetics: catechol O-methyltransferase, thiopurine methyltransferase, and his-
tamine N-methyltransferase. Annu. Rev. Pharmacol. Toxicol. 39, 19-52.

Prakash, C., Kamel, A., Gummerus, J., and Wilner, K. (1997) Metabolism and excretion
of the antipsychotic drug, ziprasidone, in humans. Drug Metab. Dispos. 25, 863-872.
Pacifici, G. M., Donatelli, P., and Giuliani, L. (1992) Histamine N-methyl transferase:
inhibition by drugs. Br. J. Clin. Pharmacol. 34 (4), 322-327.

Pahlich, S., Zakaryan, R. P., and Gehring, H. (2006) Protein arginine methylation: cel-
lular functions and methods of analysis. Biochim. Biophys. Acta, Protein. Proteomics
1764 (12), 1890-1903.

Beringer, P. M. and Salughter, R. L. (2005) Transporters and their impact on drug
disposition. Ann. Pharmacother. 39, 1097-1108.

van Montfoort, J. E., Hagenbuch, B., Groothuis, H., Koepsell, H., Meier, P. J., and Meijer,
D. K. (2003) Drug uptake systems in liver and kidney. Curr. Drug Metab. 4, 185-211.
Chen, C.J., Chin,J. E., Ueda, K., Clark, D. P., Pastan, I., Gottesman, M. M., and Robinson,
I. B. (1986) Internal duplication and homology with bacterial transport proteins in the
mdrl (P-glycoprotein) gene from multidrug-resistant human cells. Cell 47, 381-389.
Ambudkar, S. V., Kimchi-sarfaty, C., Sauna, Z. E., and Gottesman, M. M. (2003)
P-glycoprotein: from genomics to mechanism. Oncogene 22, 7468—7485.

Marzolini, C., Paus, E., Buclin, T., and Kim, R. B. (2004) Polymorphisms in human
MDR1 (P-glycoprotein): recent advances and clinical relevance. Clin. Pharmacol. Ther.
75, 13-33.

Deeley, R. G. and Cole, S. P. C. (2006) Substrate recognition and transport by multidrug
resistance protein 1 (ABCC1). FEBS Lett. 580, 1103—-1111.

Sandusky, G. E., Mintze, K. S., Pratt, S. E., and Dantzig, A. H. (2002) Expression of mul-
tidrug resistance-associated protein 2 (MRP2) in normal human tissues and carcinomas
using tissue microarrays. Histopathology 41, 65-74.

Hirohashi, T., Suzuki, H., Chu, X. Y., Tamai, I., Tsuji, A., and Sugiyama, Y. (2000)
Function and expression of multidrug resistance-associated protein family in human
colon adenocarcinoma cells (Caco-2). J. Pharmacol. Exp. Ther. 292, 265-270.

Loscher, W. and Potschka, H. (2005) Drug resistance in brain diseases and the role of
drug efflux transporters. Nat. Rev. Neurosci. 6, 591-602.

Kartenbeck, J., Leuschner, U., Mayer, R., and Keepler, D. (1996) Absence of the canalic-
ular isoform of the MRP gene-encoded conjugate export pump from the hepatocytes in
Dubin—Johnson Syndrome. Hepatology 23, 106-066.

Doyle, L. A., Yang, W., Abruzzo, L. V., Krogmann, T., Gao, Y., Rishi, A. K., and Ross,
D. D. (1998) A multidrug resistance transporter from human MCF-7 breast cancer cells.
Proc. Natl Acad. Sci. USA 95, 15665-15670.



34

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

DRUG METABOLISM: SIGNIFICANCE AND CHALLENGES

Miyake, K., Mickley, L., Litman, T., Zhan, Z., Robey, R., Cristensen, B., Brangi, M.,
Greenberger, L., Dean, M., Fojo, T, et al. (1999) Molecular cloning of CDNAs which
are highly over expressed in mitoxantrone-resistant cells: demonstration of homology to
ABC transport genes. Cancer Res. 59, 8-13.

Maliepaard, M., Scheffer, G. L., Faneyte, I. F., van Gastelen, M. A., Pijnenborg,
A. C., Schinkel, A. H., van De Vijver, M. J., Scheper, R. J., and Schellens, J. H. (2001)
Subcellular localization and distribution of the breast cancer resistance protein transporter
in normal human tissues. Cancer Res. 61, 3458-3464.

Jonker, J. W., Smit, J. W. M., Brinkhuis, R. F., Maliepaard, M., Beijnen, J. H.,
Schellens, J. H., and Schinkel, A. H. (2000) Role of breast cancer resistance pro-
tein in the bioavailability and fetal penetration of topotecan. J. Natl. Cancer Inst. 92,
1651-1656.

Ifergan, A., Shafran, G., Jansen, J., Hooijberg, H., Scheffer, G. L., and Assaraf, Y. G.
(2004) Folate deprivation results in the loss of breast cancer resistance protein
(BCRP/ABCG?2) expression. A role for BCRP in cellular folate homeostasis. J. Biol.
Chem. 279, 25527-25534.

Suzuki, H. and Sugiyama, Y. (2000) Transport of drugs across the hepatic sinu-
soidal membrane: sinusoidal drug influx and efflux in the liver. Semin. Liver Dis. 20,
251-263.

Hagenbuch, B. and Meier, P. J. (2003) The superfamily of organic anion transporting
polypeptides. Biochim. Biophys. Acta 1, 1-18.

Lee, W. and Kim, R. B. (2004) Transporter and renal drug elimination. Annu. Rev.
Pharmacol. Toxicol. 44, 137-166.

Sweet, D. H. and Pritchard, J. B. (1999) The molecular biology of renal organic anion
and organic cation transporters. Cell. Biochem. Biophys. 31, 89-118.

De Graff, C., Vermeulen, N. P. E., and Feenstra, K. A. (2005) Cytochrome P450 in silico:
an integrative modeling approach. J. Med. Chem. 48 (8), 2725-2755.

Ekins, S., Nikolsky, Y., Nikolskaya, T., and GeneGo, S. J. (2005) Techniques: application
of systems biology to absorption, distribution, metabolism, excretion and toxicity. Trends
Pharmacol. Sci. 26 (4), 202-2009.

Afzelius, L., Arnby, C. H., Broo, A., Carlsson, L., Isaksson, C., Ulrik Jurva, U.,
Kjellander, B., Kolmodin, K., Nilsson, K., Raubacher, F., et al. (2007) State of the art tools
for computational site of metabolism predictions: comparative analysis, mechanistically
insights, and future applications. Drug Metab. Rev. 39, 61-86.

De Groot, M. J., Auckland, M. J., Horne, V. A., Alex, A. A., and Jones, B. C. (1999)
A novel approach to predicting P450-mediated drug metabolism. CYP2D6 catalyzed
N-dealkylation reactions and qualitative metabolite predictions using a combined protein
and pharmacophore model for CYP2D6. J. Med. Chem. 42, 4062—4070.

Afzelius, L., Zamora, 1., Masimirembwa, C. M., Karle, A., Anderson, T. B., Mecucci,
S., Baroni, M., and Cruciani, G. (2004) Conformer- and alignment independent model
for predicting structurally diverse competitive CYP2C9 inhibitors. J. Med. Chem. 47,
907-914.

Boxenbaum, H. (1984) Interspecies pharmacokinetic scaling and the evolutionary-
comparative paradigm. Drug Metab. Rev. 15, 1071-1121.

Mahmood, I. and Balian, J. D. (1996) Interspecies scaling: prediction clearance of drugs
in humans: three different approaches. Xenobiotica 26, 887-895.



117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

REFERENCES 35

Feng, M. R., Lou, X., Brown, R. R., and Hutchaleelaha, A. (2000) Allometric pharma-
cokinetic scaling: towards the prediction of human oral pharmacokinetics. Pharm. Res.
17,410-418.

Nagilla, R. and Ward, K. W. (2004) A comprehensive analysis of the role of correction
factors in the allometric predictivity of clearance from rat, dog, and monkey to humans.
J. Pharm. Sci. 93 (10), 2522-2534.

Obach, R. S., Baxter, J. G., Liston, T. E., Silber, B. M., Jones, B. C., Macintyre, F., Rance,
D.J., and Wastall, P. (1997) The prediction of human pharmacokinetic parameters from
preclinical and in vitro metabolism data. J. Pharmacol. Exp. Ther. 283 (1), 46-58.
Lave, T., Dupin, S., Schmitt, C., Chou, R. C., Jaeck, D., and Coassolo, P. F. (1997)
Integration of in vitro data into allometric scaling to predict hepatic metabolic clearance
in man: application to 10 extensively metabolized drugs. J. Pharm. Sci. 86 (5), 584-590.

Caldwell, G. W., Masucci, J. A., Yan, Z., and Hageman, W. (2004) Allometric scaling of
pharmacokinetic parameters in drug discovery: can human CL, Vss and t1/2 be predicted
from in-vivo rat data? Eur. J. Drug Metab. Pharmacokinet. 29 (2), 133-143.

McLean, M. A., Tam, C. J., Baratta, M. T., Holliman, C. L., Ings, R. M., and Galluppi,
G. R. (2007) Accelerating drug development: methodology to support first-in-man phar-
macokinetic studies by the use of drug candidate microdosing. Drug Dev. Res. 68 (1),
14-22.

Balani, S. K., Nagaraja, N. V., Qian, M. G., Costa, A. O., Daniels, J. S., Yang, H.,
Shimoga, P. R., Wu, J. T., Gan, L., Lee, F. W, et al. (2006) Evaluation of microdosing
to assess pharmacokinetic linearity in rats using liquid chromatography-tandem mass
spectrometry. Drug Metab. Dispos. 34 (3), 384-388.

Lappin, G., Kuhnz, W., Jochemsen, R., Kneer, J., Chaudhary, A., Oosterhuis, B.,
Drijthout, W., Rowland, M., and Garner, R. C. (2006) Use of microdosing to predict
pharmacokinetics at the therapeutic dose: experience with 5 drugs. Clin. Pharmacol.
Ther. 80 (3), 203-215.

Sarapa, N. (2007) Exploratory IND: a new regulatory strategy for early clinical drug
development in the United States. Ernst Schering Res. Found. Workshop 59, 151-163,
116b.

Bertino, J. S., Jr., Greenberg, H. E., and Reed, M. D. (2007) American College of Clinical
Pharmacology position statement on the use of microdosing in the drug development
process. J. Clin. Pharmacol. 47 (4), 418-422.

Prakash, C., Shaffer, C., Tremaine, L., Liberman, R., Skipper, P., Flarakos, J., and
Tannenbaum, S. (2007) Application of liquid chromatography-accelerator mass spec-
trometry (LC-AMS) to evaluate the metabolic profiles of a drug candidate in human
urine and plasma. Drug Metab. Lett., 1 (3), 226-231.

Souhaili, E. A., Batt, A. M., and Siest, G. (1986) Comparison of cytochrome P-450 content
and activities in liver microsomes of seven animal species, including man. Xenobiotica
16 (4), 351-358.

Labedzki, A., Buters, J., Jabrane, W., and Fuhr, U. (2002) Differences in caffeine and
paraxanthine metabolism between human and murine CYP1A2. Biochem. Pharmacol.
63 (12), 2159-2167.

Bjornsson, T. D., Callaghan, J. T., Einolf, H. J., Fischer, V., Gan, L., Grimm, S., Kao, J.,
King, S. P., Miwa, G., Ni, L., et al. (2003) The conduct of in vitro and in vivo drug—drug
interaction studies: a PhARMA perspective. J. Clin. Pharmacol. 43, 443-469.



36

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

DRUG METABOLISM: SIGNIFICANCE AND CHALLENGES

Wienkers, L. C. and Heath, H. G. (2005) Risk assessment for drug—drug interactions
caused by metabolism-based inhibition of CYP3A4 using automated in vitro assay
systems and its application in early discovery process. Drug Metab. Dispos. 35 (7),
1232-1238.

Vickers, A. E. M., Sinclair, J. R., Zollinger, M., Heitz, F., Glanzel, U., Johanson, L., and
Fischer, V. (1999) Multiple cytochrome P-450s involved in the metabolism of terbinafine
suggest a limited potential for drug—drug interactions. Drug Metab. Dispos. 27 (9),
1029-1038.

Elewski, B. and Tavakkol, A. (2005) Safety and tolerability of oral antifungal agents
in the treatment of fungal nail disease: a proven reality. Ther. Clin. Risk Manag. 1 (4),
299-306.

Gibbs, J. P., Hyland, R., and Youdim, K. (2006) Minimizing polymorphic metabolism
in drug discovery: evaluation of the utility of in vitro methods for predicting
pharmacokinetic consequences associated with CYP2D6 metabolism. Drug Metab. Dis-
pos. 34, 1516-1522.

Honig, P. K., Wortham, D. C., Zamani, K., Conner, D. P,, Mullin, J. C., and Cantilena, L. R.
(1993) Terfenadine—ketoconazole interaction. Pharmacokinetic and electrocardiographic
consequences. J. Am. Med. Assoc. 269 (12), 1513-1518.

Guengerich, F. P. and Kim, D. H. (1990) In vitro inhibition of dihydropyridine oxidation
and aflatoxin B1 activation in human liver microsomes by naringenin and other flavonoids.
Carcinogenesis 11 (12), 2275-2279.

Hollander, A. A., van Rooij, J., Lentjes, G. W., Arbouw, F., van Bree, J. B., Schoemaker,
R. C., van Es, L. A., Van Der Woude, F. J., and Cohen, A. F. (1995) The effect of
grapefruit juice on cyclosporine and prednisone metabolism in transplant patients. Clin.
Pharmacol. Ther. 57 (3), 318-324.

Bailey, D. G., Malcolm, J., Arnold, O., and Spence, J. D. (1998) Grapefruit juice—drug
interactions. Br. J. Clin. Pharmacol. 46 (2), 101-110.

Greenblatt, D. J., von Moltke, L. L., Harmatz, J. S., Chen, G., Weembhoff, J. L., Jen,
C., Kelley, C. J., LeDuc, B. W., and Zinny, M. A. (2003) Time course of recovery of
cytochrome P450 3A function after single doses of grapefruit juice. Clin. Pharmacol.
Ther. 74 (2), 121-129.

Hidaka, M., Okumura, M., Fujita, K., Ogikubo, T., Yamasaki, K., Iwakiri, T., Setoguchi,
N., and Arimori, K. (2005) Effects of pomegranate juice on human cytochrome P450
3A (CYP3A) and carbamazepine pharmacokinetics in rats. Drug Metab. Dispos. 33 (5),
644-648.

Egashira, K., Ohtani, H., Itoh, S., Koyabu, N., Tsujimoto, M., Murakami, H., and Sawada,
Y. (2004) Inhibitory effects of pomelo on the metabolism of tacrolimus and the activities
of CYP3A4 and P-glycoprotein. Drug Metab. Dispos. 32 (8), 828-833.

Harris, R. Z., Jang, G. R., and Tsunoda, S. (2003) Dietary effects on drug metabolism
and transport. Clin. Pharmacokinet. 42 (13), 1071-1088.

Guo, L., Taniguchi, M., Xiao, Y., Baba, K., Ohta, T., and Yamazoe, Y. (2000) Inhibitory
effect of natural furanocoumarins on human microsomal cytochrome P450 3A activity.
Japan. J. Pharmacol. 82 (2), 122-129.

Venkatakrishnan, K., von Moltke, L. L., and Greenblatt, D. J. (1998) Relative quantities
of catalytically active CYP 2C9 and 2C19 in human liver microsomes: application of the
relative activity factor approach. J. Pharm. Sci. 87 (7), 845-853.



145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

REFERENCES 37

Gelboin, H. V., Krausz, K. W., Gonzalez, F. J., and Yang, T. J. (1999) Inhibitory mono-
clonal antibodies to human cytochrome P450 enzymes: a new avenue for drug discovery.
Trends Pharmacol. Sci. 20 (11), 432-438.

Lu, A. Y. H, Wang, R. W,, and Lin, J. H. (2003) Cytochrome P450 in vitro reaction
phenotyping: a re-evaluation of approaches used for P450 isoform identification. Drug
Metab. Dispos. 31 (4), 345-350.

Rodrigues, D. (1999) Integrated cytochrome P450 reaction phenotyping: attempting to
bridge the gap between cDNA-expressed cytochromes P450 and native human liver
microsomes. Biochem. Pharmacol. 57 (5), 465-480.

Venkatakrishnan, K., von Moltke, L. L., and Greenblatt, D. J. (2001) Human drug
metabolism and the cytochromes P450: application and relevance of in vitro models.
J. Clin. Pharmacol. 41 (11), 1149-1179.

Trapnell, C. B., Klecker, R. W., Jamis-Dow, C., and Collins, J. M. (1998) Glucuronida-
tion of 3’-azido-3'-deoxythymidine (zidovudine) by human liver microsomes: relevance
to clinical pharmacokinetic interactions with atovaquone, fluconazole, methadone, and
valproic acid. Antimicrob. Agents Chemother. 42 (7), 1592—-1596.

Bernard, O., Tojcic, J., Journault, K., Perusse, L., and Guillemette, C. (2006) Influence
of nonsynonymous polymorphisms of UGT1AS8 and UGT2B7 metabolizing enzymes on
the formation of phenolic and acyl glucuronides of mycophenolic acid. Drug Metab.
Dispos. 34 (9), 1539-1545.

Borlak, J., Gasparic, A., Locher, M., Schupke, H., and Hermann, R. (2006) N-
Glucuronidation of the antiepileptic drug retigabine: results from studies with hu-
man volunteers, heterologously expressed human UGTs, human liver, kidney, and
liver microsomal membranes of Crigler—Najjar type II. Metab. Clin. Exp. 55 (6),
711-721.

Yu, L., Lu, S, Lin, Y., and Zeng, S. (2007) Carboxyl-glucuronidation of mitiglinide by
human UDP-glucuronosyltransferases. Biochem. Pharmacol. 73 (11), 1842-1851.
Gaganis, P., Miners, J. O., and Knights, K. M. (2007) Glucuronidation of fena-
mates: kinetic studies using human kidney cortical microsomes and recombinant UDP-
glucuronosyltransferase (UGT) 1A9 and 2B7. Biochem. Pharmacol. 73 (10), 1683—
1691.

Bauman, J. N., Goosen, T. C., Tugnait, M., Peterkin, V., Hurst, S. 1., Menning, L. C.,
Milad, M., Court, M. H., and Williams, J. A. (2005) UDP-glucuronosyltransferase 2B7 is
the major enzyme responsible for gemcabene glucuronidation in human liver microsomes.
Drug Metab. Dispos. 33 (9), 1349-1354.

Kehrer, D. F. S., Mathijssen, R. H. J., Verweij, J., de Bruijn, P., and Sparreboom, A.
(2002) Modulation of irinotecan metabolism by ketoconazole. J. Clin. Oncol. 20 (14),
3122-3129.

Federman, D. G., Hussain, F., and Walters, A. B. (2001) Fatal rhabdomyolysis caused by
lipid-lowering therapy. South. Med. J. 94 (10), 1023-1026.

Prueksaritanont, T., Zhao, J. J., Ma, B., Roadcap, B. A., Tang, C., Qiu, Y., Liu, L., Lin,
J. H., Pearson, P. G., and Baillie, T. A. (2002) Mechanistic studies on metabolic interac-
tions between gemfibrozil and statins. J. Pharmacol. Exp. Ther. 301 (3), 1042-1051.
Prueksaritanont, T., Qiu, Y., Mu, L., Michel, K., Brunner, J., Richards, K. M., and Lin,
J. H. (2005) Interconversion pharmacokinetics of simvastatin and its hydroxy acid in
dogs: effects of gemfibrozil. Pharm. Res. 22 (7), 1101-1109.



38

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

DRUG METABOLISM: SIGNIFICANCE AND CHALLENGES

Beedham, C., Critchley, D. J. P, and Rance, D. J. (1995) Substrate specificity of human
liver aldehyde oxidase toward substituted quinazolines and phthalazines: a comparison
with hepatic enzyme from guinea pig, rabbit, and baboon. Arch. Biochem. Biophys.
319 (2), 481-490.

Rashidi, M. R., Smith, J. A., Clarke, S. E., and Beedham, C. (1997) In vitro oxidation of
famciclovir and 6-deoxypenciclovir by aldehyde oxidase from human, guinea pig, rabbit,
and rat liver. Drug Metab. Dispos. 25 (7), 805-813.

Schofield, P. C., Robertson, 1. G., and Paxton, J. W. (2000) Inter-species variation in
the metabolism and inhibition of N-[(2”-dimethylamino)ethyl]acridine-4-carboxamide
(DACA) by aldehyde oxidase. Biochem. Pharmacol. 59 (2), 161-165.

Obach, R. S. (2004) Potent inhibition of human liver aldehyde oxidase by raloxifene.
Drug Metab. Dispos. 32 (1), 89-97.

Xia, C. Q., Milton, M. N., and Gan, L.-S. (2007) Evaluation of drug-transporter interac-
tions using in vitro and in vivo models. Curr. Drug Metab. 8, 341-363.

Li, J. H. (2007). Transporter-mediated drug interactions: clinical implications and in vitro
assessment. Expert Opin. Drug Metab. Toxicol. 3 (1), 81-92.

Kalgutkar, A. S., Obach, R. S., and Maurer, T. S. (2007) Mechanism-based inactivation
of cytochrome P450 enzymes: chemical mechanisms, structure-activity relationships and
relationship to clinical drug—drug interactions and idiosyncratic adverse drug reactions.
Curr. Drug Metab. 8 (5), 407-447.

Mutlib, A., Lam, W., Atherton, J., Chen, H., Galatsis, P., and Stolle, W. (2005) Ap-
plication of stable isotope labeled glutathione and rapid scanning mass spectrometers
in detecting and characterizing reactive metabolites. Rapid Commun. Mass Spectrom.
19 (23), 3482-3492.

Argoti, D., Liang, L., Conteh, A., Chen, L., Bershas, D., Yu, C., Vouros, P., and Yang,
E. (2005) Cyanide trapping of iminium ion reactive intermediates followed by detection
and structure identification using liquid chromatography-tandem mass spectrometry (LC-
MS/MS). Chem. Res. Toxicol. 18 (10), 1537-1544.

Castro-Perez, J., Plumb, R., Liang, L., and Yang, E. (2005) A high-throughput liquid
chromatography/tandem mass spectrometry method for screening glutathione conju-
gates using exact mass neutral loss acquisition. Rapid Commun. Mass Spectrom. 19 (6),
798-804.

Yan, Z., Maher, N., Torres, R., and Huebert, N. (2007) Use of a trapping agent for
simultaneous capturing and high-throughput screening of both “soft” and “hard” reactive
metabolites. Anal. Chem. 79 (11), 4206-4214.

Zheng,J.,Ma, L., Xin, B., Olah, T., Humphreys, G. W., and Zhu, M. (2007) Screening and
identification of GSH-trapped reactive metabolites using hybrid triple quadruple linear
ion trap mass spectrometry. Chem. Res. Toxicol. 20 (5), 757-766.

Doss, G. A. and Baillie, T. A. (2006) Addressing metabolic activation as an integral
component of drug design. Drug Metab. Rev. 38 (4), 641-649.

Kroemer, H. K. and Klotz, U. (1992) Glucuronidation of drugs. A re-evaluation of the
pharmacological significance of the conjugates and modulating factors. Clin. Pharma-
cokinet. 23, 292-310.

Boelsterli, U. A., Zimmerman, H. J., and Kretz-Rommel, A. (1995) Idiosyncratic liver
toxicity of nonsteroidal anti-inflammatory drugs: molecular mechanisms and pathology.
Crit. Rev. Toxicol. 25 (3), 207-235.



174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

REFERENCES 39

Bailey, M. J. and Dickinson, R. G. (2003) Acyl glucuronide reactivity in perspective:
biological consequences. Chem. Biol. Interact. 145, 117-137.

Boelsterli, U. A. (2003) Diclofenac-induced liver injury: a paradigm of idiosyncratic
drug toxicity. Toxicol. Appl. Pharmacol. 192, 307-322.

Walker, G. S., Atherton, J., Bauman, J., Kohl, C., Lam, W., Reily, M., Lou, Z., and Mutlib,
A. (2007) Determination of degradation pathways and kinetics of acyl glucuronides by
NMR spectroscopy. Chem. Res. Toxicol. 20, 876-886.

Chen, G., Yin, S., Maiti, S., and Shao, X. (2002) 4-Hydroxytamoxifen sulfation
metabolism. J. Biochem. Mol. Toxicol. 16, 279-285.

Plant, N. (2007) The human cytochrome P450 subfamily: transcriptional regulation,
inter-individual variation and interaction networks. Biochim. Biophys. Acta 1770 (3),
478-488.

Dickins, M. (2004) Induction of cytochromes P450. Curr. Top. Med. Chem. 4 (16),
1745-1766.

Smith, D. A., Dickins, M., Fahmi, O. A., Iwasaki, K., Lee, C., Obach, R. S., Padbury,
G., De Morais, S. M., Ripp, S. L., Stevens, J., et al. (2007) The time to move cytochrome
P450 induction into mainstream pharmacology is long overdue. Drug Metab. Dispos.
35 (4), 697-698.

Hewitt, N. J., Lechon, M. J. G., Houston, J. B., Hallifax, D., Brown, H. S., Maurel,
P, Kenna, J. G., Gustavsson, L., Lohmann, C., Skonberg, C., et al. (2007) Primary
hepatocytes: current understanding of the regulation of metabolic enzymes and transporter
proteins, and pharmaceutical practice for the use of hepatocytes in metabolism, enzyme
induction, transporter, clearance, and hepatotoxicity studies. Drug Metab. Rev. 39 (1),
159-234.

Mills, J. B., Rose, K. A., Sadagopan, N., Sahi, J., and De Morais, S. M. (2004) Induction
of drug metabolism enzymes and MDR1 using a novel human hepatocyte cell line. J.
Pharmacol. Exp. Ther. 309, 303-309.

Youdim, K. A., Tyman, C. A., Jones, B. C., and Hyland, R. (2007) Induction of cy-
tochrome P450: assessment in an immortalized human hepatocyte cell line (Fa2N4)
using a novel higher throughput cocktail assay. Drug Metab. Dispos. 35, 275-282.
Mahgoub, A., Idle, J.R., Dring, L. G., Lancaster, R., and Smith, R. L. (1977) Polymorphic
hydroxylation of debrisoquine in man. Lancet 2 (8038), 584-586.

Tucker, G. T., Silas, J. H., Iyun, A. O, Lennard, M. S., and Smith, A. J. (1977) Polymor-
phic hydroxylation of debrisoquine. Lancet 2 (8040), 718.

Evans, D. A., Mahgoub, A., Sloan, T. P, Idle, J. R., and Smith, R. L. (1980) A family
and population study of the genetic polymorphism of debrisoquine oxidation in a white
British population. J. Med. Genet. 17 (2), 102-105.

Eichelbaum, M. (1984) Polymorphic drug oxidation in humans. Fed. Proc. 43 (8),
2298-2302.

Gut, J., Gasser, R., Dayer, P, Kronbach, T., Catin, T., and Meyer, U. A. (1984)
Debrisoquine-type polymorphism of drug oxidation: purification from human liver of
a cytochrome P450 isozyme with high activity for bufuralol hydroxylation. FEBS Lett.
173 (2), 287-290.

Inaba, T., Nakano, M., Otton, S. V., Mahon, W. A., and Kalow, W. (1984) A hu-
man cytochrome P-450 characterized by inhibition studies as the sparteine-debrisoquine
monooxygenase. Can. J. Physiol. Pharmacol. 62 (7), 860-862.



40

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

DRUG METABOLISM: SIGNIFICANCE AND CHALLENGES

Hulot, J.-S., Bura, A., Villard, E., Azizi, M., Remones, V., Goyenvalle, C., Aiach, M.,
Lechat, P., and Gaussem, P. (2006) Cytochrome P450 2C19 loss-of-function polymor-
phism is a major determinant of clopidogrel responsiveness in healthy subjects. Blood
108 (7), 2244-2247.

Zandvliet, A. S., Huitema, A. D. R., Copalu, W., Yamada, Y., Tamura, T., Beijnen, J. H.,
and Schellens, J. H. M. (2007) CYP2C9 and CYP2C19 polymorphic forms are related
to increased indisulam exposure and higher risk of severe hematologic toxicity. Clin.
Cancer Res. 13 (10), 2970-2976.

Westlind-Johnsson, A., Hermann, R., Huennemeye, A., Hauns, B., Lahu, G., Nassr,
N., Zech, K., Ingelman-Sundberg, M., and von Richter, O. (2008) Identification and
characterization of CYP3A4*20, a novel rare CYP3A4 allele without functional activity.
Clin. Pharmacol. Ther. 79 (4), 339-349.

Thervet, E., Anglicheau, D., King, B., Schlageter, M.-H., Cassinat, B., Beaune, P.,
Legendre, C., and Daly, A. K. (2003) Impact of cytochrome P450 3AS5 genetic polymor-
phism on tacrolimus doses and concentration-to-dose ratio in renal transplant recipients.
Transplantation 76 (8), 1233-1235.

MacPhee, I. A. M., Fredericks, S., and Holt, D. W. (2005) Does pharmacogenetics have
the potential to allow the individualization of immunosuppressive drug dosing in organ
transplantation? Expert Opin. Pharmacother. 6 (15), 2593-2605.

Rela, M., Muiesan, P., Vilca-Melendez, H., Dhawan, A., Baker, A., Mieli- Vergani, G., and
Heaton, N. D. (1999) Auxiliary partial orthotopic liver transplantation for Crigler—Najjar
syndrome type 1. Ann. Surg. 229 (4), 565-569.

Nguyen, T. H., Birraux, J., Wildhaber, B., Myara, A., Trivin, F.,, Le Coultre, C., Trono,
D., and Chardot, C. (2006) Ex vivo lentivirus transduction and immediate transplantation
of uncultured hepatocytes for treating hyperbilirubinemic Gunn rat. Transplantation
82 (6), 794-803.

Li, Q., Murphree, S. S., Willer, S. S., Bolli, R., and French, B. A. (1998) Gene therapy
with bilirubin-UDP-glucuronosyltransferase in the Gunn rat model of Crigler—Najjar
syndrome type 1. Hum. Gene Ther. 9 (4), 497-505.

Hirschfield, G. M. and Alexander, G. J. (2006) Gilbert’s syndrome: an overview for
clinical biochemists. Ann. Clin. Biochem. 43 (5), 340-343.

Nowell, S. and Falany, C. N. (2006) Pharmacogenetics of human cytosolic sulfotrans-
ferases. Oncogene 25 (11), 1673-1678.

Hisamuddin, I. M. and Yang, V. W. (2007) Genetic polymorphisms of human flavin-
containing monooxygenase 3: implications for drug metabolism and clinical perspectives.
Pharmacogenomics 8 (6), 635-643.

Ichida, K., Amaya, Y., Kamatani, N., Nishino, T., Hosoya, T., and Sakai, O. (1997)
Identification of two mutations in human xanthine dehydrogenase gene responsible for
classical type I xanthinuria. J. Clin. Invest. 99 (10), 2391-2397.

Yamamoto, T., Moriwaki, Y., Shibutani, Y., Matsui, K., Ueo, T., Takahashi, S., Tsutsumi,
Z., and Hada, T. (2001) Human xanthine dehydrogenase cDNA sequence and protein in
an atypical case of type I xanthinuria in comparison with normal subjects. Clin. Chim.
Acta 304 (1-2), 153-158.

Yamamoto, T., Moriwaki, Y., Takahashi, S., Tsutsumi, Z., Tuneyoshi, K., Matsui, K.,
Cheng, J., and Hada, T. (2003) Identification of a new point mutation in the human
molybdenum cofactor sulfurase gene that is responsible for xanthinuria type II. Metab.
Clin. Exp. 52 (11), 1501-1504.



204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

REFERENCES 41

Peretz, H., Naamati, M. S., Levartovsky, D., Lagziel, A., Shani, E., Horn, L., Shalev,
H., and Landau, D. (2007) Identification and characterization of the first mutation
(Arg776Cys) in the C-terminal domain of the human molybdenum cofactor sulfurase
(HMCS) associated with type II classical xanthinuria. Mol. Genet. Metab. 91 (1), 23-29.
Itoh, K., Masubuchi, A., Sasaki, T., Adachi, M., Watanabe, N., Nagata, K., Yamazoe, Y.,
Hiratsuka, M., Mizugaki, M., and Tanaka, Y. (2007) Genetic polymorphism of aldehyde
oxidase in donryu rats. Drug Metab. Dispos. 35 (5), 734-739.

Brockton, N., Little, J., Sharp, L., and Cotton, S. C. (2000) N-acetyltransferase polymor-
phisms and colorectal cancer: a HuGE review. Am. J. Epidemiol. 151 (9), 846-861.
Benedetti, M. S., Whomsley, R., Espie, P., and Baltes, E. (2004) The role of the efflux
transporter P-glycoprotein (P-gp) on the disposition of antiepileptic drugs: implications
for drug interactions. In: Focus on Epilepsy Research, Benjamin Shawn, M., (ed.), Nova
Science, New York, pp. 199-220.

Robey, R. W., Polgar, O., Deeken, J., To, K. W., and Bates, S. E. (2007) ABCG2:
determining its relevance in clinical drug resistance. Cancer Metastasis Rev. 26 (1),
39-57.

Geier, A., Wagner, M., Dietrich, C. G., and Trauner, M. (2007) Principles of hepatic
organic anion transporter regulation during cholestasis, inflammation and liver regener-
ation. Biochim. Biophys. Acta Mol. Cell Res. 1773 (3), 283-308.

Sakurai, A., Kurata, A., Onishi, Y., Hirano, H., and Ishikawa, T. (2007) Prediction of
drug-induced intrahepatic cholestasis: in vitro screening and QSAR analysis of drugs
inhibiting the human bile salt export pump. Expert Opin. Drug Saf. 6 (1), 71-86.
Mahadevan, D. and Shirahatti, N. (2005) Strategies for targeting the multidrug resistance-
1 (MDR1)/P-gp transporter in human malignancies. Curr. Cancer Drug Targets 5 (6),
445-455.

Jansen, P. L. M. and Muller, M. (2001) Genetic transport defects as causes of cholestasis.
Falk Symposium. (Hepatology) Vol. 117, pp. 27-33.

Leschziner, G. D., Andrew, T., Pirmohamed, M., and Johnson, M. R. (2007) ABCBI1
genotype and P-gp expression, function and therapeutic drug response: a critical review
and recommendations for future research. Pharmacogenomics J. 7 (3), 154-179.



2

ESTABLISHING ORPHAN NUCLEAR
RECEPTORS PXR AND CAR AS
XENOBIOTIC RECEPTORS

Tao L1, JUNICHIRO SONODA, AND RONALD M. EVANS

Gene Expression Laboratory, Howard Hughes Medical Institute, The Salk Institute for
Biological Studies, La Jolla, CA, USA

2.1 INTRODUCTION

In the process of consuming food and drink and breathing polluted air, the human body
is continuously exposed to numerous foreign compounds (xenobiotics), which are
neither used as dietary energy sources nor as building blocks for biological matrices.
These substances may be acutely or chronically harmful unless they are metabolized
and eliminated. It has been shown that many of the adverse effects to living organisms
by these compounds are caused by a variety of mechanisms including interaction with
hormone receptors (endocrine active substances, i.e., EAS) or reaction with nucleic
acids (genotoxic carcinogens) and membrane solubilization (cytoxic lipids). Accord-
ingly, the mammalian body has evolved an efficient hepatic detoxification system,
consisting of microsomal cytochrome P450 enzymes (CYPs) and other oxidative and
hydroxylative enzymes (phase I), conjugation enzymes such as glucuronosyl- and
sulfotransferases (phase II), and membrane-bound drug transporters such as multiple
drug resistance I (MDR1) (phase III), inactivate and eliminate toxic substances. In
addition to xenobiotics, some endogenous compounds such as steroids, bile acids,
thyroid hormone, retinoids, cytokines, and fatty acids can also be metabolized by the
same pathway.

Insight into the mechanisms by which xenobiotics activate hepatic drug
metabolism and how they are eliminated by this system was revealed when two closely
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related nuclear receptors, the pregnane X receptor (PXR) and the constitutive an-
drostane receptor (CAR), were identified as xenobiotic sensors. PXR and CAR can be
activated by a large number of structurally diverse compounds, resulting in the induc-
tion of their downstream target genes in the drug clearance pathways and conferring
protection from foreign chemicals and endobiotics. Because of the enormous diversity
of PXR/CAR agonists and antagonists, this nuclear receptor mediated xenobiotic reg-
ulatory pathway also contributes to drug—drug interactions and endocrine disruption.

2.2 NUCLEAR RECEPTOR AND ORPHAN NUCLEAR
RECEPTOR SUPERFAMILY

Nuclear receptors are members of a superfamily of compound-inducible transcription
factors mediating response to steroids, retinoids, and thyroid hormones. They regulate
specific target genes involved in metabolism, development, reproduction, and other
physiological processes (for reviews, see [1-3]). Using epitope selection, the first
identified nuclear hormone receptor—human glucocorticoid receptor (hGR)—was
cloned in 1985 [4]. Shortly after that, a number of hormone receptors were identified,
such as the estrogen receptor (ER), progesterone receptor (PR), thyroid hormone
receptor (TR), retinoic acid receptor (RAR), vitamin D receptor (VDR), mineralo-
corticoid receptor (MR), and androgen receptor (AR) [5—11]. In the late 1980s, the
first nuclear receptors with unknown physiological function, estrogen-related recep-
tors (ERR) « and B, were identified during a search for genes related to the ERs
[12]. Since then, a large group of homologous proteins that lack previously identified
physiological ligands or activators have been unearthed, and are classified as “orphan
nuclear receptors.” To date a total of 48 human nuclear receptors have been cloned
(for a summary, see Table 2.1). The discovery of these orphan receptors sheds light
on many unknown aspects of physiology.

Molecular cloning and structure/function analyses have revealed that the members
of this superfamily have a common functional domain structure. The amino terminal
region contains an activation domain (AF)-1. This abuts the DNA binding domain
(DBD), followed by a hinge region and then the ligand binding domain (LBD).
Close to carboxy terminus there is another transcriptional activation region (AF-2)
that is ligand dependent (Figure 2.1a). A general concept for NR signaling is that
in the absence of a ligand, the NR is often associated with a corepressor complex.
Ligand binding to the LBD induces conformational changes that lead to the release
of the corepressor complex and recruitment of the coactivator complex. Coactivator
recruitment contributes to chromatin remodeling and subsequently transcriptional
activation through hormone response elements (HREs) that consist of a minimal core
hexameric consensus sequence, 5" AG(G/T)TCA 3/, that can be configured into a
variety of structured motifs.

The classical sex hormone receptors such as ER, PR, and AR form homodimers
upon ligand binding and then interact with target DNA via HREs to control target
gene expression (Figure 2.1b). In contrast, the orphan receptors or adopted orphan
receptors form heterodimers with retinoid X receptors (RXRs) on direct repeat
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TABLE 2.1 List of Mammalian Nuclear Receptors

Official
Trivial Gene Natural
Names Name Ligands
Endocrine receptors TRa, c-erbA-1, THRA NRIAI Thyroid hormone
(high-affinity hormonal TR, c-erbA-2, THRB NRIA2 Thyroid hormone
ligands) RARa NRIBI Retinoic acids
RAR(, HAP NRIB2 Retinoic acids
RARvy, RARD NRIB3 Retinoic acids
VDR NRI11 Vitamin D
ERa NR3AI Estrogen
ERp NR3A2 Estrogen
GR NR3CI Glucocorticoid
MR NR3C2 Mineralocorticoid
PR NR3C3 Progesterone
AR NR3C4 Testosterone
Adopted orphan receptors PPARa NRICI Fatty acids
(low-affinity dietary PPARS, PPARB, NUC1, NRIC2 Fatty acids
ligands) FAAR
PPARYy NRIC3 Fatty acids
LXRf, UR, OR-1, NRIH2 Oxysterols
NERI, RIP15
LXRa, RLDI1, LXR NRIH3 Oxysterols
FXR, RIP14, HRR1 NRIH4 Bile acids
PXR,ONR1, SXR,BXR NRII2 Xenobiotics
Orphan receptors CAR, MB67, CAR1 NRI1I3 Xenobiotics
(unknown ligands) RXRa NR2BI1 9-cis-RA
RXRf, H-2RIIBP, NR2B2 9-cis-RA
RCoR-1
RXRy NR2B3 9-cis-RA
RORa, RZRa NRIFI
RORpB, RZRB NRIF2
RORY, TOR NRIF3
ERR1, ERRa NR3BI
ERR2, ERRB NR3B2
ERR3, ERRY NR3B3
NGFIB, TR3, N10, NR4AI
NUR77, NAK1
NURRI, NOT, RNR1, NR4A2

HZF-3, TINOR
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TABLE 2.1 (continued)

Official

Trivial Gene Natural
Names Name Ligands
NORI1, MINOR NR4A3
SF1, ELP, FTZ-F1, AD4BP NR5AI Phospholipids
LRHI1, xFF1rA, xFF1rB, FFLR, NR5A2

PHR
REVERBa, EAR1, EARIA NRIDI Heme
REVERBR, EARIj3, BD73, RVR NRID2 Heme
TR2, TR2-11 NR2C1
TR4, TAK1 NR2C2
TLL, TLX, XTLL NR2EI
COUP-TFI, COUPTFA, EAR3, NR2F1

SVP44
COUP-TFII, COUPTFB, ARP1, NR2F?2

SVP40
COUP-TFIII, EAR2 NR2F6
SHP NROB2
HNF4 NR2A1
HNF4G NR2A2
PNR NR2E3
GCNF1, RTR NRO6AI
DAX1, AHCH NROB1

HRES or act independent of the ligand as monomers on half-site HREs. Over the last
two decades, the biological role of several of these orphans, in particular those that
act as heterodimers with RXR (Figure 2.1b), has been revealed through the isolation
of relevant endogenous ligands as well as by generation of knock-out mouse models
that lack the functional receptors. These studies have led to the understanding

A
B

m—p === Target gene m——p  ==p Target gene
I HRE I
Type l. e.q. ER, AR, GR Type Il. e.q. RAR, TR, VDR

FIGURE 2.1 Nuclear receptor domain structure and its signaling mode. (¢) Modular struc-
ture of nuclear receptors. (b) Signaling mode of the type I and type II nuclear receptors. See
color insert.
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that many orphans act as sensors for dietary lipids as opposed to high affinity
endogenous hormones. For example, the liver X receptors (LXRs), peroxisome
proliferator-activated receptors (PPARs), and farnesoid X receptor (FXR) have been
identified as sensors for cholesterol, fatty acids, and bile acids, respectively, and
shown to cooperatively regulate lipid homeostasis (reviewed in [13]). In addition, two
closely related receptors, PXR and CAR, have been identified as xenobiotic sensors
that mediate induction of drug clearance pathways to ensure rapid detoxification of
potentially harmful substances. In this chapter we will focus on PXR and CAR, their
role in drug clearance, the molecular mechanisms of their action, and the implication
of xenobiotic regulation in pathophysiological conditions and endocrine disruption.

2.3 ORPHAN NUCLEAR RECEPTORS AS XENOBIOTIC RECEPTORS
AND THEIR IMPLICATIONS IN PHASE I ENZYME REGULATION

In the hepatic drug clearance system, phase I enzymes, especially members of the
CYP1-4 families, play important roles in xenobiotic detoxification and survival of
organisms [14]. For example, the human CYP3A4 isoenzyme alone is involved in the
metabolism of 50-60% of clinical drugs, whereas CYP2B metabolizes an additional
25-30% of these compounds (reviewed in [15]). One important characteristic of these
CYP enzymes is their inducibility by their substrates, which allows enhanced produc-
tion of these proteins as needed. For example, CYP3A is induced upon treatment with
the antibiotic rifampicin, whereas CYP2B production is increased by the treatment
of the antiepileptic drug phenobarbital (PB) or the planar hydrocarbon 1,4-bis[2-
(3,5-dichloropyridyloxy)]benzene (TCPOBOP). The induction of CYP enzymes by
these compounds can further induce a variety of other phase I enzymes and some
phase II metabolic enzymes and transporters (see Chapter 1). However, the mecha-
nism of the induction of these CYP genes by xenobiotics was unclear until PXR and
CAR were initially defined as xenobiotic receptors on the basis of their activation of
phase I CYP enzymes in response to a wide array of xenobiotics.

2.3.1 Cloning of PXR as a Xenobiotic Receptor and Its Regulation of P450s

2.3.1.1 Cloning and Characterization of PXR. The concept that exogenous steroids
and pharmacological substances may modulate the expression of a set of enzymes
to protect against subsequent exposure to toxic xenobiotic substances came up in
the early 1970s [16]. Catatoxic compounds were found to induce the proliferation
of the hepatic endoplasmic reticulum and the expression of cytochrome P450 genes,
conferring nonspecific protection or immunity against numerous xenobiotic com-
pounds, presumably by increasing their catabolism [17, 18]. However, it was unclear
at the time which receptor(s), presuming any were involved, mediate the induction
of P450 CYP genes upon the stimulation of these foreign chemicals. Given the
fact that both steroid receptor agonists (e.g., dexamethasone) and antagonists (e.g.,
pregnenolone-16a-carbonitrile, PCN) induce CYP3A genes [17], it indicated that the
induced protection was independent of the known steroid receptors.
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In 1998, Kliewer et al. and Blumberg et al. identified a novel orphan nuclear
receptor from mouse and human, respectively, on the basis of homology to other
nuclear hormone receptors. The mouse receptor was termed as the PXR, because it
was found to be activated by naturally occurring steroids such as pregnenolone and
progesterone, and synthetic glucocorticoids and antiglucocorticoids [19, 28]. It was
also shown that PXR binds to the CYP3A2 promoter and activates transcription in
response to potent CYP3A2 inducers such as PCN or dexamethasone [19]. Thus, the
response profile of PXR offered a possible explanation to the behavior of catatoxic
compounds and the induction of CYP3A genes (for reviews, see [2, 20, 21]).

Shortly after the cloning of PXR, significant evidence emerged demonstrating
that PXR mediates CYP3A regulation by xenobiotics. Both PXR and CYP3A are
highly expressed in the liver and intestine, where drug clearance mainly occurs. PXR
and its partner RXR bind to a DR3 (direct repeats of AGGTCA or closely related
sequences with a spacing of three nucleotides) or ER6 (everted repeats spaced by
six nucleotides) sites in the CYP3A promoter. The binding of numerous structurally
unrelated drugs to PXR, including those known to induce CYP3A expression, appears
to dissociate corepressor molecules such as the silencing mediator for retinoid and
thyroid hormone receptor (SMRT) [22] and the nuclear receptor corepressor (NCoR)
from PXR. This is followed by simultaneous recruitment of coactivator molecules,
including members of the p160 family (SRC-1, GRIP, and ACTR), RIP140, and
PBP (DRIP205 or TRAP220) [23] (for details, see Chapter 6). PXR null mice are
both viable and fertile, indicating that in the absence of toxic insults the xenobiotic
response is not required. However, PXR null mice completely lack inducibility of
CYP3A by PCN or PCN-mediated induction of drug resistance [24-27]. Together
these observations clearly establish PXR as the central mediator of CYP3A induction
(Figure 2.2). There is also evidence showing PXR can also directly regulate phase II
and phase III gene expression, which will be discussed in detail in Chapters 3 and 4,
respectively.

Drugs (EDCs, steroids, thyroid hormones)
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FIGURE 2.2 PXR and CAR control phases I, II, and III drug metabolism genes.
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2.3.1.2 The Human Ortholog of PXR. The human homologue of PXR (hPXR) was
first isolated as the steroid and xenobiotic receptor (SXR) [28] and the pregnane-
activated receptor (PAR) [29]. Notably, the PXR LBD from different species is
considerably divergent. Within the LBD, the amino acid identity of human PXR
with mouse PXR is only 76%, whereas the DNA binding domain is highly con-
served (96% identity). Thus the species specificity of the induction of CYP3A
enzymes [30] might be due to the pharmacological distinction of human and ro-
dent PXRs. For example, corticosterone and rifampicin are potent hPXR but poor
mPXR activators. In contrast, PCN and dexamethasone are strong mPXR but poor
hPXR activators. Despite their differences in pharmacology, the two receptors ap-
pear to act through a common metabolic pathway. From this viewpoint, perhaps
the structural and pharmacological differences between human and mouse PXRs
are more reflective of the differences in the diets of rodents and primates and the
need to respond to a different set of xenobiotics (for review, see [2]). Xie et al. [24]
created a humanized PXR mouse model and found that it activated downstream
target genes but only responded to human-specific inducers such as rifampicin
but not PCN. The xenobiotic response in this mouse model offers a standardized
in vivo system for predicting potential human drug—drug interactions and is benefi-
cial for development of new therapeutic drugs. Historically, the induction of CYP3A
by drugs had been considered an unexplained adverse side effect associated with
drug—drug interactions. For decades, rodent models have been standard components
in the assessment of potential toxicities in the development of candidate human drugs.
However, the reliability of rodents as predictors of the human xenobiotic response
is compromised due to species variation. Cultured human primary hepatocytes are
valuable alternative tools, but are compromised by interindividual variability, limited
and unpredictable availability as well as high cost. Thus, the generation of the human-
ized PXR mice represents a major step toward generating a standardized humanized
toxicological model (for review, see [31, 32]).

2.3.1.3 Diversity of PXR Modulators. As a xenobiotic receptor, PXR unsurpris-
ingly binds a diverse range of structurally unrelated chemicals. In fact, x-ray crystal
structures of the PXR LBD have revealed that its ligand binding pocket is relatively
large compared to most other nuclear receptor LBDs, and can accommodate a hy-
drophobic ligand in multiple configurations [33]. A feature of its flexible binding
pocket allows for molecular plasticity of ligand recognition, consistent with the low
substrate specificity of xenobiotic enzymes. As a result, PXR activators include an-
tibiotics such as rifampicin, cholesterol-lowering drugs such as SR12813 and statins,
antidepressants like St. John’s wort, the antineoplastic drug paclitaxel, the antimy-
cotic clotrimazole (reviewed in [20]), bisphenol A [34], organochlorine pesticides
such as chlordane, Cafestol [35], dieldrin, and endosulfan [36]. Other environmen-
tal contaminants including endocrine disrupting chemicals such as nonylphenol and
phthalic acid, nonplanar polychlorinated biphenyls (PCBs), and organochloride pep-
ticides such as frans-nonachlor and chlordane have all been shown to activate mouse
PXR [37]. In addition to its activators, there are also a number of PXR antago-
nistic ligands. For example, ecteinascidin-734 blocks PXR-mediated induction of
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CYP3A [23], and arsenite inhibits both untreated and rifampicin-induced CYP3A
transcription in primary human hepatocytes by decreasing the activity of PXR, as
well as expression of its heterodimeric nuclear receptor partner RXRa [38, 39]. Thus,
in principle, it should be possible to design specific drugs that could selectively inhibit
or promote the xenobiotic response. With relevance to endocrine disruption, human
PXR is also activated by numerous endobiotics including bile acids, corticosterone,
and estradiol as well as other estrogenic chemicals including diethylstilbestrol, and
the phytoestrogen coumestrol [28, 40].

2.3.1.4 How Is PXR Regulated? On the one hand PXR is capable of regulating drug
clearance related genes, yet on the other, it can also be regulated by other proteins,
suggesting that xenobiotic metabolism is involved in other physiological events.
Several compounds are known to induce PXR or CAR mRNA, indicating another
level of control. For example, the activation of the glucocorticoid receptor (GR) can
induce expression of PXR, CAR and their heterodimeric partner RXR in cultured
cells [41, 42]. In addition, in the rodent liver PXR expression is autoinduced by PCN-
and PPARa-specific drugs such as perfluorodecanoic acid and clofibrate [43]. Kamiya
et al. also showed that HNF4« is the key transcription factor regulating responses
to xenobiotics through activation of the PXR gene during fetal liver development
[44]. In theory, induction of the xenobiotic receptors could potentiate the induction
of downstream target genes. Further studies are expected to reveal the relevance of
xenobiotic receptor regulation and its impact on drug metabolism.

It is known that hPXR activators such as phenytoin and RU486 cause immunosup-
pressive side effects; on the other hand, inflammation and infection reduce hepatic
CYP expression [45—47]. In addition, the levels of hepatic PXR and CAR mRNA
have also been reported to be down-regulated in response to inflammatory signals
[48, 49]. This broaches the question of whether xenobiotic receptors communicate
with the immune system. Recently, PXR has been reported to cross talk with NF-kB
signaling pathways, which regulate inflammation and the immune response [50].
The activation of hPXR inhibits NF-kB activity, whereas NF-kB target genes are
up-regulated and small bowel inflammation is significantly increased in PXR null
mice. On the other hand, NF-kB activation reciprocally inhibits hPXR and its target
genes. This may provide a molecular explanation for the suppression of hepatic CYP
mRNAs by inflammatory stimuli.

2.3.1.5 PXR Also Plays a Role in Endobiotic Metabolism. In addition to environ-
mental toxins, our body is continuously exposed to a variety of endogenous chemicals.
For example, the secondary bile acid, lithocholic acid (LCA), is generated from non-
toxic bile acids by intestinal bacteria and its elevation is implicated in pathogenesis
of cholestatic liver disease and colon cancer. The observation that LCA can induce
CYP3A expression led to the suggestion that PXR may modulate this induction to
reduce hepatotoxicity [25, 26]. Three lines of evidence support this notion. First,
LCA and its direct metabolite 3-keto LCA directly bind to and activate PXR. Second,
in vivo activation of PXR by administration of PCN or by expression of a constitu-
tively active form of PXR in the liver of transgenic mice results in marked resistance
to LCA toxicity in rodents. Finally, a potent CYP3A inducer and agonist for human
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PXR, rifampicin, has been reported to be effective in treating pruritus associated
with chronic cholestasis. Detoxification of LCA by PXR appears to be mediated by
the combined induction of CYP3A and the cytosolic sulfotransferase ST2A, both of
which convert LCA to nontoxic metabolites [25, 26, 51]. Thus, the drug clearance
pathway regulated by PXR can be utilized to detoxify endogenously produced toxins.
For example, PXR may regulate inducible nitric oxide synthase (iNOS) involved in
the inflammatory response [52]. Recently, Zhou et al. reported the accumulation of
lipids and increased expression of the free fatty acid transporter CD36 in the liv-
ers of mice that express a constitutively activated PXR or are treated with a PXR
activator. This cross-regulation of CD36 by PXR suggests that PXR plays an en-
dobiotic role by influencing lipid homeostasis [53]. In addition, PXR takes part in
steroid homeostasis and drug—hormone interactions. The activation of PXR in mice
can increase plasma concentrations of corticosterone and aldosterone, which are as-
sociated with activation of cytochrome P450 CYP11 genes and 33-hydroxysteroid
dehydrogenase [54].

2.3.2 Characterization of CAR as a Xenobiotic Receptor

2.3.2.1 Cloning of CAR. The nuclear receptor CAR was identified as a xenobiotic
receptor that mediated the induction of CYP2B by PB-type inducers [55] (for review,
see [56]). Expressed abundantly in the liver, CAR and its partner RXR bind to the
DR4 element in the CYP2B promoter, which is known to mediate inducibility by PB.
CAR shows constitutive activity and induces expression of endogenous CYP2B upon
transient or stable transfection in most cells. This (constitutive) CAR activity can be
repressed by compounds such as androstanol and androstenol [57], whereas PB and
PB-type compounds reactivate it and induce its target genes [58]. The CYP2B gene
fails to respond to PB in CAR null mice, which confirms the role of CAR in mediating
CYP2B induction [59]. Another example is that inducibility of CYP2B by PB-type
inducers such as TCPOBOP is completely lost in CAR knock-out mice, as well as
PB-mediated resistance to zoxazolamine and sensitivity to cocaine or acetaminophen
[60, 61]. CAR null mice are viable and fertile, indicating that CAR function is also
dispensable in the absence of toxic insults similar to PXR. Together, these results
clearly show that CAR is a mediator of CYP2B induction.

2.3.2.2 CAR Activators. Similar to PXR, the LBD of CAR is also divergent among
species (72% identity between human and mouse). Not surprisingly, CAR also
shows strong species specificity for activators. For example, the potent mouse
CAR agonist TCPOBOP and the reverse agonist androstanol do not affect human
CAR, whereas the potent human CAR reverse agonist clotrimazol does not acti-
vate rodent CAR [61]. Another example is Meclizine, which acts as an agonist
ligand for mouse CAR and an inverse agonist for human CAR [62]. The num-
ber of compounds that elicit CAR activity is less compared to the multitude of
ligands that activate PXR. Other CAR activators include the antipsychotic chlor-
promazine, plant products picrotoxin and camphor, and pesticides including PCBs,
dieldrin, DDT, DDE, 6-(4-chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde
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0-(3,4-dichlorobenzyl)oxime (CITCO), Methoxychlor, and its metabolites [56, 63,
64]. Ketoconazole is an antagonist for both human PXR and CAR, and can be used
as a pan-antagonist of NRs involved in xenobiotic metabolism in vivo [65]. To date
only TCPOBOP and androstanes are known to bind mouse CAR directly, whereas
CITCO is the only known agonistic ligand that binds the human CAR.

2.3.2.3 A Working Model of CAR. A major distinction of CAR from other nuclear
receptors is its constitutive activity in the absence of ligand in nonhepatic cells.
As mentioned above, few chemicals are known to bind mouse CAR directly and
modulate its interaction with coactivator molecules such as SRC-1, PGC-1, Spl,
ASC-2 and GRIP1 [57, 61, 66—69]. Rather, an alternative activation pathway appears
to be engaged that is indirect and does not involve ligand binding [70]. Without the
stimulation of compounds, CAR is maintained in an inactive state by being localized
to the cytoplasm with its chaperone molecules such as CAR retention protein (CCRP)
and heat shock protein 90 (HSP90) (reviewed in [71]). The inducing compound, while
not binding, dissociates CAR from CCRP and HSP90 and triggers a cytoplasm to
nuclear translocation, resulting in activation of target genes [72, 73]. Although, the
mechanism of how and where CAR interacts with corepressors and coactivators is not
yet clear, it was shown that this translocation depends on the activity of the protein
phosphatase PP2A that modulates the LBD or an associated protein, followed by
the binding of CAR/RXR to PBREs of target genes [70, 74]. It is not clear if PXR
works in the same fashion as CAR, but there is also evidence showing that PXR
forms a protein complex with CCRP and HSP90 and translocates from the cytoplasm
into the nucleus upon PCN treatment [75]. The precise molecular mechanism of this
process is important in understanding the signaling cascade of CAR/PXR xenobiotic
activators.

2.3.2.4 How Is CAR Regulated? CAR is also regulated by other proteins and in-
volved in other biochemical pathways, which makes the xenobiotic response medi-
ated by CAR even more sophisticated. Inoue et al. reported cohesin protein SMC1
(structural maintenance of chromosomes 1) as a CAR binding protein, repressing
CAR-mediated synergistic activation of CYP2B by xenobiotics such as TCPOBOP
[76]. CAR activity and CYP2B gene expression are also regulated by phosphorylation
through AMP-activated protein kinase (AMPK), which functions as an energy sen-
sor. AMPK activators such as 5-amino-4-imidazolecarboxamide riboside (AICAR)
induce CYP2B6 gene expression in human hepatocytes. Expression of a constitu-
tively active form of AMPK mimics the PB induction of CYP2B gene expression. On
the other hand, an AMPK inhibitor 8-bromo-AMP or the expression of a dominant
negative form of AMPK abolishes the induction of CYP2B by PB, which impli-
cates the involvement of AMPK signaling in liver drug responses mediated by CAR
[77-79]. In addition, it has been shown that interleukin 13 (IL-1B) and lipopolysac-
charides (LPS) decrease CAR expression and PB- or bilirubin-mediated induction of
CYP2B in human hepatocytes [80], which is consistent with the observation that in-
flammation and sepsis inhibit drug metabolism [45—47]. These observations provide
new insights into the xenobiotic metabolism pathway though CAR.
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2.4 PERSPECTIVE

The number of PXR and CAR activators will continue to increase and the identi-
fication of more endogenous as well as environmental chemicals that modulate the
xenobiotic receptors will improve our understanding of the mechanisms by which en-
vironmental compounds affect our endocrine balance and may offer novel strategies
for preventing chemical toxicity.

Accordingly, the number of known PXR/CAR target genes has been expanding.
PXR and CAR were originally characterized as independent regulators of the CYP3A
and 2B genes, respectively, presumably through distinct categories of drugs. However,
later observations suggest that there is significant cross-regulation of CY2Bs and 3As
by these two receptors [24]. Analysis of the promoter regions of PXR/CAR target
genes and identification of receptor binding sites reveal that both PXR and CAR can
adaptively bind to common response elements [52, 81, 82]. In addition to CYP3A,
PXR regulates a large number of genes involved in xenobiotic metabolism. These
include cytochrome P450 enzymes, CYP2C, CYP1A, CYPIB, CYP2A and CYP4F,
and other phase I reductases and hydrolases such as carboxylesterase, monoamine
oxidase, catalase, and flavin-containing mono-oxygenases (FMO); phase II conjugat-
ing enzymes such as UDP-glucuronosyltransferase (UGT), cytosolic sulfotransferase
(SULT), and GST, which solubilize hydrophobic compounds to prepare for clearance;
phase III membrane-bound transporters such as MDR 1 and MRP2, which act as efflux
pumps to clear drugs and drug conjugates (reviewed in [20], also see [23, 51, 83, 84]).
CAR has also been shown to regulate a similar array of xenobiotic genes including
several CYP enzymes, aldehyde dehydrogenase, esterase, FMO, methyltransferase,
GST [85], SULT [86], UGT [87], and MRP2 [81] as well as iNOS [52]. The ability
of the xenobiotic receptors to respond to a numerous yet overlapping set of drugs
and regulate a sophisticated network of metabolic genes suggests the existence of a
well-coordinated molecular cascade of drug clearance.

In summary, we believe that the xenobiotic regulation of drug clearance by nu-
clear receptors will be an emerging and exciting field of research in the coming years.
The results of these studies will greatly advance our understanding of the complex-
ity of xenobiotic regulation and their implication in human physiology, pathology,
pharmaceutical development as well as enable a broad assessment of environmental
risks.
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3.1 INTRODUCTION

Almost all drugs that undergo metabolic transformation are converted to metabo-
lites, which are more polar than the parent molecules. Biotransformation not only
promotes drug elimination but also often results in inactivation of pharmacologi-
cal activity, thereby changing the overall biological properties of the drug [1]. In
general, drugs are metabolized by sequential reactions involving phase I and II
enzymes, and the functional groups added by the phase I P450 (NADPH-cytochrome
P450) enzymes are then used as acceptors for a polar group incorporated by phase II
conjugating enzymes [2]. Thus sequential biotransformations by the phase I and II
drug-/xenobiotic-metabolizing enzymes (D/XMEs) constitute the major routes for
drug metabolism. Phase I metabolism usually does not result in a large change in
molecular weight or water solubility, but is of great importance because oxidative
reactions add or expose sites where the phase II metabolism can subsequently occur
[3]. The phase II reactions generally produce nontoxic polar metabolites and facil-
itate biliary and/or urinary excretion. Most drugs undergo phase I reaction prior to
phase II metabolism, but molecules with sites amenable to conjugation may undergo
conjugation reactions directly. Furthermore, molecules that are directly conjugated
may also sustain competing or additional phase I oxidation [3]. The metabolites from
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phases I and II reactions, being hydrosolubles, are excreted from the cells with the
aid of membrane efflux pumps (phase III).

It is increasingly accepted that all phases of xenobiotic metabolism may be co-
ordinately regulated by a series of xenobiotic-activated transcription factors (also
termed xenosensors), namely the nuclear receptors (NRs), constitutive androstane
receptor (CAR), pregnane X receptor (PXR), and aryl hydrocarbon receptor (AhR).
Such coordinate regulation of DMEs results in increased protection of cells against
toxic levels of hydrophobic xeno- or endobiotics. Therefore, large parts of the present
chapter will summarize the current knowledge on the tight interactions between these
transcription factors and phase II DMEs. In some cases, metabolism of chemicals
generates more toxic species making the liver and gastrointestinal tract particularly
susceptible to oxidative-type processes, such as chemical toxicity and carcinogenesis
[4]. Both organs are equipped with defense mechanisms to detoxify reactive oxygen
intermediates and minimize oxidative stress, and recent observations suggest that the
nuclear factor erythroid 2-related factor 2 (Nrf2) transcription factor is critical in
such protection by regulating phase Il DMEs as well as cellular antioxidant defenses
[4]. These regulatory pathways and their consequences will also be addressed in
this chapter. Finally, recent observations also indicate that a number of other nuclear
transcription factors, such as the farnesoid X receptor (FXR), the liver X receptor
(LXR), the peroxisome proliferator-activated receptors (PPARs), and the hepatic nu-
clear factors (HNFs), are important modulators of DME encoding genes. The role of
these receptors will be briefly addressed at the end of this chapter.

3.2 PHASE II DRUG METABOLIZING ENZYMES

The major phase II metabolizing enzymes include the UDP-glucuronosyltransferases
(UGTs), sulfotransferases (SULTSs), glutathione S-transferases (GSTs), arylamine
N-acetyltransferases (NATs), and epoxide hydrolases (EPHXs) enzymes. All
together, members belonging to these five enzyme families contribute to the phase II
metabolism of more than 90% of drugs sustaining conjugation [5]. Among the drugs
conjugated, ~35% are substrates for UGTs, ~20% for SULTs, ~15% for GSTs, and
~10% for NAT [5]. In addition to drugs and other xenobiotics, these enzymes also
conjugate a large variety of endogenous molecules (at least in humans), and thus
play also a significant role in the inactivation and excretion of active endobiotics,
such as bilirubin, bile acids, or steroid and thyroid hormones [6]. Thus, modulating
the expression and activity of these metabolizing enzymes will affect both xeno- and
endobiotics levels.

3.2.1 Glucuronidation and UGTs

Glucuronidation is a major drug-metabolizing reaction in humans and accounts for
approximately 40—70% of xenobiotic elimination [7, 8]. The UGTs catalyze the glu-
curonidation reaction, which corresponds to the transfer of glucuronic acid from
the ubiquitous UDP-glucuronic acid (UDPGA) cofactor to hydrophobic molecules
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acid
(UDPGA)

Substrate \ Glucuronidated substrate
Hydrophobic aglycone More polar

More easily excreted via
bile or urine

UDP-glucuronic ubp

FIGURE 3.1 The glucuronidation reaction.

(aglycone) via nucleophilic attack of functional groups such as carboxyls, hydroxyls,
thiols, or primary and secondary amines [2]. The UDPGA cofactor being highly
hydrophilic, the resulting glucuronide conjugates have a high solubility in water
and are easily eliminated from the human body into bile or urine (Figure 3.1). Some
drugs are metabolized by phase I reactions to generate acceptor groups for the glu-
curonic acid. For these drugs both phase I and II pathways are relevant [8]. However,
there are also many drugs for which glucuronidation is the major metabolic pathway
[8]. In this case, the glucuronides formed can potentially interfere with the pharma-
cokinetics of the parent compound. For example, after oral administration, first-pass
conjugation in the gut and the liver, two organs with high UGT expression, may
lead to a low bioavailability and impaired efficiency of the drug. If the glucuronides
are formed in the liver, they can be excreted by either renal or biliary elimination.
Whereas molecules with a molecular weight of 450 gmol~! and greater are better
substrates for canalicular secretion, those with a lower molecular weight are pre-
dominantly transported across the sinusoidal membrane into the blood and are then
eliminated by the kidney [9].

On the basis of amino acid sequence homology, human UGTs have been classi-
fied into four families: UGT1, UGT2, UGT3, and UGTS [10]. The most important
drug-conjugating UGTs belong to UGT1 and UGT2 families (Figure 3.2). While
the UGT1 family is composed by only one subfamily, i.e., UGT1A, the members
of the UGT?2 are further divided into UGT2A and UGT2B subfamilies. In contrast
to the UGT?2 genes that are encoded by different genes clustered on chromosome
4q13, the human UGT1As are produced from a single gene locus located on chromo-
some 2q37 [10]. This gene contains 13 individual promoters and exons and a shared
set of exons 2-5. The presence of missense mutations within three exons 1 of the
UGT1A gene results in the formation of only nine proteins. However, recent studies
have identified an additional common exon 5 (named 5b) that can also be alternatively
shared with other exons to form an additional set of nine UGT1A, designated with
the symbol i2 (Figure 3.3) [11, 12]. With the exception of UGT1A7, 1A8, and 1A10,
which are expressed in the stomach (UGT1A7, 1A8, and 1A10) and/or gastroin-
testinal tract (UGT1A8 and 1A10), all other human UGT1A and UGT2B enzymes
are expressed in the liver and kidney, which are considered as the most important
organs for xenobiotic glucuronidation [6, 13]. However, elevated glucuronidation
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UGT1A5
UGT1A3
UGT1A4
UGT1A1
UGT1A6
UGT1A9
UGT1A8
UGT1A7
UGT1A10
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UGT2B28
UGT2B10
UGT2B7
UGT2B4
UGT2B15
UGT2B17
UGT2A1
UGT2A3

UGT

enzymes

FIGURE 3.2 Human UDP-glucuronosyltransferase enzymes.

activities are also detected in peripheral tissues exposed to drugs and xenobiotics,
namely the gastrointestinal tract. Of the 18 functional human UGTs, UGT1AS, 2A1,
2A3, 2B4, 2B10, 2B11, 2B17, and 2B28 appear to exhibit low or negligible activ-
ity toward drugs and other xenobiotics [14]. Thus UGT1A1, 1A3, 1A4, 1A6, 1A9,
2B7, and 2B15 are considered to be the isoforms of greater importance in hepatic
drug elimination [15]. UGT1A1 is of particular importance because it is respon-
sible for glucuronidation, and thus detoxification, of the hepatic heme breakdown
product, bilirubin (Figure 3.3) [16]. Deficiency in UGT1A1 causes unconjugated
hyperbilirubinemia termed Crigler—Najjar and Gilbert syndromes [17]. UGT1A6
has been recognized as the isoform responsible for the glucuronidation of serotonin
and phenols (e.g., acetaminophen, APAP), but there is considerable substrate over-
lap between the UGTI1A enzymes [3, 18, 19]. The UGT2B7 is recognized for its
role in glucuronidation of morphine, one of only few pharmacologically active glu-
curonide conjugates, and Zidovudine (AZT) [20, 21]. In the following pages, human
enzymes are designated by capital letters (i.e., UGT), whereas “Ugt” refers to rodent
isoforms [10].

3.2.2 Sulfonation and SULT's

Hepatic sulfation (or more correctly sulfonation) of drugs is a common phase II
metabolic mechanism for increasing hydrophilicity in preparation for biliary or uri-
nary excretion. Sulfonation may occur directly (i.e., acetaminophen) or may follow
phase I oxidation (i.e., hydroxyphenobarbital). However, hepatic sulfonation can also
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lead to activation of hepatotoxins (i.e., troglitazone), DNA binding carcinogens (i.e.,
tamoxifen), or prodrugs (i.e., minoxidil) [22-25].

Cytosolic sulfotransferases are the main sulfonation enzymes and are involved in
the biotransformation of a wide variety of structurally diverse endo- and xenobiotics,
including many therapeutic agents and endogenous steroids [26]. SULTs involved
in the phase II biotransformation of endo- and xenobiotics are cytosolic, although
there are membrane-bound SULTs that are responsible for catalyzing the sulfation
of protein tyrosyl residues and polysaccharides [26, 27]. Cytosolic SULTSs belong
to a superfamily of genes that are divided into two subfamilies, the phenol SULTSs
(SULT1) and the hydroxysteroid SULTs (SULT2) [26]. A third subfamily (SULT4)
of brain-specific sulfotransferase enzymes has also been described while having been
less characterized [26, 28]. Eleven SULTs have been identified in humans [26, 29].
SULTs have broad overlapping substrate specificities, but can be distinguished by
their particular affinities for substrates, their thermal stability and their sensitivity
to pharmacological inhibitors [26, 29]. The SULT1 family is subdivided into four
subfamilies: (i) SULT1A comprises four human members (SULT1A1, 1A2, 1A3,
and 1A4) that sulfonate phenolic-type xenobiotics; (ii) SULT1B (one human mem-
ber, SULT1B1, conjugates dopa/tyrosine and thyroid hormones); (iii) SULT1C (two
human enzymes, SULT1C2 and 1C4, which conjugate hydroxyarylamines); and (iv)
SULTIE (human SULT1E1 conjugates estrogens). The SULT?2 family is subdivided
into two subfamilies: (a) SULT2A (human SULT2A1 sulfonates neutral steroids and
bile acids) and (b) SULT2B (the two human SULT2B1-v1 and v2 conjugate sterols)
[3, 30-34] (Figure 3.4). Sulfonation of xenobiotics is primarily mediated by the
SULT1A subfamily, which catalyzes sulfonation of hydroxyl and monoamine groups
on phenolic-type molecules [3]. However, SULT1C also plays a role in xenobiotic
sulfonation by sulfating hydroxyarylamines, which can be activated into carcinogens
by sulfonation [35]. SULT enzymes have a widespread tissue distribution and are
expressed in the liver, lung, brain, skin, platelets, breast, kidney, and gastrointestinal
tissue [26].

SULT1A1
SULT1A2
SULT1A3
SULT1A4
SULT1C2
SULT1C4
SULT1B1

SULT1E1

SULT2A1
[SULTZB1-V1
SULT2B1-v2

SULT4As

FIGURE 3.4 Cytosolic human sulfotransferase enzymes. (Adapted from [33].)
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Sulfate ATP
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FIGURE 3.5 The sulfonation reaction.

The physiological function of SULTSs is to catalyze the transfer of the sulfonyl
group from the cosubstrate 3’-phosphoadenosine 5'-phosphosulfate (PAPS) to the
hydroxyl, sulfhydryl, amino, or N-oxide groups of the acceptor substrates [26]
(Figure 3.5). In the cytosol, inorganic sulfate is conjugated with adenosine
triphosphate to form PAPS by a bifunctional enzyme, 3’-phosphoadenosine
5'-phosphosulfate synthetase (PAPSS). There are two isoforms: PAPSS1 and
PAPSS2, which are highly expressed in the brain and liver, respectively [26]. Synthe-
sis of PAPS is fast but is limited by hepatic sulfate concentrations, which are largely
dependent on equilibrium with circulating inorganic sulfate [36-38].

3.2.3 Sulfonation and Glucuronidation: Two Complementary
Metabolic Pathways

Sulfonation is a high affinity and low capacity phase II reaction that works in con-
cert with glucuronidation on overlapping substrates; sulfonation predominates at low
substrate concentrations and glucuronidation at high concentrations when sulfonation
has been saturated [39]. In fact, hepatic PAPS concentrations (~23 nmol g~ ! liver)
are low enough to be depleted rapidly, and at substrate concentrations lower than
those necessary to achieve sulfotransferase maximal velocity [37, 38]. Hence, sul-
fonation in many cases is a cofactor-limited instead of enzyme-limited reaction. In
contrast, UDPGA is abundant in the liver (~300nmol g~! liver) and glucuronida-
tion is generally considered as a low affinity and high capacity conjugation reaction
[3]. Thus, saturation of sulfonation results in an increase in glucuronidation rate, so
that the combined rate of these two reactions is linear and hepatic extraction ratio
is constant, until glucuronidation is saturated at very high substrate concentrations
[3, 39, 40-43].

On the other hand, sulfate conjugation is reversible, since sulfated molecules
may be desulfated in the liver by sulfatase enzymes, subsequently reconjugated,
deconjugated, etc., giving rise to the phenomenon of “futile cycling” between the
parent compound and the sulfate metabolite [39]. Glucuronide conjugates can also be
deconjugated in an acidic environment or enzymatically via $-glucuronidase. How-
ever, the liver only has very low glucuronidase activity, and the hepatic futile cycle
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observed for sulfate conjugate is not appreciable for the majority of glucuronide
conjugates (with the exception of acyl glucuronides) [44, 45]. Nevertheless, with
high B-glucuronidase activity in the gut microflora, many glucuronidated drugs ex-
creted via bile into the duodenum are deconjugated to the parent drug, which may
be reabsorbed resulting in “enterohepatic cycling” of conjugation—deconjugation
[3,46]. This enterohepatic cycle can also be an object of drug—drug interactions. Since
carrier proteins are involved in the transport of glucuronides across cell membranes,
such interactions at the transporter level may result in conjugate accumulation in tis-
sues, cells, or in the circulation with corresponding pharmacological or toxicological
consequences [9, 47].

Despite (and because) of these differences, glucuronidation and sulfonation often
play complementary roles in drug metabolism and elimination. As detailed in the
following sections, the expression and activity of drug-conjugating sulfotransferase
and glucuronosyltransferase enzymes are coordinately regulated by a similar subset
of NRs. Modulation of drug sulfonation and glucuronidation causing increasing or
decreasing conjugation rates in the liver and intestine often results in significant
pharmacodynamic changes in vivo [3, 48].

3.2.4 Glutathione Conjugation and GSTs

Glutathione conjugation is of particular importance because substrates of this reaction
are often potent electrophiles. Conjugation with intracellular glutathione results in
the detoxification of these reactive species, which could otherwise bind intracellular
macromolecules. Thus, GSTs are involved in cellular protection against xenobiotics
and oxidative stress as well as resistance to chemotherapeutic compounds such as dox-
orubicin [49, 50]. A broad spectrum of diverse electrophiles can undergo glutathione
conjugation. Molecular moieties amenable for glutathione conjugation include elec-
trophilic carbon atoms as well as electrophilic nitrogen, oxygen, and sulfur atoms
[3]. Substrates of GSTs can be parent compound electrophilic, phase I metabolites,
and even phase II conjugates. GST-mediated metabolism predominantly occurs in
the cytosol, but some activity also resides in the endoplasmic reticulum [51]. Most
GSTs catalyze the conjugation of glutathione (GSH) to a variety of electrophilic sub-
strates [52]; however, some GSTs can function as GSH peroxidases and ligandins,
making it difficult to assign specific roles for individual GST enzymes [53]. Unlike
PAPS and UDPGA, which are high energy unstable cofactors, glutathione is a stable
tripeptide that reacts with high energy unstable substrate [3]. Furthermore, intracel-
lular levels of glutathione are extremely elevated (~10 mM) and difficult to deplete.
Such elevated concentrations of glutathione are thought to provide the driving force
for non-ATP-mediated transport processes, as well as to stimulate the function of
ATP-driven transport processes [54].

The GSTs comprise a complex and widespread enzyme superfamily that has
been subdivided further into an ever-increasing number of classes on the basis of
a variety of criteria, including homology, as well as immunological, kinetic, and
tertiary/quaternary structural properties [55]. GSTs are present in both membrane
and soluble fractions, and cytosolic (or soluble) GSTs are responsible for conjugation
of drugs. Approximately 20 cytosolic GSTs have been identified in vertebrates and
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FIGURE 3.6 Human glutathione S-transferase enzymes. (Adapted from [58].)

categorized into seven distinct classes: a (GSTA), 7 (GSTP), p (GSTM), 6 (GSTT),
® (GSTO), ¢ (GSTZ), and o (GSTS) [56, 57] (Figure 3.6). Other classes of GSTs
(B, 9, €, etc.) have been identified in nonmammalian species [56]. In humans and
rodents, cytosolic GST isoenzymes within a class typically share more than 40%
identity, and those between classes share 25% identity [56]. Cytosolic GSTs exist as
heterodimers (o and p) and homodimers, and dimerization is necessary for GSTs
to carry out their function in catalyzing glutathione conjugation [56]. The «- and
p-class GSTs are the major GST subunits expressed in the adult liver [50, 59]. The
a-class GSTs exhibit selenium-independent glutathione peroxidase activity, which
plays an important role in protecting cells against lipid and nucleotide hydroperoxides
[50, 60]. m-class GSTs are known to be expressed in hepatocellular carcinomas and
considered to be a tumor marker [50, 61]. The loss of GST protection can increase the
susceptibility of preneoplastic hepatocytes to chemical-induced genotoxicity during
chemical carcinogenesis. Therefore, GST induction is not only for cell detoxification
and survival but also for cancer prevention [62].

An important feature of glutathione conjugates is that they typically are not decon-
jugated in the same manner as sulfate or glucuronide metabolites. The peptide bonds
in the glutathione moiety of the molecule may be hydrolyzed sequentially to form
a cysteine metabolite followed by N-acetylation to form a mercapturate metabolite.
Thus, GSTs are considered as catalyzing the first of four steps required for the syn-
thesis of mercapturic acid [56], and metabolites formed in the kidney are excreted in
the urine [63]. Besides catalyzing conjugation reactions, cytosolic GSTs also bind,
covalently and noncovalently, hydrophobic nonsubstrate ligands [56]. This type of
activity contributes to intracellular transport, sequestration, and disposition of xeno-
biotics and hormones. Affinity labeling of rat class o GST revealed a high affinity
nonsubstrate binding site within the cleft between the two subunits [64], indicating
that there are two distinct binding sites in certain isoenzymes. The second nonsub-
strate binding site form in heterodimers will be distinct from those in homodimers,
and it may provide an evolutionary reason why it is beneficial for members within
the a- and -classes to heterodimerize [56].

3.2.5 Acetylation, Methylation, and EPHXs

Arylamine NATs are a family of DMEs that catalyze the conjugation of an
acetyl group from acetyl-coenzyme A to the terminal amino group of arylamines,
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arylhydrazides, and certain heterocyclic amines, as well as the N-hydroxyl group of
aromatic and heterocyclic amines [65]. Three NAT reactions have been documented:
N-acetyltransfer and O-acetyltransfer from an acetyl donor to an acceptor substrate
and N-, O-acetyltransfer from an N-arylhydroxamic acid. In humans, acetylation is an
important route in the biotransformation of many aromatic and heterocyclic amines
drugs, and acetylation by NATs aids in the excretion of exogenous compounds,
such as drugs and carcinogens [65]. The acetyltransferases relevant to human drug
metabolism include two families of enzymes: N-acetyltransferase 1 (NAT1) and
N-acetyltransferase 2 (NAT?2) [65].

A common feature of acetylation and methylation is that these metabolic reac-
tions decrease water solubility. A huge number of cytosolic methyltransferases are
responsible for DNA, RNA, proteins, or lipids methylation [66]. The most char-
acterized methyltransferase is the catechol-O-methyltransferase (COMT) enzyme,
which catalyzes the biotransformation of estrogens and endogenous catecholamine
neurotransmitters such as norepinephrine [66]. It also catalyzes the O-methylation of
catechol drugs, including the anti-Parkinson’s disease agent L-dopa and the antihy-
pertensive methyldopa [66]. The thiopurine S-methyltransferase (TPMT) like COMT
is an AdoMet-dependent methyltransferase, which catalyzes the AdoMet-dependent
S-methylation of thiopurine drugs such as 6-mercaptopurine. Thiopurines are cyto-
toxic, immunosuppressant drugs that are used to treat childhood leukemia, inflam-
matory bowel disease, and organ transplant recipients [66]. Patients homozygous for
common variant TPMT alleles that result in low levels of enzyme activity are at
greatly increased risk for life-threatening thiopurine-induced toxicity [66].

EPHXSs are important multifunctional enzymes from both the deactivation and acti-
vation of reactive species. Furthermore, they convert any potentially reactive epoxide
formed by the P450s system into a diol metabolite, which is usually less reactive,
more water soluble, and more easily cleared by GSTs. There are two major types
of EPHX enzymes: the microsomal (mEPHX), which uses epoxides of polycyclic
aromatics or drugs as substrates (type 1) and which controls hepatic uptake of bile
acids (type 2) [67], and the soluble EPHX (sEPHX), which forms diols from many
endogenous and exogenous epoxides, including fatty acids and leukotrienes [68].

3.3 THE XENOSENSORS CAR AND PXR: TWO MASTER
REGULATORS OF PHASE I1 METABOLISM

3.3.1 General Considerations

The concept of “catatoxic steroids,” such as pregnenolone-16-carbonitrile (PCN),
which protect the liver against the effects of toxic substances by inducing detoxifying
enzymes, has existed for long times [69]. PXR and CAR function as sensors for toxic
compounds derived from endogenous metabolism or xenobiotics in order to enhance
their elimination [70]. PXR and CAR regulate gene transcription through conven-
tional mechanisms, involving xenobiotic binding, nuclear translocation, heterodimer-
ization with their partner, the retinoid X receptor (RXR), and interactions with the
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5’ regulatory sequences of target genes [71]. Many xenobiotics interact with PXR and
CAR either as agonists, activators, or inverse agonists [72, 73]. For example, phe-
nobarbital (PB) activates both CAR and PXR, whereas clomitrazole and androstanol
are activators of PXR but inverse agonists of CAR [74]. Similarly, bile acids, such as
cholic acid and lithocholic acid (LCA), which are primary ligands of FXR, are acti-
vators of PXR and suppressors of CAR transcriptional activity [75]. 1,4-Bis[2-(3,5-
dichloropyridyloxy)]benzene (TCPOBOP) is believed to be a potent ligand for mCAR
but not for hCAR, and PB activates both receptors but only at high concentrations and
possibly via an indirect mechanism. 6-(4-Chlorophenyl)imidazo[2,1-b][1,3]thiazole-
5-carbaldehyde O-(3,4-dichlorobenzyl)oxime (CITCO) activates the human CAR,
which is also subject to activation by pregnane, 17a-hydroxyprogesterone, preg-
nenolone, 17a-hydroxypregnenolone, 17B-estradiol, RU486, and cortisol [76].
Human PXR is activated by xenobiotics such as rifampicin, clomitrazole, and hyper-
forin, one of the active constituents of the St. John’s wort remedy [77-80]. Interest-
ingly, ligand binding is not a prerequisite for activation of CAR [80]. This receptor
seems to be constitutively active (i.e., even in the absence of ligand). This activ-
ity could be inhibited by androstanol or androstenol. It appeared that CAR adopts
an active conformation in the absence of ligand and is shifted toward an inactive
conformation by androstanol [81].

The tissue distribution analysis of CAR and PXR mRNA expression indicated that
the major site of expression is the liver, with significant levels being detected in the
intestine (small intestine-hPXR and hCAR and colon-hPXR), the kidney, stomach
(hPXR), adrenal (hCAR), and testis (hCAR) [71, 78, 82]. Such tissue distribution
of expression is consistent with the major role that these xenobiotic sensors exert
in controlling detoxification. Overall, since CAR and PXR are activated by some
of the same ligands and induce specific but overlapping sets of genes, they provide
the cell with two overlapping and semiredundant mechanisms for recognizing and
eliminating toxicants.

3.3.2 Phase II XMEs Identified as PXR and/or CAR Target Genes

As summarized in Tables 3.1 and 3.2, a number of genes encoding phase II DMEs
have been identified as targets of the PXR and/or CAR receptors in humans and
laboratory animals.

In human hepatoma HepG2 cells, UGT1Al and 1A3 expression was markedly
increased by the cotransfection of PXR and subsequent activation with rifampicin
[83]. The expression of UGT1A6 and 1A4 was also increased, although to a much
lesser extent compared to that of UGT1A1 and 1A3. The expression of UGT1A9 and
all UGT2B members remained unchanged. In colon cancer Caco-2 cells, a similar
response was also observed with induction of UGT1A1, 1A3, and 1A4 mRNA levels,
whereas expression of other human UGTs remained unchanged (Table 3.1). However,
in these cells, expression of UGT1A6 was not induced by PXR [83]. The lack of
UGT?2B response in both HepG2 and Caco-2 cells suggests that this UGT subfamily
may not be transcriptional target of PXR. In human hepatocytes in primary culture,
the human CAR activator, CITCO, induced P450s and a series of phase II encoding
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TABLE 3.1 Human Phase II Enzymes as PXR and/or CAR Target Genes

PXR? CAR

UGT1A1 4 (HepG2, Caco-2, L-1, Tg mice) UGT1A1 4 (HH)
UGT1A3 4 (HepG2, Caco-2, L-1, Tg mice) UGT1A6 1 (HH)
UGT1A4 1 (HepG2, Caco-2, L-I, Tg mice) GSTA2 1 (HH)
UGT1A6 1 (HepG2, L-1, Tg mice) SULT1A1 4 (HH)
UGT1A9 1 (L-I, Tg mice) SULT2A1 1 (HepG2)
UGT1AS 1 (I, Tg mice) SULT1A2 1 (HepG2)
UGT1A10 1 (I, Tg mice) NAT1 1 (HepG2)

SULT2A1 4 (HepG2, HH)

44, induction of expression (cells or tissue); HH, human hepatocytes; L, liver; I, intestine; Tg, transgenic
mice expressing the human enzymes.

genes, such as GSTA2, UGT1A1, and SULT1A1 [71]. In HepG2 cells, treatment
with CITCO failed to modulate transcript levels of UGT1A6, SULT1A1, SULTIEL,
GSTM1, and mEPHX1, but resulted in significant induction of UGT1A1, SULT2A1,
SULT1A2, and NAT1 (Table 3.1) [84]. A similar pattern of regulation was observed
with HepG2 cells treated with PB [84]. NAT1 was also significantly induced after
exposure to PB and CITCO in rats and primary rat hepatocytes [85].

Biochemical induction studies in rats and primary rat hepatocytes demonstrated
that digitoxigenin monodigitoxoside UGT activity could be induced by glucocorti-
coids, which is consistent with induction of UGT activity via PXR [71]. Similarly,
hepatic UGT activity versus bilirubin, 1-naphthol, chloramphenicol, thyroxine, and
trioodothyronine were induced, and mRNA levels of Ugtlal and 1a9 were more
than 100% increased in mice following PCN treatment [86]. By contrast, the PXR

TABLE 3.2 Phase II Enzymes as PXR and/or CAR Target Genes in Rodents

PXR“ CAR

Ugtlal 1 (L: WT, VP-hPXR, hPXR mice) Ugtlal 1 (WT, VP-hCAR mice)
Ugtla9 1 (L: WT mice) Sultlc2 + (WT, ¢, L)

Ugtla6 1 (L: VP-hPXR mice) Sultldl 1 (WT, ¢-&, L)

Sult2al 1 (¢, L: WT, VP-hPXR mice) Sultlel 1 (WT, @,L)

Sultlel + (WT, -0, L) Sult2al/2 4 (WT, @, L)

PAPSs2 1 (WT, 9-&', L) Sult3al 1 (WT, ¢-&, L)

GSTM 1 (WT, VP-hPXR @-d', L-T) Sult4al 1 (WT, @, L)

GSTA 1 (WT, VP-hPXR 9-d', 1) PAPSs2 1 (WT, ¢, L)

GSTP 1 (WT, VP-hPXR @, L-I)
GSTP | (WT, VP-hPXR &', L-I)

44, induction of expression; |,, repression of expression (cells or tissue); L, liver; I, intestine; VP, trans-
genic mice expressing constitutively active human PXR or CAR; WT, wild-type mice; @, female; o,
male.
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null mice were resistant to the induction of all these UGT activities by PCN, while
having slightly higher basal activities than the wild-type controls [86]. On the other
hand, the expression of Ugtla2, 1a6, and 2b5 was not affected by PCN regardless
of PXR phenotype [86]. These results indicate that PCN induces glucuronidation in
the mouse liver and that PXR regulates PCN-inducible expression of selected Ugt
isoforms (Table 3.2). While unaffected in wild-type animals, the Ugtla6 expression
was also up-regulated in the transgenic animals expressing a constitutively activated
hPXR (VP-hPXR) [87]. Similarly, Ugtlal mRNA and protein levels were also up-
regulated in transgenic VP-hPXR mice and upon rifampicin-treated humanized hPXR
transgenic mice [88, 89], as was the microsomal glucuronidation activity toward
B-estradiol, thyroid hormones, corticosterone, and xenobiotics such as 4-nitrophenol
and the carcinogen 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (4-OHPhIP)
[90, 91]. In mice expressing the entire human UGT1A locus, treatment with PCN
resulted in induced hepatic expression of human UGT1A1, 1A3, 1A4, 1A6, and 1A9
[92]. The same genes were also induced in the small intestine, where transcript lev-
els of UGT1AS and 1A10 were also induced [92]. Overall, these analyses indicate
that all human UGT1A enzymes are susceptible to be up-regulated by PXR in a
tissue-dependent manner (Figure 3.3).

The positive role that PXR exert on the activity of the Sult2al and expres-
sion of the PAPS synthesizing enzyme in mice was reported few years ago [93].
More recently, the control of the expression of 11 hepatic sulfotransferase enzymes
and the two PAPS isozymes by PXR and CAR activators has been examined in
mice [94]. CAR activators caused induction of Sultlc2, 1d1, lel, 2al/2, 3al, 4al,
and PAPSs2 expression in female animals, and of Sultldl and 3al in male mice
(Table 3.2). PXR activators also affected Sults in a sex-dependent manner: in male,
PXR ligands up-regulated Sultlel mRNA levels, while Sultlel and 2al/2 expression
was only activated in female animals and PAPSs2 mRNA levels were induced in both
male and female mice [94].

Expression of some GSTs is also controlled by CAR and PXR in mice (Table
3.2) [3, 95-97]. As for Sult enzymes, PXR regulates GSTs in an isoform-, sex-, and
tissue-dependent manner [98]. Thus, GSTM expression is up-regulated by PXR in
both liver and intestine from male and female tissues, whereas GSTA is induced in
the small intestine and not in the liver and GSTP is induced in females but repressed
in males [98]. Interestingly, a similar pattern of GST regulation was seen in wild-type
mice in response to pharmacological activation of PXR and the effect of PCN was
abolished in PXR null animals.

3.3.3 Physiological and Pharmacological Interests of Phase II Enzymes
Regulation by PXR and/or CAR

Considering the importance of UGTs, SULTSs, and GSTs in the detoxification process,
their PXR- and CAR-dependent regulation affects homeostasis of a number of endo-
and xenobiotics. Some of these effects are of therapeutic potential, whereas others
are thought to be deleterious.
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The therapeutic interest of the PXR- and CAR-mediated induction of phase II
enzymes is very well exemplified by the regulation of bilirubin glucuronidation.
Bilirubin is an oxidative end product of heme catabolism. It is predominantly metab-
olized in the liver and then excreted into the bile. Accumulation of bilirubin in the
blood is potentially hepato- and neurotoxic [91]. UGT1AL is the primary enzyme re-
sponsible for bilirubin glucuronidation, a critical step for hepatic bilirubin clearance
(Figure 3.3). In accordance with the positive effects that CAR exerts on the UGT1A1
gene expression, treatment with phenobarbital has been shown to dramatically allevi-
ate the hyperbilirubinemia in Criggler—Najjar patients (who present reduced UGT1A1
activity). Accordingly, expression of the constitutively activated VP-CAR confers
mice with a resistance to hyperbilirubinemia induced by bilirubin infusion [99]. In
another independent report, activation of CAR also resulted in increased hepatic ex-
pression of genes known to be involved in bilirubin metabolism, including Ugtlal,
and this induction was absent in CAR-null mice [100]. However, the basal level of
serum bilirubin was also not affected in mice lacking PXR alone or both PXR and
CAR proteins (double knock-out). Upon bilirubin infusion, the CAR null and the
double knock-out animals showed similar sensitivity as the wild type. By contrast,
the PXR null mice exhibited a surprisingly complete resistance to hyperbilirubinemia
[99]. These observations suggested that PXR negatively interferes with the biliru-
bin metabolic pathway, which was supported by induction of bilirubin detoxifying
genes, such as Ugt1 A1, OATP (organic anion transporting polypeptides)4/ SLC (so-
lute carrier)21A6, GSTA2, and MRP2 in PXR null animals. But, expressing the
VP-hPXR in mice also resulted in reducing plasma bilirubin after infusion [87], thus
indicating that PXR plays both positive and negative roles in regulating bilirubin
homeostasis. However, the exact mechanism for such differential roles remains to be
clarified.

Phase II induction upon PXR and/or CAR activation can also have deleterious
consequences for human health. Indeed, CAR is essential for thyroid tumorigenesis
following exposure to PB and TCPOBOP [100]. Thyroid hormones (triiodothyro-
nine, T3, and thyroxine, T4) are inactivated in the liver by UGT1As and SULTsS to
glucuronide and sulfate conjugates, which are eliminated via urine and bile [101]. The
control of thyroid hormones metabolism by CAR is supported by the observations that
patients treated with PB have reduced serum T4 levels, and that hypothyroid patients
need thyroid replacement therapy after treatment with antiepileptic drugs such as PB
[102, 103]. Furthermore, two recent studies [104, 105] used wild-type and CAR null
mice to demonstrate that CAR mediates the induction of UGT and SULT involved
in these metabolic reactions in wild type (Figure 3.7). Enzyme induction coincided
with reduced levels of T4 and T3 and increased levels of the thyroid-stimulating
hormone (TSH). TSH levels are thought to increase in order to compensate for the
decrease in thyroid hormone levels and this leads to an increase in thyroid follicular
cell proliferation and the development of thyroid tumors [105]. Thyroid follicular
cell proliferation (believed to be a precursor of thyroid carcinogenesis in rodents)
was observed in response to PB and TCPOBOP in wild-type mice but not CAR
null mice [105]. These results were consistent with previous observations pointing to
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FIGURE 3.7 CAR controls thyroid hormone metabolism, an effect involved in thyroid
tumorigenesis and control of obesity.

numerous thyroid hormone linked disorders during chronic treatments with drugs
such as PB and phenytoin [102, 103]. These disorders are thought to be the con-
sequence of xenobiotic-mediated enhancement of metabolism and excretion of thy-
roid hormones via induction of UGT and SULT enzymes through CAR activation
[75, 80].

From another point of view, the CAR-mediated induction of thyroid hormones
metabolism can also be considered as having elevated therapeutic potential for obesity
treatment [75]. Thyroid hormones regulate basal metabolism, and T3/T4 plasma
levels correlate with energy expenditure and caloric loss (Figure 3.7). Actually, T3
has been shown to be reduced by 33% in subjects following weight loss program.
The concomitant decrease in basal metabolism is believed to represent a mechanism
to resist weight loss. Maglich et al. [104] have reported that Cyp2b10, Sultlal, and
Ugtlal gene expression is significantly induced during fasting in wild type but not
CAR null mice. In parallel, the same authors observed that T3 and T4 levels were
greater in CAR null animals than in wild-type littermates during fasting. When mice
were placed on a 40% caloric restriction diet for 12 weeks, CAR null mice lost over
twice as much weight as their littermates, a phenotype attributed to the sustained
thyroid hormone levels in the caloric-restricted CAR null mice [104]. These data
suggest that the CAR-dependent modulation of thyroid hormones glucuronidation
and sulfonation plays an important role in metabolic rate from food intake and
energy homeostasis and thus has implications in obesity and is associated with
metabolic disorders. In conclusion, depending on the physiopathological situation, a
given regulatory process involving NRs and phase II DMEs can translate into both
beneficial and deleterious effects.
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FIGURE 3.8 PXR activation is an essential wheel in the autoregulatory mechanism by which
bile acid stimulate their own sulfonation and glucuronidation.

Beyond the metabolism of bilirubin and thyroid hormones, PXR plays also a major
role in protection from bile acid toxicity [70]. The basis for PXR being involved in
bile acid homeostasis comes from in vivo observations showing that PXR activation
is protective against hepatotoxic bile acids [79, 106] and that accumulation of bile
acid precursors leads to PXR activation [107]. Considering that PXR is a receptor
for the cholestatic LCA, it is considered as an essential wheel in an autoregulatory
mechanism, by which toxic bile acids stimulate their own inactivation. Among the
subset of PXR target genes that encode bile acid detoxification proteins, the phase 11
enzymes UGT1A3 and SULT2A1 are important for cholestatic bile acid elimination
(Figure 3.8) [108]. The up-regulation of bile acid glucuronidation through PXR acti-
vation is supported by the observation that urinary levels of bile acid glucuronides in
healthy volunteers treated with rifampicin are increased twofold [109]. These obser-
vations are of clinical interest since rifampicin is considered as the safest treatment for
cholestasis-induced pruritus [110]. In addition to bile acid, PXR- and CAR-mediated
regulation of phase II conjugating enzymes also affects other endobiotics, such as
the glucocorticoid hormones (i.e., corticosterone and cortisol), the glucuronidation of
which is increased in constitutive hPXR transgenic mice [87]. Finally, the regulation
of UGT and SULT by PXR and CAR has led to the idea that PXR- and CAR-mediated
gene regulation may play a role in estrogen homeostasis. Indeed, metabolic pathways
to deactivate estrogens include glucuronidation and sulfonation [111]. Estrogen is
one of the preferred substrates for UGT1A1 and estrogen glucuronidation activity
is increased in the VP-hPXR mice [87]. The PXR target gene SULT1E1 mediates
estrogen inactivation, since the sulfonated estrogens cannot bind to and activate es-
trogen receptor (ER) [112]. Estrogens promote mammary epithelial proliferation and
are required for breast cancer formation. These observations suggest that PXR and
CAR activators may have potential therapeutic interest for clinical treatment of breast
cancer [91].

CAR and PXR activators, such as PB and rifampicin, are widely used in clinic,
and multiple drugs therapy is often used with a single patient [113]. For example,



THE XENOSENSORS CAR AND PXR 77

in individuals infected with HIV and tuberculosis, both antituberculosis and an-
tiretroviral agents have to be used [114]. Rifampicin is an effective antibiotic against
gram-positive bacteria including mycobacteria, being frequently used currently in
the chemotherapy of tuberculosis along with isoniazid, pyrazinamide, and ethamb-
utol/streptomycin [115]. While a number of drug—drug interactions involving the
PXR-mediated regulation of P450s by rifampicin have been reported, only few
interactions with phase II DMEs are currently listed in the literature [113]. However,
Gallicano and colleagues [116] reported that a significant pharmacokinetic interaction
between rifampicin and the antiretroviral agent zidovudin was mediated by induction
of both glucuronidation and amination pathways. Similarly, rifampicin increased the
urinary excretion of lamotrigine-glucuronide in a group of healthy volunteers [117].
By contrast, a randomized, double-blinded, placebo-controlled study has assessed
the effect of steady-state dosing of rifampicin on the pharmacokinetics of morphine.
The oral clearance of morphine was increased significantly, but the renal clearance
of morphine, morphine-3, and 6-glucuronide was not altered. Following rifampicin
ingestion, no analgesic effect of morphine was observed, as assessed by the cold
pressor test. These results suggested that a clinically significant interaction occurred
between the two drugs, but the mechanism could not be attributed to induction of
UGT enzymes [118]. Overall, when occurring, the magnitude of UGT-based drug
interactions with the PXR activators is generally smaller compared to P450-mediated
drug interactions [19, 119].

3.3.4 Functional Mechanisms of Phase II Genes Regulation by PXR
and CAR: Role of the Glucocorticoid Receptor

Accordingly, with the regulation of their expression upon receptor activation, various
studies have reported the presence of functional PXR and/or CAR response elements
within phase II XMEs genes. Thus, a PXR- and CAR-inducible composite element,
containing both inverted repeat (IR2) and direct repeat (DR4) of the hexanucleotide
AGGTCA structure, has been characterized within the human SULT2A1 promoter
[120]. This composite element confers the xenobiotic response of the promoter, and
is bound by PXR and CAR in the presence of their respective ligands [120]. An
IR0 motif found just under 200 base pairs upstream from the transcriptional start
site of the mouse and rat Sult2al genes can bind several NRs, including the vitamin
D receptor (VDR), FXR, and PXR, but not CAR [121, 122]. Similarly, the human
UGT1AL1 gene possesses a critical region between nucleotides —3483 and —3194,
which contains three CAR-responsive motifs, NR3 (a DR-3 element), NR4, and
gtNR1 (both DR-4 elements). This region, which was first identified as responding
to PB, is called phenobarbital-responsive enhancer module (PBREM) (Figure 3.3).
The gtNR1 motif was found to be the site of CAR/RXR binding, but both NR3
and NR4 were also required for full enhancer activity, both in HepG2 cells and in
primary mouse hepatocytes [87]. The importance of this multiple NRs responsive
region is such that a genetic variation (T-3279G) in the PBREM is associated with
hyperbilirubinemia [123] and drug metabolism and toxicity alterations [124].
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The appropriate transcriptional activity of PXR and CAR also requires the forma-
tion of regulatory complexes that comprise a series of coactivators and corepressors,
such as PPAR<y coactivator (PGC)-1, steroid receptor coactivator (SRC)-1, tran-
scriptional intermediary factor (TIF)-2, GR-interacting protein (GRIP)-1, silencing
mediator of retinoic acid and thyroid hormone receptor (SMRT), nuclear receptor
corepressor (NCoR), and so on. It is therefore likely that these cofactors also play
important roles in the control of phase II genes transcription upon PXR and CAR
activation. However, in addition to these classical NR coregulators, another ligand-
activated transcription factor, the glucocorticoid receptor (GR), also plays a significant
role for the integrity of the PXR- and CAR-mediated regulation of phase II enzymes
expression. In human hepatocytes, hPXR mRNA levels are induced in response to
the GR activators dexamethasone (DEX), prednisolone, and hydrocortisone [125],
and there are a lot of evidences that this occurs as a result of direct regulation of
PXR expression by the GR at the level of expression [126]. Similarly, up-regulation
of hCAR mRNA also occurs in response to these compounds in human hepatocytes
[127]. These results further support the concept that the GR may act by regulating
indirectly PXR and CAR target genes, including those encoding phase II DMEs.
In addition to regulating PXR and CAR expression, GR also influences CAR- and
PXR-mediated regulation of UGT1A1, as demonstrated in HepG2 transfected with
the 290-bp PBREM reporter construct and expression plasmids for CAR and PXR in
the presence or absence of exogenously expressed GR. In the presence of GR, DEX
enhances more prominently PXR- and CAR-dependent induction of the promoter
[128]. Furthermore, a GR response element was identified in this promoter region
(Figure 3.3) [128]. Such GR-dependent enhancement was further reinforced in the
presence of the GRIP-1 [129].

3.4 AhR AND Nrf2, TWO IMPORTANT REGULATORS
OF PHASE II ENZYMES

In addition to PXR and CAR, another xenosensor is well characterized for its role in
regulating phase I and II metabolizing enzyme: the AhR. More recent observations
illustrated that expression of most of the AhR target genes is also transcriptionally
controlled by the Nrf2, an important controller of the cellular oxidative status.

3.4.1 AhR and Phase II XMEs Regulation

AhR was initially characterized for its implication in the vertebrate response to many
planar aromatic hydrocarbons (PAHs). Indeed, the AhR binds exogenous ligands
and transcriptionally activates a series of target genes (termed the “AhR battery”),
including numerous phase II XME encoding genes (Table 3.3) [130, 131]. This AhR-
mediated pathway is commonly viewed as an “adaptive” response toward xenobiotic
agents. In addition to adaptive metabolism, the AhR also mediates a spectrum of
toxic endpoints in response to high affinity agonists [132]. AhR is a member of
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TABLE 3.3 AhR-Regulated Phase II Enzymes

AhR?

Human
UGT1A1 1 (HepG2, L; Tg mice)
UGT1A6 1 (HepG2, L; Tg mice)
UGT1A3 ¢ (L-I; Tg mice)
UGT1A4 1 (L-I; Tg mice)
UGT1AS 1 (I; Tg mice)
UGT1A7 1 (I; Tg mice)
UGT1AS 1 (I; Tg mice)
UGT1A9 1 (L-I; Tg mice)
UGT1A10 1 (I; Tg mice)
SULT1AL1 1 (HepG2)
SULT1A2 4 (HepG2)
SULT2AL1 4 (HepG2)
GSTM1 1 (HepG2)
NAT1 1 (HepG2)
mEPHX 1 (HepG2)
COMT 4 (mammary gland cells)
GSTA1 4 (HH)
GSTA2 1 (HH)

Rodents
Ugtlal 4 (L; WT mice)
Ugtla6 1 (L; WT mice)
Ugtla7 1 (L; WT mice, rats)
Sultlal | (L; WT mice)
Sultlbl | (L; WT mice)
Sultlcl | (L; WT mice)
Sultlc2 | (L; WT mice)
Sultldl | (L; WT mice)
Sultlel | (L; WT mice)
Sult3al | (L; WT mice)
PAPSs2 | (L; WT mice)
SultSal 4 (L; WT mice)

“4, induction of expression; |, repression of expression; (cells
or tissue); L, liver; I, intestine; WT, wild-type mice; Tg,
transgenic mice expressing the human genes.

the basic helix—loop—helix Per—Arnt—Sim transcription factor family [91]. Without
ligand stimulation, the AhR is present in the cytosol in an inactive complex [133],
while ligand binding increases nuclear shuttling of the receptor and, once in the
nucleus, AhR heterodimerizes with a constitutively active nuclear protein known
as Arnt (aryl hydrocarbon receptor nuclear translocator) [134]. Heterodimers then
binds to xenobiotic response elements (XREs, also termed dioxin response elements,
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DRESs), identified in the 5" upstream region of AhR target genes [134—136]. In addi-
tion to PHAs, many structurally diverse compounds including halogenated aromatic
hydrocarbons (HAHs) and flavonoids activate AhR [137]. The most potent known
ligand for the AhR, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), is highly resistant
to metabolic degradation and elicits numerous AhR-dependent toxic events (thymic
atrophy, chloracne, tumor promotion, hepatomegaly, cachexia, and death) [138].
Kaempferol is one of the most abundant flavonoids acting as a dietary ligand for AhR
[139], and identified as a phase II inducer present in a large amount in cakes [140,
141]. The modulation of drug-metabolizing enzymes by flavonoids is important in
terms of human health since these enzymes can inactivate carcinogens, which con-
tributes to the cancer prevention properties of these compounds [142]. The regulation
of UGT and GST genes is also critical for the detoxification of xenobiotics from diet.
Indeed, cooking, pan frying, and grilling of meat cause the formation of mutagens or
carcinogens such as PAHs and heterocyclic amines [143]. Data from both in vitro and
in vivo studies suggest that exposure to polycyclic aromatic hydrocarbons, such as
benzo(a)pyrene, may be important determinant of colorectal cancer risk [144, 145].
Interestingly, the flavonoid-enriched green tea has many anticarcinogenic effects, and
these effects are partly caused by activating the AhR-UGT/GST signaling pathway
(Figure 3.9).

As listed in Table 3.3, AhR activation results in the induction of a large number
of phase II enzymes expression, including numerous GSTs and UGTs. In human
hepatoma HepG?2 cells, various AhR agonists exert differential inducing effects on
the expression of UGT1A1, 1A6,SULT1A1, 1A2,2A1, GSTM1, NAT1, and mEPHX
[84]. Studies with transgenic mice expressing the human UGT1 locus have revealed
that all nine expressed hepatic and intestinal isoforms are induced by TCDD [92].
With human UGT1A1, one XRE has been characterized at —3.3kb [146], within
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\ Inactivated carcinogens

FIGURE 3.9 The anti-carcinogenic effects of green tea are partly caused by the flavonoids-
dependent activation of the AhR-GST/UGT pathway.
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the PBREM, which also contains binding motifs for CAR, PXR, and GR (Figure
3.3) [147]. This XRE is activated in transgenic mice expressing the human UGT1A1
enzyme [148]. A functional XRE has also been identified in the human UGT1A6
gene and AhR-deficient mice exhibit reduced basal and TCDD-inducible Ugtla6
expression [131]. In fact, rat and murine Ugtla6 and 1a7 appear to be coregulated
by AhR [149]. When determined using 2-aminophenol as the substrate, long-term
ingestion of green tea extracts increases UGT activity in rats [150, 151], and this
induction is considered to contribute to the anticarcinogenic effect of green tea
(Figure 3.9). On the other hand, rat Ugtla7 was identified as a major (T4) thyroxine
hormone conjugating enzyme in this species [152], and administration of TCDD
increases the biliary clearance of T4 indicating that the TCDD-dependent activation
of AhR affects thyroid hormones homeostasis. Thus, the elevated T4 glucuronide
clearance results in a feedback control of TSH release, which correlates with growth
of the thyroid gland [153, 154]. Such observations are relevant to human health, since
populations exposed to TCDD is known to have increased risk for thyroid gland cancer
(such as people involved in the Seveso incident in 1976, Italy) [155]. Accordingly,
workers exposed to TCDD present inversely correlated plasma levels of TCDD and
thyroid hormones [156]. At the opposite, AhR activators act as strong inhibitors of
estrogen-dependent mammary and uterine tumor formation and growth [157], and
epidemiological studies have evidenced that women exposed to TCDD in Seveso have
a decreased incidence of both breast and endometrial cancer [158]. Interestingly,
TCDD treatment leads to an increased COMT activity in mammary gland cancer
cells [159]. COMT catalyzes the conversion of estrogens into 4-hydroxy catechol
metabolites [ 111], which are inactive metabolites to the carcinogenic hormones. Thus,
these observations suggest that induction of COMT in the presence of AhR ligands
may play a role in the anticarcinogenic effects of these agonists versus estrogen-
dependent cancers. However, AhR and ER regulatory pathways also share numerous
cross talks and the contribution of the COMT induction within the anticancer effects
of AhR activators is unclear, for instance [160].

In addition to UGTs, AhR is also an important regulator for SULT and GST
enzymes. Thus, long-term ingestion of green tea extracts increases cytosolic GST
activity in female rats [161]. Human GSTA1 and A2 are induced by AhR agonists
in human hepatocytes [162, 163]. By contrast, AhR activators, such as TCDD and
B-naphtoflavone, down-regulate Sultlal, 1bl, Icl, 1c2, 1dl1, lel, 3al, and PAPSS2
expression in mice [94]. Interestingly, in the same study, SultSal mRNA expression
was induced upon AhR activation [94].

3.4.2 Nrf2 and Phase II XMEs Regulation

It has recently been recognized that phase II genes of the AhR battery are linked
to a second gene battery, termed “Nrf2 battery,” which is involved in protection
against oxidative stress [164—169]. Linkage between AhR and Nrf2 batteries is
probably achieved by multiple mechanisms in a species and tissue-specific man-
ner: Nrf2 is a target gene for AhR [170]; Nrf2 can be activated by ROS generated
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by the AhR target CYP1A1 gene [171, 172]; and finally a direct cross-interaction
between AhR and Nrf2 has been proposed in the regulation of some target genes
such as the NAD(P)H:quinone oxidoreductase 1 (NQO1) [168]. Nrf2 belongs to the
basic region-leucine zipper family and is activated in response to electrophiles and
reactive oxygen species [4]. Nrf2 binds to the promoters of target genes through
specific response elements regulating both their constitutive and inducible expres-
sion [173-175]. Under basal conditions, Nrf2 is largely bound to the cytoskeletal
anchoring protein Kelch like ECH-associated protein 1 (Keapl) in the cytoplasm
[176, 177]. During period of oxidative stress or following exposure to electrophiles,
Keap1 releases Nrf2 from sequestration and Nrf2 translocates to nucleus enabling
gene transcription [176]. Once in the nucleus Nrf2 can heterodimerize with a vari-
ety of transcriptional regulatory proteins, such as members of the activator protein
(AP)-1 family (Fos or the small Maf family of transcription factors), the nuclear
factor-kappaB (NF-kB) and glucocorticoid receptor [178—181]. These protein com-
plexes then bind to motifs known as antioxidant or electrophilic response elements
(ARE/EpRE) located in the promoter regions of detoxification genes [173, 174].
ARE-containing genes identified as downstream targets of Nrf2 are involved
in a variety of cellular functions including drug metabolism, ROS scavenging,
GSH homeostasis, stress proteins, and efflux transport pathways [167]. Nrf2-
activating chemicals that induce ARE genes have been categorized as cytoprotec-
tive agents. These include phenolic antioxidants (butylated hydroxyanisole, BHA,
and tert-butyl-hydroquinone, tBHQ), synthetic antioxidant (oltipraz, 3H-1,2-dithiol-
3-thione, D3T), phorbol esters (phorbol 12-myristate, PMA), triterpenoid ana-
logues (oleanolic acid derivatives), and isothiocyanates (sulforaphane, phenethyl
isothiocyanate) [167].

The nonprotein thiol (GSH) maintains intracellular redox balance and protects
against oxidative insult. Additionally, GSH can detoxify chemicals through direct
binding or enzymatic conjugation by GST. Decreased levels of GSH are observed in
hepatocytes and fibroblasts from Nrf2 knock-out mice [182]. ARE were identified
in the promoter of genes encoding glutathione synthesizing enzymes, such as the
glutathione synthetase and glutamate cysteine ligase. Furthermore, livers from Nrf2
null animals exhibit lower expression of these genes corresponding with diminished
GSH stores [182, 183]. Numerous GST isoforms are regulated at least in part by
Nrf2 [179] (Table 3.4). For example, constitutive gene expression of GST isoforms
(A1, A2, A3, A4, M1, M3, and M4) is markedly less in livers from Nrf2 null
mice [183]. Basal levels of GSTA1/2, A3, and M1 are similarly decreased in the
small intestine of these mutant animals [184]. Oltipraz induces GSTA2 mRNA and
protein expression in a rat hepatocyte-derived cell line (H4IIE), via PI3-kinase-
mediated nuclear translocation and binding to the CCAAT enhancer binding protein
(C/EBP) response element in the GSTA2 gene promoter [185]. Accordingly, the
Nrf2-dependent control of other GST expression involves various other transcription
factor binding sites (NF-kB, AP-1, GRE, etc.); however, the understanding of GST
genes induction by Nrf2 activators is still incomplete. Nevertheless, Keapl null
animals demonstrated pronounced nuclear accumulation of Nrf2 and overexpression
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TABLE 3.4 Nrf2-Regulated Phase 11
Enzymes

Nrf2?

Nrf2 null mice
GSTA1 1 (liver, intestine)
GSTA2 1 (liver, intestine)
GSTA3 1 (liver, intestine)
GSTA4 1 (liver)
GSTMI1 1 (liver, intestine)
GSTM3 1 (liver)
GSTM4 1 (liver)

Wild-type rats
Ugtla3 4 (liver, intestine)
Ugtla6 1 (liver, lung)
Ugtla7 1 (liver)
Ugtla2 4 (intestine)
Ugt2bl 1 (intestine)
Ugt2b3 1 (intestine)
Ugt2b8 1 (intestine)
Ugt2b12 4 (intestine)

Wild-type mice
Sultlal 4 (&, liver)
Sultlbl 1 (&, liver)
Sultlcl 1 (', liver), | (9, liver)
Sultlc2 4 (o, liver), | (@, liver)
Sultldl 1 (o, liver)
Sultlel 4 (&, liver)
Sult3al 1 (&, liver)
Sult5al 1 (', liver), | (9, liver)
PAPSs2 1 (&, liver)

UGT transgenic mice
UGT1A11 (liver, intestine)

“4, induction of expression; |,, repression
of expression; @, female; &', male.

of Nrf2 target genes, such as GSTs [186]. Interestingly, simultaneous deletion of
Nrf2 and Keapl reversed this phenotype. Similar observations were also done with
hepatocytes specific conditional Keapl deleted animals [187]. The Nrf2-dependent
regulation of GSTA4 expression is thought to be part of an autoregulatory homeostatic
defense mechanism against lipid peroxidation products. Indeed, GSTA4 inactivates
4-hydroxynonenal (HNE), an endogenous lipid peroxidation product formed through
membrane damage by reactive oxygen species [188]. 4-HNE favors desequestration
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FIGURE 3.10 Nrf2-dependent activation of the UGT1A6 mediates acetaminophen
detoxification.
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of Nrf2, from the cytoplasmic Nrf2-Keapl complex, thus leading to its nuclear
accumulation and increasing GSTA4 expression [56].

In Nrf2-deficient mice, the basal expression of Ugtla6 in liver and lung is de-
pressed about 56% of wild type [189, 190]. Similarly, induction of hepatic Ugtla6 by
oltipraz is abolished in Nrf2 null animals [165]. More recently, ARE-like sequences
were identified in the human UGT1A6 promoter, suggesting that both the human
and mouse genes expression is dependent upon Nrf2 [191]. UGT1A6 is an impor-
tant detoxification enzyme for acetaminophen, and treatment of Nrf2 null animals
with APAP results in enhanced liver injury and mortality compared to wild-type and
heterozygote counterparts [189, 192]. These observations correlate with the reduced
expression of Ugtla6 in Nrf2 null animals [189, 190] and point out a strong role for
Nrf2 in attenuating drug-induced toxicity (Figure 3.10). Interestingly, APAP toxicity
involves generation of a highly reactive eletrophile, depletion of GSH stores, protein
covalent adduct formation, and oxidative stress, and reduced APAP-glucuronide for-
mation was hypothesized to increase availability of APAP for bioactivation to these
reactive metabolites.

A recent study demonstrates induction of multiple Ugt isoforms in the liver and
intestinal tract in male rats given oltipraz [193]. Higher levels of hepatic Ugtla3, 1a6,
and 1a7 mRNA and intestinal Ugtla2, 1a3, 2b1, 2b3, 2b§, and 2b12 mRNA were seen
after oltipraz treatment. Up-regulation of human UGT1A1 expression by the Nrf2
pathway was recently confirmed in HepG2 cells and in transgenic mice expressing the
human UGT1A locus [194]. In addition, a functional ARE was located in the PBREM
region of the human UGT1A 1 promoter, close to the AhR-responsive element (Figure
3.3) [194]. Microsomal epoxide hydrolase (mEH) inactivates epoxides within the cell.
Basal mRNA levels of mEH are reduced in multiple tissues of Nrf2 null animals [165,
195]. Similarly, treatment of these mutant animals with prototypal Nrf2 activators
fails to induce mEH. In mice, Nrf2 activation modulates sulfotransferase enzyme
expression in a sex-dependent manner [94]. Indeed, activators, such as oltipraz or
BHA, up-regulate Sultlal, 1bl, Icl, 1c2, 1dl1, lel, 3al, 5al, and PAPSS2 in male



PPARs AND PHASE II XMEs REGULATION 85

animals, whereas Sultlcl, 1c2, and 5al are down-regulated in females [94]. However,
Sultld1 expression is induced in both sexes.

3.5 PPARs AND PHASE II XMEs REGULATION

Peroxisome proliferators (PP) are a large group of structurally diverse chemicals that
include plasticizers, hypolipidemic drugs, and industrial solvents. These chemicals
induce a variety of pathologies in rodent liver including hepatomegaly, hepatocyte
proliferation, hepatocyte peroxisome proliferation, and alterations in the levels of
lipid-metabolizing genes [196]. Responses to PP exposure in the liver are mainly con-
trolled by a member of the NR superfamily called peroxisome proliferator-activated
receptor o (PPARa). The PPAR subfamily consists of three distinct subtypes, PPARa,
PPARf/8, and PPARYy that show high homology, common structural and functional
properties but distinct expression patterns [197, 198]. Whereas PPARa and PPARB/3
are expressed preferentially in tissues where fatty acids are catabolized namely liver,
kidney, heart, skeletal muscle, and vascular endothelial cells, PPAR<y is highly ex-
pressed in adipose tissue [199]. PPARs heterodimerize with RXR and then bind to
PPAR response elements (PPRE) corresponding to DR-1 and 2 sequences [200].
PPARa is activated by a large number of endogenous and exogenous compounds in-
cluding hydroxyeicosatetraenoic acid (HETE), prostaglandins, and polyunsaturated
fatty acids, as well as structurally heterogeneous PP and the cholesterol-lowering fi-
brates (i.e., gemfibrozil, clofibrate, and fenofibrate) [196]. In addition to PXR, CAR,
AhR, and Nrf2, PPARa has been identified as another NR that regulates various
phase Il enzymes [201]. Human UGT1A1, 1A3, 1A4, 1A6, and 1A9 were identified
as positively regulated target genes of the ligand-activated PPARa in human hep-
atocytes and transgenic mice (Table 3.5) [202-204]. Functional PPREs have been
identified in the promoters of the human UGT1A1, 1A3, and 1A9 genes [202, 204].
Glucuronidation constitutes the main metabolic route for fibrates and the PPARa-
regulated UGTs are involved in their conjugation [201, 205], which indicates that
pharmacological activators of this receptor stimulate their own glucuronidation. Sim-
ilarly, UGTs also conjugate the endogenous PPARa activators HETE metabolites
[201, 205, 206], which indicates that PPAR« can autoregulate its own transactiva-
tional function by reducing intracellular levels of unconjugated natural and xenobiotic
activators. PPARa also activates the human UGT2B4 gene transcription through di-
rect binding to its promoter [207]. UGT2B4 exerts an important role in the detoxifica-
tion of cholestatic bile acid, such as LCA [108, 201]. Since UGT1A3 also participates
in bile acid glucuronidation, these observations support a potential therapeutic role
for fibrates in hepatic detoxification under cholestatic conditions [108]. On the basis
of the elevated number of drugs that are glucuronidated, it could have been an-
ticipated that the fibrate-PPARa—UGT pathway may result in numerous drug—drug
interactions. However, the clinical use of fibrates appears relatively safe, and very few
interactions involving fibrate-dependent induction of UGT genes have been reported.
Nevertheless, glucuronide derivatives of fibrates, such as gemfibrozil-glucuronide,
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have been shown to serve as inhibitor for statins oxidation and transport, thus in-
creasing the myotoxicity risk associated with the use of such cholesterol-lowering
drugs [208, 209].

Beyond UGTs, PPAR« activation also modulates other phase II XMEs, such as
GSTP, the expression of which is repressed [210]. This repression functions via the
interactions of ligand-activated PPAR« with Jun, thus inactivating the Jun-dependent
induction of the GSTP gene promoter. In preneoplastic rat liver lesions, PPARa
expression is decreased and this reduction correlates the increased expression of
GSTP mRNA. These observations indicate that PPAR« regulates, at least in part,
the derepression of the GSTP gene that occurs in the early stages of hepatocarcino-
genesis. PPAR« activation also negatively regulates Sultlcl, 1c2, 3al, 5al, and lel
in mice liver [94]. Sultlel is also dramatically down-regulated in rats [211], while
the SULT2B1b gene expression and enzyme activity are increased in the presence of
PPARa, PPARB/3, and PPAR'y activators in cultured human keratinocytes (Table 3.5)
[212]. Interestingly, the most dramatic effect occurred with the PPARy activator cigli-
tazone, and the up-regulation of SULT2B1b mRNA by ciglitazone appears to occur
at a transcriptional level. The SULT2B1b gene encodes the major cholesterol sul-
fonating enzyme and cholesterol plays an important role in epidermal differentiation
and corneocyte desquamation; thus, these effects identify PPARy as an important
regulator of skin physiology. On the other hand, PPAR~y also plays a central role in
lipid and glucose homeostasis and has been implicated in the pathogenesis of chronic
inflammatory disorders such as arthritis, atherosclerosis, and inflammatory bowel
disease [213]. PPARYy, which is activated by the insulin-sensitizers glitazones, is also
an important target for the development of new drugs aimed at preventing and treating
cancer [214]. As PPAR«, PPARY is also a positive regulator of human UGT1A9 ex-
pression [215]; however, in contrast to fibrates, the glitazones activators of the gamma
isoform are only feebly glucuronidated [215]. Nevertheless, the co-occurrence of hy-
pertriglyceridemia (i.e., target for PPARa activators) and type 2 diabetes (target for
PPARY agonists) in metabolic syndrome patients has led the pharmaceutical industry
to generate novel molecules capable of activating both PPARa and PPARYy recep-
tors, i.e., the glitazar series [201]. Some of these coagonists, namely muraglitazar
and tesaglitazar, are excellent substrates for glucuronidation, and it is expected that
these molecules will stimulate their own inactivation under the form of glucuronide
conjugates by stimulating both PPARa-UGT and PPARY-UGT pathways [216].

The PPARY/RXR heterodimer promotes rat GSTA2 expression by inducing
Nrf2 and C/EBP nuclear levels and activation [62], and evidences demonstrate that
ARE and CEBP response elements are both necessary for GSTA2 induction by
PPARYy and RXR ligands. However, three functional PPREs were identified to be
essential for full ligand responsiveness [62]. These functional PPREs form a PPAR
response module, and it is likely that this module is essential for the formation of
transactivation complexes comprising Nrf2 and C/EBP [62].

Prostaglandins, such as the prostaglanding J2 (PGJ2), are endogenous activators
of PPARYy [205]. Overexpression of GSTM1, A1, and P1 in breast cancer MCF7 cells
significantly inhibited the PGJ2-dependent transactivation of a PPARy responsive re-
porter gene [217]. The degree of inhibition correlated with the level of GST expressed.
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However, only few glutathione conjugates of PGJ2 were formed in the presence of
the GSTs, and mechanism by which GSTs bind to and sequester PGJ2 in the cytosol
away from their nuclear target PPARy was suggested [217]. Taken together, these
observations suggest that GSTs inhibit their PPARy-dependent up-regulation.

3.6 FXR/LXRoa AND PHASE II XMEs REGULATION

The LXRs and FXR are intracellular sensors for sterols and bile acids, respec-
tively. LXRs are activated by physiological levels of oxysterols, such as 24S-
hydroxycholesterol and 24-25-epoxycholesterol, whereas FXR ligands are the pri-
mary bile acids chenodeoxycholic and cholic acids, and their tauroconjugates [218].
Consistent with their role as lipid sensors, FXR and LXRs are highly expressed in
enterohepatic tissues, where they exert opposite actions on the same gene battery
[218]. By functioning in a coordinate manner, these two NRs allow the maintenance
of cholesterol, carbohydrate, and bile acid homeostasis [108].

Numerous studies established the role of FXR as a bile acid sensor that regulates
a network of genes encoding enzymes involved in the synthesis, metabolism, or
transport of bile acids [218]. Indeed, FXR regulates bile acid conjugating UGT
enzymes, in a tissue- and isoform-specific manner. FXR activation in human hepatic
cells leads to increased expression and activity of the 6a-hydroxylated bile acid
conjugating UGT2B4 enzyme [219], without affecting the expression of UGT1A3,
an enzyme that glucuronidates LCA and CDCA at their 24 carboxyl-position [203].
By contrast, in colon carcinoma Caco-2 cells, bile acid-activated FXR was identified
as anegative regulator of the UGT2B7 gene, which encodes an isoform involved in the
formation of 3-hydroxy-glucuronide bile acids [220]. Similarly, FXR functions as a
repressor rather than an inducer of sulfonation in mice and humans. Indeed, disruption
of the FXR gene in mice resulted in increased hepatic levels of SULT mRNAs and
proteins, as well as in elevated bile concentrations of 3a-sulfated bile acids in animals
fed with an LCA-enriched diet (Table 3.5) [221]. Human SULT2A1 protein and
mRNA levels were also decreased in HepG?2 cells treated with FXR agonists. These
results suggest that SULT2A1 is negatively regulated through CDCA-mediated FXR
activation. By contrast, LXR activation confers a female-specific resistance to bile
acid toxicity and cholestasis by increasing expression of Sult2a and selected bile acid
transporters in mice [222]. In LXR-deficient animals, a basal expression of these
gene products was reduced, while these animals exhibited heightened cholestatic
sensitivity. LXR activation also stimulates bile acid glucuronidation, since the human
UGT1A3 gene was identified as a positively regulated target gene and contains a
functional response element for this receptor [223]. By contrast, UGT2B4 expression
remains unaffected in hepatic cells treated with the LXR agonist T0901317.

Beyond the control of bile acid levels, recent observations support a role for LXR
in the control of hepatic estrogen metabolism and cholesterol sulfonation [212, 224].
LXR controls estrogen homeostasis by regulating the basal and inducible hepatic
expression of estrogen sulfotransferase SULT1E1, an enzyme critical for metabolic
estrogen deactivation. Genetic or pharmacological activation of LXR resulted in
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FIGURE 3.11 FXR and LXR regulate sex steroids and cholesterol metabolism.

SULTI1ELI induction, which in turn inhibited estrogen-dependent uterine epithelial
cell proliferation and gene expression, as well as breast cancer growth in a nude
mouse model of tumorigenicity. Interestingly, SULT1E1 regulation appears to be
liver specific, and this tissue is so important for estrogen metabolism that a com-
promised liver function has been linked to hyperestrogenism in patients. In cul-
tured human keratinocytes, LXR activators also increase expression of SULT2B1b,
a key enzyme for cholesterol sulfation, which may affect keratinocyte differenti-
ation and desquamation, two processes regulated by cholesterol sulfate [212]. In
prostate cancer cells, FXR activation results in a reduction of the expression and
activity of the two androgen-conjugating UGT2B15 and 2B17 enzymes [225]. In
summary, these results have demonstrated that LXR and FXR are regulators of sex
steroid and cholesterol homeostasis, which may have implications for drug devel-
opment in the treatment of estrogen-, androgen-, and cholesterol-related disorders
(Figure 3.11).

3.7 HNF AND PHASE II XMEs REGULATION

HNFs are structurally related NRs that regulate numerous liver-specific genes either
alone or as members of a complex regulatory network involving other NRs critical
for the maintenance of liver phenotype [213]. In humans, HNF1 exists in two iso-
forms associated with alternative splicing, HNFloa and HNF1( [226]. Although both
isoforms bind the same DNA sequence as homodimers, HNF1a appears to be a more
dominant transactivator. Both isoforms are expressed in polarized epithelia of multi-
ple organs, including the liver, digestive tract, pancreas, and kidney, but only HNF1a
is expressed in lungs [227]. In humans, mutations in HNFla are linked to MODY?3,
an autosomal dominant form of non-insulin-dependent diabetes mellitus [228, 229].
HNFla regulates human UGT1A1 [230], 1A6 [231], 2B17 [232], and 2B7 [232]
and the hepatic expression of rats Ugtla7 (Table 3.5) [233]. The proximal 320-bp
promoter of the rat Ugt2b1 gene contains several DNA binding sites for liver-specific
transcription factors, including the hepatocyte HNF1 and C/EBP [234, 235]. These
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liver-specific transcription factors may have conferred the liver-specific expression
pattern of this UGT isoform. Other transcription factors, such as the ubiquitous oc-
tamer transcription factor 1 (Oct-1), can interact with HNF1 to modulate its capacity
to up-regulate UGT2B gene expression in the liver [236]. The capacity of Oct-1 to
enhance the transcriptional activity of HNFla provides a plausible explanation for
the regulation of UGT2B7 promoter activity by genotoxic stress.

On the other hand, HNF4a is a product of MODY 1 gene, which was first identified
as a liver-enriched transcription factor that regulates a number of genes involved in the
developmental program of organs such as the liver, intestine, and kidney [237]. Actu-
ally, since it physically interacts with a significantly high number of genes (~13,000
genes) in hepatocytes, HNF4a has been proposed to act as a master regulator of
gene expression in liver [238]. Among HNF4a target genes, those encoding phase 11
enzymes are UGT1A1, 1A9, and SULT2A1 (Table 3.5) [239]. The role of HNF4 in
regulating drug-metabolizing enzymes is reinforced by the observation that HNF4«
regulates the human UGT1A9 gene through a specific response element that is absent
from the closely linked UGT1A7, 1A8, and 1A10 genes [215]. In addition, the proxi-
mal promoters of UGT1A1,2B11, and 2B15 also bind HNF4« and can be regulated in
a feed-forward and multi-input mode in hepatocytes [238]. Further, HNF4a controls
xenobiotic responses in the fetal liver by regulating the expression of PXR during liver
development via binding to HNF4 response elements in the PXR promoter [240].
When gene expression is analyzed in mice with HNF4a null livers, one of the genes
whose mRNA is found to be absent is mPXR [241]. In parallel, ligand-activated PXR
interferes with HNF4a by squelching the common coactivator PGCla [242, 243].
CAR activation also inhibits HNF4a transactivation activity by mechanisms to be
identified [244]. Together, these observations indicate that PXR/CAR and HNF4« are
closely linked regulatory pathways and that PXR and CAR activation may also affect
the HNF4a-dependent regulation of phase Il enzymes. As an example, HNF4a has an
essential role for hepatic SULT2A1 expression, while rifampicin-activation of PXR
negatively interferes with the HNF4a-dependent induction of SULT2A1 expression
[245].

3.8 REGULATION OF PHASE II CONJUGATING ENZYMES
BY STEROID AND THYROID RECEPTORS

In addition to UGT1A1, steroids, and especially glucocorticoids also induce SULTs
expression [48, 246, 247]. Induction of Sultla in rat occurs by GR activation, while
Sult2a transcription appears to be controlled by both GR and other transcriptional
factors [248, 249]. On the other hand, rat Sult2a transcription is effectively repressed
by androgens through a mechanism involving the androgen receptor (AR) [248];
however, effects of this repression on protein and functional activity remain to be
demonstrated. By contrast, various studies established that the AR, which medi-
ates the transcriptional activity of the active male hormone, dihydrotestosterone,
is a negative regulator of UGT2B15 and 2B17 expression in prostate cancer cells
[6, 250]. Interestingly, these two enzymes are major determinants of androgen action
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in prostate cells [251]. Taken together, these informations demonstrate that andro-
gens down-regulate their own inactivation in androgen-dependent prostate cancer
cells, thus further potentiating their cellular accumulation and carcinogenic effects.
AR activation also produces an induction of the UGT2B 11 expression within prostate
cells [250]. Since UGT2B11 is specific for monohydroxy fatty acid (i.e., HETEs)
glucuronidation [206], this effect is thought to reduce the angiogenic and metastatic
properties of such fatty acid derivatives [250]. Recent observations indicate that the
androgen-conjugating UGT2B15 enzyme is also a positively regulated ER target
gene in estrogen-sensitive cancer cells [252]. Interestingly, a biphasic regulation of
UGT1A10 was also reported in such cell models [253]. At low estradiol concentration
(0.1nM), UGT1A10 expression was up-regulated, whereas pharmacological concen-
trations (10 nM) reduced both UGT1A10 expression and estradiol glucuronidation
[253]. Thus, in mammary gland cancer cells, the expression of UGTs is tightly con-
trolled by ER. COMT is also an important inactivating and conjugating enzyme for
active estrogens. In mammary gland cells, estradiol-activated ER provokes a 50%
reduction of COMT expression through binding to negative ER response element
within the human COMT gene. However, and on the basis of the major role that
the futile cycle of sulfonation—desulfonation exerts on the maintenance of estrogen
homeostasis, the regulation of the estrogen sulfotransferase enzyme (SULT1E1) has
been thoroughly analyzed in breast cancer cells [254]. These analyses revealed that
estrogens stimulate their own sulfonation, thus providing the cells with an efficient
mean to tightly regulate their concentrations [254]. Interestingly, the estrogen-related
receptor alpha (ERRa), which is functionally related to ER, also regulates steroid
sulfonation by controlling the adrenal expression of SULT2A1, the human enzyme
sulfating the androgen and estrogen precursor, dehydroepiandrosterone [255]. This
observation illustrates the important role that ERRa exerts in controlling adrenal
steroid production, which in humans corresponds to approximately 50% of the for-
mation of active steroid hormones [256].

Altogether, these observations demonstrate that nuclear steroid sensors control
the expression of enzymes involved in the metabolism of their high affinity ligands
within their target tissues. Similarly, rat Ugtla7 has recently been characterized as
an important conjugating enzyme for thyroid hormones (T4), and it should be noted
that Ugtla7 is a thyroid hormone receptor (THR)-induced target gene in this species
[152]. This suggests that the THR-dependent regulation of this UGT isoform is part
of an autoregulatory process, in which T4 stimulates its own metabolism.

3.9 CONCLUDING REMARKS AND PERSPECTIVES

Phase II drug metabolism was initially considered as a constitutive detoxification
process occurring specifically in the liver. However, an increasing body of evidences
generated during the last decade clearly established that conjugating enzymes are
also expressed in numerous extrahepatic tissues, and that their expression is tightly
controlled by transcription factors that function as sensors for endo- and xenobiotics.
Furthermore, the important role that these enzymes exert in the control of hormones
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levels and actions, as well as the identification of specific NRs involved in their
regulation, has moved scientists’ attention on these enzymes from the pure drug
metabolism to concept of phase II enzymes as drug target. Signaling pathways con-
trolling xenobiotic metabolism are embedded within a tangle of regulatory networks
controlling the homeostasis of glucose, bile acids, lipids, hormones, inflammation,
and others [75]. These cross talks explain how physiopathological stimuli affect drug
metabolism and disposition. They also explain how drug and other xenobiotics affect
physiological functions, thus opening the way to interesting pharmacological oppor-
tunities for a wide variety of pathological situations. Nevertheless, there are marked
species differences in response to NRs activating agents and phase II enzymes ex-
pression [71]. For example, the rat cells are responsive to DEX but not rifampicin,
whereas in the human cells rifampicin was a more potent inducer than DEX [257].
Similarly, some phase II DMEs exists in rodents while being absent in humans (i.e.,
Ugtla2); the opposite is also true (i.e., UGT1A3) [10]. Overall, these differences can
make it difficult to extrapolate conclusions across species boundaries.

The extent of cross talk between all the phase II genes regulators increases the
complexity of the molecular interactions that need to be understood and means that
the individual effects of each of the receptors are difficult to dissect. Furthermore,
although NRs activate battery of target genes, coregulators control the activity of
batteries of NRs and transcription factors. In addition, coactivators are subjected to
transcriptional regulation, post-translational modification, controlled degradation and
polymorphic activity, and these modifications may influence the activity of their NR
partners. With few exceptions, the role of coregulators in the NR-dependent regulation
of phase II DMEs has received only little attention. Thus, future experiments will
have to identify all the components of these regulatory complexes to further increase
our understanding of the manner in which drug-metabolizing enzymes respond to
endo- and xenobiotics sensors, with a particular attention on tissue- and cell-specific
manner in which these enzymes are regulated.
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4.1 INTRODUCTION

Drug disposition depends not only on the metabolism of a compound but also on active
uptake and efflux by specific transporter proteins. Transporters are limiting intestinal
drug absorption, mediating drug uptake into hepatocytes and elimination into bile,
and participate in excretion and reabsorption processes in kidney. Microsomal en-
zyme inducers, which are well known to increase the expression of drug-metabolizing
enzymes in liver and intestine, also induce the respective expression of drug trans-
porters, thus resulting in limited bioavailability, enhanced hepatic uptake, and biliary
excretion. The coordinated induction of drug metabolism and drug absorption and
elimination efficiently protects the body from potentially harmful chemicals. In this
chapter, our current knowledge of drug transporter induction by microsomal enzyme
inducers is discussed. The main focus is on induction mediated by the nuclear recep-
tors pregnane X receptor (PXR) and constitutive androstane receptor (CAR), which
are activated by a large number of chemicals, including microsomal enzyme inducers
of phenobarbital and glucocorticoids type.
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4.2 DRUG TRANSPORTERS

Transporters of several gene families mediate the cellular uptake and export of chem-
icals. This section focuses on xenobiotic transporters of the ATP binding cassette
(ABC), organic anion transporting polypeptide (SLCO/OATP), and the organic ion
transporter (SLC22) families, which accept many commonly used drugs as sub-
strates. ABC transporters mediate the ATP-dependent efflux from the inside of cells
to the outside, whereas OATP and SLC22 transporter mediate the uptake into the cell
(Figure 4.1). These transporters are highly expressed in liver, intestine, and kidney,
organs that determine the absorption and elimination of chemicals. Additionally, they
are expressed in blood—organ barriers, e.g., the blood—brain barrier, which further
guard especially sensitive organs. Thus, they protect the body from the toxic actions

Hepatocyte

Bile
canaliculus
MDR1

OATP1A2 OATP1B3

MRP&

Enterocyte @

MRP3 MRP1 OCT1

MDR1 MRP2 BCRP OATP1A2 OATP2B1  OCTN2

Gut lumen

FIGURE 4.1 Localization of drug transporters in human liver and intestine. ABC efflux
transporters MDR1/P-gp, MRP2, and BCRP are localized in the apical membrane of entero-
cytes and in the canalicular membrane of hepatocytes and thus limit drug absorption in the
intestine and mediate elimination into bile. MRP1 and MRP3-6 are localized to the sinusoidal
membrane of hepatocytes and transport chemicals into blood. Similarly, intestinal MRP1 and
MRP3 in the basolateral membrane may play a role in the transport of chemicals from the gut
lumen into blood. The functional role of apical OATP expression in enterocytes has not yet
been defined; however, in liver the basolateral OATPs are believed to mediate the uptake of
chemicals, together with OCT1 and OAT?2. Apical OCTN2 in enterocytes is essential for the
uptake of carnitine and may play an additional role in drug uptake.
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of xenobiotics, often in concert with drug-metabolizing enzymes, which sometimes
first have to convert the xenobiotic into a metabolite, which is suitable for transport.

4.2.1 ABC Efflux Transporters

Members of the ABC family, which are involved in the cellular export of drugs,
comprise multidrug resistance (MDR) 1/P-glycoprotein, the multidrug resistance
associated proteins (MRP), and breast cancer resistance protein (BCRP).

The human genome contains a single MDRI (ABCBI) gene, whereas two or-
thologs of human MDR] exist in rodents, which are denoted as Mdrla (Abcbla) and
Mdrib (Abcblb) [1]. MDR1/P-glycoprotein (P-gp) plays an important role in the
efflux of hydrophobic chemicals and peptides from the inside to the outside of cells.
Initially it was discovered as the protein which bestows resistance against cytostatic
drugs to cancer cells. Later on, it was shown that MDR1/P-gp is also expressed in
nonmalignant cells of various organs. It is expressed in the brush border membrane of
mature enterocytes in the intestine [2], where it limits absorption of chemicals from
the gut lumen [3-5]. It was further shown that intestinal MDR1/P-gp also mediates
drug elimination from the systemic circulation by secretion into the lumen of the gut
[5]. In the liver, MDR1/P-gp is expressed in the canalicular membrane of hepatocytes
[2], where it participates in biliary excretion [5, 6]. The proximal renal tubule cells
of the kidney express MDR1/P-gp in their apical membranes [2], consistent with a
role for the transporter in renal elimination [7]. Expression of MDR1/P-gp in the
luminal membrane of endothelial cells of brain capillaries [8] limits the uptake of
drugs into the CNS [9—11]. In general, localization of MDR1/P-gp expression argues
for a physiological role of the transporter as a defense mechanism against the up-
take of potentially harmful substances. MDR1/P-gp is likely to functionally interact
with CYP3A drug-metabolizing enzymes, as both are coexpressed in intestine, liver,
and kidney, show a broad overlap in their respective substrate specificities, and are
often coinduced by the same microsomal enzyme MDR1/P-gp inducers. Especially
in the intestine, the combined activities of CYP3A and MDR/P-gp constitute a func-
tional barrier that protects the body from absorption of harmful compounds [12].
MDR1/P-gp transports an extremely broad range of hydrophobic chemicals, includ-
ing many cytostatic anticancer drugs, HIV-protease inhibitors, antibiotics, cardiac
drugs (digoxin, talinolol), calcium channel blockers, and immunosuppressive agents
[13, 14].

MRPs belong to the ABCC subfamily, which consists of 13 members in humans,
including MRP1-9 (ABCC1-6, ABCC10-12) [15]. MRPs are efflux transporters for
structurally diverse amphipathic chemicals and organic anions. MRP2 is the only
member of that subfamily that is consistently localized in the apical membrane of
enterocytes, hepatocytes, and renal proximal tubule cells and thus participates in the
secretion of organic anions back into the lumen of the gut, as well as into bile and
urine [16—19]. MRP2 transports numerous anionic compounds, including drugs and
conjugated drug metabolites. In liver, MRP2 also plays a role in bile acid secretion
and bilirubin excretion. The importance of MRP2 for these processes is exempli-
fied by the conjugated hyperbilirubinemia seen in patients with the Dubin—Johnson
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syndrome, who do not express functional MRP2 protein due to mutations in the
MRP2 gene [20]. The coexpression and coregulation of phase II drug metabolizing
enzymes, which catalyze drug conjugation, and MRP2, which exports conjugated
drugs, in intestine, liver, and kidney indicate a possible synergism in detoxification
and excretion [13, 21]. In contrast to MRP2, MRP1 and MRP3-6 are localized in the
basolateral (sinusoidal) membrane of hepatocytes, with MRP1 and MRP?3 also being
expressed in the respective membrane of enterocytes [22]. Therefore, these MRPs,
especially MRP1 and MRP3, participate in the efflux of chemicals into the blood for
subsequent renal elimination. If normal biliary elimination of toxic metabolites is im-
paired, as, for example, experimentally executed in animals by bile duct ligation or in
Dubin—Johnson patients, secretion into blood and further renal elimination provide an
important secondary mechanism of detoxification, which is adaptively up-regulated
by an increase in hepatic MRP1 and MRP3 expression [23]. MRP1 is transporting
cytotoxic drugs, as doxorubicin and vincristine, as well as conjugated metabolites
such as bilirubin glucuronides [13, 24]. MRP3 transports a wide range of bile salts and
some anticancer drugs, e.g., etoposide, vincristine, and methotrexate [13]. In humans,
MRP4 is expressed at moderate levels in kidney with lower expression in liver and
intestine [25]. It has been shown to mediate resistance to purine analogs that are used
in cancer chemotherapy such as 6-mercaptopurine and thioguanine. Additionally, it
transports nucleoside-based antiviral drugs and methotrexate [13]. MRP5 is widely
expressed, including liver, colon, and kidney [13]. Similar to MRP4, it transports
6-mercaptopurine and thioguanine [13]. MRP6 is moderately expressed in liver and
kidney, but it also shows low expression in other tissues including intestine [25]. It
transports cytotoxic drugs that are also substrates for MRP1-3 [13].

ABCG2 (BCRP) is the most highly expressed ABC transporter in human small
intestine [25, 26]; however also showing expression in liver, kidney, placenta, and
in capillary endothelial epithelium [25, 27]. Expression of BCRP has been localized
to apical membranes, the brush border membrane of enterocytes, and the canalicular
membrane of hepatocytes [27]. The transporter confers resistance to many anticancer
drugs such as mitoxantrone, anthracyclins, campothecin, and topotecan [23, 24], and
participates in the efflux of folate and antifolates such as methotrexate [28], and of
sulfated conjugates of steroids and xenobiotics [29]. Given the expression pattern of
BCRP and its overlap in substrate specificity with MDR1/P-gp, it was hypothesized
that BCRP could play a role similar to MDR1/P-gp in regulating drug absorption and
disposition [13].

4.2.2 SLCO/OATP Transporters

SLCO/OATP transporters represent the major drug uptake system in liver. They
transport a wide range of endogenous compounds (e.g., bile acids, thyroid hormones,
prostaglandins, and conjugated steroids) and xenobiotics. Many clinically used drugs
are substrates of OATP transporters, as digoxin, HMG-CoA reductase inhibitors
(statins), methotrexate, antibiotics, and nonsteroidal anti-inflammatory drugs [30].
The OATP family includes 11 members in humans and 14 in rodents. Due to the low
sequence homology, orthologs cannot be defined easily, especially in the SLCOIA
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and SLCO1B subfamilies. The single human gene SLCO/A2 has five putative rodent
orthologs, namely Sicolal, l1a3, 1a4, 1a5, and /a6, whereas only one rodent ortholog
Slcolb2 exists for the two human genes, SLCOIBI and /B3 [31]. Rodent Oatplal
(formerly Oatpl) and 1a4 (formerly Oatp2) are predominantly expressed in liver,
where the transporters are localized in the basolateral membrane of hepatocytes [32].
Both multispecific transporters show a considerable overlap in substrates, transporting
bile salts, steroid conjugates, thyroid hormones, and drugs such as ouabain [30].
Oatpla4 was further shown to represent a high affinity digoxin transporter in rodents
[33]. Oatp1b2 (formerly Oatp4) is almost exclusively expressed in rodent liver [34]
and localized in the basolateral membrane of hepatocytes [35]. Human OATP1A2
(formerly OATP-A) was originally cloned from liver [36]; however, it is widely
expressed in extrahepatic tissues including brain, breast, and small intestine [37, 38].
In the latter tissue, it is colocalized with MDR1/P-gp in the apical brush border
membrane of enterocytes and may thus play a role in the intestinal uptake of drugs
such as fexofenadine [38]. It is most highly related to rat Oatp1a4, based on amino acid
sequence homology [39]. OATP1B1 and OATP1B3 (formerly OATP-C/OATP2 and
OATP8) are regarded to be exclusively expressed in human liver and localized in the
basolateral membrane of hepatocytes [40, 41]. However, recently mRNA expression
of their genes was also demonstrated in the small intestine [38]. On the amino acid
level, both transporters exhibit around 65% sequence homology to rat Oatp1b2 [39].
OATP2B1, the former OATP-B, is most highly expressed in liver, in the basolateral
membrane of hepatocytes, however also in other tissues, including small intestine and
brain [39]. In small intestine, it is localized in the apical membrane of enterocytes
and may participate in the absorption of anionic compounds from the lumen of the
gut [42]. Compared to the other three human hepatic OATPs, it shows more limited
substrate specificity [39].

4.2.3 SLC22/Organic Ion Transporters

The SLC22 transporter family can be divided into three subgroups, the organic
cation transporters (OCTs), the organic cation transporters novel (OCTN), and the
organic anion transporters (OATs). OCT1 (SLC22A1) is the most highly expressed
drug transporter in liver, even exceeding MRP2 levels [25]. It is further expressed
in small intestine and kidney. In these tissues, OCT1 is localized in the basolateral
membrane of hepatocytes, enterocytes, and proximal tubule cells. OCT1 participates
in the hepatic uptake of organic cations and transports many drugs such as metformin,
endogenous compounds such as serotonin and prostaglandins, and model cations such
as tetraecthylammonium (TEA) [43]. OCT2 (SLC22A2) is mainly expressed in the
kidney and there it is localized in the basolateral membrane of proximal tubule cells.
Regarding substrates, it shows a broad overlap with OCT1 and OCT3 (SLC22A3),
which is expressed in many tissues, including liver and kidney [43].

OCTN1 and OCTN2 (SLC22A4, SLC22A5) are expressed in human kidney, with
OCTN?2 also showing high expression in the small intestine [25]. In kidney both
transporters are localized in the apical membrane of proximal tubules, whereas in
intestine OCTN?2 is localized in the brush border membrane of enterocytes. There it
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is essential for the intestinal uptake of carnitine [44]. Drugs that are transported by
OCTN2 include 3-lactam antibiotics, verapamil, and spironolactone [45, 46].

The members of the third subgroup OAT, such as OAT1-3 (SLC22A6-8), are
highly expressed in kidney, and localized in the basolateral membrane of proximal
tubules. Only OAT?2 shows a significant expression in liver. There it is localized in
the basolateral membrane of hepatocytes [43].

4.3 INDUCTION OF DRUG TRANSPORTERS BY ACTIVATION
OF PXR AND CAR

The nuclear receptors pregnane X receptor (PXR, NRII2) and constitutive an-
drostane receptor (CAR, NR/I3) mediate the induction of gene expression by the
glucocorticoid- and phenobarbital-type microsomal enzyme inducers, respectively.
Compounds were assigned to the phenobarbital-type class of inducers, if they pre-
dominantly induce cytochrome P450 (CYP) 2B genes, whereas glucocorticoid-type
inducers result in strong induction of CYP3A gene expression.

Glucocorticoid-type microsomal enzyme inducers are agonist ligands of PXR.
Ligand activation of PXR is demonstrated by induction of the activity of PXR-
responsive CYP3A promoter/reporter gene constructs or by the induction of interac-
tions with nuclear receptor coactivators. That way it was shown that pregnenolone-
16c-carbonitrile (PCN), dexamethasone, RU486, 2-acetylaminofluorene (2-AAF),
rifampin, St. John’s wort extract (SJW)/hyperforin, phenobarbital, carbamazepine,
avasimibe, and artemisinin are ligands of PXR [47-54], whereof PCN and dexam-
ethasone are specific for rodent PXR and rifampin, phenobarbital and artemisinin
specific for the human receptor [48, 54]. For only some of them, ligand binding was
directly shown. The pronounced species specificity in binding of some ligands results
from the divergent ligand binding domains of the rodent and human PXR orthologs,
respectively, which only display about 75% amino acid identity [51]. PXR is highly
expressed in liver and intestine and at much lower levels in some other tissues includ-
ing kidney, brain, and breast [47, 51, 55-57]. In the small intestine, its expression
is limited to the epithelial cells of the mucosa [55], which are also the site of efflux
transporter expression.

By far most phenobarbital-type microsomal enzyme inducers activate CAR by just
inducing the translocation of the receptor from the cytosol into the nucleus, without
ligand binding. This mechanism has been demonstrated for CAR activators phenobar-
bital, diallyl sulfide (DAS), trans-stilbene oxide (TSO), bilirubin, and carbamazepine
[58-62]. Nuclear localization is sufficient for the receptor to activate the expression
of its target genes, as demonstrated by transient transfections of CAR expression plas-
mids into immortalized cell lines, there resulting in constitutive nuclear localization
of CAR [58]. Only a few compounds have been shown to act as CAR agonist lig-
ands. These comprise 1,4-bis-[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP), a
mouse CAR ligand [48], 6-(4-chlorophenyl)imidazo[2,1-b]thiazole-5-carbaldehyde
0-(3,4-dichlorobenzyl)oxime (CITCO), a ligand of the human receptor [63], and
artemisinin, a ligand of both mouse and human CAR [54]. Nuclear translocation,
which is induced by the ligands [58, 63], most likely differs from the mechanism
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exerted by nonligand phenobarbital-type inducers, as suggested by the observation
that CITCO is not activating AMP-activated protein kinase, activation of which is a
crucial step in the induction by phenobarbital [64]. As ligand binding induces confor-
mational changes in CAR, it may be anticipated that induction by CAR ligands and
nonligand phenobarbital-type inducers differs from each other, at least partially, with
respect of the genes regulated. Similarly to PXR, CAR is most highly expressed in
liver and intestine [65, 66], where it is localized to hepatocytes and the epithelial cells
of the intestinal mucosa [67]. Low level CAR expression was further demonstrated
in kidney [65, 68].

Some compounds, preferentially activating CAR such as phenobarbital and car-
bamazepine [62], are also ligands of PXR. However, both receptors not only share
activators/ligands but also regulate overlapping sets of target genes [48, 69]. They mu-
tually regulate even their respective prototypical target genes CYP2B and CYP3A [70].
Due to this cross talk and share of xenobiotic inducers, PXR- and CAR-dependent
induction of transporters will here be discussed together.

The most common approaches to analyze the induction by PXR and CAR include
the treatment of animals in vivo or of primary cells and cell lines ex vivo or in vitro
with prototypical inducers. The major objection to these experiments is that they
do not provide direct proof of the involvement of the nuclear receptor in question.
Using a set of different activators for CAR and PXR will strengthen the conclusions
[71]; however, as it was shown that, for example, the latter one regulates gene
expression in a ligand and promoter-selective fashion [72, 73], it cannot be expected
that all compounds of a given set will necessarily exert the same effects. PXR-
or CAR-dependent induction can be proved by comparing the response in wild-
type and respective knock-out mice. The second concern refers to the problems
associated with in vivo treatment, which is dependent not only on the chemical but
also on the fate of the chemical in the body. Thus, results may indirectly depend on
the chemical or the nuclear receptor. Keeping that in mind, induction of ABC and
OATP transporters by PXR and CAR has been compiled in Tables 4.1 and 4.2,
respectively.

4.3.1 Induction in Liver and Intestine

In all species, which have been analyzed so far, PXR and CAR are most highly
expressed in liver and intestine. These are also the main organs responsible for drug
absorption and disposition, due to their abundant expression of drug-metabolizing
enzymes and transporters. A plethora of data exists especially regarding the induction
of transporters in liver. The results are not always consistent, which may reflect
differences in species or strains, inducing compounds, and treatment regimens.

4.3.1.1 ABC Family

4.3.1.1.1 MDRI (ABCB1)/P-gp. Few studies addressed the induction of rat Mdrl
genes on the mRNA level, only where the two rodent orthologs of human MDR1 can be
differentiated. Rats, which were treated with PCN, spironolactone, or dexamethasone,
did not show any induction of Mdrla or Mdrib in liver or intestine. In contrast, DAS
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TABLE 4.1 Induction of ABC Drug Transporters by PXR and CAR

Organ/
Transporter  Species Inducer” Tissue/Cell®>  Effect NR¢ Reference
Mdrla Rat DAS Liver mRNA  CAR [71]
Mdrlb TSO Liver mRNA CAR [74]
Mdrla, 1b SIW Intestine Protein  PXR [75]
DEX Liver Protein  PXR [56, 76]
bbb Protein [56]
PCN Liver Protein  PXR [56]
bbb Protein [56]
Mdrla Mouse PCN Liver mRNA PXR [77, 78]
Intestine mRNA PXR [77,79]
RU486 Liver mRNA PXR [78]
TCPOBOP Intestine mRNA CAR [77]
Mdrlb PCN Liver, mRNA PXR [77]
intestine
Mdrla, 1b Rifampin Intestine Protein  PXR [80]
SIW
Mdrl Pig Rifampin LLC-PK1 mRNA, PXR [81]
(k) protein
MDR1 Human Rifampin Fa2N-4 (1) mRNA  PXR [82]
Hepatocytes mRNA, [53, 54, 63,
protein 77, 83-86]
LS174T (i) mRNA [87]
LS180 (i) mRNA, [88, 89]
protein
Intestine mRNA, [90-93]
protein
PBMC mRNA, [94, 95]
protein
MG63 (0s) mRNA [96]
SIW/ Hepatocytes mRNA  PXR [84]
hyperforin
Intestine Protein [75]
PBMC Protein [97]
Avasimibe Hepatocytes mRNA, PXR [53]
protein
PB Fa2N-4 (1) mRNA  CAR/PXR [82]
Hepatocytes mRNA, [53, 77, 85]
protein
LS180 (i) Protein [88]
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TABLE 4.1 (Continued)

Organ/
Transporter Species Inducer” Tissue/Cell”  Effect NR¢ Reference
CBZ LS174T (i) mRNA  CAR/PXR [87]
Intestine mRNA [98]
PBMC mRNA, [95]
protein
Artemisinin Hepatocytes mRNA  PXR, CAR [54]
LS174T (i) mRNA [54]
CITCO Hepatocytes mRNA  CAR [63]
Mrp2 Rat PCN FAO (1) mRNA  PXR [99]
Hepatocytes ~mRNA [99]
Liver Protein [100]
bbb Protein [56]
DEX Hepatocytes mRNA, PXR [99, 101]
protein
Liver Protein [100]
bbb Protein [56]
PB H4IIE (1) mRNA, CAR [101]
protein
Hepatocytes ~mRNA [99]
Mrp2 Mouse  PCN Hepatocytes mRNA  PXR [99]
Liver mRNA, PXR [78]
protein
Intestine mRNA PXR [77,79]
DEX Hepatocytes mRNA  PXR [99]
RU486 Liver mRNA PXR [78,102]
2-AAF Liver mRNA PXR [50]
VP-hPXR Liver mRNA PXR [103]
PB Liver Protein CAR [104]
Hepatocytes ~mRNA [99]
TCPOBOP Liver mRNA CAR [61,77]
Liver mRNA, CAR [105, 104]
protein
VP-mCAR Liver mRNA CAR [103]
TCPOBOP Kidney mRNA CAR [104]
Mrp2 Pig Rifampin LLC-PK1 mRNA, PXR [81]
k) protein
MRP2 Human Rifampin HepG2 (1) mRNA, PXR [101, 106]
protein
Hepatocytes mRNA, [85, 86, 99,
protein 107]
Intestine mRNA, [19, 92, 93]
protein

(Continued)
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TABLE 4.1 (Continued)

Organ/
Transporter Species Inducer” Tissue/Cell”  Effect NR¢ Reference
Hyperforin Hepatocytes mRNA  PXR [99]
CBZ Liver mRNA  CAR/PXR [108]
Intestine mRNA, [98]
protein
PB HepG2 (1) mRNA, CAR/PXR [101]
protein
Hepatocytes ~mRNA [85]
Mrp3 Rat DAS Liver mRNA  CAR [109]
Mrp3 Mouse PCN Liver mRNA, PXR [105, 104]
protein
Liver mRNA PXR [78,79, 110]
RU486 Liver mRNA PXR [78, 102]
TCPOBOP Liver mRNA CAR [77]
Liver mRNA, CAR [105, 104,
protein 110]
MRP3 Human Rifampin HepG2 (1) mRNA  PXR [101]
Hepatocytes mRNA [85]
HuH7 (1) mRNA [102]
PB HepG2 (1) mRNA  CAR/PXR [111]
Mrp4 Rat DAS Liver mRNA  CAR [112]
TSO Liver mRNA CAR [74]
Mrp4 Mouse PB Liver mRNA, CAR [113]
protein
Liver mRNA, CAR [104]
protein
TCPOBOP Liver mRNA, CAR [113]
protein
Liver mRNA, CAR [105, 104]
protein
TSO Liver Protein CAR [60]
Kidney mRNA [104]
MRP4 Human PB HepG2 (1) mRNA  CAR/PXR [113]
Hepatocytes mRNA [113]
Mrp5 Mouse = TCPOBOP Liver mRNA CAR [105]

DAS
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TABLE 4.1 (Continued)

Organ/

Transporter ~ Species  Inducer” Tissue/Cell”  Effect NR¢ Reference
MRP5 Human  Rifampin HepG2 () mRNA PXR [101]

2-AAF
Berp Mouse 2-AAF Liver mRNA PXR [50]
BCRP Human  Rifampin Hepatocytes ~ mRNA PXR [85]

PB Hepatocytes ~mRNA, CAR/PXR  [85]

protein
CBZ Liver mRNA  CAR/PXR  [108]

“DAS, diallyl sulfide; TSO, trans-stilbene oxide; SJW, St. John’s wort extract; DEX, dexamethasone;
PCN, pregnenolone-16a-carbonitrile; TCPOBOP, 1,4-bis-[2-(3,5-dichloropyridyloxy)]benzene; PB,
phenobarbital; CBZ, carbamazepine; CITCO, 6-(4-chlorophenyl)imidazo[2,1-b]thiazole-5-carbaldehyde
0-(3,4-dichlorobenzyl)oxime; 2-AAF, 2-acetylaminofluorene.

bbbb, blood-brain barrier; PBMC, peripheral blood mononuclear cells; the tissue origin of cell lines is
denoted as (k), kidney; (1), liver; (i), intestine; (0s), osteosarcoma.

“Bold font: if induction has been shown to dependent on the respective nuclear receptor.

induced the expression of Mdrla exclusively in liver [71]. DAS, which is regarded
as an activator of CAR due to its capacity to induce Cyp2b genes, was only recently
confirmed to be a true CAR activator [59]. Surprisingly, phenobarbital did not show
any effect [71]. TSO, which was shown to promote nuclear localization of CAR
[60], induces the expression of hepatic Mdrlb in a gender-dependent manner in
Wistar—Kyoto rats, thereby suggesting regulation by CAR [74]. Males of these rats
express much higher levels of CAR than females [121]. Induction of rat Mdrl on
the protein level was shown by several studies, using known ligands of PXR. SIW
exclusively induced the expression of intestinal Mdr1/P-gp, whereas hepatic Mdr1/
P-gp levels were not altered [ 75]. Furthermore, dexamethasone treatment was reported
to induce Mdr1/P-gp expression in rat liver [76]. In contrast, treatment of primary rat
hepatocytes with dexamethasone up to 100 uM did not alter Mdr1/P-gp expression
[122]. Thus, whereas induction of rat Mdr1/P-gp protein in intestine by PXR ligands
was consistently demonstrated, conflicting results exist regarding induction in liver.
Using PXR and CAR knock-out mice, it was unequivocally shown that both
receptors are involved in the regulation of mouse Mdrla gene expression in liver and
small intestine. Treatment with PCN and RU486 induced the expression of Mdrla
mRNA in liver [77, 78] and small intestine [77, 79] of wild-type mice; however not
in PXR knock-outs. A single study also demonstrated a PXR-dependent induction
of Mdrlib in liver and intestine [77], which however was not seen in others [78, 79].
CAR-dependent induction of Mdria by TCPOBOP was only reported in the small
intestine [77]. On the protein level, induction of mouse Mdrl/P-gp in the small
intestine was achieved by SJW and rifampin [80]. In this study extremely high doses
of rifampin, which is usually regarded as a human PXR-specific ligand, were used. At



"'y I9¥L 298,

"IQ0UED I5BAIq ‘(9q) LIQAI] ‘(]) SB PRJOUP SI SAUI] [[9 JO UISLIO q
‘1" 9[qQR], 39S ‘SUONRIAAIQQR IAYLINJ I0] (PO JI[OYI0YI] ‘YD,

[801]  ¥Xd/¥VO VNI TOATT 7490
[98] ¥Xd VN sa1kooredoy uidweyry  uewny  ¢qIdIVO/EGI0DTS
[€o1] AV VNYW JOAI] AVOW-dA
[19] qvd VN IoATT  uIqnuqq JOdOddL 9snoN zardieo/zqroo1s
[801]1  ¥Xd/4VDO VNYW JOAI] 740
[s8] VAW s91kooredoy
[oz1] ¥xd VN (D zodoH urdweyry  uwewny  [91dLVO/IGI0DTS
[co1] AVD VNI IOATT AVOW-dA
[01T ‘vO1] Jvo VNI IOAIT] dOd0dDlL
01T ‘vOT1] yvo VNI JOATT ad
[co1] AXd VNYw JOAI] AXJU-dA
[811] AXd VNYW JOAI] vI1
[0g] AXd VN JOATT AVV-T
[611 ‘¥01] ¥Xd VNYW JOAI]
[81T°LITOTT ‘6L “LL] AXd VNYW JOAI] NOd 9SO\ yerdieQ/pr 102
[911 S11] yvo urejo1d JOATT ad
(911 “ST1] ¥xd  urejord ‘yNYw JOATT NDd ey yerdieQ/r oo
[¥11] IXd VNYW  (99) ALyL (09) 1-SL-¥Z urdweyry
[801]1  ¥Xd/4VO VNI IOATT 79D uweumy  VIdIVO/ZVIOOTS
QOURIAJY NN 199159 JI3D/enssI/uedI0 Leonpug sa10adg Iouodsuely,

AV pue YXd Aq s1modsuel], d IVO/ODTS Jo uononpu] ¢y A TAVL

122



INDUCTION OF DRUG TRANSPORTERS BY ACTIVATION OF PXR AND CAR 123

these high doses, which exceed more than 30-fold the dose used in humans, rifampin
also seems to activate rodent PXR, as suggested by the induction of hepatic Cyp3a by
high dose rifampin in rats [123]. However, hepatic Mdr1/P-gp was not induced [80].

The induction of MDRI by PXR and CAR activators in human liver has been
analyzed in hepatoma cell lines and primary human hepatocytes. MDR1 mRNA
was induced in the human hepatocyte-derived cell line Fa2N-4 by rifampin and
phenobarbital (PB) treatment [82]. It has often been propagated that MDR/ is not
induced in human liver, on the basis of a report that failed to show consistent induction
by rifampin and phenobarbital in primary human hepatocytes from two donors [124].
Since then, numerous reports have demonstrated inducibility of MDR! in primary
cultures of human hepatocytes by treatment with the PXR ligands rifampin [53, 54,
63,77, 83-86], hyperforin [84], avasimibe [53], artemisinin [54], which activates both
PXR and CAR, phenobarbital [77, 85], and the CAR ligand CITCO [63]. As these
studies usually have used hepatocyte cultures from a very limited number of donors,
interindividual variability in induction is a major problem for the interpretation of
the results. This is best illustrated by the fact that only one out of three cultures
showed induction of MDR1 mRNA by rifampin and CITCO [63]. To address this
interindividual variability in a large collection, we analyzed the induction of MDR1 in
26 human hepatocyte cultures, derived from different donors, which were treated with
rifampin. The compound significantly induced MDR1 mRNA expression by 2.7 &
1.5-fold (p <0.0001), with individual cultures ranging from 0.7- to 8.1-fold induction.
Three out of 26 cultures showed less than 50% induction (1.5-fold). Thus, studies,
which use primary human hepatocytes, should be performed with an appropriate
number of individual cultures to minimize the risk of false negative results.

In the human intestine, induction by PXR and CAR activators has been demon-
strated in intestinal cell lines as well as in vivo. Treatment with numerous microsomal
enzyme inducers, e.g., rifampin, clotrimazole, RU486, carbamazepine, nifedipine,
artemisinin, all now known to activate PXR, induces the expression of MDRI in
human intestinal LS180 and LS174T cells [54, 88—89]. Induction was only observed
in cell lines with a high expression of PXR, e.g., LS174T, which express PXR up to
40% of the levels seen in liver [54], whereas MDRI was not induced by PXR acti-
vators in the intestinal Caco-2 cells, which express much lower levels of PXR [89].
In vivo induction of intestinal MDR1 was demonstrated by comparing the expression
in small intestinal biopsies before and after treatment of volunteers with the inducer.
Using this experimental approach, it was shown that rifampin [90-93], SJW [75], and
carbamazepine [98] induce the expression of MDR1/P-gp in human small intestine.
MDR1 mRNA and P-gp protein were induced to a similar extent. Again, as with
human hepatocyte cultures, pronounced variability in induction was observed, with
some individuals not responding at all [75, 91].

4.3.1.1.2 MRP2 (ABCC2). The induction of rat hepatic Mrp2 expression by PXR
and CAR activators has been demonstrated by several studies using hepatoma cell
lines, primary hepatocytes, and animals. The rat hepatoma FAO cell line showed an
increase in Mrp2 mRNA expression by treatment with PCN [99]. Primary cultures
of rat hepatocytes also demonstrated induction of Mrp2 by treatment with the PXR
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ligands PCN and dexamethasone [99, 101]. Furthermore, Mrp2 protein expression
was induced by PCN, dexamethasone, and spironolactone in rat liver [100]. The
prototypical CAR activator phenobarbital induces Mrp2 in the rat hepatoma H41IE
cell line [101] and Mrp2 mRNA in cultured rat primary hepatocytes [99], whereas
induction of Mrp2 in rat liver in vivo by activators of CAR has not consistently been
observed. Treatment with phenobarbital, DAS, and TSO induced Mrp2 expression in
rat liver [112]; however, this is not confirmed by others, who do not observe induction
of hepatic Mrp2 by CAR activators phenobarbital and DAS [125, 109].

Using PXR and CAR knock-out mice, as well as transgenic mice expressing the
activated VP-PXR and VP-CAR, it was clearly shown that mouse hepatic Mrp2 is
induced by activation of both receptors. Studies with PXR knock-out mice demon-
strated that hepatic induction of Mrp2 by PCN [78, 99], dexamethasone [99], RU486
[78, 102], and 2-AAF [50] depends on PXR. Transgenic mice, which specifically
express the constitutively active VP-hPXR (a fusion of the activation domain of viral
VP16 protein and human PXR) in liver, show an increased hepatic expression of
Mrp2 mRNA [103]. PXR-dependent induction of Mrp2 mRNA by PCN was further
observed in mouse intestine [77, 79]. Treatment with phenobarbital and TCPOBOP
induced Mrp2 in cultured mouse primary hepatocytes and in mouse liver [99, 105,
104]. Dependence on CAR was confirmed by induction of Mrp2 mRNA in the liver
of wild-type mice by TCPOBOP, which was absent in CAR knock-outs [61, 77].
Transgenic mice, which conditionally express the activated VP-mCAR, also showed
induction of Mrp2 mRNA, if expression of the CAR transgene was induced [103].

PXR-mediated regulation of human hepatic and intestinal MRP?2 is suggested by
rifampin-dependent induction in the HepG2 hepatoma cell line [101, 106], in cultured
primary human hepatocytes [85, 86, 99, 107], and in duodenal biopsies of rifampin-
treated volunteers in vivo [19, 92, 93]. Another PXR ligand, hyperforin, was also
shown to induce MRP2 mRNA in primary human hepatocyte cultures [99]. Induction
of MRP2 mRNA and protein in HepG2 cells and human hepatocytes by phenobarbi-
tal [85, 101], and an increased MRP2 expression in the liver of patients with carba-
mazepine medication [108], as well as in the small intestine of volunteers treated with
the same compound [98], further suggests a role for CAR in the regulation of MRP2.

4.3.1.1.3 MRP3 (ABCC3). Mrp3 mRNA expression is induced in rat liver by CAR
activators phenobarbital and DAS [109]. Induction of hepatic Mrp3 by phenobarbital
was also demonstrated in mice [105, 104, 110]. However, it was clearly shown that
this induction was independent of CAR [126, 127]. A role for PXR in induction by
phenobarbital is ruled out by the facts that the compound is not a ligand of mouse
PXR and that PXR knock-out mice show an even enhanced induction [110]. Similarly,
induction of mouse and rat hepatic Mrp3 by TSO [60, 112] proved to be independent
of CAR [60, 74]. In conclusion, these results argue for a PXR/CAR-independent
regulation of Mrp3 by phenobarbital and TSO. The existence of such a pathway
has first been suggested by the analysis of phenobarbital-dependent gene expres-
sion in wild-type and CAR knock-out mice [128]. In contrast to phenobarbital and
TSO, induction of hepatic Mrp3 mRNA and protein by the CAR-ligand TCPOBOP
[77, 105, 104, 110] was shown to depend on CAR [77], suggesting that CAR
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activation of Mrp3 gene expression requires CAR to be activated by ligand binding.
Besides CAR, PXR also plays a prominent role in Mrp3 induction. PCN treatment of
mice induces the expression of Mrp3 in liver [105, 104]. This induction depends on
PXR, as demonstrated by the increase of Mrp3 mRNA in PCN- and RU486-treated
wild-type mice, which is not observed in PXR knock-outs [78, 79, 102, 110].
Rifampin induction of MRP3 mRNA in HepG2 and HuH7 human hepatoma cells
[101, 102], as well as in cultured primary human hepatocytes [85], suggests PXR-
dependent regulation of this gene also in humans. Additionally, it was shown that
phenobarbital induces MRP3 mRNA expression in HepG2 cells [111].

4.3.1.1.4 MRP4 (ABCC4). Treatment of rats with CAR activators DAS and TSO
results in increased hepatic Mrp4 mRNA expression [74, 112]. Similarly, CAR acti-
vators phenobarbital, TCPOBOP, and TSO induced Mrp4 expression in the liver of
mice [60, 105, 104, 113]. By using CAR knock-out mice and murine liver Hepalclc7
cells, which stably express the activated VP16-hCAR, it was clearly shown that in-
duction by phenobarbital and TCPOBOP depends on CAR [113].

Phenobarbital also induces MRP4 mRNA expression in human HepG2 cells and
cultured primary human hepatocytes [113]. HepG2 cells, which express the activated
VP16-hCAR, show increased MRP4 expression as compared to vector-infected cells
[113]. In conclusion, these results strongly argue for a major role of CAR in the
induction of hepatic Mrp4, which is conserved in evolution. However, it cannot be
formally excluded that PXR may also play a role in the induction of human MRP4
by phenobarbital. Treatment with a human CAR-specific ligand or gene-specific
knock-out of PXR expression by siRNA may help to further clarify the mechanism
of induction.

4.3.1.1.5 MRP5 (ABCCS). CAR activators TCPOBOP and DAS induce the expres-
sion of MrpS mRNA in the liver of treated mice. Treatment with phenobarbital
and PXR ligands PCN, dexamethasone, and spironolactone does not induce or even
inhibits Mrp5 expression, respectively [105]. Human MRP5 mRNA is induced by
2-AAF and rifampin in HepG2 cells [101]. The respective roles of CAR and PXR in
the regulation of Mrp5 need to be elucidated in further studies.

4.3.1.1.6 BCRP (ABCG2). Mouse liver Bcrp mRNA is induced by treatment with
2-AAF in a PXR-dependent manner [50]. The induction of BCRP in cultured primary
human hepatocytes by rifampin and phenobarbital [85] and the increased expression
of BCRP mRNA in the liver of patients, who were treated with carbamazepine [108],
further suggest PXR- and CAR-dependent regulation of BCRP in humans.

4.3.1.1.7 Further ABC Transporters. The induction of some other ABC transporters
of the MRP subfamily has been reported in single studies. Mouse liver Mrpl is
induced by TCPOBOP, depending on the expression of CAR [77]. However, this
was not confirmed by further studies using CAR activators including TCPOBOP in
rats and mice [109, 105]. Human hepatocytes treated with phenobarbital and rifampin
also did not show an increased expression of MRP1, although in this study cultures
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from only two donors have been used [124]. Furthermore, the hepatic expression of
Mirp6 and Mrp7 in mice was reported to be induced by CAR activators phenobarbital,
TCPOBOP, and DAS [105]. Whether or not PXR and CAR regulate the expression
of Mrpl, Mrp6, and Mrp7 clearly requires further studies.

4.3.1.2 SLCO/OATP Family

4.3.1.2.1 Slcola4/Oatpla4 and SLCOIA2/OATPIA2. PXR- and CAR-dependent
regulation of rodent Slcola4/Oatplad was first suggested by induction of rat hepatic
Slcola4 mRNA and Oatpla4 protein by PCN and CAR activators phenobarbital and
DAS [115, 116]. However, in contrast to DAS, phenobarbital induced Oatpla4 pro-
tein expression without a concomitant induction of Slcola4 mRNA [116], thereby
suggesting that phenobarbital might induce Oatpla4 expression independent of CAR.
Transcriptional activation of Slcola4 by PCN was confirmed by increased hnRNA
levels after treatment [116].

PCN also induced hepatic Slcola4 mRNA in mice [104, 119]. Several studies
using PXR knock-out mice established the essential role of PXR in the regulation
of this transporter gene. Induction of Slcola4 mRNA by PCN [77, 79, 110, 117,
118], lithocholic acid [118], and 2-AAF [50] proved to be annihilated in the liver
of PXR knock-out mice. Increased expression of Slcola4 mRNA in the livers of
transgenic mice, which express the activated VP-hPXR, further confirmed the role of
this nuclear receptor in the regulation of the gene [103]. Phenobarbital and TCPOBOP
were shown to induce the expression of Slcola4 in mouse liver [104, 110]. A role
for CAR in the regulation of Sicola4 was strongly suggested by the increase of
mRNA expression in the livers of transgenic mice, which were induced to express the
activated VP-mCAR [103]. However, another study did not report CAR-dependent
induction of Slcola4 [77]. This might be explained by a negative role of nonliganded
PXR in Slcola4 regulation. Such a role was suggested by the fact that phenobarbital
is exclusively inducing the transporter in PXR knock-out mice [110].

The mRNA expression of SLCOIA2, the putative human ortholog of rodent
Slcola4, was reported to be induced in the liver of patients, who were treated with
carbamazepine [108].

4.3.1.2.2 SLCOIBI1/OATPIBI and SLCO1B3/OATPIB3. Induction of SLCO1B1
mRNA by rifampin was shown in the human hepatoma HepG2 cells [120] and in five
out of seven cultures of primary human hepatocytes [85]. The pronounced variability
of the induction response between individuals most likely explains why a similar
induction by rifampin was not observed in a second study, which used cultures from
only two different donors [129]. Very recently, it was shown that rifampin treatment
of primary human hepatocytes also results in the induction of SLCO1B3 mRNA
expression [86]. Furthermore, SLCOIBI and SLCOIB3 are expressed at increased
levels in the liver of patients treated with carbamazepine [108]. Altogether these
studies suggest a role for PXR, eventually also for CAR, in the regulation of human
SLCOIB transporter genes, which has been confirmed for PXR by the identification
of functional binding sites in the 5’ flanking region of SLCOIBI (see below).
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4.3.1.2.3 Slcolb2/Oatplb2. Slcolb2 is the putative rodent ortholog of human
SLCOIBI and SLCOIB3. Treatment of CAR-deficient mice with TCPOBOP did
not result in induction of Slcolb2, whereas mRNA expression was clearly increased
by TCPOBOP in the livers of wild-type mice [61]. A similar CAR-dependent induc-
tion of the gene was observed with bilirubin treatment of cultured hepatocytes from
wild-type and CAR knock-out mice [61]. The role of CAR is further supported by
the observation that transgenic mice, which express the activated VP-mCAR, show
increased expression of Slcolb2 in the liver [103].

4.3.1.3 SIc22/0rganic Ion Transporter Family. Few studies have reported the in-
duction of Slc22a genes by PXR activators. By using rat hepatoma RL-34 cells,
cultured primary rat hepatocytes and animals, it was shown that PCN induced the ex-
pression of rat hepatic Octl (S/c22al) mRNA. Induction of Oct1 transporter activity
was further demonstrated ex vivo by increased uptake of the prototypical substrate
MPP+ into hepatocytes, which were isolated from PCN-treated rats, compared to
cells, which were isolated from control animals and in vivo by an increase in biliary
excretion of TEA in PCN-treated rats [130].

A second Slc22a transporter may also be regulated by PXR, as human OCTN2
(SLC22A5) was shown to be induced by rifampin in cultured primary human hepato-
cytes [131].

4.3.2 Induction in Other Organs and Tissues

4.3.2.1 Kidney. PXR is expressed in the kidney of rodents [132], pigs [133], and
humans [134]. Although its renal expression, especially in humans, is commonly
regarded as being quite low compared to liver and intestine, it was recently shown
that expression of the receptor is readily detectable on mRNA and protein level in
human renal tubular epithelial cells [134]. Thus, renal induction by PXR ligands
seems conceivable, provided that ligands can be present at sufficient doses in the
systemic circulation. Rifampin treatment of the porcine renal LLC-PK1 cells, which
resemble proximal tubular epithelial cells, induces the expression of Mdrl and Mrp2
[81]. As rifampin is a ligand of pig PXR [135], these results may indicate renal
transporter gene regulation by the receptor. In rodents, conflicting results regarding
transporter induction by PXR and CAR in the kidney have been reported. Induction
of Mdrla/b and MrpI-3 by rodent PXR ligands and CAR activators has not been
observed in rat and mouse kidney in vivo [71, 79, 109] and treatment with PXR
ligands seems even to inhibit the renal expression of Mrp4 in rats [136]. However, in
another study, it was shown that Mrp2 and Mrp4 mRNA expressions are induced by
TCPOBOP in mouse kidney [104]. The contradictory results may stem from the use
of different mouse strains or CAR activators.

In contrast to liver, Octl was not induced by PCN in the kidney of rats, whereas
Oct2 (Slc22a2) was induced [130].

4.3.2.2 Blood—Brain Barrier. PXR has been shown to be expressed in rat brain
capillaries and treatment of isolated capillaries with PCN and dexamethasone in
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vitro, as well as exposing rats in vivo to these PXR ligands induced the expression
and functional activity of Mdrl/P-gp and Mrp2 protein [56]. Furthermore, it was
shown that rifampin and hyperforin induce in vitro and in vivo the expression and
transport activity of Mdr1/P-gp in brain capillaries of transgenic mice, which express
human PXR on a mouse PXR knock-out background [137]. The APXR transgene
was expressed in liver, intestine, and brain capillaries of these mice. The increase of
Mdr1/P-gp activity by rifampin treatment tightens in vivo the blood—brain barrier to
methadone, which is a substrate of the transporter [137].

4.3.2.3 Lymphocytes. Induction of human MDRI was observed in peripheral blood
mononuclear cells (PBMC), i.e., lymphocytes, by treatment of volunteers with
rifampin, SJW, and carbamazepine [94, 95, 97]. A substantial variability in induction
was observed, with approximately 60% of individuals responding significantly to
rifampin, in which response was not related to serum concentrations of the inducer
[94]. Highly significant correlations between the mRNA expression levels of PXR
and of the ABC transporter genes MDRI, MRP1, MRP2, and BCRP in human PBMC
[138, 139] suggest that PXR may also be involved in the xenobiotic-independent reg-
ulation of these ABC transporters in PBMC, eventually via activation by endogenous
ligands.

4.3.2.4 Osteosarcoma and Breast Cancer Cells. Induction of MDR1 mRNA by
rifampin was observed in human MG63 osteosarcoma cells, which stably express a
ligand-dependent VP16C-PXR fusion protein [96]. The stable cell line was generated
to facilitate the search for PXR target genes in osteoblastic cells, which express only
very low levels of endogenous PXR [140].

In breast cancer cells ZR-75-1 and T-47D, which also express only low levels
of endogenous PXR, treatment with rifampin transiently induces the expression of
SLCO1A2 mRNA in a dose- and time-dependent manner [114]. Induction by rifampin
was shown to be independent of de novo protein biosynthesis. In contrast to SLCO/A2,
MDRI was not induced [114]. The physiological relevance of these findings has to
await further clarification.

4.4 INDUCTION OF DRUG TRANSPORTERS BY ACTIVATION
OF PPAR«

Peroxisome proliferator-activated receptor (PPAR) oo (NRIC1) plays an essential role
in fatty acid homeostasis, by controlling the expression of CYP4A and other enzymes
involved in fatty acid metabolism [141]. Its endogenous ligands are fatty acids and
fatty acid derivatives; however, it is also activated by xenobiotic ligands, which cause
peroxisome proliferation. These peroxisome proliferators comprise hypolipidemic
drugs, e.g., fibrates, and industrial chemicals, e.g., phthalates and perfluorinated fatty
acids [142, 143]. Similarly to PXR and CAR, PPARa is highly expressed in liver.
Ligand activation of the receptor induces not only the expression of CYP4A and other
enzymes involved in fatty acid oxidation, but also the expression of drug transporters.
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Long-term treatment of mice with the PPAR« ligands clofibrate and ciprofibrate
induces the expression of hepatic Mdrla/1b mRNA and Mdr1/P-gp [105, 144, 145].
Using PPARa-deficient mice, it was further shown that this induction depends on
PPAR« [144, 145]. However, if cultured primary hepatocytes of wild-type and PPAR«
knock-out mice were treated in vitro with ciprofibrate for a shorter time, PPARa-
dependent induction was not observed, thus arguing against a direct role of PPAR«
in Mdrla/lb gene expression [144]. Possibly, activation of the receptor induces the
expression of PXR, which in turn activates Mdrl gene expression. Such a mechanism
is suggested by the induction of PXR mRNA in primary human hepatocytes by
clofibrate and the identification of a functional PPARa response element in the
human PXR promoter region [146].

The ABC transporters Mrp3, Mrp4, and Bcerp are induced by clofibrate in the
livers of mice [105, 145] and it was shown that induction by clofibrate depends on
PPARa [145].

Besides ABC transporters, PPARa agonists clofibrate and Wy14,643 further in-
duce organic ion transporters of the Slc22 family. Both compounds induce Octl
(SIc22al) mRNA expression in rat H35 hepatoma cells and mouse liver. A similar
induction was observed with PPARy (NRIC3) agonists [147]. Induction by these
compounds was shown to depend on a single PPAR response element at —2.4 kb in
the 5" flanking region of mouse Oct1, thus both PPAR« and PPAR'y transcriptionally
activate the gene [147]. The induction further results in an increase of functional trans-
porter expression, as the cellular uptake of a model Octl substrate is enhanced [147].
Additional Slc22a transporters induced by PPARa agonists comprise Octnl1 (Slc22a4)
and Octn2 (Slc22a5), which are induced in rat liver and hepatoma cells [148].

4.5 MOLECULAR MECHANISM OF PXR- AND CAR-DEPENDENT
DRUG TRANSPORTER REGULATION

Studies with PXR- and CAR-deficient mice have unequivocally shown that Mdrla/1b,
Mrp2—4, Berp, Slcola4, and Slcolb2 are regulated by PXR and/or CAR. However,
these studies do not prove that these transporters are directly regulated by the nuclear
receptors, especially as the treatment of mice with inducers usually was performed
for days. Typically, nuclear receptors regulate gene expression by binding to specific
binding sites in promoter and enhancer elements of the target genes. PXR and CAR
do so as heterodimers with retinoid X receptor (RXR) o (NR2B1), which bind to
motifs, consisting of repeats of the general nuclear receptor half site with different
orientation and spacing. Direct repeats (DR)1-4, everted repeats (ER)6, and inverted
repeats (IR)0 have been identified as PXR/CAR binding sites in the regulatory regions
of many genes encoding drug-metabolizing enzymes, which are induced by micro-
somal enzyme inducers (see Chapters 2 and 3). These binding sites have further been
demonstrated to act as functional PXR/CAR response elements, which mediate in-
duction by the receptors. In contrast to genes encoding drug-metabolizing enzymes,
only a few transporter genes have been analyzed in such detail up to now. These
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comprise human MDRI, rat Mrp2, mouse Mrp4, rat Slcol a4, and human SLCOIBI,
which will be discussed in the following.

4.5.1 MDRI1 (ABCB1)

In a study analyzing the induction of human MDR] in intestinal cells, Geick et al. [87]
identified a far distal enhancer region at —7.8 kb upstream of the transcriptional start
site in the proximal promoter of MDR/ as the single region, which mediated induction
by rifampin. The 5’ flanking region between —10.2 and +0.26 kb of MDRI, with
respect to the major transcriptional start site of the gene, was analyzed by transient
transfections of promoter/reporter gene plasmids into intestinal LS174T cells, which
were then treated with the human PXR ligand rifampin. The section between —8.0
and —7.7 kb mediated induction by rifampin and further conferred inducibility to the
proximal MDRI promoter up to —1.8 kb, as well as to the heterologous thymidine
kinase promoter, when cloned in front of these. It harbors a cluster of partially
overlapping potential binding sites for PXR at —7.8kb (Figure 4.2). Subsequent
electrophoretic mobility shift assays demonstrated that all putative elements, with
the exception of DR3, were specifically bound by PXR/RXRa heterodimers in vitro.
Mutational analysis of the DR4(I) and ER6/DR4(III) binding sites, which were most
strongly bound by PXR/RXRa, showed that only DR4(]) is essential for the induction
of MDR1 by rifampin in LS174T cells. Furthermore, a heterologous promoter/reporter
gene, containing a dimer of DR4(I), was induced by rifampin, whereas a construct
with a dimer of ER6/DR4(III) was not. Thus, the cluster of nuclear receptor binding
sites at —7.8 kb constitutes an enhancer element, which mediates PXR-dependent
induction of MDRI, by containing at least one functional PXR response element, the
DRA4(]) site.

In a subsequent study, it was further shown that MDRI is also regulated by
CAR [149]. Electrophoretic mobility shift assays demonstrated specific binding of
CAR/RXRa heterodimers to DR4(I) and somewhat weaker also to ER6/DR4(III).
Additionally, CAR specifically bound to DR4(II) as a monomer. It was shown by
gel shift analysis of the corresponding mutant binding sites that binding of CAR
monomers required the intact 5’ half site of DR4(II) and additionally the AG dinu-
cleotide 5’ in front of that. The binding site of CAR monomers in the MDRI —7.8-kb
enhancer thus showed up to be the octamer sequence AGAGTTCA (Figure 4.2),
which was previously demonstrated as the strongest binding site of CAR monomers
[150]. As with PXR-mediated induction by rifampin, activation of MDRI by CAR
depends on the —7.8-kb enhancer. In accordance with the in vitro binding studies,
both the DR4(I) and the extended 5’ half site of DR4(II) were required for full activa-
tion of MDRI by CAR. The high affinity heterodimer binding site DR4(I) mediated
70% of activation by CAR, whereas the remaining 30% was mediated by binding of
CAR monomers to the extended 5’ half site of DR4(II).

PXR and CAR cross talk at the DR4(I) element of the —7.8-kb enhancer of MDRI.
Competition of both nuclear receptors for binding to DR4(I) has to be anticipated,
as they bind to this element with comparable relative affinities [149]. However,
cooperative regulation of MDRI expression by PXR and CAR is also conceivable, as
CAR exhibits specific binding to the extended 5’ half site of DR4(II).
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FIGURE 4.2 Phylogenetic conservation of the human —7.8-kb enhancer of MDRI. Se-
quences in the 5" upstream regions of mouse (Mm) and rat (Rn) Mdrla genes with sequence
homology to the human (Hs) —7.8-kb enhancer of MDRI are depicted as black boxes in the
upper part. The numbers in kb refer to the transcriptional start sites of the respective genes. The
lower part shows the alignment of the respective enhancer sequences. Asterisks mark identical
bases. The half sites of PXR and CAR binding motifs are boxed and their orientation is shown
by arrows. The dinucleotide upstream of the 5" half site of DR4(II), which is important for
CAR monomer binding, is boxed in gray. Dashed boxes denote the half sites of the ER6 motif.

The rat and mouse Mdrla/lb genes have also been shown to be induced by PXR-
and CAR-dependent mechanisms (Table 4.1); however, the corresponding enhancer
elements and binding sites of PXR and CAR have not yet been identified. A search
for regions homologous to the human MDRI! —7.8-kb enhancer in the genomic
sequence databases of mouse and rat revealed that this enhancer is highly conserved
in rodents. A region with 80% sequence identity to the human —7.8-kb enhancer
is found at —11.2 and —4.8 kb of mouse and rat Mdrla, respectively (Figure 4.2).
The DR4(I), which is essential for the induction of human MDRI by xenobiotics,
shows a single mismatch in rodents, whereas DR4(II) and DR4(III)/ER6 are even
unchanged (Figure 4.2). However, a similar enhancer element is missing in the 5’
upstream region of Mdrl1b. Thus, either the gene harbors different PXR/CAR response
elements or the enhancer of Mdrla acts as a long distance enhancer also for Mdrl1b.
The evolutionary conservation of the MDRI xenobiotic enhancer further points to
the functional significance of the induction of MDRI1 transporters, which will be
discussed further below.

4.5.2 Mrp2 (Abcc2)

In the rat Mrp2 gene, a single ER8 motif in the proximal promoter region at around
—0.4kb was identified, which mediates induction by PXR and CAR [99]. Elec-
trophoretic mobility shift assays showed that PXR and CAR bound to this element



132 NUCLEAR RECEPTOR-MEDIATED REGULATION OF DRUG TRANSPORTERS

as heterodimers with RXRa in vitro. This was the first report of an ER8 motif being
a PXR and CAR binding site, which was later on confirmed by the systematic anal-
yses of CAR and PXR binding specificities [120, 150]. Transcriptional activation,
depending on the ER8 motif, was analyzed by transient transfection of reporter gene
constructs, which harbored dimers of the wild-type or mutated ER8 motif. Only the
wild-type ERS8 construct was induced by PCN and activated by cotransfection of rat
CAR. An Mrp2 promoter construct, containing the first 1 kb of the 5’ flanking region,
was similarly induced by PCN and activated by CAR. Altogether these results demon-
strate that the ERS in the rat proximal promoter of Mrp2 acts as a functional PXR and
CAR response element and mediates the transcriptional activation by these nuclear
receptors; however, it cannot be excluded that elements, residing further upstream,
may participate in the regulation by PXR and CAR.

In silico analysis of the human MRP2 promoter does not reveal conservation of a
similar proximal ER8 element. Furthermore, rifampin failed to induce the activity of
a promoter/reporter gene construct, containing the first 5.2 kb of the human MRP2 5’
upstream region [106], thereby indicating that the elements mediating induction via
PXR are not residing within this region. The response elements, which mediate the
well-documented induction of human MRP2 by activators of PXR and CAR, are still
to be identified.

4.53 Mrp4 (Abecd)

The 5" upstream region between —10.3 and —4.8 kb of the mouse Mrp4 gene was
shown to mediate CAR-dependent induction by phenobarbital [113]. These 5.5 kb
harbor numerous potential CAR binding sites, as analyzed in silico using the NUBIs-
can program for the identification of nuclear receptor binding sites [151]. Searching
for DR1-5 and ER6 motifs, 13 putative sites were identified between —10.3 and
—4.8 kb. An additional single putative ER6 motif was identified in the proximal pro-
moter of Mrp4. The transcriptional activity of this 5’ flanking sequence, enriched
in putative CAR sites, was analyzed in PXR and CAR knock-out mice, which were
transfected in vivo with a reporter construct, which contains the region between —10.3
and —4.8 kb, cloned in front of the proximal Mrp4 promoter. Induction by pheno-
barbital was only seen in the liver of PXR knock-out mice, thus demonstrating that
CAR transcriptionally activates the Mrp4 promoter in response to phenobarbital. In
this study, no attempt was made to experimentally confirm CAR binding to any of the
putative motifs, as much as no attempt was made to identify the response element(s),
which mediate activation by CAR.

4.5.4 Slcolad

The PXR-mediated induction of rat Slcola4 was shown to be dependent mainly on a
distal cluster of PXR response elements at —8.0 kb of the 5" upstream region of the
gene [152]. Four potential PXR binding sites, arranged as DR3 motifs, were identified
in silico in the 5’ flanking region of rat Slcola4. The most proximal motif was found at
—5.0kb, whereas the other three clustered at about —8.0 kb. Electrophoretic mobility



INDUCTION OF DRUG TRANSPORTER EXPRESSION AND DRUG DISPOSITION 133

shift assays showed that three of the four putative sites were bound by PXR/RXRa
heterodimers in vitro. The distal DR3-2 in the —8.0-kb region was bound most
strongly, followed by DR3-4 in the same region and DR3-1 at —5.0kb. Transient
transfection of a reporter gene construct, containing the first 8.7 kb of the 5 flanking
region of rat Slcol a4, into rat H4IIE hepatoma cells demonstrated that cotransfected
rat PXR transactivated the Slcola4 promoter in the presence of PCN. The analysis
of deletion mutants in transient transfections showed that PXR-mediated induction
by PCN mainly depends on the distal cluster of PXR binding sites at about —8.0 kb.
A small region of 300 base pairs, including the cluster, was thereby shown to be
sufficient for a strong induction by PCN. However, residual induction was even
observed with a construct without any of these DR3 motifs, containing only the first
2.8 kb of the 5’ flanking region. As site-specific mutations have not been performed,
the contribution of individual DR3 motifs in the distal —8.0-kb cluster to induction
cannot be further dissected.

4.5.5 SLCOI1B1

Ten putative PXR binding sites were identified in silico within the first 10kb of the
human SLCOIB1 5’ upstream sequence, by searching for DR3-5 and ER6-9 motifs.
Electrophoretic mobility shift assays only confirmed the binding of PXR/RXRa
heterodimers to the DR4-1 element at position —128/—111 and to the ER6-2 motif
at —9957/—9940 [120]. In vivo functionality of these motifs was further analyzed
by chromatin immunoprecipitation (ChIP) assays using human HepG2 cells. ChIP
assays showed that PXR/RXRa heterodimers are bound to the two regions in HepG2
chromatin, which harbor the DR4-1 and ER6-2 motifs, respectively [120]. Chromatin
binding was observed even in the absence of the PXR ligand rifampin and was not
enhanced by ligand treatment. Although these two PXR binding sites were identified
in the human SLCO1BI gene in vitro and in vivo, it was not analyzed whether binding
of PXR to the sites also mediates the transcriptional activation of the SLCO1BI gene.

4.6 INDUCTION OF DRUG TRANSPORTER EXPRESSION
AND DRUG DISPOSITION

In vitro, the extent of transporter induction is only moderate, compared to that of
cytochrome P450 enzymes [85]. However, this is probably not an intrinsic feature
of the regulation of transporters by PXR and CAR but rather a consequence of the
differences in expression of transporter and cytochrome P450 genes during culture
of hepatocytes. In contrast to cytochrome P450 genes, which are significantly (if
not dramatically) down-regulated, expression of most transporters is unchanged or
even enhanced by culturing human hepatocytes [85, 153]. Accordingly, the extent of
induction of transporters and cytochrome P450 enzymes is similar in vivo [75, 90,
93] and thus induction of transporters may similarly modulate drug disposition.
Most drugs are not only transported but also metabolized, thus it is usually difficult
to decide whether induction of transport plays a significant role in the increase in drug
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clearance. By using probe drugs such as digoxin, talinolol, or fexofenadine, which
are transported as parent drugs with minimal metabolism [91, 154, 155], it was
unequivocally shown that the induction of drug transport plays a significant role in
drug disposition both in rodents and humans, thereby confirming earlier studies [156].
In rodents, Oatpla4 mediates the uptake of digoxin into liver. Treatment of mice with
PCN concomitantly induced hepatic Oatpla4 expression and digoxin uptake into
liver [117]. In human volunteers, rifampin, SJW, and carbamazepine were shown to
increase the expression of intestinal MDR 1/P-gp and to decrease oral bioavailability
and plasma levels of digoxin, talinolol, and fexofenadine [75, 90, 91, 98, 157, 158].
Rifampin also seems to induce hepatic efflux transporters, most likely MDR 1/P-gp, as
indicated by an increase of digoxin elimination into bile after rifampin treatment [5].
Carbamazepine was shown to additionally increase the renal clearance of talinolol,
which may indicate induction of MDR1/P-gp expression in the tubular cells of the
kidney [98]. Whereas effects on oral bioavailability, due to induction of intestinal
MDR1/P-gp, were consistently observed, it was only reported by respective single
studies that biliary and renal elimination are affected by treatment with inducers.
Strikingly, only carbamazepine, which activates both PXR and CAR, and not the
PXR ligand rifampin, showed an effect on the renal elimination of MDR1 probe drugs
[5, 90,91, 98], thereby indicating that renal CAR may be activated in clinical settings.

These studies further demonstrate that not only the induction of drug-metabolizing
enzymes but also the induction of drug transporters is a mechanism underlying
clinically relevant drug interactions. Accordingly, monitoring the drug plasma levels
and increasing dosage, if necessary, has also been recommended for drugs, which are
mainly transported and not metabolized such as digoxin, talinolol, and fexofenadine,
if they are coadministered with rifampin [159].

4.7 CONCLUSIONS AND FUTURE PERSPECTIVES

As has been discussed above, activation of PXR and CAR by microsomal enzyme
inducers results in increased expression of a battery of drug transporters including
many ABC drug efflux transporters such as MDR1/P-gp, MRPs, and BCRP in intes-
tine and liver as well as some hepatic uptake transporters such as Oatpla4 in rodents
and OATP1B1 in humans. Induction of some of these transporters has been shown to
affect drug disposition with finally reducing the blood concentration of drugs. With
regard to the protection from potentially harmful chemicals, the role of the induction
of efflux transporters, especially in the intestine, is self-evident, whereas the induction
of hepatic OATPs can only result in increased protection, if canalicular hepatic ABC
transporters, which secrete the same chemicals or their metabolites into bile, are in-
duced concomitantly. However, to protect the liver from the potential harmful action
of chemicals, down-regulation of specific hepatic uptake transporters may also be ap-
propriate. Actually, this was observed in mice. With the single exception of Oatpla4,
treatment of mice with PXR and CAR activators decreased the expression of most
Oatps, which have been analyzed [119]. The mechanism of this down-regulation by
PXR and CAR is not known and clearly should be addressed in the future.
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Hepatic and intestinal induction of drug transporters is well documented: however,
data are sparse in other tissues. It is especially challenging to analyze the induction of
drug transporters in kidney and blood—brain barrier, as these tissues play important
roles in the elimination of chemicals and in controlling the CNS accessibility of
drugs, respectively.

Induction of only a few transporters has been analyzed on the molecular level. As
it emerges that regulation by PXR and CAR is also influenced by the genomic context
of their response elements, elucidation of the molecular mechanism by identifying the
respective binding sites and response elements is crucial for a detailed understanding
of induction. Furthermore, it will provide final proof of direct regulation by PXR
and CAR, which is still missing for most transporters, despite the plethora of data
obtained by treating animals, cells, and human volunteers with prototypical inducers.
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5.1 INTRODUCTION

The pregnane X receptor (PXR, NR1I2) and the constitutive androstane receptor
(CAR, NRI11I3) are DNA binding and ligand-regulated transcriptional factors that
belong to the superfamily of nuclear receptors [1, 2]. Both receptors contain a highly
conserved DNA binding domain and a moderately conserved ligand binding domain
(LBD) that are connected by a flexible hinge region. The biological functions of PXR
and CAR are mediated through a heterodimer complex with the retinoid X receptor
(RXR), which also serves as an obligatory partner for many other nuclear receptors.
Activation of either PXR or CAR initiates expression of cytochrome P450 enzymes
and other proteins involved in metabolism and excretion of xenobiotic and endobiotic
compounds; thus, PXR and CAR are key receptors that regulate the metabolism and
detoxification of drugs and other chemicals in human body [3-7].

In common with most other nuclear receptors, agonist binding induces confor-
mational changes in the receptor LBD that leads to receptor translocation to the
nucleus, recruitment of coregulators, and initiation of gene expression through the
assembly of transcriptional machinery [8]. In addition to its agonist-induced activity,
CAR has high level constitutive activity that allows it to regulate the expression of
target genes without direct binding of agonists. This constitutive activity of CAR can
be repressed by an antagonist (also called an inverse agonist) such as androstanol,
which turns off the constitutive transcription activity of CAR by disrupting the active
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conformation of the receptor [9, 10]. In this chapter, we review structural studies
of PXR and CAR, and our understanding of drug metabolism through the crystal
structures of these two receptors.

5.2 STRUCTURE AND FUNCTION OF PXR

5.2.1 Crystal Structures of Human PXR LBD/Ligand Complexes

There are five published crystal structures of the human PXR LBD. The first two
are an apo structure and a complex structure with the cholesterol-lowering drug
4-[2,2-bis(diethoxyphosphoryl)ethenyl]-2,6-ditert-butyl-phenol (SR12813), which
were solved by the Redinbo and Kliewer groups [11]. Subsequent studies performed
by the same groups determined the structures of human PXR LBD in complexes with
hyperforin (the active agent of the antidepressant drug St. John’s wort [12]), with the
antibiotic rifampicin [13], T1317, a synthetic agonist for human PXR and liver X
receptor (LXR) [14], and with SR12813 and a 25-residue coactivator motif (Figure
5.1) [15]. The overall features of PXR from these structures are similar, with the core
domain of the PXR LBD comprising 10 a-helices (H1, H3, H3’, H4, H5, H7-H10,
and H12) and 5 B-strands (S1, S1’, and S2-S4), instead of the typical 3 B-strands
of most other nuclear receptors (Figures 5.1 and 5.3). Helix H12 is also termed the
activation function 2 (AF-2) helix, because its conformation is the key determinant
for the active status of the receptor (Figure 5.2¢) [10]. In all PXR structures, the AF-2
helix adopts an active position by packing tightly against the core domain of the LBD
(Figure 5.1c¢), suggesting that PXR is inclined to the activation conformation even in
the absence of ligand. Ligand binding within the lower half of the LBD stabilizes the
overall structure and thus the active conformation of the PXR, providing a mechanism
for the receptor activation [16].

5.2.2 The Flexibility of the Ligand Binding Pocket of the PXR LBD

The PXR ligand binding pocket is formed by a scaffold formed by helices H3, H5, H7,
and H10, and five B-strands. As in other nuclear receptors, the ligand binding pocket
of PXR is within the bottom half of the LBD and is sandwiched between two layers
of helices (Figures 5.1¢ and 5.2a). In terms of its general hydrophobic nature, the
PXR pocket is similar to the ligand binding pockets of most nuclear receptor LBDs.
However, the PXR pocket has several distinct features that facilitate PXR’s function
as a promiscuous drug-metabolizing nuclear receptor. The most critical feature of
PXR LBD is the flexibility of the structural elements surrounding the ligand binding
pocket. This flexibility allows PXR to bind promiscuously to distinct ligands of
various sizes, from SR12813 (having a molecular weight of 507 Da), hyperforin
(537 Da), to rifampicin (823 Da) (Figure 5.1b). This feature is primarily attributed
to residues 177-321, which form the lower left part of the ligand binding pocket.
This region, containing mainly loops—with an occasional short helix and two small
[3-strands in some determined structures—is very flexible and prone to conformational
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FIGURE 5.1 Human PXR crystal structures. (a) Diagrams of the crystal structures of the
apo, ligand-bound, and coactivator-bound human PXR LBD. A rainbow ramp color code of
blue to red is used to trace the amino acid chain from the N terminus to the C terminus. (b)
Chemical structures of the PXR ligands. (¢) The three-layered core structure of PXR LBD.
The layers are shown by the brightness of the color: the first layer is the brightest and the third,
the darkest. The helix AF-2 is colored red, and the coactivator motif is magenta. The ligand
binding pocket is located at the bottom half of the LBD between the first and third layers. All
helices, strands, and the coactivator motif are labeled, except for the helix H6, which is behind
the core structure. See color insert for figure 5.1a and 5.1c.

changes, allowing the PXR pocket to expand from a volume of 1280 A? when binding
to SR12813 to 1600 A3 upon binding to rifampicin (Figure 5.2a) [10-12, 15].

The first part of this PXR flexible region (residues 177-228) is unique in the
nuclear receptor superfamily. Within this region, residues 192-210 form one (in the
coactivator-bound structures) or two (in hyperforin-bound structure) short a-helices
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[Faz0]

FIGURE 5.2 PXR ligand binding and coactivator recruitment. (a) A diagram of PXR ligand
binding pocket bound to hyperforin. Cyan-colored regions are the “lid” of the pocket and its
supporting regions; the orange region is the C-terminal AF-2 motif. The structural elements
of the “lid” and the supporting regions are labeled. (b) Schematic representation of the ligand
binding residues of PXR LBD in complex with hyperforin. A total of 23 residues are involved in
binding to hyperforin, 6 of which are observed binding to ligands in all determined structures.
(c) PXR LBD/coactivator interface. SRC-1 motif is colored magenta; helices H3, H3', and H4,
green; and helix AF-2, red. The charge clamp of the LBD is formed by residues K259 and
E427, which form hydrogen bonds with the nitrogen of 1689 and the carbonyl oxygen of L693
in the coactivator. See color insert for figure 5.2a and 5.2c.
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FIGURE 5.2 (Continued)

(H2), followed by a short loop and two B-strands (S1 and S1’, residues 212-228) that
form a five-stranded sheet with strands S2, S3, and S4 in most determined PXR LBD
structures (Figure 5.2a). Residues 177-191 are invisible in all crystal structures and
are presumed to be disordered in a solvent-exposed environment. This disordered
region, together with the subsequent helix H2, is the major basis for the promiscuous
nature of the PXR pocket. Helix H2 and its flanking loops, at the bottom of the PXR
LBD structures, are where helix H6 is positioned in other nuclear receptor LBDs.
Generally, this region is flexible across the nuclear receptor family, suggesting that
it may serve as a “lid” that governs entrance to the ligand binding pocket (Figure
5.2a). A similar helical structure and flexible region are also observed in the LBD
structures of peroxisome proliferator-activated receptors (PPARs) [17, 18], indicating
that there may be a common pathway of ligand entry and exit in these two nuclear
receptors.

The second part of this flexible region (residues 229-235) is traced as an extended
loop in the structures of the apo receptor and the complex bound to SR12813 or
hyperforin, but it is disordered in the rifampicin complex structure. This region is
located below the position of helix H2 and supports this helix as the lid of the
ligand binding pocket (Figure 5.2a). The third part of the flexible region (residues
309-321) forms a loop in the apo and SR12813 complex structures but becomes
a helix (H6) in the SR12813/SRC-1 (steroid receptor coactivator 1) and hyperforin
complex structures. The different conformations of these structures further highlight
the flexible nature of this region that forms the primary basis for promiscuity of the
PXR ligand binding pocket (Figure 5.2a) [15].

Besides the secondary structural elements above, conformational changes of the
ligand binding residues can in part contribute to the ligand promiscuity of PXR. Six
residues (M243, S247, Q285, W299, H407, and F420) are shown to be involved in
direct contacts with ligands in all determined human PXR structures (Figure 5.2b).
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The side chains of several ligand binding residues (such as H407, M243, S247, and
Q285) are in different conformations when the receptor binds to different ligands
[11-15].

5.2.3 Coactivator Binding and Transcriptional Activity

The transcriptional activity of PXR is mediated through nuclear receptor coactivators,
typified by the three members (SRC-1, SRC-2, and SRC-3) of the steroid receptor
coactivator family [19, 16]. These coactivators are components of large protein com-
plexes that contain chromatin-modifying enzymes to activate transcription. Agonist-
bound nuclear receptors recruit coactivators, which in turn stabilize the receptor/
ligand complex and potentiate transcriptional activation of the target genes in a
ligand-dependent fashion. The recruitment of coactivators by nuclear receptors is
primarily mediated through coactivator LXXLL motifs (where L is leucine and X is
any amino acid) that bind to a charge-clamp pocket at the surface of the LBD. The
sequence forming the charge-clamp pocket is most highly conserved among nuclear
receptors. In PXR, this pocket is formed by the C-terminal AF-2 helix and helices
H3, H3', and H4, with residues 1255, 1273, and L.424 making up the hydrophobic base
of the pocket. The bound SRC-1 motif adopts a two-turn a-helical structure, with its
leucine side chains docking against the hydrophobic base of the charge-clamp pocket
(Figure 5.2c¢). Both ends of the a-helix are stabilized by charge interactions with
K259 from helix H3 and E423 from the AF-2 helix [15]. This mode of coactivator
binding is highly conserved in the nuclear receptor family and it is also observed in
many other receptor/coactivator complexes.

5.2.4 Species Differences among LBD Sequences

While PXR has a remarkable ability to bind to diverse ligands, the receptors from
different species show significant specificity in response to various agents. For exam-
ple, human PXR can be activated by rifampicin, dexamethasone, and RU486, while
mouse PXR can be activated by pregnenolone 16-a-carbonitrile and dexamethasone,
but does not respond to rifampicin [20, 21]. Sequence alignment reveals significant
sequence divergence in the PXR LBDs from different species (Figure 5.3), with
only 70-80% identity among the mammalian PXRs. Currently, crystal structures are
only available for the human PXR LBD/ligand complexes. On the basis of human
structures and multiple sequence alignments, however, it can be shown that the di-
vergence of the amino acid sequences in ligand binding pockets is crucial for the
species specificity of PXR to ligands. Sequence alignment (Figure 5.3) indicates that
among the six most frequent ligand binding residues in the human PXR LBD (M243,
S247, Q285, W299, H407, and F420), only three residues (S247, W299, and F420)
are conserved in mouse PXR and two (Q285 and W299) are conserved in a fish
PXR. The low degree of conservation is the major reason for the difference in ligand
binding specificity among PXR proteins from different species.
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FIGURE 5.3 Sequence alignment of PXR and CAR from different species. Secondary struc-
ture elements are noted with H representing helices and S for strands. The color code for amino
acid residues is as follows: red for acidic residues; blue, basic residues; green, hydrophobic
residues; and grayish blue, polar residues. Three strands were observed in the CAR LBD
(labeled as S1, S2, and S3) and five strands in the PXR LBD (labeled from S1 to S5). See

color insert.
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5.2.5 Heterodimerization with RXR

The functional unit of PXR is a heterodimer complex with RXR, which is also a
common partner for many other nuclear receptors. PXR resides in cytoplasm in
the absence of ligand [22]. Upon ligand binding, PXR is translocated into the nu-
cleus, dimerizes with RXR, and the heterodimer complex binds to DNA response
elements—a direct or inverted repeat of AG(G/T)TCA (DR-3, DR-4, or ER-6)—in
the promoter region of its target genes [23, 24]. Neither a structure of a PXR/RXR
heterodimer complex nor a structure of the PXR/RXR/DNA complex has been pub-
lished. Thus, a multidomain structure of a PXR/RXR complex with or without DNA
remains an important goal of crystallographic studies. However, on the basis of se-
quence conservation, the PXR/RXR heterodimer interface is mediated mainly through
acoiled-coil structure of helix H10, as would be predicted from the heterodimer struc-
tures of RAR/RXR [25], PPAR/RXR [18], and LXR/RXR [26], as well as CAR/RXR
(Figure 5.4d), which will be discussed in the next section.

5.3 STRUCTURE AND FUNCTION OF CAR

5.3.1 Crystal Structure of CAR

Currently there are four published CAR LBD structures, two human and two mouse.
The two human structures are complexes with the agonist 6-(4-chlorophenyl)-
imidazo[2,1-b]thiazole-5-carbaldehyde O-(3,4-dichlorobenzyl)oxime (CITCO) or
5B-pregnanedione [27], and the two mouse structures are complexes with a strong
agonist, 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP) [28], or an inverse
agonist, androstanol [29] (Figures 5.4a and b). In all agonist-bound structures, the
CAR LBD contains 11 a-helices, H1, H3, H3’, H4-H10, and AF-2 (which is the
C-terminal activation function motif); two 3¢ helices (H2 and H2') located between
helices H1 and H3; and three small B-strands (S1, S2, and S3) (Figures 5.3 and
5.4c). These helices are arranged into four helical layers: three layers of a-helices
that compose the core LBD and an additional layer that consists of 31 helices
H2 and H2'. These two 3¢ helices are unique to CAR among nuclear receptors
(Figure 5.4c¢).

Importantly, in all active CAR structures, the residues between helices H10 and
AF-2 adopt a short helix (Hx) structure instead of the extended loop normally observed
in other nuclear receptors (Figure 5.4c). This short helix is tightly packed against
helices H3 and H10 in the agonist-bound CAR structures. The rigid nature of helix
Hx is shown to play a crucial role in maintaining the high level of constitutive activity
of CAR by stabilizing the active conformation of the AF-2 helix. Mutations that
destabilize Hx reduce AF-2, whereas mutations that stabilize Hx increase AF-2 [30,
28]. The androstanol-bound CAR LBD adopts the same conformation as agonist-
bound CAR from residues 120 to 335. The major conformational difference is within
the C-terminal region, from residue 335 to the C terminus. Androstanol-bound CAR
has helix H11 (from residues 338 to 343), which is part of the continuous helix H10,
in all agonist-bound CAR structures. Instead of a linker helix Hx in agonist-bound
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FIGURE 5.4 Crystal structures of CAR. (a) Diagrams of crystal structures of CAR in com-
plexes with ligands or ligands and coactivator motifs. The color code is the same as used in
Figure 5.1a. (b) Chemical structures of the respective CAR ligands for the crystal structures
in part a. (¢) The three-layered core structure of CAR LBD. The layers are shown by the same
brightness levels as in Figure 5.1c¢. The helix AF-2 is colored red; the linker helix Hx, orange;
and the coactivator motif, magenta. The ligand binding pocket is located at the bottom half
of the LBD between the first and third layers. All helices, strands, and the coactivator motif
are labeled. (d) Heterodimer of LBDs of CAR and RXR; a side view and a top view. See
color insert for figure 5.4a, 5.4c and 5.4d.
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FIGURE 5.4 (Continued)

CAR, the region from residues 344 to 349 in androstanol-bound CAR structure is
invisible. The helix AF-2, from residues 350 to 357, is positioned outside the core
LBD in the androstanol-bound CAR structure (Figure 5.4a).

In addition, among all nuclear receptors, CAR has the shortest AF-2 helix (con-
sisting of only eight amino acids in either mouse or human CAR; see Figure 5.3)
and it is relatively rigid. In the TCPOBOP-bound mouse CAR structure, the AF-2
helix is packed tightly against the core LBD in an active conformation, which is di-
rectly stabilized by ligand binding. Additional stabilization of the AF-2 helix comes
from a packing interaction with the linker helix Hx and a hydrogen bond between the
C-terminal carboxylate group of the AF-2 helix and the side chain of K205 from helix
H4. In contrast, the AF-2 helix from the androstanol-bound structure is extended away
from the core domain into a solvent-exposed channel (Figure 5.6b). Electron density
is observed only for one AF-2 helix from the two molecules in the asymmetric unit,
as this AF-2 helix is stabilized by interactions with neighboring symmetry-related
molecules. The conformation of the AF-2 helix in the androstanol-bound structure
suggests that it is highly unstable and incapable of coactivator recruitment and tran-
scriptional activation, in agreement with the antagonist properties of androstanol.

5.3.2 Ligand Binding and Activation of CAR

The human CAR ligand binding pocket is formed by helices H2-H7 and H10, plus
B-strands S3 and S4; it has a volume of 675 A3, which is approximately half the size
of the PXR pocket. There is little change in the CAR ligand binding pocket upon
binding of 5B3-pregnanedione or CITCO (Figure 5.5a), although 53-pregnanedione
is smaller than CITCO (and thus occupies less of the pocket). The binding mode of
5B-pregnanedione is clearly defined by electron density in the crystal structure, with
hydrophobic interactions between the carbon backbone of the ligand and the side
chains of the receptor residues of F161, M168, C202, L206, F217, Y224, F234, and
L2242, as well as hydrogen bonds between the C3 ketone of the ligand and the side
chain of receptor residue H203, and between the C21 ketone and the side chain of
receptor residue H160 (Figures 5.5a and b) [27].



STRUCTURE AND FUNCTION OF CAR 157
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FIGURE 5.5 Ligand binding of human and mouse CAR. (a) A diagram of human CAR
ligand binding pocket with bound 5B3-pregnanedione. The orange region is the C-terminal
helix AF-2 and magenta shows the coactivator motif. (b) Schematic representation of the
ligand binding residues of human CAR LBD when binding 5@3-pregnanedione. (¢) A diagram
of mouse CAR ligand binding pocket with bound TCPOBOP. Colors represent the same as in
part a. (d) Schematic representation of the ligand binding residues of mouse CAR LBD when
binding to TCPOBOP. The three aromatic rings of the ligand are labeled as A, B, and C from
left to right. Shown are 24 receptor residues that directly bind to the ligand. See color insert
for figure 5.5a and 5.5c¢.
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FIGURE 5.5 (Continued)

In contrast to the 53-pregnanedione structure, the electron density of CITCO is
less defined, especially the region of the oxime linker, which is invisible in the crystal
structure of the human CAR/CITCO complex. The CITCO binding modes were de-
termined by docking models using crystallographic data of the LBD [27]. Two ligand
binding modes are identified, in which the ligand adopts U-shaped conformations
that are consistent with the observable part of the electron density for the ligand
in the crystal structure. On the basis of modeling studies, the LBD-ligand interac-
tion is predominantly mediated through hydrophobic surfaces between the nonpolar
residues of the LBD and the aromatic rings of the ligand. Additional interactions are
mediated by the imidazothiazole heterocycle with hydrophilic residues (N165, C202,

H203, and Y326) of CAR [27].
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In the mouse CAR/TCPOBOP complex structure, the ligand binding pocket is
shaped like a rectangular box with a volume of 525 A>. A total of 31 residues—from
helices H5 to H10, and B-strands S2 and S3—contribute to the formation of the
pocket (Figures 5.5¢ and d). The ligand TCPOBOP is a symmetric molecule with
a twofold axis located across the center of phenyl ring B. In the crystal structure,
the ligand was oriented with this symmetrical element almost perpendicular to the
vertical axis of the LBD, with one of the two pyridine rings toward [3-strands S2
and S3 and the other toward helices H10 and AF-2 (Figure 5.5¢). The interactions
between the ligand and the receptor are dominantly hydrophobic, particularly those
between pyridine ring A of the ligand and the aromatic side chains of Y234 and
F227, and pyridine ring C and the side chains of Y336 and F244 (Figure 5.5d).
The strong sandwichlike hydrophobic packing between the pyridine rings and the
aromatic side chains of the receptor explains the high affinity binding of the ligand
to mouse CAR. In addition, the pyridine ring C packs closely toward the AF-2 helix,
directly interacting with L353 of the AF-2 helix and L346 and T350 of the linker
helix Hx. These interactions stabilize the AF-2 and the linker helices in the active
conformation and serve as the key basis of TCPOBOP-mediated activation of mouse
CAR [28].

In the crystal structure of the androstanol-bound mouse CAR complex, the ligand
is located in the center of the binding pocket of the CAR LBD. As the volume of an-
drostanol is only 270 A3>—half of the volume of the CAR ligand binding pocket—the
ligand appears to be “floating” within the pocket at almost the same distance from
each pocket wall. The interactions between the ligand and the LBD are mainly be-
tween hydrophobic side chains of the LBD and the steroid rings of the ligand. Polar
interactions between the ligand and the pocket are mediated by two hydrogen bonds
between the hydroxyl group of the ligand and the side chains of LBD residues N175
and H213, the latter of which is bridged by a water molecule [29].

The most striking feature of the mouse CAR/androstanol structure is a kink be-
tween helices H10 and H11, which normally join as a continuous helix in all agonist-
bound nuclear receptor LBD structures (Figure 5.6b). This kink is induced by the
small size of androstanol; its binding leaves a void in the ligand binding pocket be-
tween the ligand and the normally straight helix H10. The kink allows this void to be
filled by hydrophobic residues L340 and L343 of helix H11. The kink conformation
is further stabilized by a hydrogen bond between E339 on the kink and Q245 at the
loop between helices H6 and H7, pulling helix H11 in toward the ligand binding
pocket and repositioning helix AF-2 away from the core LBD structure (see Figure
5.4c). The repositioning of helix AF-2 and the linker region disrupts the coactivator
binding groove and switches mouse CAR from the active conformation to an inactive
one [29].

Although the apo structure of CAR remains unsolved, the mechanism for the
constitutive activity of this receptor can be largely discerned from the TCPOBOP-
bound structure. Activation of nuclear receptors requires the AF-2 helix to form the
charge-clamp pocket by packing closely against the core LBD; there are three distinct
features in the TCPOBOP-bound structure that facilitate that packing. The first is the
compact nature of the CAR LBD, with its ligand binding pocket half the size of the
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FIGURE 5.6 Ligand-induced AF-2 conformational change and coactivator recruitment.
(a) CITCO-induced formation of the active conformation of helices H10 (yellow) and Hx
(orange), and the coactivator binding groove framed by helices H3, H3’ (green), and AF-2
(red) with an SRC-1 motif bound to the coactivator binding groove of the human CAR LBD.
(b) Antagonist-induced deactivation of the mouse CAR LBD. The helices H10, H11 (yellow),
Hx (invisible), and AF-2 (red) adopt a conformation that disrupts the coactivator binding
groove and deactivates the receptor. (¢) The CAR LBD/coactivator interface with residues
involved in the hydrophobic interactions. The coactivator motif is colored magenta; helices
H3, H3', and H4 are green; and helix AF-2 is red. The charge clamp is residues K187 and
E355, which form hydrogen bonds with the nitrogen of L744 and carbonyl oxygen of L748
of the coactivator. The second charge clamp of the LBD is formed by R193 and E198, which
are bound respectively to residues D750 and R746 of the coactivator motif; this clamp further
stabilizes the coactivator binding. See color insert.

PXR pocket, thus providing overall stability of the LBD for packing of the AF-2
helix in the active conformation. The second feature is the unique linker helix Hx; its
position greatly facilitates the AF-2 helix positioning. The role of helix Hx in CAR
activation is highlighted by the mutation of .346 to phenylalanine, which dramatically
increases CAR’s ability to interact with coactivators [31, 28]. Residue L346 is located
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at the center of helix Hx, and it is predicted that the large side chain of phenylalanine
in the mutant L346F will penetrate into the pocket, thus locking the linker helix into
a position that stabilizes the AF-2 helix in the active conformation. The third feature
is the short AF-2 helix with its C-terminal carboxylate group hydrogen bonded with
K205 of helix H4 and S337 of helix H10. These three structural features provide an
integrated basis for the constitutive activity of CAR [28].

5.3.3 Cofactor Recruitment and Transcription Activation

Transcription activation by CAR is finely regulated by interaction with coactivators
or corepressors through its hydrophobic cofactor binding groove. Both mouse and
human CAR recruit TIF2 (transcriptional intermediary factor 2 or SRC-2) as a coacti-
vator, the binding of which is enhanced further by agonists or inhibited by antagonists
[32]. The binding of CAR to corepressors, which is promoted by antagonists, results
in deactivation of the basal activity of the receptor [32]. In the mouse CAR/TIF2
complex, the LXXLL motif of TIF2 adopts a two-turn a-helix that binds to the co-
factor groove through hydrophobic interactions between the leucine residues in the
TIF2 motif and hydrophobic side chains of the cofactor binding groove. Each end of
the TIF2 helix is held by the charge clamp formed by the conserved glutamic acid
residue E355 from the AF-2 helix and the lysine residue K187 at the end of helix
H3. These two charge-clamp residues form hydrogen bonds, respectively, with the
backbone nitrogen of L744 and the carbonyl oxygen of L748 of TIF2. Again, this
mode of coactivator interaction is common among nuclear receptors, in agreement
with a conserved mechanism of nuclear receptor activation.

Interestingly, CAR contains a second charge clamp formed by residues R193
from helix H3" and E198 from helix H4. This second charge clamp forms additional
interactions with residues D750 and R746 of the TIF2 motif, further stabilizing the
coactivator binding (Figure 5.6¢). Mutation in any of the charge-clamp residues results
in a great loss of binding affinity for the TIF2 motif, implying that each charge-clamp
interaction is important for coactivator binding and transcriptional activation of this
receptor [28].

5.3.4 Species Differences in CAR Ligand Binding and Activation

It has been observed over the last decade that CAR from different species displays
different ligand specificities. The most well documented example is TCPOBOP; a
strong agonist that activates mouse CAR but has no activity toward human CAR.
CITCO is another example: it serves as a modest agonist for human CAR but shows
no activity toward mouse CAR [33, 34]. This species specificity predominantly results
from the difference in the amino acid sequences of the LBDs, which contribute to
their distinct structural features and distinct ligand binding properties. Sequence
alignment shows that 10 residues out of the 31 that comprise ligand binding pocket
are not conserved between the mouse and human receptors (see Figure 5.3).
Interestingly, a large number of the nonconserved residues are those that have
smaller side chains in human CAR and larger side chains in mouse CAR, which
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makes the human CAR ligand binding pocket larger. The CITCO binding pocket of
the human CAR LBD has a volume of 675 A3, 29% larger than the 525 A> volume
of the TCPOBOP binding pocket of mouse CAR. Additionally, the ligand binding
specificity of CAR is constrained by the topology of the pocket. The mouse CAR
pocket is a rectangular box well adapted to the binding of TCPOBOP, while the
human CAR pocket is round and fitted for the bulky ligand CITCO. Furthermore, the
specificity of TCPOBOP is shown to reside in a single residue difference between the
human and mouse receptors [28]. In mouse CAR, a small residue T350 at this position
leaves enough pocket space for the extended shape of the TCPOBOP, whereas a large
residue, M340, at the same position of the human CAR sterically blocks the binding
of TCPOBOP [35, 28].

5.3.5 Heterodimerization with RXR

The CAR/RXR dimer interface has been characterized in the human and mouse CAR
structures. The main interactions of the dimerization are between the helices H10, H7,
H9, and the N-terminal loop region of H9, from both CAR and RXR. The central part
of the interface is a coiled-coil structure formed by hydrophobic interactions between
N-terminal halves of H10 of both receptors. Surrounding this central interface is a
network of hydrogen bonds formed between helix H7 and the loop region between
helices H8 and H9 of the two LBDs. Similar to RXR heterodimers with other receptors
(such as PPARYy, RAR, and LXR), the CAR/RXR dimer is nonperfectly symmetrical
in relation to a C,-axis along the dimer interface. Compared with the PPARy/RXR
dimer, the CAR/RXR dimer has a 10% larger interface, facilitating a more potent
dimerization interaction, which may be important for CAR activation and signaling
(see Figure 5.4d) [28, 27].

5.4 CONCLUDING REMARKS

Structural analyses of the nuclear receptors PXR and CAR have greatly contributed
to our understanding of the biochemical mechanisms and ligand recognition that
regulate gene expression for xenobiotic metabolism. The structural models for drug-
induced transcription by PXR and CAR are important for studying drug metabolism
in humans and for designing effective and safe drug therapies. As both PXR and
CAR are promiscuous in ligand binding, further structural analyses of receptor—drug
complexes will provide additional information and new aspects of the modes of drug-
induced gene expression. Both PXR and CAR are DNA binding and ligand-regulated
transcriptional factors, but structures of a multidomain PXR or CAR bound to DNA
and coactivators remain elusive because these multidomain proteins are refractory to
crystallization. Structure determination of multidomain and multiprotein complexes
of nuclear receptors has become a grand challenge for structural biologists. Solving
these structures will help to unveil the complicated layers of transcription regulation
by these drug/xenobiotic receptors.
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6.1 REGULATION OF PXR AND CAR NUCLEAR TRANSLOCATION

6.1.1 Activation and Nuclear Translocation of CAR

The classical CAR activator phenobarbital (PB) does not bind to CAR. A highly potent
“PB-like” activator TCPOBOP (1,4-bis [2-(3,5-dichloropyridyloxy)] benzene) binds
the murine but not human CAR [1, 2]. RXR agonists called rexinoids including 9-cis-
retinoic acid and synthetic compounds can directly activate some RXR heterodimers
(i.e., PPAR/RXR and FXR/RXR, referred to as permissive agonists) but not the
others (i.e., RAR/RXR and TR/RXR, nonpermissive) [3]. The effect of rexinoids
on CAR transactivation is complex [3]. Rexinoids (9-cis-retinoic acid and all-trans-
retinoic acid) block PB induction of the CAR target genes CYP2B1 and CYP2B2 [4],
and decrease TCPOBOP-activated CAR induction of CYP2B10 in mouse primary
hepatocytes [5].

Activation and nucleocytoplasmic translocation of CAR have been studied ex-
tensively. CAR is normally localized in the cytoplasm of liver cells. When treated
with PB, CAR is translocated to the nucleus. This is the first step of activation of
CAR in response to drug treatment. PB does not bind to the ligand binding domain
(LBD) of human or mouse CAR. TCPOBOP binds mouse but not human CAR. In
general, active transport of nuclear receptors from the cytoplasm to the nucleus re-
quires a short sequence called the nuclear localization signal (NLS) that is exposed
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when a ligand binds to a nuclear receptor. A typical NLS (RRARQARRR) is rich
in basic amino acids and is located in the DNA binding domain (DBD). The NLS
binds importins, which escort CAR into the nucleus. The human CAR does not have
an NLS. A leucine-rich sequence (L/MXXLXXL) located within the C-terminal 30
amino acid region in the mouse and human CAR has been identified as a signal for
xenobiotic responsive nuclear translocation [6]. This sequence is named the xeno-
biochemical response signal (XRS). In mouse CAR, the NLS does not play a role in
nuclear localization likely because mutations in the NLS weaken its nuclear import
activity [7]. Thus, CAR may be translocated to the nucleus by both ligand-dependent
and ligand-independent pathways [6, 8]. Other amino acid residues also have been
identified to be required for nuclear translocation. The Ser202 located in the DBD
has been shown to be essential for nuclear translocation of mouse CAR [9]. Mutation
of Ser202 to Asp prevents CAR translocation into the nucleus of TCPOBOP-treated
HepG2 cells. In HepG2 cells, S202 can be phosphorylated. Dephosphorylation of
5202 is required in xenobiotic response and nuclear translocation of mouse CAR. In
transformed cells and primary mouse hepatocytes, CAR is predominantly located in
the nucleus even in the absence of an activator [10].

Two NLS have been identified in rat CAR [11]. NLS1 (amino acid residues
100-108) is rich in basic amino acid residues and is located in the hinge region
between AF-1 and DBD. NLS2 is spread between amino acid residues 111 and
320 in the LBD. A cytoplasmic retention region (220-258) has been identified in
rat CAR. In addition, a sequence similar to the XRS is also located in rat CAR.
This XRS does not function as an NLS. A typical nuclear expert sequence (NES) is
leucine rich and is located in the C-terminal region. The relative activity of NLS and
NES may determine nucleocytoplasmic shuttling of human and rat CAR [12, 13].
A tetratricopeptide repeat protein called cytoplasmic CAR retention protein (CCRP)
may interact with CAR and retain CAR in the cytoplasm of HepG2 cells [14]. CAR,
CCREP, and heat shock protein 90 form a complex that recruits protein phosphatase A2
(PPA2) in response to PB [15]. A PPA2 inhibitor okadaic acid promotes accumulation
of CAR in the nucleus, suggesting a phosphorylation-dependent nuclear translocation
of CAR [8].

Swales and Negishi [16] have proposed the mechanisms for ligand-dependent
and ligand-independent nuclear translocation for CAR. In this model, PB may bind
to a membrane receptor, which activates a signal transduction pathway to regulate
CAR activation. CAR forms a complex with HSP90 and a cochaperone CCRP, and
subsequently recruits PP2A. This complex is translocated to the nucleus. In the nu-
cleus, calmodulin-dependent kinase may be involved in activation since inhibitors of
Ca*—calmodulin-dependent kinase inactivate CAR activity. Nuclear receptor coac-
tivators are then recruited to interact with the CAR/RXR heterodimer bound to the
PB-responsive enhancer module (PBREM) in the promoter and transactivates the
target genes.

6.1.2 Nuclear Translocation of PXR

Recent studies show that PXR is primarily located in the cytoplasm of untreated mouse
liver [17]. Upon treatment with a ligand pregnenolone-16a-carbonitrile (PCN), mouse
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PXR is translocated to the nucleus [7, 17]. Nuclear translocation of human PXR is
regulated by a bipartite NLS (amino acid residues 66-92) located in the DBD [7].
This NLS binds importin « and importin 3 peptides and target PXR to the nuclear
pore. The nuclear translocation of PXR is essential for regulation of its target gene
CYP3A4. The XRS and the activation function 2 (AF-2) domain are also involved in
nuclear translocation of PXR. Similar to CAR, PXR forms a complex with HSP90
and CCRP in the cytoplasm of HepG2 cells [17]. The bipartite NLS overlaps with the
DBD in PXR and is required for nuclear translocation. The conserved basic amino
acid lysine (K70) in the 5’ region (RRXXKR) of the NLS is substituted by a serine
in human, rat, and mouse CAR. Thus, a single amino acid substitution of K70S in
the CAR weakens its nuclear translocation activity. In cultured cells, overexpressed
PXR and CAR are translocated into the nuclei by a ligand-independent mechanism.
The NLS in the DBD and the XRS in the LBD may play differential roles in ligand-
dependent nuclear-cytoplasmic shuffling of PXR.

6.2 NUCLEAR RECEPTOR COREGULATORS AND EPIGENETIC
REGULATION OF GENE TRANSCRIPTION

The activated receptor sequentially recruits or exchanges coactivators with the core-
pressor complex to the chromatins. The chromatin contains a nucleosome structure of
146 base pairs of DNA wrapped around the histone octamers containing two copies
each of histone H2A, H2B, H3, and H4. Chromatin remodeling enzymes catalyze the
covalent modification of histones to allow transcription factor binding. Histone acetyl-
transferase (HAT) activity associated with coactivators such as CBP/P300 acetylates
lysine residues (K) in H3 tails, and also transcription factors to activate gene tran-
scription. On the other hand, histone deacetylases (HDACs) remove acetyl groups and
inhibit gene transcription [18]. Protein arginine methyltransferases (PRMT1/5) and
coactivator-associated arginine methyltransferase 1 (CARM-1) methylate arginine
(R) or lysine residues in histone tails to either activate or inhibit gene transcription.
Other ATP-dependent modulator protein complexes (Swi/Snf, and ATPases BRM and
BRG-1) and ATP-independent mSin3A also are involved in remodeling of chromatin
structure to inhibit RNA polymerase II activity [19]. Epigenetic “histone code” and
coactivators and corepressors integrate extra- and intracellular signals to determine
tissue, species, and gene-specific regulation of gene transcription by nuclear receptors
and transcription factors [20-23].

6.2.1 Ligand-Independent and Ligand-Dependent Recruitment of Nuclear
Receptor Coactivators

The p160 family of coactivators including steroid receptor coactivator 1 (SRC-1),
TIF/GRIP (SRC-2), and ACTR/pCIP (SRC-3) [24] stimulates the transcriptional
activity of nuclear receptors. The p160 family of coactivators has three LXXLL
motifs in the receptor-interacting domain (RID) that interacts with the AF-2 domain
of nuclear receptors. SRC-1 is a weak HAT that interacts with p300/CBP and recruits
CARM-1.
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PXR is a promiscuous xenobiotic receptor that has very broad ligand binding
activity. Species-specific ligand binding and activation of PXR has been well doc-
umented [25]. Rifampicin binds and activates human but not mouse PXR, whereas
PCN activates mouse but not human PXR. Crystal structure analysis of PXR LBD
in complex with the cholesterol-lowering drug SR12813 and an SRC-1 peptide con-
taining an LXXLL motif reveals that SRC-1 binds to the AF-2 helix on the surface
of PXR and stabilizes the LBD and promotes specific interaction between ligand and
PXR [26]. The binding of coactivator to the surface of PXR may limit its access to
ligands, thus providing specificity to ligand binding. The crystal structure of the LBD
of PXR complexed with hyperforin reveals an unusually large but flexible ligand
binding cavity [27, 28]. Coactivator binding to the surface of PXR limits the access
of ligand to the ligand binding cavity and may allow the specific interaction between
ligand and PXR [26]. PXR interacts with peroxisome proliferators-activated receptor
v coactivator-1a (PGC-1a) in a ligand-dependent manner [29]. PGC-1a is a potent
coactivator induced during fasting and plays a critical role in glucose, lipid, and
energy metabolism [30-32].

The crystal structure of the CAR/RXR heterodimer reveals an unusually large
dimerization surface and a small ligand binding pocket [33]. The binding of an
inverse agonist androstenol in the ligand binding pocket stabilizes the AF-2 of both
CAR and RXR in the active confirmation [34, 35]. The CAR/RXR complex interacts
with SRC-1 via the LBD of CAR/RXR and the receptor interaction domains (RIDs)
of the coactivator. Addition of a CAR-specific ligand, TCPOBOP, increases the
affinity of SRC-1 binding to CAR. The RXR-specific ligand, 9-cis-retinoic acid,
increases the affinity of RXR binding to a second SRC-1 site [36]. Addition of
both receptor ligands increases affinity for one of the two SRC-1 sites. Endogenous
ligands of CAR, androstanol and androstenol, inhibit the constitutive activity of CAR
by dissociating SRC-1 from binding to CAR [37]. It has been reported that an SRC-
2 coactivator, glucocorticoid receptor-interacting protein 1 (GRIP-1) interacts with
CAR and mediates ligand-independent nuclear translocation and activation of CAR
[38]. The binding of CAR to GRIP-1 is through the C-terminal region of the CAR,
and is increased by a CAR agonist and decreased by a CAR antagonist.

Another study shows that ligand-independent activation of CAR requires subnu-
clear targeting by PGC-1a [39]. Both the N-terminal LXXLL motif and C-terminal
serine/arginine domain (RS domain) of PGC-1a are required for activation of PXR
and CAR. GST pull down assay reveals that CAR indirectly interacts with both the
LXXLL motif and RS domain. The RS domain of PGC-1a is required for CAR
localization at the nuclear speckles. Activating signal cointegrator-2 (ASC-2), also
named as PPAR-interacting protein (PRIP), interacts with CAR in the presence of a
ligand [40]. ASC-2 may be involved in acetaminophen-induced hepatotoxicity me-
diated by CAR since transgenic mice expressing a dominant negative fragment of
ASC-2 encompassing the N-terminal LXXLL motif are resistant to acetaminophen-
induced hepatotoxicity. CAR also interacts with PPAR binding protein (PBP) [41].
PBP is also known as thyroid hormone receptor associated protein 220 (TRAP 220),
vitamin D receptor-interacting protein 205 (DRIP205) or mediator 1. PBP interacts
with the C-terminal region of CAR, and is essential for PB-induced CAR nuclear
translocation [42]. PBP may enhance either nuclear import or nuclear retention of
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CAR in hepatocytes. However, PRIP is not required for nuclear translocation of CAR.
Activation of CAR is known to increase acetaminophen hepatotoxicity by inducing
acetaminophen-metabolizing enzymes in the liver [43]. Deficiency of PBP, but not
of PRIP, abrogates acetaminophen hepatotoxicity [41].

6.2.2 Nuclear Receptor Corepressor in Xenobiotic Receptor Signaling

Nuclear receptor corepressors inhibit gene transcription by three possible mech-
anisms: competition for coactivators, inhibition of transcription factor binding to
DNA, and active repression [22]. Corepressors recruit HDACs, Sim3A, Swi/Snf,
and BRG/BRM1, and ubiquitous repressors NCoR (nuclear receptor corepressor)
and SMRT (silencing mediator of retinoid and thyroid) to remodel chromatin and
inhibit transactivating activity of nuclear receptors. In the absence of a ligand, PXR
interacts with NCoR and inhibits target gene transcription. A potent PXR inducer
paclitaxel (Taxol) activates PXR by reducing PXR—NCoR interaction [44]. SMRT
forms a repressive complex with PXR in the absence of a ligand [44]. Rifampicin can
dissociate SMRT from PXR by exchanging SMRT with a p160 family coactivator,
receptor-associated coactivator 3 (RAC3) [45]. SMRT, but not NCoR, inhibits not
only basal but also rifampicin-induced transcriptional activity of PXR [46]. Interest-
ingly, rifampicin also increases the interaction of PXR with SMRT as well as SRC-1.
All these studies suggest that dissociation of the corepressor from PXR plays an
important role in PXR-mediated induction of PXR target genes. Ketoconazole, an
antifungal drug, partially inhibits PXR-mediated transcription of the CYP3A4 gene
[46]. Ketoconazole inhibits PXR interaction with SRC-1 and results in inhibition of
Cyp3all and Mdr-1 gene expression in mice, and this effect seems to be specific for
PXR and CAR [47]. Thus, differential interaction of coactivators and corepressors
induced by various xenobiotics may alter CAR- and PXR-mediated transcription.

6.3 PXR AND CAR CROSS TALK WITH OTHER NUCLEAR
RECEPTORS AND TRANSCRIPTION FACTORS

6.3.1 PXR and CAR Interact with Other Nuclear Receptors

PXR and CAR are able to interact with several nuclear receptors involved in lipid
metabolism. Mammalian two-hybrid assay and immunoprecipitation assays show
that PXR strongly interacts with hepatic nuclear factors 4o (HNF4«) and rifampicin
is required [29]. HNF4« is an orphan receptor that plays a central role in maintaining
lipid homeostasis. Liver-specific ablation of the HNF4« gene in mice causes lipid ac-
cumulation in hepatocytes [48]. HNF4a transactivation activity is strongly stimulated
by PGC-1a.

Bile acids and metabolites are endogenous PXR ligands that activate PXR to
metabolize bile acids [49]. This may be a mechanism for detoxifying bile acids in
the liver and intestine [50]. Bile acids activate farnesoid X receptor (FXR), which
induces expression of small heterodimer partner (SHP), an atypical orphan receptor
that lacks the DBD. SHP then inhibits transactivation of CYP7A1 gene by orphan
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receptor, liver-related homologue-1 (LRH-1) [51]. SHP is known to interact with
most if not all nuclear receptors in a ligand-dependent or ligand-independent manner.
As expected, SHP interacts with PXR and inhibits PXR induction of the CYP3A
family of drug-metabolizing cytochrome P450 enzymes in the liver and intestine in
vitro [52]. It has been suggested that the bile acid-activated FXR/SHP pathway not
only inhibits bile acid synthesis but also inhibits PXR induction of drug metabolisms
mediated by CYP3A4 [52]. SHP also inhibits the transactivation of the CYP2B gene
by CAR in cultured hepatoma cells [53]. In GST pull down assay, HDAC1, Sim3A,
and SMRT, but not NCoR, interact with SHP. Interestingly, rifampicin-activated PXR
strongly inhibits SHP gene expression in human primary hepatocytes suggesting
that PXR inhibition of SHP to enhance PXR induction of CYP3A4 in hepatocytes
[54]. It is unlikely that SHP inhibits CYP3A4 expression and drug metabolism
in vivo.

PB or TCPOBOP treatment reduces the mRNA expression of the gluconeogenic
gene, phosphoenoylpyruvate carboxylase (PEPCK) in mouse liver [55, 56]. Similar
to PXR, CAR may inhibit CYP7A1 by competing with HNF4a for PGC-1a and
GRIP [57]. CAR may also compete with HNF4« for binding to the HNF4a binding
site in the CYP7A1 promoter [57]. Similarly, the same mechanisms may also inhibit
carnitine palmitoyltransferase 1 (CPT1) and enoyl-CoA isomerase (ECI) gene
transcription by CAR [55]. This may be a general mechanism for PXR and CAR
inhibition of genes in glucose and lipid metabolism. CAR also interacts with estrogen
receptor (ER) and inhibits ER signaling by squelching p160 coactivators [58].

6.3.2 PXR and CAR Interact with Other Transcription Factors

Itis well documented that many nuclear receptors can interact with other transcription
factors and either activate or inhibit gene transcription as a coactivator or corepressor
[20]. PXR and CAR are able to interact with several transcription factors involved
in lipid, glucose, and energy metabolism in the liver. It has been reported that the
forkhead transcription factor O1 (FoxOl1) interacts with CAR in the presence of
TCPOBOP. FoxOl is a coactivator of CAR that stimulates TCPOBOP-activated CAR
induction of CYP3A4 and CYP2B6 gene transcription [59]. FoxOl1 also interacts with
PXR and stimulates PCN-activated PXR induction of CYP3A4. In contrast, PXR and
CAR interact with FoxO1 and inhibit FoxO1 activation of its target genes PEPCK
and G6Pase [59]. A recent study reports that PXR interacts with FoxA2 and inhibits
FoxA2 target gene CPT1A involved in fatty acid B-oxidation and 3-hydroxy-3-
methylglutaryl CoA synthase 2 (HMGCS?2) in ketogenesis [60]. The DBD of FoxA2
interacts with the DBD of PXR and prevents FoxA2 binding to the CPT1A and
HMGCS?2 promoters.

CAR and PXR also interact with POU domain proteins such as Pit-1 and Oct-1
[61]. The interactions between Pit-1 and nuclear receptors are ligand dependent, and
helix 12 in AF-2 domain of receptors is involved. In the absence of a receptor ligand,
Pit-1 inhibits PXR and CAR heterodimer formation with RXR. The POU domain
proteins repression of PXR and CAR may involve HDAC. Conversely, CAR and
PXR repress Pit-1 by competing for coactivators [61]. POU domain proteins interact
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with many nuclear receptors. The physiological significance of POU domain proteins
interaction with nuclear receptors is not clear.

6.4 PXR AND CAR REGULATION OF LIPID
AND GLUCOSE HOMEOSTASIS

6.4.1 CAR and PXR Regulation of Fatty Acid Metabolism

Several recent studies have implicated CAR and PXR in regulating fatty acid
metabolism in the liver (Figure 6.1) [55-57, 62]. PB treatment reduces CPTA1 and
ECI gene expression in fatty acid (3-oxidation in wild type but not CAR null mice,
suggesting that CAR inhibits fatty acid $-oxidation [55, 56]. Inhibition of fatty acid
oxidation increases accumulation of triglycerides in the liver. Interestingly, a recent
study implicates CAR in pathogenesis of nonalcoholic steatohepatitis (NASH) [63].
A methionine and choline-deficient (MCD) diet has been used to induce NASH in
mice. These investigators report that feeding the MCD diet for 16 weeks, the CAR+/+
mice developed fibrosis, increased expression of mRNA for liver fibrosis markers,
collagen a1 and inhibitor of metalloproteinase-1. The MCD diet also causes nuclear
translocation of CAR and increased expression of the CAR target genes CYP2B10
and CYP3A1l1 in CAR+/+ mice. In CAR—/— mice, these fibrosis phenotypes were
less severe. This study suggests that CAR causes the worsening of the hepatic injury
and fibrosis in the dietary model of NASH and CAR may play a critical role in the
progression of steatosis to steatohepatitis.

PXR activates stearoyl CoA desaturases (SCD-1), the key enzyme in triglyceride
synthesis (Figure 6.1) [60]. In transgenic mice overexpressing a constitutive PXR,
SCD-1 gene expression is induced and lipid droplets accumulate in the liver of PXR
transgenic mice [62]. In Scd-1 null mice, triglyceride levels are reduced. However,
the mechanism of PXR induction of the SCD-1 gene is not clear. Insulin induces the
SCD-1 gene via SREBP-1c (Figure 6.1). It was speculated that PXR might interact
with SREBP and result in inhibiting SCD-1 gene transcription. In contrast, a recent
report shows that PXR induction of SCD-1 is independent of the SREBP-1¢ pathway
[62]. PXR also induces free fatty acid transporter CD36 and several lipogenic genes
including fatty acid synthase (FAS) (Figure 6.1).

6.4.2 PXR and CAR Regulation of Bile Acid Metabolism

In the liver, cholesterol is catabolized to bile acids. CYP7AL1 is the first and rate-
limiting enzyme of the classical bile acid biosynthetic pathway. It is known that
PCN and dexamethasone feeding to rats strongly inhibits bile acid synthesis and
CYP7AL activity [64]. This effect is not mediated by glucocorticoid receptor. PXR
has recently been implicated in mediating PCN inhibition of CYP7A1 gene tran-
scription. In Pxr knock-out mice, CYP7A1 mRNA levels increase, suggesting that
PXR inhibits CYP7A1 gene expression (Figure 6.1) [50]. PCN induces the hepatic
bile acid transporter organic anion transport peptide 2 (OATP2) mRNA expression in
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FIGURE 6.1 PXR and CAR cross talk with HNF4a and FoxO1 and regulate drug, lipid,
glucose, and energy metabolism. PXR inhibits FoxO1 induction of PEPCK and G-6-P in
gluconeogenesis. PXR agonists may reduce glucose and increase insulin sensitivity. CAR
inhibits Fox A2 induction of carnitine palmitoyltransferase 1 (CPT1) and enoyl-CoA isomerase
(ECI) in fatty acid B-oxidation and 3-hydroxy-3-methylglutaryl CoA synthase (HMGCS2)
in ketogenesis. CAR and PXR may inhibit energy metabolism during starvation. PXR and
CAR stimulate triglyceride synthesis by inducing stearoyl CoA desaturase-1 (SCD-1). PXR
induces free fatty acid transporter (CD36) and fatty acid synthase (FAS). Thus, PXR and
CAR may inhibit fatty acid oxidation but stimulate triglyceride synthesis and contribute to
hepatic steatosis. FoxO1 stimulates PXR and CAR induction of genes involved in three phases
of drug metabolism including CYP3A4, CYP2B6, SULTA1, and UGT1A1l. PXR inhibits
HNF4a transactivation of CYP7A1 in bile acid synthesis. In the intestine, PXR induces
CYP27A1, which hydroxylases cholesterol to 27-hydroxycholesterol, an endogenous ligand
of LXRa. LXRa induces cholesterol efflux transporters ABCA1, ABCG1, and ABCGS. Insulin
signaling inhibits FoxO1 activity by phosphorylation and inhibits the gluconeogenic genes.
Insulin induces SREBP-1c via activation of LXRa. SREBP plays a major role in fatty acids,
triglycerides, and cholesterol synthesis.
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wild-type mice. CAR and PXR induce phase II drug conjugation enzymes sulfotrans-
ferase (SULTA1) and UDP-glucuronosyltransferase (UGT1A1), and phase III drug
transporters multidrug resistant protein (MDR)-related protein (MRP2/4) (Figure 6.1)
[65]. It appears that PXR and CAR play important roles in bile acid metabolism. An
intermediate in bile acid synthesis, 5B-cholestane-3a, 7a, 12a-triol is an endogenous
ligand of mouse PXR [49, 66]. This triol is a substrate of both mouse CYP3A11 and
CYP27A1 (Figure 6.1), the latter is a mitochondrial 25 and 27-hydroxylase involved
in oxidative cleavage of steroid side chain. PXR induces CYP3A11 to hydroxylate
triol to 53-cholestane-3a, 7at, 12a, 25-tetraol and leads to synthesis of cholic acid in
mouse liver. Trio does not activate PXR and does not induce CYP3A4 in human livers.
In cerebrotendinous xanthomatosis (CTX) patients with mutations of the CYP27A1
gene, triol is accumulated at very high levels in serum.

Cholestasis is a chronic liver disease caused by disruption of bile flow and is also
induced by drugs, pregnancy, hepatitis, and inflammatory agents [67—69]. PXR plays
a critical role in detoxification of bile acids [70, 71]. Feeding lithocholic acid causes
liver damage in Pxr null mice, but transgenic mice expressing a human PXR are
protected from bile acid toxicity [50, 70]. PXR has been shown to inhibit CYP7A1
gene transcription [29]. ChIP assay has confirmed the presence of PXR, HNF4a,
and PGC-1a in the human CYP7A1 chromatin containing both PXR and HNF4«
binding sites. Rifampicin dissociates PGC-1a from CYP7A1 chromatin. It appears
that PXR inhibits CYP7A1 gene transcription by two mechanisms: PXR competes
with HNF4a for PGC-1a, and PXR interacts with HNF4a and prevents PGC-1a and
HNF4a from transactivation the CYP7A1 gene [29, 72]. Thus, PXR plays a protective
role against cholestatic liver injury in mice by inducing bile acid detoxification and
inhibiting bile acid synthesis. All these studies suggest that PXR may coordinately
regulate bile acid and drug metabolism [25, 73].

6.4.3 PXR Regulation of Cholesterol Metabolism

Oxysterols and cholesterol metabolites are able to activate PXR and induce CYP3A4
in rat and mouse hepatocytes [74, 75]. Interestingly, a potent liver orphan receptor o
(LXRa) agonist T0901817 is also a PXR agonist that induces LXR-regulated genes
involved in bile acid, fatty acid and triglyceride synthesis [76]. Several intermediates
of the de novo cholesterol synthesis including squalene metabolites and 24(S), 25-
epoxycholesterol are potent PXR ligands and inducers of CYP3A4 expression in
primary hepatocytes. Pxr null mice fed a high cholesterol and cholic acid diet develop
acute hepatorenal failure, suggesting that PXR may play a role in detoxification of
cholesterol metabolites [77]. Rifampicin-activated PXR is able to induce CYP27A1
expression in intestine, but not in liver cells [78]. In the intestine, rifampicin treatment
increases 27-hydroxycholesterol, which is a weak endogenous ligand of LXRa.
LXRa induces cholesterol efflux by inducing ABCA1 and ABCGS5/G8 transporters
in liver and intestine (Figure 6.1). Induction of CYP3A4 is correlated to increased
plasmid HDL and ApoAl levels, and rifampicin and other PXR agonists increase
ApoAl expression and serum HDL-cholesterol levels in rodents [79]. Bile acids
are known to reduce HDL cholesterol, plasma ApoAl, and hepatic ApoAl mRNA
expression via activation of FXR, which inhibits ApoA1 gene expression [80, 81]. The
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inhibitory effect of bile acids is more pronounced in Pxr null mice and is attenuated
in human PXR transgenic mice [82].

6.4.4 CAR and PXR Regulation of Glucose and Energy Metabolism

Insulin signaling inhibits the gluconeogenic genes PEPCK and glucose-6-
phosphatase (G6Pase) in the liver [83, 84] (Figure 6.1). The inhibitory effect of
insulin on gluconeogenesis is mediated through FoxOl. FoxOl and PGC-la in-
duce gluconeogenesis during fasting. Insulin signaling phosphorylates and inacti-
vates FoxO1, and results in inhibiting gluconeogenesis. TCPOBOP or PB treatment
reduces PEPCK mRNA levels in wild type but not CAR—/— mice. CAR and PXR
inhibit FoxO1 activity, thus inhibiting the PEPCK and G6Pase genes in the presence
of their agonists [59]. This may explain that diabetic patients treated with PB have
reduced glucose level and increased insulin sensitivity. FoxOl is a coactivator of CAR
and PXR and activates drug metabolism induced by PXR and CAR. Thus, FoxO1
cross talks with xenobiotic receptors reciprocally coregulate target genes and thereby
coordinately regulate both drug metabolism and glucose metabolism.

PXR cross talks with FoxA?2 and inhibits CPT1al and HMGCS2 genes in fatty
acid 3-oxidation and ketogenesis, thus regulates energy metabolism (Figure 6.1) [56,
59]. PGC-1a interaction with CAR provides a link between xenobiotic response and
nutritional state [39]. Fasting induces PGC-1c, which activates HNF4a and FoxOl,
and stimulates gluconeogenesis and fatty acid oxidation for energy metabolism.
CAR mRNA expression is increased in fasted animal and the effect of TCPOBOP
is greater in fasted than fed animals [57]. Increased CAR expression during fasting
may attenuate induction of gluconeogenesis and fatty acid oxidation. Therefore, PXR
and CAR interaction with FoxA2 may cause drug-induced hypertriglyceridemia in
fasting [60].

TCPOBOP treatment decreases serum thyroid hormone levels. CAR apparently
is involved in thyroid hormone metabolism since CAR—/— mice treated with
TCPOBOP failed to alter thyroid hormone levels [85]. During fasting, thyroid hor-
mone levels decrease in a CAR-dependent manner because the CAR target genes
SULTs and UGT1A1 regulate thyroid hormone levels. CAR target genes CYP2b10,
oatp2, sult2al, and ugtlal are induced during fasting by increasing cAMP levels
[86]. PGC-1a is induced by cAMP response element binding (CREB) protein in-
duced during fasting. Mice lacking CAR have decreased thyroid hormone levels and
decreased resistance to weight loss during fasting and caloric restriction.

6.5 CONCLUSION

PXR and CAR are metabolic regulators that are activated by xenobiotics and endo-
biotics. PXR and CAR interact with nuclear receptor (HNF4a, SHP), transcription
factors (FoxOl1, FoxA2), and coactivators (PGC-1a, GRIP-1) and cross-regulate
drug, glucose, lipids, and energy metabolism. Activation of PXR and CAR target
genes detoxify drugs, bile acids, and cholesterol metabolites. PXR and CAR play
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a critical role in protecting liver against drug- and bile acid-induced cholestasis
and liver injury. Drug activation of PXR and CAR is known to cause drug—drug
interaction in humans. Activation of PXR and CAR also affects glucose and fatty
liver metabolism. PXR and CAR inhibit gluconeogenesis, fatty acid oxidation, and
ketogenesis, and thus decrease energy metabolism during fasting. PXR and CAR
stimulate triglyceride synthesis and may contribute to hepatic steatosis and develop-
ment of NASH in animal models. On the other hand, CAR and PXR activators may
reduce serum glucose concentration and increase insulin sensitivity. CAR and PXR
activators may be used for treatment of diabetes. However, development of drugs
targeting PXR and CAR for treating liver diseases may be challenging since PXR
and CAR activators may have both positive and negative effects on glucose and lipid
metabolism.
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7.1 INTRODUCTION

The establishment of NRs pregnane X receptor (PXR) and constitutive androstane
receptor (CAR) as “xenobiotic receptors” was published in 1998 [1, 2]. PXR and CAR
were initially found to regulate the phase  CYP3A and CYP2B enzymes. Subsequent
studies have shown that both receptors can also regulate the expression of phase II
conjugating enzymes and “phase III” drug transporters; and for this reason, PXR and
CAR have been proposed to function as “master” xenobiotic receptors.

Mouse models have played an important role in dissecting the function of xenobi-
otic receptors in vivo. Creation and characterization of these animal models have also
suggested that many of them have potential utility in pharmaceutical development.
These include the “loss-of-function” gene knock-out mice, “gain-of-function” trans-
genic mice, as well as “humanized” mice in which the mouse xenobiotic receptor
genes are genetically replaced by their human counterparts. The humanized mice
were created to address the species specificity of drug-induced regulation of drug-
metabolizing enzymes and transporters. The humanized mice offer a unique model
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FIGURE 7.1 Strategies to create the loss-of-function knock-out, gain-of-function transgenic,
and the combined “humanized” function models. (Adapted from Figure 1 in [3] with permission
from the Academic Press Inc., Elsevier Science.)

system to dissect the drug-induced xenobiotic responses in a way similar to that hap-
pens in humans. The initial creation of xenobiotic receptor mouse models and subse-
quent use of these animals by many laboratories have greatly accelerated the research
on the function of xenobiotic receptors in drug metabolism, drug—drug interaction,
and xenobiotic receptors associated diseases [3—5]. Using PXR as an example, Figure
7.1 summarizes strategies to create the loss-of-function knock-out model, gain-of-
function transgenic models, and the combined humanized function models [3, 6, 7].

In this chapter, we will review the creation of various mouse models of xenobiotic
nuclear receptors, and the utilization of mouse models in drug metabolism studies and
drug development. Special emphasis will put on the mouse models humanized for
the nuclear receptors or the aryl hydrocarbon receptor (AhR), which is a nonnuclear
receptor xenobiotic receptor.

7.2 PXR AND CAR LOSS-OF-FUNCTION (KNOCK-OUT)
MOUSE MODELS

7.2.1 PXR Knock-Out Mice

The Evans lab at the Salk Institute first reported the creation of PXR knock-out mice
[6]. In that case, to create PXR null mice, the mouse PXR genomic DNA was isolated
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by screening a 129/Sv genomic phage library (Stratagene, La Jolla, CA) using a
PXR cDNA probe. A targeting vector was generated by replacing the second and
third exons of PXR with a PGK-Neo selection marker, in conjunction with a negative
selection marker (PGK-TK) (Figure 7.2a). The resulting mutant allele has a deletion
of two exons spanning nucleotides 339-660 that include amino acids 63—170 of the
PXR DNA binding domain (DBD) [2, 6].

The targeting vector was linearized by Not I digestion and transfected into J1 ES
cells by electroporation. G418 (200 ug ml~")- and ganciclovir (0.2 mM)-resistant ES
clones were screened for designated homologous recombination by Southern blot
analysis. PXR*/~ ES cells were microinjected into C57BL6/J blastocysts, which
were subsequently transplanted into the uteri of pseudopregnant ICR mice. Chimeric
male progeny were crossed with C57B/6J females. Germline transmission of the
mutant allele was detected in agouti progeny by Southern blot analysis (Figure 7.2b).
Heterozygous (PXR*/~) mice were crossbred to obtain the homozygous (PXR~/7)
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FIGURE 7.2 Creation of PXR null mice. (a) Restriction map of the PXR gene and strategy
to generate PXR mutant allele. The PXR probes used for Southern blot and expected fragment
sizes after EcoRI digestion are indicated. E, exon; Neo, neomycin resistance gene; TK, thymi-
dine kinase promoter. (b) Southern blot of EcoRI-digested genomic DNA. WT, wild type; MT,
Mutant. (¢) Loss of PXR expression in the liver and small intestine of PXR™/~ mice. (Adapted
from Figure 1 in [6] with permission from the Nature Publishing Group.)
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mice. The absence of PXR mRNA expression in the liver and small intestine of PXR
null mice was confirmed by Northern blot analysis (Figure 7.2¢).

7.2.2 Phenotype of the PXR Knock-Out Mice

The PXR null mice are both viable and fertile. The induction of Cyp3all gene by
pregnenolone-16a-carbonitrile (PCN) and dexamethasone (DEX), two potent mPXR
agonists and Cyp3al I inducers, was lost in the PXR null mice, indicating that PXR is
an essential mediator of Cyp3all expression [6]. DEX has been long recognized as a
rodent Cyp3a inducer and it has been controversial whether the DEX effect on Cyp3a
gene expression is mediated by the glucocorticoid receptor (GR). Erin Schuetz and
colleagues showed that the DEX-responsive activation of Cyp3all was intact in the
GR null mice [8]. Together, these results have conclusively demonstrated that PXR,
rather than GR, is the mediator for the DEX effect on Cyp3a gene expression.

At the physiological level, PXR null mice exhibited a loss of protection against
endogenous and exogenous toxicants. Bile acids, when accumulated, are toxic to the
liver. Activation of PXR can promote bile acid detoxification and prevent toxicity by
activating bile acid detoxifying enzymes. Four days of LCA treatment elicited more
profound liver damage in PXR null mice as compared to their wild-type counterpart.
Moreover, PCN pretreatment could not alleviate the LCA toxicity in PXR null mice,
as it did in wild-type mice. A significant loss of PCN-mediated xenoprotection in
PXR null mice was also seen when the animals were challenged with two prototypic
xenotoxicants, the anesthetic tribromoethanol and the muscle relaxant zoxazolamine
[6, 9]. It was reasoned that the loss of xenoprotection is due to lack of PXR-mediated
xenobiotic responses.

7.2.3 Another Independently Developed PXR Null Mouse Line

Steven Kliewer’s group, then at GlaxoSmithKline, reported the creation of another
independent line of PXR null mice, which were also used to demonstrate the essential
role of PXR in regulating Cyp3all gene expression and protection of toxicants [10].
This mouse line was created by deleting the first exon of PXR coding sequence,
which includes the translation start site and the first zinc finger of the PXR DBD
(amino acids 1-63) [2]. As predicted, the knock-out mice express a shorter version
of PXR transcript. It was found that neither PCN nor DEX induced the expression of
Cyp3all inthe liver of this PXR null mouse line. The loss of PXR has no effect on the
CAR pathway because in the same mice, phenobarbital (PB) still induced Cyp3al !l
gene expression. It was also noticed that the constitutive expression of Cyp3all was
increased about fourfold in this PXR knock-out line, suggesting a role of unliganded
PXR in the suppression of CAR activity.

Also in this study, cotreatment with the PXR ligand PCN dramatically decreased
the liver damage caused by LCA. However, treatment with PCN did not reverse the
LCA toxicity in the PXR null mice. These results suggest a protective role of PXR
in LCA toxicity [10].
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7.2.4 CAR Knock-Out Mice

David Moore’s group at the Baylor College of Medicine first reported the creation
of the CAR knock-out mice. CAR knock-out mice were generated by replacing part
of the DBD with the coding sequence for (3-galactosidase next to the CAR promoter,
and the lack of CAR mRNA expression in the liver and intestine of the CAR knock-out
mice was confirmed by Northern blot analysis [11]. Although the deletion of CAR has
no effect on any overt phenotype under normal physiological conditions, the induc-
tion of Cyp2bl10 mRNA by PB or TCPOBOP (1,4-bis[2-(3,5-dichloropyridyloxy)]
benzene) is completely absent in the knock-out animals. The loss of CAR also alters
the sensitivity of mice to some xenobiotics such as zoxazolamine and cocaine. In-
terestingly, in the same CAR knock-out mice, animal’s sensitivity to zoxazolamine
and cocaine was decreased and increased, respectively. The results from the CAR
knock-out study clearly demonstrate that CAR is required for the responses to PB-like
inducers of xenobiotic metabolism [11].

Subsequent study by the same group showed that activation of CAR prevented
mice from acetaminophen (APAP) hepatotoxicity. The CAR knock-out mice were
resistant to the combined treatment of CAR agonists and low doses of acetaminophen,
which causes severe hepatic toxicity in wild-type mice. Furthermore, the CAR null
mice were also resistant to the single treatment of toxic doses acetaminophen. The
lack of response of CAR null mice to APAP was reasoned to be associated with
the absence of the induction of APAP-metabolizing enzymes, such as CYP1A2,
CYP3A11, and GST (glutathione S-transferases) Pi [12—-15], by either CAR agonists
or APAP itself. It was also shown in the same study that the inverse CAR agonist
androstanol prevented APAP toxicity in the wild-type mice, but not in the CAR null
mice, implying both negative and positive roles of CAR in the modulation of APAP
toxicity [16].

Further studies using CAR knock-out mice revealed that CAR plays an important
role in the metabolism of several endobiotics, such as bilirubin and bile acids. In wild-
type mice, activation of CAR increases hepatic expression of enzymes involved in
bilirubin clearance pathway, including Ugtlal, Gstal, Gsta2, Mrp2, and SLC21A6,
leading to an increased clearance of bilirubin [16, 17]. The protective effect of CAR
activator was not seen in CAR knock-out mice [17]. The loss of CAR activity also
causes the mice hypersensitive to acute LCA treatment due to the loss of induction
of LCA-metabolizing enzymes and transporters [18].

7.2.5 Another Independently Developed CAR Null Mouse Line

Another group, led by Jurgen Lehmann then at the Tularik, reported the creation of
another independent line of CAR null mice. This CAR knock-out line has been used
by the Masahiko Negishi’s group at the National Institute of Environmental Health
Sciences to show the diverse role of CAR in regulating hepatic genes in response to
PB [19]. It was concluded in this study that CAR seems to have diverse roles, both
as a positive and negative regulator, in the regulation of hepatic genes in response to
PB beyond drug/steroid metabolism.
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7.2.6 Combined Loss of PXR and CAR

Accumulating evidence has shown that PXR and CAR cross talk with each other in
regulating drug-metabolizing enzymes and transporters. Both PXR and CAR regu-
late genes involved in xenobiotic metabolism, including phase I cytochrome P450
enzymes, phase Il conjugating enzymes, and drug transporters. PXR and CAR cross-
regulate each other’s target genes by sharing DNA binding sites [20-22]. It is of
great interest to investigate the overlapping and distinct sets of genes regulated by
PXR and CAR. It is also important to examine the overlapping and differential reg-
ulatory role of these two receptors in physiological and pathological responses. This
was achieved by comparative studies using PXR knock-out, CAR knock-out, and
PXR/CAR double knock-out (DKO) mice.

As PXR and CAR share many of the target genes that are implicated in bile acid
detoxification, the effect of individual or combined loss of these two receptors was
examined. Following LCA i.p. (250 mg kg~!), the wild-type, PXR null, and CAR null
mice showed no or little hepatotoxicity, suggesting the single knock-out mice had
sufficient LCA detoxification to prevent hepatotoxicity at this dosage. In contrast, the
livers of LCA-treated DKO males showed massive liver damage [23]. These results
suggested that the combined, but not individual, loss of PXR and CAR resulted in a
robust sensitivity to LCA hepatotoxicity. Further analysis revealed that the increased
sensitivity was male specific and was associated with a profound decrease in the
expression of bile acid transporters and defects in bile acid clearance [23]. The lack
of female sensitivity has been reasoned to be due to the combined effect of a sustained
sulfotransferase 2A9 (SULT2A9) expression and milder transporter suppression in
this sex [23]. Interestingly, in an independent study using the same animals, it was
reported that CAR knock-outs were more sensitive to LCA than the PXR knock-outs
and this sensitivity was not further increased in the DKO mice [18]. The discrepancy
between these two reports may be due to the combined effect of several factors, such
as LCA dose, route of drug administration, and the sex of animals used. A third
group showed that the hepatic damage from bile duct ligation (BDL), another model
of cholestasis, was increased in both CAR knock-out and PXR knock-out mice [24].

The individual and combined effect of loss of PXR and CAR in bilirubin detoxifi-
cation was also investigated using the knock-out models. The loss of PXR and/or CAR
did not significantly alter the basal level of serum bilirubin. Upon bilirubin infusion,
while the CAR null and the DKO mice showed similar sensitivity as the wild-type
mice, the PXR null mice exhibited a surprisingly complete resistance to hyperbiliru-
binemia [25]. The increased bilirubin resistance in PXR null mice was associated with
the induction of bilirubin-detoxifying genes, such as UGT1A1, OATP4/SLC21A6,
GSTA2, and MRP2 (multidrug resistance associated protein 2). The expression of
these genes remained largely unchanged in CAR null or DKO mice, consistent with
the sensitivity to hyperbilirubinemia found in both genotypes [25]. To understand the
increased bilirubin clearance in PXR null mice, we proposed that the ligand-free PXR
functions as a suppressor to inhibit the constitutive activity of CAR. This hypothesis
was supported by cell culture studies, in which ligand-free PXR specifically sup-
pressed the ability of CAR to induce the MRP2, a bilirubin-detoxifying transporter.
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This suppression was, at least in part, due to the disruption of ligand-independent
recruitment of coactivator by CAR. We conclude that PXR plays both positive and
negative roles in regulating bilirubin homeostasis, and this provides a novel mecha-
nism that may govern receptor cross talk and the hierarchy of xeno- and endobiotic
regulation. It is likely that deletion of PXR results in derepression that leads to the
same bilirubin resistance phenotype as seen in the VP-CAR transgenic mice [25].

7.3 PXR AND CAR GAIN-OF-FUNCTION (TRANSGENIC)
MOUSE MODELS

7.3.1 Albumin Promoter-Human PXR (Alb-hPXR) Transgenic Mice

The Alb—hPXR transgenic mice were created in order to express the hPXR in the
mouse liver. To construct the AlIb—-hPXR transgene, the hPXR cDNA was cloned
downstream of the mouse albumin (Alb) promoter/enhancer [26]. A SV40 intron/poly
(A) sequence was placed downstream of hPXR cDNA (Figure 7.3a). The same
promoter has been used by others and us to target the expression of various transgenes
to the liver.

Transgene was excised and purified from the plasmid vector and microinjected into
the pronuclei of fertilized mouse eggs. The injected eggs were then implanted into
the oviduct of pseudopregnant female mice. Transgene positive mice were screened
by PCR on tail DNA [6]. The transgene expression in the liver was confirmed by
Northern blot analysis (Figure 7.3b). Because the transgenic mice harbor both mPXR
and hPXR in the liver, they exhibit a chimeric Cyp3all response to both the rodent-
specific inducer PCN and the human-specific inducer rifampicin [6]. The Alb-hPXR
transgenic mice were subsequently used to create the hPXR-humanized mice (see
Section 7.4.1).

hPXR

(b) hPXRTG — +
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(transgene)
.-
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. & GAPDH
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FIGURE 7.3 Creation of PXR transgenic mice. (a) Schematic representation of the
Alb—hPXR transgene construct. (b) Northern blot analysis of mouse and human PXR gene
expression in the liver of wild-type (—) and transgenic (4) mice. (Modified from Figure 3 in
[6] with permission from the Nature Publishing Group.)
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FIGURE 7.4 Creation of VP-PXR transgenic mice. Schematic representation of the
Alb—VP-hPXR transgene construct, and transgene expression in the liver of transgenic mice.

7.3.2 Alb-VP-hPXR Transgenic Mice Expressing the Activated hPXR

Alb—VP-hPXR transgenic mice were created to express the constitutively activated
hPXR (VP-hPXR) in the liver. VP-hPXR was generated by fusing the VP16 activa-
tion domain of the herpes simplex virus to the amino terminus of hPXR (Figure 7.4).
It shared similar DNA binding specificity to hPXR [1]. A liver-specific transgenic
mouse line was generated that expresses VP-hPXR [6] in the liver under the control
of the Alb promoter. In these mice, hPXR is constitutively active even without the
presence of PXR ligand (genetic activation). As expected, the Cyp3all gene was
constitutively induced in the liver of this mouse line. These mice are more resistant to
the xenobiotic toxicants, such as tribromoethanol and zoxazolamine, presumably due
to the activation of drug-metabolizing/detoxifying enzymes [6]. Microarray analysis
showed that many xenobiotic genes, including phase I cytochrome P450 enzymes,
phase II conjugating enzymes, and drug transporters, are regulated in the liver of
these mice [27].

The VP-fusion receptors represent a unique strategy to dissect nuclear receptor
function in vivo. Ligand-facilitated target gene identification using wild-type or gene
knock-out mice has been widely used [19, 28]. We consider the use of the VP-
fusion receptor transgenes to have unique advantages over drug treatment. This is
particularly important since we now know that treatments with receptor pan-agonists,
such as bile acids, may affect multiple receptors depending upon the tissue context
[9, 10, 29]. Moreover, several lines of evidence suggest that ligand treatment may have
additional transcriptional consequences independent of the presence of endogenous
receptor. For example, Ueda et al. [19] identified 168 differentially expressed tags in
response to PB treatment. However, nearly half of these tags were similarly affected
in the CAR knock-out mice. Bypassing the requirement of ligand treatment, the
VP fusion of receptors provides a unique strategy not only to study the biological
consequences of receptor activation but also to identify target genes [27]. The utility
and practicality of this strategy have been demonstrated in many published studies on
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PXR[6,9,20,27,30,31], CAR [25, 32], PPARS/P (peroxisome proliferator-activated
receptor) [33], PPAR« [34], and LXR [35, 36].

The Alb—VP-hPXR transgenic mice have been used in several studies to determine
the in vivo function of PXR. The effect of PXR activation by genetic means on
bile acid toxicity was first investigated. VP-hPXR transgenic mice or their wild-
type littermates were dosed with vehicle solvent or LCA (8 mg/day) before liver
histological evaluation by H&E staining. The histological liver damage was scored
by the appearance of areas of saponification/coagulative necrosis. After 4 days of
treatment, 58% of wild-type mice exhibited areas of liver damage. In contrast, the
VP-hPXR transgenic mice were completely resistant to LCA-induced liver damage
[9], demonstrating that sustained activation of PXR is sufficient to prevent LCA-
mediated histological liver damage. The induction of CYP3A11 expression was
initially reasoned to be responsible for LCA resistance; however, the hydroxysteroid
sulfotransferase SULT2A9 was later identified as a PXR target gene and was found
to be induced in the VP-hPXR mice [37]. Since both CYP3A and SULT2A play a
role in bile acid detoxification, it is likely that the LCA resistance resulted from a
combined effect of CYP3A and SULT2A9 induction.

The genetic activation of PXR in transgenic mice was also shown to confer a
resistance to hyperbilirubinemia. In this experiment, Alb—VP-hPXR transgenic mice
and their wild-type controls were given a single dose of bilirubin (10mgkg~' body
weight) via tail vein injection. One hour after injection, the serum levels of both total
and conjugated bilirubin in VP-hPXR transgenic mice were less than half of the
wild-type controls [38]. The enhanced bilirubin resistance in transgenic mice was
thought to be due to the elevated expression of UGT1A1, the principal enzyme that
facilitates bilirubin glucuronidation and subsequent clearance [9, 39].

In the third study, the Alb—VP-hPXR transgenic mice were used to show that
activation of PXR disrupts glucocorticoid homeostasis. Steroid hormones, such as
corticosteroids, are also substrates for UGTs and SULTs, the PXR target genes. It
is conceivable that genetic activation of PXR and the resultant enzyme regulation
may impact the hormonal homeostasis. To measure the effect of PXR activation
on corticosterone levels, blood samples were collected from Alb—VP-hPXR trans-
genic mice and their wild-type controls. Corticosterone levels in plasma and urine
were measured with a ['2°T]-corticosterone RIA kit from ICN (Biomedical, Irvine,
CA). The plasma and urinary corticosterone level were significantly higher in the
VP-hPXR transgenic mice as compared to their wild-type littermates, indicating that
the increased glucuronidation is associated with increased output of glucocorticoid
[38].

A subsequent study showed that PXR may have a broader role in regulating the
homeostasis of adrenal steroids that include glucocorticoid and mineralocorticoid
[40]. Activation of PXR by genetic (using the Alb—VP-hXR transgene) or pharma-
cological (using a PXR agonist ligand) markedly increased plasma concentrations
of corticosterone and aldosterone, the respective primary glucocorticoid and miner-
alocorticoid in rodents. The increased levels of corticosterone and aldosterone were
associated with activation of adrenal steroidogenic enzymes, including CYP11al,
CYP11bl, CYP11b2, and 3B-Hsd. The PXR-activating transgenic mice also
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exhibited hypertrophy of the adrenal cortex, loss of glucocorticoid circadian rhythm,
and lack of glucocorticoid responses to psychogenic stress. Interestingly, the trans-
genic mice had normal pituitary secretion of adrenocorticotropic hormone (ACTH)
and the corticosterone suppressing effect of DEX was intact, suggesting a functional
hypothalamus—pituitary—adrenal (HPA) axis despite a severe disruption of adrenal
steroid homeostasis. The ACTH-independent hypercortisolism in the PXR-activating
transgenic mice is reminiscent of the pseudo-Cushing’s syndrome in patients. We
propose that PXR is a potential endocrine disrupting factor that may have broad
implications in steroid homeostasis and drug—hormone interactions.

The use of Alb—VP-hPXR transgenic mice also helped to show that PXR may
have impact on hepatic steatosis [31]. This PXR-mediated triglyceride accumula-
tion was independent of the activation of the lipogenic transcriptional factor sterol
regulatory element binding protein 1c (SREBP-1c¢) and its primary lipogenic target
enzymes, including fatty acid synthase (FAS) and acetyl CoA carboxylase 1 (ACC-1).
Instead, the lipid accumulation in transgenic mice was associated with an increased
expression of the free fatty acid transporter CD36 and several accessory lipogenic
enzymes, such as stearoyl CoA desaturase-1 (SCD-1) and long chain free fatty acid
elongase (FAE). Studies using transgenic and knock-out mice showed that PXR is
both necessary and sufficient for CD36 activation. Promoter analyses revealed a DR-3
type of PXR response element in the mouse CD36 promoter, establishing CD36 as a
direct transcriptional target of PXR. The activation of PXR was also associated with
an inhibition of pro-f-oxidative genes, such as PPAR«a and thiolase, and an upreg-
ulation of PPARYy, a positive regulator of CD36. The cross-regulation of CD36 by
PXR and PPARYy suggests that this fatty acid transporter may function as a common
target of orphan nuclear receptors in their regulation of lipid homeostasis [31].

7.3.3 Fatty Acid Binding Protein Promoter—-Human PXR (FABP-hPXR)
Transgenic Mice

The FABP-hPXR transgenic mice is another hPXR transgenic line in which hPXR is
targeted to both the liver and intestine, under the control of the rat fatty acid binding
protein (FABP) promoter [31]. The same FABP promoter has been shown to target
the expression of various transgenes to the liver and intestine [41-43]. As expected,
the FABP-hPXR transgene targets the expression of hPXR to both the liver and all
segments of the intestine [31]. The FABP-hPXR transgenic mice were first reported
and used to show that a pharmacological activation of hPXR in vivo can also promote
hepatic steatosis [31]. The FABP-hPXR transgenic mice were subsequently used to
create the hPXR-humanized mice (see Section 7.4.1).

7.3.4 FABP-VP-hPXR Transgenic Mice

FABP-VP-hPXR transgenic mice were created to express the constitutively activated
hPXR (VP-hPXR) in both the liver and intestine. Figure 7.5a shows the schematic
representation of the transgene. Transgene expression was evaluated by Northern
blot analysis using an hPXR-specific probe. As shown in Figure 7.56, VP-hPXR was
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FIGURE 7.5 Creation of FABP-VP-hPXR transgenic mice. () Schematic representation
of the transgene construct. (b) Northern blot analysis shows that the VP-hPXR transgene is
expressed in the liver and throughout the intestinal tract. The membrane was probed with
hPXR cDNA, mPXR, and GAPDH for the loading control.

expressed in the liver and throughout the intestinal tract, including the duodenum,
jejunum, ileum, cecum, and colon. In contrast, the expression of hPXR was unde-
tectable in the stomach and kidney. This pattern of transgene expression was similar
to that of the endogenous mPXR (Figure 7.5b).

The FABP-VP-hPXR mice were first reported and used to show that activation of
PXR sensitizes mice to oxidative stress [30]. It is found that expression of VP—hPXR
in female transgenic mice resulted in a heightened sensitivity to paraquat, an oxidative
xenobiotic toxicant [44]. The role of PXR in sensitizing mice to paraquat toxicity was
confirmed by mPXR agonist PCN treatment. The PXR-induced paraquat sensitivity
was associated with decreased activities of superoxide dismutase (SOD) and catalase
(CAT), enzymes that scavenge superoxide and hydrogen peroxide, respectively [45,
46]. Paradoxically, the general expression and activity of glutathione S-transferases,
a family of phase II enzymes that detoxify electrophilic and cytotoxic substrates
[47], were also induced in these transgenic mice. Detailed analysis revealed that
PXR regulates GST expression in an isozyme-, tissue-, and sex-specific manner, and
this regulation is independent of the Nrf2/Keapl pathway [30]. In the transgenic
mice, the hepatic expression of GST Pi was modestly increased in females but was
profoundly decreased in males, a clear example of gender-specific GST regulation.
GST Piregulation was also liver specific, as the transgene had little effect on intestinal
expression of this isoform in either sex. GST Mu expression was increased in both
the livers and intestines of transgenic mice of both genders, although the hepatic
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upregulation appeared to be more dramatic [30]. It was concluded in this study that
PXR may have a novel function in mammalian oxidative stress response and this
regulatory pathway may be implicated in carcinogenesis by sensitizing normal and
cancerous tissues to oxidative cellular damage.

The FABP-VP-hPXR mice were subsequently used to confirm that, like their
Alb—VP-hPXR counterparts, activation of hPXR in this transgenic line also resulted
in the disruption of adrenal steroid homeostasis [40] and promotion of hepatic steato-
sis [31].

The FABP—VP-hPXR mice also represent a unique genetic model to study the
comparative regulation of drug-metabolizing enzymes and transporters in the liver
and intestine. Although liver and intestine share the expression of many enzymes
and transporters, the relative expression and/or inducibility of these enzymes and
transporters could be varied and we hypothesize that the nuclear receptors may have
differential role in regulating the hepatic and intestinal enzymes and transporters. The
above-mentioned PXR-mediated hepatic and intestinal regulation of GST isoforms
represents such a good example [30]. Using the same transgenic model, we are
currently investigating whether activation of PXR could have differential effect on
the hepatic and intestinal UGT regulation.

7.3.5 Tetracycline-Inducible VP-CAR Transgenic Mice

The Alb and FABP promoters are used to create transgenic mice in which the trans-
genes are constitutively expressed in the target tissues as dictated by the promoters. In
some cases, the creation of inducible transgenic mice may offer certain advantage and
flexibility to facilitate the study of gene function, which has been exemplified in our
creation of the tetracycline-inducible constitutively activated CAR (VP-CAR) trans-
genic mice. To create a transgenic mouse system that allowed conditional expression
of VP—CAR in the liver, two lineages of transgenic mice were used, as diagramed
in Figure 7.6a. First, we created the TetRE (TRE)-VP-CAR transgene that encodes
VP—CAR under the control of a minimal cytomegalovirus promoter and the TRE [48].
The TRE-VP-CAR mice were then bred with the Lap (CEBP, CCAAT/enhancer-
binding protein-{3)-tTA activator line (Jackson Laboratory) to generate bitransgenic
animals. Driven by the liver-specific Lap (CEBP) promoter, the Lap-tTA transgene
directs the expression of the tetracycline-responsive transcriptional activator (tTA)
exclusively in the hepatocytes [49]. We anticipated that tTA bound to TRE and con-
sequently induced the expression of VP-CAR only in the absence of doxycycline
(Dox). Addition of Dox (supplied in drinking at a concentration of 2mgml™—") will
result in the displacement of tTA from TRE and will silence VP-CAR expression
(Tet-Off). Shown in Figure 7.6b is Northern blot analysis demonstrating the expected
transgene expression and Dox regulation. As expected, the expression of Cyp2b10 is
dramatically induced in the liver of this mouse model [32].

Using this mouse model, we were able to show a novel CAR-mediated
and CYP3A-independent pathway of bile acid detoxification [32]. When the
TRE-VP-CAR/Lap-tTA bitransgenic mice or control littermates were dosed with
vehicle solvent or LCA for 4 days before liver histological evaluation, the VP-CAR
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FIGURE 7.6 Creation of transgenic mice that harbor conditional expression of the activated
CAR in the liver. (@) Schematic outline of the Lap-tTA/TetRE (TRE)-VP-CAR two-component
Tet-Off transgenic system. The Lap-tTA transgene directs the expression of the tTA activator
to the liver. The binding of tTA to the TRE and the induction of the transgene VP-CAR should
only occur in the absence of Dox. (b) Liver-specific conditional expression of VP—-CAR. Liver
RNAs of mice with indicated genotypes were subjected to Northern blot analysis. The mouse
in the rightmost lane was subjected to 5 days of Dox treatment. (Modified from Figure 1 in
[32] with permission from the Amer. Soc. Pharmacology Experimental Therapeutics.)

mice were completely resistant to LCA-induced liver damage, demonstrating that
sustained activation of CAR is sufficient to prevent LCA-mediated cholestasis. This
effect is CAR activation dependent, as treatment of Dox blocked protection, presum-
ably due to the silence of VP-CAR transgene expression [32]. The LCA resistance
in VP-CAR mice was associated with an induction of SULT2A9 but not CYP3A11
[32]. Results from the VP-CAR transgenic mice have also led to the identification of
SULT2A9 as a direct CAR target gene [32].

The VP—CAR mice were also used to demonstrate the effect of CAR activation on
bilirubin clearance. No differences in serum bilirubin levels were seen in untreated
VP-CAR or wild-type mice. However, upon bilirubin injection, the levels of total
bilirubin in the transgenic mice were less than half of those in wild-type mice [25].
The protection was VP-CAR dependent, as no protection was seen in mice treated
with Dox for 7 days prior to bilirubin injection [25]. Consistent with their resistance to
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hyperbilirubinemia, the VP-CAR mice had increased expression of genes encoding
bilirubin-detoxifying enzymes and transporters such as UGT1A1, OATP4, GSTA2,
OATP2, and MRP2 [25].

7.4 HUMANIZED MOUSE MODELS

The responses to xenobiotics exhibit significant species specificities presumably due
to the divergence of the LBD sequences and the resulting ligand binding properties.
As aresult, it is not uncommon that the information obtained from the rodent models
cannot be applied to humans. It has been perceived that rodent models have limited
utility in predicting drug-related human effects due to significant species differences
in drug-metabolizing enzymes, transporters, and nuclear hormone receptors. For
example, PCN is an effective CYP3A inducer in rat but not humans, and rifampicin
induces CYP3A in humans but not in rats [50]. These findings have been attributed to
the species differences in the effect of several drugs on CYP3A expression mediated
by the nuclear hormone receptor PXR [50, 51]. Human hepatocytes are considered
the most relevant system to evaluate or predict human metabolism or effects of a new
drug. A significant disadvantage of this system is the lack of routine availability of
good quality human liver tissue or cells, as well as the known interindividual variation
in the expression of hepatic drug-metabolizing enzymes [6, 7, 52, 53]. To address
these issues, humanized animal models were developed. These mouse models can be
used to evaluate the potential effect of xenobiotics, especially drug—drug interactions,
in humans using animal models.

There are several strategies to generate humanized mice. The most common
method is to introduce a transgene that contains a human cDNA under the con-
trol of tissue-specific promoter, such as liver-specific Alb promoter or the liver- and
intestine-specific FABP promoter. This is a straightforward and relatively efficient
strategy to create humanized mice. However, the expression level of the transgenes
may not truly reflect the endogenous human gene expression. The second approach is
to introduce the human genomic sequences into the mouse genome. In the latter case,
usually sequences from bacterial artificial chromosome (BAC) clones that contain
both coding sequences and regulatory elements are used. The transgenic mice that
contain human gene can then be bred with mouse receptor gene knock-out mice, in
which the corresponding endogenous mouse gene is deleted, leading to the production
of humanized mice expressing only the human gene. Another potential strategy is to
knock-in the human gene in the mouse gene locus, in which the endogenous gene is
disrupted and replaced with the human gene. Unlike the promoter-based transgenic
mice, the expression of human gene in the knock-in mice will be under the control
of the endogenous gene regulatory elements [3, 5].

7.4.1 Humanized PXR Mice Carrying Human PXR cDNA

7.4.1.1 Generation of hPXR Humanized Mice. As diagramed in Figure 7.1, the
Alb-hPXR or FABP-hPXR transgene (see Sections 7.3.1 and 7.3.3, respectively)
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FIGURE 7.7 Drug response profile in the humanized mice. Mice with indicated genotypes
were treated with a single dose of RIF (Smgkg™") or PCN (40mgkg™") 24 h prior to liver
harvesting. Liver RNA was isolated and subjected to Northern blot analysis with indicated
probes. (Adapted from Figure 3 in [6] with permission from the Nature Publishing Group.)

was bred into a PXR null background, and the resulting PXR null/hPXR transgenic
mice lack mPXR but have hPXR transgene expressed in the liver (when the Alb-hPXR
transgene was used) or both the liver and intestine (when the FABP-hPXR transgene
was used).

7.4.1.2 Humanized Drug Response Profile in the Humanized Mice. The drug in-
duction of Cyp3all was compared between the wild-type and humanized mice by
Northern blot analysis (Figure 7.7). In the Alb-hPXR-humanized mice, Cyp3all
was no longer induced by PCN but was efficiently induced by the human-specific
PXR inducer rifampicin (RIF). In contrast, no induction occurred in wild-type mice
by RIF. This result firmly established that the species difference in the inducibility
of Cyp3all is attributed to the xenobiotic receptor, instead of the promoter struc-
ture of the Cyp3all gene [6]. Expressing hPXR and responding to human-specific
PXR inducer exclusively, the humanized mice represent a major step toward gener-
ating humanized toxicological models to predict xenobiotic enzyme inducibility and
drug—drug interactions.

7.4.2 Humanized PXR Mice Carrying Human PXR Genomic DNA

Frank Gonzalez’s laboratory at the National Cancer Institute reported the creation
of humanized PXR mouse model by BAC transgenesis in PXR null mice [54]. To
create the transgenic mice, a BAC clone containing the complete hPXR sequence, as
well as 5’- and 3'-flanking sequences, was linearized and microinjected into fertilized
FVB/N mouse eggs. The resulting transgenic mice were bred with PXR null mice [10].
Quantitative PCR revealed that hPXR was expressed in liver, duodenum, jejunum,
and ileum of the humanized mice. Similar to the previously described humanized
mice [6], these mice also mimicked the human response to PXR ligands treatment
[54]. In the same study, it was shown that in rifampicin-pretreated PXR-humanized
mice, an approximately 60% decrease was observed for both the maximal midazolam
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serum concentration (C(max)) and the area under the concentration—time curve, as a
result of a threefold increase in midazolam 1’-hydroxylation. These results illustrate
the potential utility of the PXR-humanized mice in the investigation of drug—drug
interactions mediated by CYP3A and suggest that the PXR-humanized mouse model
would be an appropriate in vivo tool for evaluation of the overall pharmacokinetic
consequences of human PXR activation by drugs [54].

7.4.3 Humanized CAR Mice

David Moore’s group reported the creation of the humanized CAR mice.
CAR also shows species difference in ligand specificity. TCPOBOP activates
mouse CAR potently but does not activate the human CAR [55]. On the
contrary, CITCO (6-(4-chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde
0-(3,4-dichlorobenzyl)oxime) was identified as a specific human CAR agonist [56].

The humanized CAR mice were created using a strategy similar to that used for the
creation of humanized PXR mice. A transgenic mouse line expressing hCAR cDNA
driven by the liver-specific Alb promoter was created. This line was used to breed with
CAR knock-out mice to produce the humanized CAR mice only expressing hCAR
in the liver [16]. PB treatment of the humanized CAR mice induces the expression of
CAR target genes Cypla2 and Cyp3all, leading to an increased sensitivity of these
mice to APAP. High dose of APAP also increases expression of CyplaZ2, Cyp3all,
and Gstpi, indicating that hCAR is activated by APAP [16].

The humanized CAR mice have also been used to study species-specific CAR lig-
ands. By comparing the responses in wild-type mice and humanized CAR mice, it was
found that the widely used antiemetic meclizine acts on mCAR and hCAR oppositely
[57]. Meclizine increases mCAR transactivation and stimulates binding of mCAR
to the steroid receptor coactivator 1. It also activates the expression of CAR target
genes in wild-type mice. In contrast, meclizine suppresses hCAR transactivation and
inhibits the PB-induced expression of CAR target genes in primary hepatocytes de-
rived from humanized CAR mice. Moreover, meclizine prevents APAP-induced liver
toxicity in humanized CAR mice, which is also opposite to its role on APAP toxicity
in wild-type mice [57].

7.4.4 Humanized PPAR«a Mice

The species difference between mouse and human PPAR« is exemplified by their
different ability to mediate the hepatocarcinogenesis in response to sustained agonists
exposure. Chronic treatment of rodents with PPARa agonists results in the forma-
tion of hepatocellular carcinomas. However, epidemiological evidence shows that
humans appear to be resistant to these peroxisome proliferators [58]. To investigate
the mechanism of the difference why rodents and humans respond differently to these
chemicals, a humanized PPARa mouse line was generated. The humanized PPAR«
mice, designated hPPAR-Tet-Off, were obtained by breeding PPARa null mice with
the TRE-hPPARa/LAP-tTA double transgenic mouse. The resulting mice lack the
expression of mouse PPAR« but express the human PPAR« in a liver-specific manner
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[59]. The humanized mice express the hPPARa protein at a level comparable to the
mPPARa level in wild-type mouse. Similar to the wild-type mice, the humanized
mice are responsive to PPAR« ligand Wy-14643 treatment, which induces the ex-
pression of gene encoding peroxisomal and mitochondrial fatty acid metabolizing
enzymes. As a result, the serum triglycerides in the humanized PPARa mice are
decreased, also resembling the wild mice [59]. However, the humanized mice re-
spond differently to PPAR« activators when the ability to form hepatocarcinoma was
evaluated. While the wild-type mice exhibit hepatocellular proliferation as evidenced
by the elevated expression of cell cycle control genes, increased BrdU incorporation
into hepatocyte nuclei, and hepatomegaly, the humanized mice do not exhibit these
responses [59, 60]. These findings suggest that the species specificity of human and
rodent responses to peroxisome proliferators is likely determined by the differences
in PPARa sequence and structure [61], which results in the functional differences
and regulation of different panels of genes.

7.4.5 Humanized AhR Mice

The PAS domain transcriptional factor AhR is a nonnuclear receptor xenobiotic
receptor. In the early 1990s, the AhR and its partner Ah receptor nuclear translocator
(Arnt) protein were identified as a transcriptional sensor mediating the induction
of CYP1A and 1B1 genes by dioxin and related polycyclic aromatic hydrocarbons
[62, 63].

It has been noticed that the susceptibility to environmental toxicants polycyclic
aromatic hydrocarbons (PAHs) and halogenated aromatic hydrocarbons (HAHs),
such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), is largely influenced by func-
tional polymorphisms of the AhR [64, 65]. To gain insight into the hazards to human
health posed by these compounds interacting with the hAhR, a humanized mouse
model that harbors the hAhR cDNA was created [66]. This was made possible by re-
placing part of the mAhR sequence, including exons 1 and 2, by hAhR cDNA through
homologous recombination. In the resulting targeted genome locus, the hAhR was
under the control of the endogenous mouse AhR promoter (Figure 7.8). As a result,
in the hAhR knock-in mice, the expression level of hAhR is comparable to that of
endogenous murine AhR expression level [66]. In response to TCDD treatment, the
hAhR knock-in mice exhibited weaker induction of AhR target genes such as Cyplal
and Cypla2 than did both C57BL/6J mice and DBA/2 mice. Consistent with the gene
regulation, the maternal exposure to TCDD caused less severe abnormities in hAhR
knock-in mice than in C57BL/6J mice and DBA/2 mice [66]. These results suggest
that the hAhR expressed in mice retain a functional human specificity in response to
chemical stimulation.

7.4.6 Cytochrome P450 Humanized Mice

It has been recognized that creation of mice humanized for the human cytochrome
P450 (CYP) enzymes is also important to study the function as well as regulation
of the human CYP enzymes. CYP enzymes are the most important contributors to
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FIGURE 7.8 Generation of the hAhR knock-in mouse. (@) Strategy for hAHR cDNA knock-
in by homologous recombination. E, H, and B are restriction sites for EcoRI, HindIIl, and
BamHI, respectively. The 5'-genomic probe used for Southern blot analysis is indicated by
the hatched box. The positions of wild-type (pr 3) and mutant allele-specific (pr 2) primers
and the common primer (pr 1) used in the genotyping PCR are indicated by arrowheads.
(b) Southern blot analyses of three recombinant ES clones. Genomic DNA was digested by
EcoRI generating 11.0- and 6.2-kb bands for the wild-type and targeted alleles, respectively,
by using the 5'-genomic probe. (¢) Genotyping of the Ahr gene by Southern blot analysis. (d)
Genotyping of littermates from the intercrosses of heterozygotes. PCR fragments of wild type
amplified with pr 1 and pr 3 (Ahrb-1; 280 bp) and mutant allele with pr 1 and pr 2 (hAHR;
240 bp) were shown. (Adapted from Figure 1 in [66] with permission from the Natl. Acad.
Sciences.)

the metabolism of xenobiotics, including clinically administrated drugs and environ-
mental toxicants. A number of CYP enzymes are also involved in the metabolism
of endobiotics, such as bile acids and steroid hormones. Many CYP enzymes have
been identified to be targets of xenobiotic nuclear receptors [3, 5, 67-69]. Since early
2000s, various humanized mice that express human CYP enzymes have been gener-
ated. Examples include CYP1A1 [70], CYP1A2 [70, 71], CYP1B1 [72], CYP2D6
[73], CYP2E1 [74, 75], CYP3A4 [76, 77], CYP3A7 [78], CYP4B1 [79], CYP7A1
[80], CYP19 [81], and CYP27 [82]. These mouse models are very useful in the
understanding of human responses to the chemicals metabolized by these enzymes.

7.5 UTILITY OF XENOBIOTIC MOUSE MODELS IN
PHARMACEUTICAL DEVELOPMENT

In addition to their use to dissect the transcriptional control of drug-metabolizing en-
zymes and transporters, the use of mouse models, especially the humanized mice, of-
fers a unique opportunity to study the in vivo relationship between drug concentrations
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and the corresponding physiological effects. The effects of a drug candidate could
be evaluated in such a model by administering several doses of the drug candidate
and measuring the effects on the RNA expression or activity of various enzymes. Us-
ing this approach we have demonstrated that increasing concentrations of rifampicin
(1-10mgkg™") lead to corresponding increases in CYP3A11 mRNA levels in hPXR
mice [6]. During the drug development process, this type of study could be employed
with new drug candidates to assess the upregulation of drug-metabolizing enzymes
or transporters. By administering drug candidates to animals for several days at doses
yielding plasma exposures similar to those predicted to be efficacious in humans, the
effect of the candidate drugs on hPXR-mediated enzyme and transporter expression
can be assessed in this in vivo setting.

The study of drug dose (or plasma concentration) and their correspond-
ing pharmacological effects by mathematical modeling are often referred to as
pharmacokinetic—pharmacodynamic analysis. This is very useful to predict effec-
tive plasma drug concentrations and determine the drug dosage [83]. However, the
prediction of the human xenobiotic responses on the basis of rodent experiment is
unreliable given the species specificity of xenobiotic response. In view of this, the
creation of mouse models with humanized xenobiotic responses is of practical use in
pharmaceutical research and development. The humanized mouse models enable the
study of drug action and metabolism in the exclusive presence of human receptors.
For example, the humanized PXR or CAR mice can be used to study the correla-
tion between the dosage/concentration of many drugs and their regulatory effects on
CYP3A and 2B genes in a manner similar to that happens in humans.

Compared to the in vitro cell cultures, these in vivo models reflect the drug
responses under the physiological conditions [6, 11, 16, 84]. These models of-
fer a dynamic system incorporating drug absorption, distribution, metabolism, and
elimination, albeit in mouse, in contrast to the static system of cell culture where
cells are continually exposed to drug and perhaps their metabolites. In addition, the
concentration—effect relationship can be expanded to compare the in vivo liver/plasma
concentrations with concentrations used in the in vitro human hepatocyte system and
their corresponding in vivo and in vitro effects on gene transcription, enzyme induc-
tion, or toxicity. This type of comparison may actually improve the extrapolation of in
vitro human hepatocyte concentration—induction effects to the prediction of induction
and toxicological responses in patients.

7.6 CLOSING REMARKS

The generation and utilization of xenobiotic receptor mouse models have greatly
advanced the research on the transcriptional regulation of drug-metabolizing enzymes
and transporters. These mice have offered a unique and valuable vehicle to dissect the
complexity of xenobiotic receptor-mediated gene regulation and the implication of
such regulation in drug metabolism and many pathophysiological events. Moreover,
these genetic models, combined with the pharmacological tools, provide valuable
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tools to investigate the function of these receptors in the metabolism of xenobiotics
and endobiotics.

There are still outstanding challenges ahead. These may include, but are not limited
to, the following:

(1) To create xenobiotic receptor knock-in mice that express the wild-type or acti-
vated xenobiotic nuclear receptors under the control of the endogenous/natural
receptor promoters. The knock-in mice will allow normalization of the ex-
pression of the transgene to that of the endogenous/wild-type receptors. The
knock-in may also help to reveal the function of receptors outside of the liver
and intestine.

(2) To create xenobiotic receptor reporter transgenic mice that also express a
luciferase reporter gene under the control of the xenobiotic receptor responsive
elements. Such nuclear receptor reporter transgenic mice have been reported
for a number of receptors, such as the estrogen receptor (ER) [85], farnesoid
X receptor (FXR) [86], and PPAR [87]. These mice can be used to monitor
the in vivo responses of these receptors to both xenobiotics and endobiotics.

(3) To create humanized mice for both the xenobiotic receptors and their target
drug-metabolizing enzymes.

(4) To create transgenic mice expressing the polymorphic variants of xenobi-
otic receptors. Since the cloning and characterization of PXR and CAR as
xenobiotic receptors, considerable progresses have been made to identify the
polymorphic variants of PXR and CAR, which may account for the interindi-
vidual variation in drug metabolism phenotype. Transgenic mice expressing
these polymorphic variants would be important to examine the functional
relevance of these polymorphisms in vivo.
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8.1 INTRODUCTION

Despite the best intentions of health care providers, the Institute of Medicine esti-
mated that over 2 million adverse drug reactions occur yearly in the United States
alone (www.iom.org). It is often stated that adverse drug reactions are the fourth
leading cause of death among hospitalized American patients [1]. These statistics
are even more alarming when you consider that less than 10% of all adverse drug
reactions are reported. Drug—drug interactions are thought to account for 20-30%
of all adverse drug reactions [2]. Many of clinical effects of these drug—drug in-
teractions result from alterations in the pharmacokinetics or disposition profiles of
drugs. A significant proportion of these drug—drug interactions involve inhibition of
drug-metabolizing enzymes leading to unexpected increase in systemic drug levels
of sufficient magnitude, which then lead to overt toxicities. However, less considered
and hence least likely to be reported are drug—drug interactions that occur through
induction of drug elimination pathways. Generally, this type of interaction results in
decreased plasma drug levels and often manifest as loss of therapeutic efficacy or
a withdrawal syndrome. There is little doubt, however, that a better understanding
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of the mechanistic basis for such induction-related interactions has the potential to
provide a rationale for prescribing drug combinations likely to be devoid of unwanted
loss in drug efficacy.

The adaptive response to drug exposure that triggers an increase in enzymatic ca-
pacity for drug removal was first described in 1960 [3]. Conney and colleagues noted
that pretreatment of rats with the barbiturate drug, phenobarbital, increased hepatic
drug metabolic activity and shortened the duration of hypnotic effects [3]. These
findings led to the observations in 1963 that in humans, phenobarbital pretreatment
lowers plasma levels of coumarin and phenytoin [4]. In 1973, Remmer and colleagues
were able to demonstrate directly that the hepatic activities of the drug-metabolizing
enzymes, the cytochromes P450 (CYP) that were obtained by needle biopsy, were
increased in patients who were treated with phenobarbital, phenytoin, and rifampin
[5]. A transcriptional mechanism of the inductive response by phenobarbital was
described in 1981 by Adesnik and colleagues [6]. However, it was not until studies
in the late 1990s that identified the ligand-activated transcription factors pregnane X
receptor (PXR) [7-11] and constitutive androstane receptor (CAR) [12—15] did the
molecular basis of induction-type drug—drug interactions become clarified. A num-
ber of human drug-metabolizing enzymes and transporters have convincingly been
shown to be directly regulated by ligand-activated PXR and CAR (Table 8.1). These
include members of the CYP, UDP-glucuronosyltransferase (UGT), and sulfotrans-
ferase (SULT) families of enzymes as well as the drug transporters, P-glycoprotein
(P-gp) encoded by the multidrug resistance 1 (MDRI, ABCBI) gene and multidrug
resistance associated protein 2 (MRP2, ABCC2). While induction of a number of these
PXR/CAR target genes can be linked to specific drug interactions, for a few such
as SULT2A1 and MRP?2, little evidence is available to implicate them in clinically
relevant adverse drug effects (see Section 8.4).

TABLE 8.1 Human Drug Disposition Genes
Regulated by PXR and CAR

Oxidative Metabolism (Phase I)
e CYP2B6 [16, 17]

e CYP2(C9 [18-20]

o CYP2C19 [21, 22]

e CYP3A4 [9]

e CYP3A7 [23, 24]
Conjugation (Phase II)
¢ UGTI1ALI [25, 26]

¢ UGT1A3 [27]

o UGT1A4 [27]

o SULT2AL [28, 29]
Transport (Phase III)

e MDRI1 [30]

e MRP2 [31]

e MRP4 [32]

o OATP1A2 [33]
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In this chapter, we will focus on elements of prescription drug—drug and
herbal-drug interactions. The emphasis will be on compiling essential lists of pre-
scription and herbal medicines that are significant inducers of drug disposition path-
ways and understanding the pharmacology that determines why these drugs are prone
to causing induction-type drug—drug interactions. We will also outline aspects of the
clinical drug interactions including features of drugs that are particularly susceptible
to drug interactions with inducing agents and give several examples of clinical conse-
quences. The time course of induction and deinduction will also be discussed in the
context of therapeutic management of patients taking PXR-/CAR-activating agents.

8.2 PRESCRIPTION DRUGS/DRUG CLASSES INVOLVED
IN INDUCTIVE DRUG INTERACTIONS

To the benefit of patients and relief of clinicians, the number of prescription drugs
that are involved in clinically relevant induction-type drug—drug interactions is rel-
atively small (Table 8.2) and amount to less than 20 medicines. To simplify this
further, these drugs fall into only five major categories of therapeutic agents: an-
ticonvulsants, rifamycin antimycobacterials, human immunodeficiency virus (HIV)

TABLE 8.2 Essential Inducers List—Prescription Medicines

Anticonvulsants

e Phenobarbital

e Carbamazepine

e Oxcarbazepine

e Phenytoin

e Valproic acid

e Lamotrigine

e Topiramate

e Felbamate
Rifamycin Antibiotics
e Rifampin

e Rifabutin

HIV Protease Inhibitors
e Ritonavir

o Nelfinavir

e Lopinavir

e Tipranavir

e Amprenavir

e Atazanavir
Non-Nucleoside Reverse Transcriptase Inhibitors
e Efavirenz

e Nevirapine

Other

e Bosentan
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protease inhibitors, non-nucleoside reverse transcriptase inhibitors (NNRTIs), and
miscellaneous. For some drug categories such as the anticonvulsants, HIV protease
inhibitors, and NNRTIs, the induction effects are not considered “a class effect” and
alternative medicines that lack such inductive effects are available. Although this
suggests that interaction of inducing drugs with nuclear receptors is not generally
related to the intended therapeutic effects, there is at least one exception to this case
in the rifamycin antibiotics.

8.2.1 Anticonvulsants

The anticonvulsant medications are the most notorious of drugs that cause induc-
tive drug—drug interactions. In 1965, phenobarbital was first shown to affect the
metabolism of coadministered drugs (dicumarol) in humans [34]. Demonstration
that the chronic dosing causes autoinduction of the metabolizing enzymes involved
in a drug’s elimination in humans was first reported in 1975 with carbamazepine
[35]. Many anticonvulsants such as phenobarbital [8, 13, 14, 36], carbamazepine
[37], phenytoin [38], topiramate [39], and valproic acid [40] induce drug disposi-
tion genes by activating either or both CAR and PXR. For some inducer drugs like
lamotrigine, felbamate, and oxcarbazepine, the nuclear receptors involved have not
been described in the literature. The relative contributions of CAR and PXR to the
inductive response appear to be drug and gene dependent. For example, phenobarbital
largely acts through the CAR pathway and CYP2B6 is more sensitive to activation
by CAR than PXR.

8.2.2 Rifamycin Antibiotics

The first indications that rifamycin antibiotics caused induction of drug metabolism
were the descriptions in the early 1970s that rifampin interferes with the anticoagula-
tion response to acenocoumarol [41] and the hormonal effects of oral contraceptives
[42]. Subsequently, the inductive response by rifampin on microsomal enzymes was
shown in biopsied human livers [5]. At therapeutic doses, rifampin appears to cause
more profound drug interactions than the newer agent rifabutin [43] although clini-
cally significant effects are observed with both drugs. The differing effects between
rifampin and rifabutin on the magnitude of inductive responses likely result from dif-
ferences in the attained plasma levels of these drugs during therapy (Table 8.3). Both
drugs interact with equal potency toward PXR but the concentrations of rifampin in
vivo are high enough to activate the receptor, whereas rifabutin levels are somewhat
lower and thus tend to result in a more attenuated inductive response. Interestingly,
the rifamycin drug rifaximin, used in the treatment of inflammatory bowel disease,
is not known to cause drug interactions in vivo [57] despite that rifaximin can ac-
tivate PXR in vitro [58]. In human PXR transgenic mice, rifaximin was shown to
induce intestinal but not hepatic drug metabolic enzymes and transporters [58]. A
lack of significant drug interactions in humans to date may be explained by the lack
of oral absorption and exposure to liver. These studies also reveal that the therapeutic
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response of rifaximin in intestinal inflammation is likely not due to antimicrobial
activity but due to PXR-mediated interference with NF-k 3 signaling [59, 60].

8.2.3 HIV Protease Inhibitors (HI'V-PI)

A drug—drug interaction with ritonavir that caused enhanced clearance of oral con-
traceptives was the first indication that the classes of HIV-PI drugs were inducers
of drug metabolism [61]. Today, a number of peptidomimetic HIV-PI such as am-
prenavir, atazanavir, lopinavir, nelfinavir, and ritonavir are known inducers of drug-
metabolizing enzymes and transporters [62]. These drugs activate PXR [62] in vitro
and induce the expression of PXR target genes in cultured human hepatocytes [63].
The new nonpeptidic HIV-PI, tipranavir, is also an inducer [64]. Induction of drug
metabolism is not typically observed during treatment with HIV-PIs due to the fact
that “boosted” therapy with the combination of ritonavir and another HI'V-PI is stan-
dard of practice. Ritonavir is a potent mechanism-based inhibitor of CYP3A4 [65]
and therefore the net effect seen in patients is that of CYP3A4 inhibition and not
induction (Table 8.3). Interestingly, HIV-PIs do not significantly inhibit CYP2B6-
mediated drug biotransformation and hence induction-type drug interactions involv-
ing CYP2B6-metabolized drugs have been documented (Table 8.3).

8.2.4 Non-Nucleoside Reverse Transcriptase Inhibitors

Treatment with the NNRTIs efavirenz and nevirapine was noted to cause methadone
withdrawal symptoms in patients with HIV [66, 52]. Subsequently, both NNRTIs
were shown to induce drug-metabolizing enzymes in cultured hepatocytes due to
activation of CAR and weak activation of PXR [37].

8.2.5 Bosentan

The plasma levels of the dual endothelin receptor antagonist bosentan decrease with
multiple dosing [67] as a result of PXR-mediated autoinduction of CYP3A4 [68].

8.3 HERBAL MEDICINES INVOLVED IN INDUCTIVE
DRUG INTERACTIONS

It is estimated that 40 million adult Americans use herbal medicines [69] and that
43% of individuals who take herbal medicines are also taking prescription drugs
[70]. The use of herbal medicines is particularly high in cancer (63%) [71] and
HIV-infected (75%) (www.who.int/mediacentre/factsheets/fs134/en/) patients; two
populations in which prescription drugs with narrow therapeutic margins are often
used. Herbal-drug interactions of clinical significance are estimated to occur in 45%
of individuals using prescription and complementary medicines [70]. Among the
most well documented of herbal medicines that cause drug interactions is St. John’s
wort, a natural product that induces drug-metabolizing enzymes and transporters. A



HERBAL MEDICINES INVOLVED IN INDUCTIVE DRUG INTERACTIONS 217

TABLE 8.4 Induction-Type Herb—Drug Interactions

Herb Drugs Affected Likely Induced Genes
Hypericum perforatum Cyclosporine [72], indinavir [73], CYP3A4, P-glycoprotein,
(St. John’s wort) omeprazole [74], digoxin CYP2C9, CYP2C19,

[75, 76], imatinib [77], oral CYP1A2, CYP2EI1

contraceptives [78], tacrolimus
[79], warfarin [80],
theophylline [81], midazolam
[82], fexofenadine [82],
alprazolam [83], quazepam
[84], talinolol [85], ivabradine
[86], irinotecan [87]

Echinacea purpurea or Midazolam [88] CYP3A4
angustifolia

Allium sativum (garlic) Saquinavir [89] MDR1

Ginkgo biloba Omeprazole [90] CYP2C19

Panax quinquefolius Warfarin [91] CYP2C9

(American Ginseng)

few other herbal medicines such as Echinacea, garlic, Ginkgo, and Ginseng have
also been shown to cause induction-type drug interactions but information from
the literature are less compelling than with St. John’s wort regarding their clinical
significance (Table 8.4).

8.3.1 St. John’s Wort

Preparations of St. John’s wort (Hypericum perforatum) are commonly used in the
treatment of mild depression [92] and are the second leading herbal remedies sold
in the United States behind Echinacea. Drug interactions with St. John’s wort began
to surface in 1999 when case reports and studies demonstrated that plasma levels
of theophylline [81], digoxin [75], cyclosporine [72], and indinavir [73] were re-
duced in patients taking this herbal medication. It became apparent that St. John’s
wort interacted with medicines by inducing of intestinal P-gp and hepatic/intestinal
CYP3A4 [76]. Moore and colleagues isolated the inducing component in St. John’s
wort, hyperforin, and demonstrated that it was a potent activator of PXR [93]. Since
that time, a significant number of published reports detailing St. John’s wort—drug
interactions (Table 8.4) have cemented the notion that there are liabilities to self-
administration of this herbal medicine. Hyperforin content in various St. John’s wort
preparations varies widely [94]. The hyperforin content in different products directly
relates to the magnitude of drug interaction with cyclosporine [79], digoxin [95],
and midazolam [96]. In light of its considerable use in the population, St. John’s
wort likely causes the most drug interactions that involve induction mechanisms
of all medicines—prescription or herbal. While the product monographs of most af-
fected prescription medicines have warnings regarding risks of coadministration with
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St. John’s wort, few, if any, cautionary statements are found on bottles of St. John’s
wort preparations. This has prompted some discussion regarding the need for addi-
tional regulation in sales of these herbal products [97].

8.3.2 Other Herbal Medicines

Garlic is thought to have beneficial effects by reducing plasma lipids, decreasing
blood pressure, and acting as an antithrombotic. There are a few indications that gar-
lic causes induction-type herb—drug interactions. For example, coadministration of
garlic supplements significantly reduced the plasma levels of saquinavir, a CYP3A4-
metabolized drug [89]. In addition, sulfur compounds in garlic oil such as diallyl
sulfide activate CAR to induce CYP2B enzymes [98, 99]. Echinacea is among the
most used herbal medicines and used in the treatment of common colds. One study
demonstrated that hepatic CYP3A4 activity, as assessed by clearance of intravenous
midazolam, was increased after treatment with Echinacea [88]. The effect on the gut
appeared to oppose that of the liver in that intestinal CYP3A4 activity decreased
resulting overall in a reduction of oral midazolam bioavailability with Echinacea
treatment. Ginko is used to treat dementia and intermittent claudication. One study
demonstrated that Ginko induces CYP2C19 activity by showing that there was a
significant reduction in omeprazole (a CYP2C19 substrate) plasma levels with con-
comitant treatment [90]. However, an inductive response of Ginko toward CYP3A4
was not observed in another study that examined the effects of this herbal medicine
on alprazolam pharmacokinetics [100]. Ginseng, often used as a tonic and mood
enhancer, has been shown to interact with the CYP2C9 substrate drug warfarin [91].
In that study, Ginseng treatment reduced the anticoagulant effects of warfarin by
decreasing the plasma drug levels [91] suggesting that it induces CYP2C9. By con-
trast, other investigators found no effect of Ginseng on warfarin pharmacokinetics or
pharmacodynamics [101]. These conflicting results may be due to variability com-
ponent species in products that are said to contain Ginseng [102] and underscore the
difficulties in assessing the drug interaction potential of herbal medicines.

8.4 PHARMACOLOGY OF INDUCTION

It is the interest of the pharmaceutical industry to develop new medicines that are
efficacious and safe. Hence, there is much effort to predict whether drugs in de-
velopment may have the potential for significant drug—drug interactions includ-
ing those that involve induction. With the knowledge that just a few key ligand-
activated nuclear receptors such as PXR and CAR participate in most induction
drug—drug interactions and that species differences in inductive response exist, the
types of predictive in vitro models that have utility are relatively small. The Food
and Drug Administration draft guidance for industry on drug interactions (http://
www.fda.gov/CDER/GUIDANCE/6695dft.pdf) suggests the use of primary human
hepatocyte culture model to assess induction potential of drugs under development.
Furthermore, the guidance suggests utility of cell-based nuclear receptor (PXR)
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activation assays with some qualifications. The ability of such models to predict the
inductive response by drugs on enzyme and transporter expression is based on classic
pharmacological principles.

In theory, the magnitude of pharmacological effect elicited by drug—receptor inter-
actions is determined by potency (ECsg) and efficacy (En.x). Moreover, the concen-
tration of inducing agent at the receptor site affects the degree of inductive response.
The pharmacological response is often described using a hyperbolic function such
as the Hill equation, which takes into account the aforementioned variables. For
induction in vivo, we require an understanding of nuclear receptor ligand concentra-
tions within the major absorptive and eliminating organs such as the intestine, liver,
and kidney. While the concentration of chemicals in these organs is typically not
measured, often plasma concentration can be used as a surrogate. Surprisingly, there
is a lack of human data in the literature to directly show that the inductive response
is related to the plasma concentrations of a given agent. However, it is generally con-
sidered that for the most part, drug concentrations in plasma are proportional to drug
dose. With this in mind, studies with St. John’s wort have convincingly demonstrated
that dose of this herbal is related to the magnitude of changes in digoxin plasma
exposures [95].

Given that there is clear evidence to demonstrate that a dose—response effect exists,
it follows that inducer concentrations in plasma and the potency of interaction with
nuclear receptors would predict the magnitude of induction. A compilation of in
vivo drug concentrations and in vitro determined interaction affinity with PXR is
shown in Table 8.5 using data from the literature as well as our own unpublished
results. Here, the maximal concentration in plasma after oral administration (Cpax) iS
considered since it resembles the concentrations of drug that could be achieved within
hepatocytes. The affinity of drugs toward PXR is estimated by ECsy determinations
from cell-based reporter assays. Hence, on the basis of pharmacological principles,
the magnitude of the inductive response in vivo should be predicted by the ratio
of Chax to ECsg. A measure of inductive response in vivo is the change in area-
under-the-plasma- concentration-time profile (AUC) of a probe compound before
and during treatment with an inducing agent. Probe compounds are typically those
whose pharmacokinetics is determined largely by a single elimination process. For
instance, midazolam is cleared mainly by CYP3A4 metabolism and is considered as a
sensitive probe for CYP3A4 enzyme activity in vivo. CYP3A4 expression is generally
thought to be among the most highly sensitive responses to PXR activation [115].
Currently, there are no studies that show that Cp,,,x/ECso values for a specific inducer
given at different doses are directly related to the change in enzymatic/transporter
activity as assessed using probe substrate pharmacokinetics. However, if you consider
different drugs and their Cy,x/ECso values in relation to in vivo CYP3A4 activity
as determined using midazolam pharmacokinetics or another phenotypic measure
such as *C-erythromycin breath test, the validity of the pharmacological response
paradigm for nuclear receptor mediated induction can be evaluated (Table 8.5).

For drugs examined in this exercise, the phenotypic measure of induction is
CYP3A4 activity and since these responses are estimated by various techniques
(midazolam pharmacokinetics, erythromycin breath test), it is difficult to relate the
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FIGURE 8.1 [n vivo induction follows classic pharmacological principles. Cy,,/ECsy pre-
dicts whether a PXR activator causes significant drug—drug interactions.

in vivo effects of a series of inducers using a single continuous variable. Therefore,
an arbitrary categorization is presented whereby drugs that all activate PXR in vitro
are segregated into those that cause marked, moderate, and no induction of CYP3A4
activity in vivo (Table 8.5). When shown graphically, the Cy,.x/ECsg values for drugs in
each induction category cluster together (Figure 8.1). For example, drugs that cause
marked induction of CYP3A4 have Cp,.x/ECso values of greater than 1 and those
that induce moderately have ratios between 0.1 and 1 (Figure 8.1). PXR-activating
drugs that do not cause CYP3A4 induction in vivo have Cp,x/ECso values much less
than 0.1. This analysis reveals that nuclear receptor mediated induction in vivo is
like all pharmacology, based on drug concentrations and affinity toward the target
receptors.

What also emerges from the exercise is that while many drugs can activate PXR,
not all will cause clinically relevant drug interactions. This is particularly evident
for certain drug classes such as calcium channel blocking drugs [116], HMG-CoA
reductase inhibitors (statins) [117], and thiazolidinediones (glitazones) [118]. An-
other limitation of the Cy,,x/ECsq value in predicting changes in CYP3A4 activity is
the potential that the PXR agonist is also an inhibitor of CYP3A4. This is the case
for ritonavir, which is a potent CYP3A4 inhibitor [119] and a PXR activator. Nu-
merous drug interaction studies have clearly shown that ritonavir-mediated CYP3A4
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inhibition overcomes enzyme induction to result in higher plasma levels of most
coadministered drugs.

For a number of reasons, plasma drug concentrations may not entirely predict
intracellular concentrations and hence that which nuclear receptors would be ex-
posed. One reason being that drug accumulation in cells is modulated by the actions
of membrane transporters that enhance cellular drug uptake or efflux. Indeed, when
rifampin uptake into cells is enhanced in vitro by overexpression of a hepatic uptake
transporter, organic anion transporting polypeptide 1B1 (OATP1B1), greater PXR ac-
tivation was observed [120]. However, an impact of OATP1B1 transport of rifampin
on CYP3A4 induction in vivo remains uncertain [121]. Another interesting example
is that of rifaximin, a drug that is capable of activating PXR in vitro [58] but is not
absorbed into the circulation after oral administration. Studies in hPXR-humanized
mice show that rifaximin induces intestinal CYP3A expression, but in humans rifax-
imin does not induce CYP3 A4 activity in vivo as assessed by the pharmacokinetics of
oral contraceptives [57]. These findings question whether rifaximin causes intestine-
specific CYP3A4 induction in humans and highlight the importance of understanding
inducer tissue distribution to predict inductive drug interactions.

8.5 CLINICAL ASPECTS OF INDUCTION-TYPE
DRUG INTERACTIONS

8.5.1 Enzymes, Transporters, and Drugs Highly Sensitive to Induction

Drugs that interact with nuclear receptors to cause induction of target metabolic
enzymes and membrane transporters have differing effects on the pharmacokinet-
ics of coadministered medications. Whether induction has clinical relevance to the
coadministered drug will be determined by the pharmacological dose—response rela-
tionship as well as the therapeutic index. Modulation of drug disposition pathways,
be it metabolism or transport, by induction and inhibition mechanisms will manifest
as a marked change in plasma levels when a given drug is eliminated by a relatively
few mechanisms. For example, drugs that are metabolized by multiple CYP enzymes,
some of which may not be inducible such as CYP2D6, would be less prone to signif-
icant changes in plasma levels when coadministered with an inducing agent. Those
drugs that are cleared solely by an induction-sensitive pathway would be particularly
susceptible to significant changes in plasma drug concentrations. While many drug-
metabolizing enzymes and transporters have been shown to be regulated by nuclear
receptor mediated pathways in vitro [122], for a number of those identified, there
is no evidence that induction occurs in vivo from a gene expression or functional
perspective. For instance, the sulfation enzyme SULT2A1 is known to be regulated
by PXR [28], CAR [28], and VDR [123], but the functional effect of nuclear receptor
agonists has not been directly demonstrated in humans in vivo. In addition, the efflux
transporter MRP4 is regulated by CAR [32] but demonstration of nuclear receptor
mediated induction in humans is lacking. However, for most inducible metabolizing
enzymes and transporters, there are several examples of substrate drugs sensitive to
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induction and many of these have become in vivo probes to evaluate the drug inter-
action potential of medicines. However, for a number of enzymes and transporters,
there is only sparse evidence for induction of gene expression in vivo.

8.5.1.1 CYP2B6. Bupropion is a drug indicated for depression and smoking ces-
sation that is metabolized primarily by hydroxylation via CYP2B6 [124, 125].
Recent studies revealed that bupropion plasma concentrations decline signifi-
cantly when coadministered with the nuclear receptor agonists rifampin [126] and
lopinavir/ritonavir [127]. The latter example is interesting in that it is one of a
few drug interactions with the HIV-PI that results in decreased blood levels of
coadministered drugs. This interaction indicates that CYP2B6 induction occurs
with lopinavir/ritonavir therapy and that these inducers do not significantly inhibit
CYP2B6 enzyme activity as they do for CYP3A4.

8.5.1.2 CYP2C9. The anticoagulant warfarin, a narrow therapeutic index drug, is a
good example of a CYP2C9-metabolized drug that is sensitive to inducers [18-20].
It is administered as a racemic mixture with the S-enantiomer being the more phar-
macologically active species. The plasma levels of both enantiomers are reduced by
coadministration of rifampin [128] and St. John’s wort [101] to result in decreased
anticoagulant response.

8.5.1.3 CYP2C19. Studies have shown that PXR and CAR regulate hepatic
CYP2C19 expression in vitro [21, 22]. The metabolism and plasma levels of the
CYP2C19 substrates omeprazole [74] and voriconazole [129] are affected by the
PXR agonists St. John’s wort and rifampin, demonstrating that this enzyme is in-
ducible in vivo.

8.5.1.4 CYP3A4. CYP3A4isresponsible for the majority of human drug metabolism
and is also among the most sensitive enzymes to the inducing effects of PXR and CAR
agonists. Therefore, inductive drug interactions are most commonly observed with
CYP3A4 substrate drugs. Despite the large number of drugs metabolized by this path-
way, resources are available to guide clinicians in determining those drug interactions
that are most clinically relevant (e.g., http://medicine.iupui.edu/flockhart/table.htm).
The most commonly used probe drug to assess CYP3A4 activity is the benzodi-
azepine, midazolam. The magnitude of induction responses by different PXR activa-
tors is evidenced by the 16-fold and 2.7-fold decrease in oral midazolam AUC with
rifampin [130] and St. John’s wort [82] pretreatment.

8.5.1.5 UGTs. There are 17 known UDP-glucuronosyltransferase proteins that be-
long to two subfamilies (UGT1 and UTGT2). The expression of several UGT1A
enzymes is known to be up-regulated by PXR/CAR agonists in vitro [25, 26]. An
example that gives evidence that UGT1A induction occurs in vivo comes from a
study examining the pharmacokinetics of the anticonvulsant drug lamotrigine before
and after treatment with the known PXR agonists lopinavir/ritonavir. Consistent with
the drug being primarily eliminated by UGT1A4-mediated glucuronidation [131],
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lamotrigine AUC was reduced 50% with lopinavir/ritonavir treatment [132]. Al-
though the molecular mechanisms have not been elucidated, it appears likely that
other UGTs including UGT2B7 are regulated by nuclear receptors. For instance, the
plasma levels of the UGT2B7-metabolized drug zidovudine [133] are significantly
reduced in patients taking concomitant rifampin [134, 135].

8.5.1.6 MDRI. The efflux transporter, P-gp, is expressed in a number of tissues
including the intestine, liver, kidney, and brain capillaries. Molecular studies have
shown that the MDRI gene is regulated by PXR [30] and CAR [136]. In a classic study
by Greiner and colleagues [137], the inducibility of P-gp in vivo was demonstrated on
both gene expression and functional levels. They observed that the AUC of the P-gp
substrate drug, digoxin, was decreased by 30% when subjects were pretreated with
rifampin. Although the magnitude of change in digoxin plasma levels may appear
modest, the effect is clinically significant since this drug has a narrow therapeutic
range. Importantly, they show that intestinal P-gp expression is induced by rifampin
treatment to cause decreased absorption of digoxin [137].

8.5.1.7 MRP2. The efflux transporter MRP2, encoded by the ABCC?2 gene, is highly
expressed in the liver, small intestine, and kidney. Studies in humans have shown that
intestinal MRP2 expression is induced by treatment with rifampin [138]. Furthermore,
hepatic MRP2 was up-regulated in nonhuman primates after rifampin administration
[139]. Subsequent studies determined that ABCC2 is regulated by the nuclear re-
ceptors PXR, CAR, and FXR [31]. At present, examples of the influence of MRP2
induction on drug pharmacokinetics are lacking in the literature. This is likely due to
the fact that MRP2 substrates are often drug metabolites such as glucuronides and the
enzymatic formation of such phase II metabolites is inducible. This emphasizes the
difficulty arising in understanding the effects of concomitant induction of metabolism
and transport on pharmacokinetics. Notwithstanding, it is well known that PXR/CAR
agonists such as phenobarbital and rifampin are often used to treat jaundice. The effi-
cacy of these treatments is thought to be brought about by induction of MRP2, which
then enhances the elimination of glucuronidated bilirubin metabolites into bile.

8.5.2 Therapeutic Implications of Induction-Type Drug Interactions

The most common impact of induction-mediated drug interactions is attenuation or
loss of therapeutic effects. This occurs because induction of drug-metabolizing en-
zymes and transporters typically results in decreased plasma concentrations of the
concomitantly administered drug. Some of the first indications that induction causes
clinically relevant effects come from case reports of oral contraceptive failure in
women taking rifampin [42]. Later studies demonstrated clearly that ethinyl estra-
diol plasma levels were significantly reduced by rifampin treatment [140]. In other
early reports, rifampin coadministration was found to cause withdrawal symptoms
in patients taking methadone [56]. Not surprisingly, St. John’s wort, use was later
found to cause methadone withdrawal [141]. The withdrawal symptoms occur due
to rapid decline in methadone levels during induction. Another related example of
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the therapeutic impact of induction-type drug interactions is that of loss of opioid
analgesia. Fromm and colleagues demonstrated that the analgesic effect of morphine
is completely lost in subjects treated with rifampin [142]. Rifampin coadministra-
tion reduced morphine plasma levels, although there were no changes in morphine
glucuronide recovery in urine indicating the glucuronidation pathway was not in-
duced [142]. A potential explanation for these findings comes from a study using
the PXR-humanized mouse model. In this report, rifampin-treated mice exhibited up-
regulation of P-gp expression and activity at the level of the blood—brain barrier [143].
Furthermore, this increased brain capillary P-gp activity resulted in reduced antinoci-
ceptive effects of methadone in rifampin-treated animals [143]. Hence, induction of
brain MDR1 expression by PXR/CAR activators may also affect the central nervous
system effects of P-gp substrates. Lastly, the profound effects of induction-mediated
drug interactions have resurfaced in recent years with case reports of St. John’s wort
treatment causing transplant rejection in patients taking cyclosporine [72, 144, 145].
These reports helped bring public attention to the notion that herbal medicines are
not innocuous, and that their use can be the cause of significant drug interactions.

In the treatment of particular conditions such as epilepsy and HIV infection, in-
duction of drug-metabolizing enzymes and transporters is more often the rule than
the exception. This is because our drug armamentarium for these conditions largely
contains PXR and/or CAR activators (Table 8.2). For HIV infection, the HIV-PIs
are the mainstay of highly active antiretroviral therapy (HAART) and antimycobac-
terial drugs such as the rifamycins are commonly prescribed in the treatment and
prophylaxis of opportunistic infections. In the treatment of epilepsy, the majority of
anticonvulsant medications are PXR/CAR activators (Table 8.2). A common theme
in both conditions is that of the treatment with combined inducing agents such as dual
HIV-PIs and multiple antiepileptic drugs, which may act mutually to alter drug lev-
els. Furthermore, the polypharmacy encountered in the treatment of these conditions
results in a complex mixture of enzyme inducers and inhibitors that make prediction
of net drug effects (loss of efficacy or toxicity) extremely difficult [146, 147].

8.5.3 Time Course of Induction and Deinduction

Understanding the time course of the induction and deinduction response has direct
implications in pharmacotherapy. First, the clinician can determine whether an ob-
served clinical effect could be caused by an induction drug interaction by knowing
the time line of expected inductive responses. Furthermore, if patients are knowingly
administered inducing agents, the clinician can establish the time required before
dose adjustments are necessary for concomitantly prescribe medicines. For a drug
with a known autoinduction response (e.g., carbamazepine), the time course of in-
duction will determine the time to reach steady-state plasma levels with initial dosing
in inducer naive patients and when dose changes are best done. Lastly, understand-
ing the deinduction time course will allow the clinician to estimate when to expect
rebound changes in concomitant drug levels after inducers are discontinued.

At the molecular level, the rapid effect of exposure to PXR and CAR activators
on target gene mRNA expression occurs within a few hours followed by changes
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in protein content. How these changes in gene expression upon inducer treatment
relate to the time course of effects on the pharmacokinetics of the coadministered
drug has been well studied. Early studies in dogs showed that the half-life of amo-
barbital was shorter during the second dose of the drug given 24 h after the initial
dose, indicating that functional autoinduction is rapidly apparent within a day [148].
Later, carbamazepine levels in children were shown to decrease rapidly after the first
few doses and steady-state levels were achieved within a month [149]. Using uri-
nary recovery of the 63-hydroxylated metabolite of cortisol as a marker of CYP3A4
activity, the inductive effects of rifampin administration could be observed within
a day, reaching a peak and plateau within 5 days [150]. After rifampin discontin-
uation, urinary 6Q3-hydroxycortisol levels began to decline within 2 days achieving
preinduction levels in 7 days. These data suggest that functional deinduction in vivo
is rather rapid, probably owing to the relatively short half-life of rifampin (~3h),
rapid decrease in CYP3A4 gene transcription, and increased protein turnover. The
available pharmacokinetic data from the literature regarding the time course of in-
duction/deinduction are largely reflective of CYP3A4 activities and relatively little is
known about response times for other drug-metabolizing enzymes and transporters.

8.6 INHIBITION OF NUCLEAR RECEPTORS IN CLINICAL
DRUG INTERACTIONS

Several drugs are known to antagonize the actions of PXR including the antifungal
ketoconazole [151, 152] and the antineoplastic agent Trabectedin (ET-742) [153]. Fur-
thermore, dietary constituents such as sulforaphane [154], which is found in broccoli,
and the soy-based lipid stigmasterol [155] are functional PXR antagonists. Inhibition
of PXR activity has been considered a novel strategy to overcome chemotherapeu-
tic drug resistance by attenuating the expression of drug-metabolizing enzymes and
transporters in tumors [151, 152]. However, studies so far have not examined the
effects of PXR antagonism in vivo although it is likely that many other drug and
dietary compounds inhibit PXR to alter the expression of drug disposition genes and
pharmacokinetics. Nevertheless, there have been no reports of attenuated inductive
response of prototypical nuclear receptor agonists such as rifampin or St. John’s wort
by coadministered drugs or dietary constituents.

8.7 NUCLEAR RECEPTOR MEDIATED DRUG SIDE EFFECTS

There is a growing appreciation that activation of PXR or CAR is the cause of drug
side effects. The clinical indication for many PXR/CAR agonist drugs requires either
prolonged or lifelong treatment, as is the case for rifampin to treat tuberculosis, or
HIV-PIs or antiepileptic drugs. Such chronic PXR/CAR activation appears to have
deleterious effects. For example, PXR activation by rifampin is thought to cause
osteomalacia [156] due to induction of vitamin D metabolizing enzymes [157, 158].
Furthermore, rifampin treatment has been associated with pseudo-Cushing’s syn-
drome [159] potentially due to the endocrine disrupting effects of PXR activation
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leading to hypercortisolism [160]. Another, potential side effect of PXR/CAR ac-
tivation is hypothyroidism. Indeed chronic anticonvulsant [161, 162] and rifampin
[163, 164] use has been associated with hypothyroidism. The underlying mechanism
for thyroid hormone dysregulation appears to be induction of hepatic thyroid hor-
mone metabolism by glucuronidation and sulfation [165] or biliary clearance of free
hormone [166].

8.8 PERSPECTIVES

The examples of drug—drug and drug—herbal interactions frequently encountered in
the clinic have well-established mechanisms involving nuclear receptor mediated
up-regulation of gene expression. Among all the currently prescribed drugs, only
a small and manageable group has been implicated in these untoward drug effects.
With herbal medicines, we probably understand the potential for induction of drug-
metabolizing enzymes and transporters for the most popular remedies but know less
about others. Due to the lack of product standardization, we must be careful not to
generalize the drug interaction potential of specific herbal preparations. We should
have comfort in knowing that many of the inductive responses of drugs and herbal
medicines are dependent on achieved tissue and plasma levels of the inducer as well as
the attendant nuclear receptor pharmacology. The predictability in clinical responses
that are afforded by in vitro models of receptor action should now allow for the
development of novel drugs that are devoid of inductive drug interactions. However,
this has not prevented the introduction of new drugs to the market capable of this type
of drug interaction. A recent example being the market release of the nonpeptidic
HIV-PI tipranavir [167] in 2005. Therefore, clinicians must remain aware of potential
inductive drug interactions for new medicines. This may be all the more important
since PXR and CAR are potential novel drug targets [168]. Overall, while there are
aspects of nuclear receptor biology that remain to be determined, the science has
significantly matured since the first description of inductive response in 1960 to the
current characterization of PXR/CAR biology. It is expected that further progress in
this field will ensure the development of safer new medicines and better management
of drugs currently in clinical use.
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9.1 PXR (PREGNANE X RECEPTOR) BACKGROUND

Human PXR was originally cloned in 1998 by Lehmann et al. [1] and simultaneously
by Blumberg et al. [2] as SXR (steroid and xenobiotic receptor) and by Bertilsson et al.
[3] and termed as PAR. Ligand-activated PXR mediates steroid and drug induction
of many genes in liver and intestine. The initial target gene identified was CYP3A4,
although many other drug detoxification genes including MDRI/ABCBI (encoding
P-glycoprotein), CYP2B6, CYP2C9, and others have now been identified as targets
of ligand-activated PXR. CYP3A4 catalyzes the oxidative metabolism of half of
clinically administered drugs and P-gp effluxes many drugs from human hepatocytes
and enterocytes. Hence, administration of PXR ligands and subsequent induction of
CYP3A4 and P-gp lead to accelerated drug clearance of their substrates by either
autoinduction or transinduction, one of the major mechanisms for drug interactions.
There are numerous reports in the literature of PXR ligands, in particular rifampin,
causing accelerated CYP3A4 substrate clearance, and requiring dose adjustments to
maintain therapeutic efficacy.

Nuclear Receptors in Drug Metabolism Edited by Wen Xie
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There is significant variation among humans in the magnitude of rifampin-
mediated induction of CYP3A4 and P-gp in humans [4-7]. Thus, it was reasoned
that PXR genetic variation could be a contributor to individual variation in the ex-
tent of CYP3A4 and P-gp induction. It was also possible that sequence variations in
PXR could affect basal expression of CYP3A or P-gp or a growing number of other
ADME (absorption, distribution, metabolism, and excretion) genes since a recent
study demonstrated that PXR contributes to regulation of basal expression of a vari-
ety of human CYP genes in primary cultures of human hepatocytes [8]. These authors
showed that after infection with Ad hPXR—siRNA, both basal and ligand-activated
expression of CYP2A6, CYP2C8, CYP3A4, and CYP3AS levels were significantly
affected.

Besides PXR’s well-known role in mediating ligand activation of ADME gene
transcription, there are growing reports of additional biological functions ascribed
to this receptor (Figure 9.1). For example, PXR ligand activation can cause hepatic
steatosis [9], decrease hepatic fibrosis [10], and decrease the inflammatory response
[11]. Additional reports have demonstrated that PXR can cross talk with VDR sig-
naling [12]. PXR KO mice have revealed a role for PXR in glucocorticoid and miner-
alocorticoid homeostasis [13]. Finally, activated PXR appears to cross talk with both
FOXO1 and FOXA2 altering glucose homeostasis [14, 15]. Hence, variation in PXR
expression and ligand activation could affect a variety of biological pathways.

Since PXR expression in liver is highly correlated with CYP3A4 expression
[16], a number of groups reasoned that the large population variation in basal and

Steatosis
Fatty liver Regulation of drug
Increased CD36, fatty acid transporter Detoxification genes;
Enhance lipogenic enzymes Drug interactions
SCD-1
PXR activation—disruption of Modulates energy rneTaboIism,
glucocorticoid and mineralocorticoid Gluconeogenesis—interactions

With FOXO1 and FOXA2

homeostasis 1\ /
PXR

Bone homeostasis 4 l \

By cross-talk

KO mice increased

:Y';EI;DR PXR activation Intestinal
9 9 Decreases hepatic fibrosis Inflammation
Through inhibition of hepatic  Thru interaction
Stellate cell TGFB, WNT With NF-KappaB

FIGURE 9.1 Biological functions associated with PXR ligand activation.
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inducible CYP3A, and other ADME genes, might be explained by genetic variation
in PXR [17-19]. This seemed like a reasonable hypothesis, particularly for CYP3A4,
since cis-genetic variation in CYP3A4, the prototypical PXR target gene [20] cannot
explain human variation in CYP3A4 expression. Moreover, there are no sequence
variations in PXR binding sites in the CYP3A4 gene [21]. In addition, because
Blumberg et al. [2] proposed that PXR acts as a xenobiotic “sensor” that mediates
the physiological response of multiple drug detoxification genes that have putative
PXR binding elements, identification of functional polymorphisms in PXR might not
only explain variation in induction of CYP3A4 and MDR1/P-gp, but might also be
more generally applicable to variation in response to PXR ligands of many drug-
metabolizing enzymes and transporters regulated by PXR [22].

Thus, several groups resequenced the PXR coding region and splice site junctions
and subsequently determined whether common nucleotide variation could explain
basal or inducible target gene expression. The idea that human PXR’s LBD (ligand
binding domain), in particular, might show sequence variation was an attractive one
because there are significant differences in the PXR LBD sequence between species
that is responsible for the well-known species differences in PXR ligand activation
of target genes [1]. Indeed, it has been demonstrated that the LBD of PXR is under
significant natural selection [23], further supporting the hypothesis that humans might
show LBD genetic variation.

9.2 PXR GENE STRUCTURE

The PXR gene structure was first determined by Zhang et al. [17]. Zhang et al.
used a mouse PXR mRNA (AF031814) sequence to search the human EST database
for an hPXR clone (AA679591). This probe was used to screen a human genomics
BAC library (Research Genetics). One BAC with a 150kb insert was determined
to contain the entire hPXR coding region (AF061056) by PCR amplification using
primers for the 3’-UTR and the 5'-UTR of #PXR. The hPXR gene was sequenced by
hybridizing plasmid subclone libraries of the #PXR BAC and sequencing the positive
clones. However, since this approach would not guarantee isolation of all noncoding
intronic and upstream regions of the gene, a BAC shotgun sequencing strategy was
also utilized. Assembly of these sequences in combination with the raw shotgun
sequences from Baylor Sequencing Center (AC069444, BAC clone RP11-169N13)
generated a full sequence of the entire PXR gene. The human PXR gene is 38 kb,
localized on chromosome (chr) 3q12q13.3 (Locus Link 8856, Golden Path, May
2004 Build), and comprises nine exons, with exons 2-9 encoding PXR.

9.3 PXR ALTERNATIVE mRNAs

Alignment of all ests in GenBank revealed that there are a number of est transcripts
that differ in the length of the amino terminal end. The primary transcript, in terms
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FIGURE 9.2 PXR has multiple isoforms with different amino terminal ends. (¢) Amino acid
alignment of PXR est isoforms. PXR is the most abundant isoform. (b) Generation of PXR,
PAR.2, and PRR isoforms utilizing different initiation codons in exons la, 1b, and 2. See
color insert.

of abundance (number of ests), is hPXR (Figure 9.2). Whereas hPXR contains exon
la, and utilizes the initiator CTG in exon 2, hPAR.2 is created by alternative splicing
with exon 1b, and uses an alternative ATG initiator methionine codon in exon 1b.
Thus, compared to hPXR, hPAR.2 is a larger version with an additional 177 nt at
the amino terminal end encoding an additional 39 amino acids. Bertilsson’s group
compared the ligand activation of hPXR.1 and hPAR.2 and found no significant
difference in transactivation of a CYP3A4-luciferase reporter plasmid [3]. There are
several additional PXR ests termed as hPRR that utilize an initiator GTG in exon
la to generate a transcript that is 22 amino acids longer than PXR at the amino
terminal end. There have been no reports on tissue distribution or functionality of
these transcripts. Nonetheless, there is precedent for nuclear hormone receptors with
longer amino terminal ends to have unique tissue distribution and/or function. For
example, PPARy?2 differs from PPARvy 1 in having 37 additional amino acids at the
amino terminal end. This isoform also differs from PPAR~y 1 in its tissue distribution.
In spite of the fact that PPARvy 1 is much more highly and ubiquitously expressed,
mice lacking PPARy2 show impaired development of adipose tissue and insulin
sensitivity [24].

Alternative splicing of hPXR (also referred to as hPXR.1) also gives rise to two
additional hPXR transcripts in a variety of tissues [16, 25]; PXR.2 (splice variant 2,
SV2) has a 111 bp deletion at the 5" end of exon 5. This alternative PXR mRNA was
originally detected in breast tissue and results in an in-frame deletion of 37 amino
acids (174-210) from the LBD of PXR protein [26]. PXR.2 is produced by usage of
a cryptic splice acceptor site within exon 5. Human PXR.3 (SV3) was identical to an
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alternative PXR transcript in mouse, mPXR.2 [27], with deletion of 123 bp from the
5" end of exon 5 and loss of 41 amino acids from the LBD of PXR.

Human variation in expression of PXR.1, PAR.2, and PXR.2 was reported in hep-
atic and intestinal tissues. Studies on the abundance of PXR transcripts revealed that
in liver PXR.2 mRNAs represent 6.7% and PXR.3 represents 0.33% of total PXR
transcripts [16]. Screening of a panel of 36 human tissues for PXR transcripts revealed
that PXR, PXR.2, and PXR.3 were each present in heart, colon, stomach, adrenal,
bone marrow, and fetal brain, but PXR is always the most abundant transcript [16].
PXR and PXR splice variants were also detected in human brain thalamus, spinal
cord, pons, and medulla. Notably, the brain contains endogenous PXR ligands in-
cluding dihydroepiandrosterone (DHEA), dehydroepiandrosterone sulfate (DHEAS),
allopregnanolone, and pregnenolone. PXR in the brain could also be activated by
drugs that cross the blood—brain barrier and brain acting drugs such as nicotine [16].
Notably, two comprehensive studies of PXR mRNA expression in mouse brain and
various regions of mouse brain [28, 29] failed to detect mPXR. This stands in contrast
to in situ hybridization results from the Allen Brain Institute, which found that PXR
was highly expressed throughout the mouse brain (http://www.brainatlas.org/aba/).
These discrepant results need to be clarified since brain PXR could alter the con-
centration of endogenous brain chemicals, protect from toxicity of PXR agonists
that could cross the blood—brain barrier, and because activation of PXR by allopreg-
nanolone has been suggested to play a protective role in Niemann-Pick C disease [30].
Importantly, the mouse and human PXR promoters are vastly different in size (mouse
PXR, 2.9 kb; human PXR, 16 kb), and it will be important to determine whether the
reported differences between labs in brain PXR expression are influenced at all by
species differences in the PXR promoter.

In silico analysis of the splice variants to predict functional consequence has been
done [16]. Alignment of PXR.1, PXR.2, and PXR.3 with other nuclear hormone
receptor family members revealed that PXR.2 and PXR.3 lack portions of the LBD
that are also absent in FXR, LXR[3, CAR, LXRa, RXRa, and ERa. This finding
made it difficult to predict whether PXR.2 and PXR.3 would bind ligands because
bile acids and oxysterols bind to the smaller LBDs in FXR and LXR, respectively.
However, five of the amino acids missing from PXR.2 and PXR.3 are part of the
PXR ligand binding pocket suggesting these alternative mRNAs might not bind
ligands.

The functional consequence of PXR.2 has been briefly examined in cell-based
assays. Compared to PXR, PXR.2 had marked reduction of basal and ligand (rifampin
and corticosterone) induced transactivation activity of a CYP3A4 reporter in LS174
T cells [18], and, similarly, the orthologous mouse isoform mPXR.2 showed reduced
response to ligands compared to mPXR.1 [27]. Likewise, some of the UGT1As (PXR
targets) were induced by rifampin in Caco-2 cells transfected with PXR.1 and PAR.2,
but not with hPXR.2 [31].

Fukuen et al. [25] identified seven additional splice variants of PXR in human
liver. Seventy percent of the transcripts had an alteration in exon 5. However, they
appear to be expressed at levels significantly lower than PXR or PXR.2 or PXR.3
and have not been functionally characterized.
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9.4 GENETIC VARIANTS IN PXR’s EXONS AND THEIR
FUNCTIONAL CONSEQUENCES

Several groups devised and implemented deep resequencing strategies for human
PXR’s exons. Two hundred twenty-seven PXR SNPs (single nucleotide polymor-
phisms) in Nrl1I2 have been deposited at dbSNP (http://www.ncbi.nlm.nih.gov/
SNP/snp_ref.cgi?chooseRs=all&locusld=8856&mrna=NM_003889.3&ctg=NT-
005612.15&prot=NP_003880.3&orien). This compendium includes many, but not
all, sequence variations reported.

Multiple SNPs in PXR exons have been reported encoding nonsynonymous
changes (Table 9.1, Figure 9.3). A number of PXR SNPs are African American spe-
cific and were never found in European or Asian populations (E18K, P27S, D163G,
and A370T). Once PXR variants had been discovered, some investigators used a di-
verse set of in silico approaches to analyze the resequencing data and identify, among
all variants, those most likely to have an effect on function and to pursue in association
studies and in biochemical tests. For amino acid substitutions, well-established online
tools were used such as SIFT (sorting intolerant from tolerant) [34] and Polyphen
(www.bork.embl-heidelberg.de/PolyPhen) that combine information on the biochem-
ical and structural properties of amino acids and sequence conservation to estimate
the probability of an effect on function. For noncoding regions, SNPs located at highly
conserved positions in the sequence and/or in a predicted transcription binding site,
which is part of a high probability cluster, were also assigned a higher priority for
future genotype association studies. Evolutionary tests were also performed on the
resequencing data mainly with the goal of investigating the role of natural selection
in shaping the observed patterns of variation that would improve the assessment of
the probability of an effect on function.

SNPs were picked for association studies on the basis of allele frequencies and
results from in silico predictions, and association studies were carried out in various
populations, including association of PXR variants with PXR and CYP3A4 expression
in human livers and primary human hepatocytes. In addition, the PXR variants were
cloned, expressed, and their functional consequence determined in cell-based assays.

P27S (PXR*2) and G36R (PXR*3) SNPs in exon 2 were observed by Zhang et al.
[17] and Hustert et al. [18]. The proline to serine change could affect hydrophobicity
at position 27 and analysis by protein phosphorylation prediction analysis indicated
that this change produces a serine phosphorylation site having a high score. PXR*2
(P27S) was population specific—it was absent in Caucasians but observed in African
Americans with a frequency ranging from 15% to 20%. The PXR*2 allele had no
significant affect on the hepatic CYP3A4 content [17]. PXR*3 (G36R) was present in
aregion of lower evolutionary conservation, suggesting it might be less functionally
important to PXR function. Further gel shift assays using a CYP3A4-ER6 oligonu-
cleotide demonstrated that the amount of PXRE-PXR-RXR complex formed when
PXR*3 and PXR*2 proteins were used was slightly greater than that when PXR*/
was used. However, transient transactivation assays revealed no difference between



QUOIQ)SOOTLIOD PUE JIY PUE [eSeq

[81] PI00=VV‘00=D ‘sAesse UONBAIIOBSURT) UT [ A\ SE JWeS M8T1d cuoxyg Vs 6:4Xd
[L1] 0€0=VV9l0=D LL>DL DD ursjoid d3-g [eunsojuy ALN-£ DE61T1L
[L1]  €€0=VVII0=D VV>2V ‘D0 urejoxd d3-( reunsajug ULN-£ D961T1V
1919294
‘VV J1Y Suimoj[oy uonejAxoIpAy
[L1] PIO=VV€I'0=D 9U019150389)-¢J-9 sayko0redoy ALN-€ V66L01D
adi -DO>DL
‘LL J1y Surmo[[oj uone[AxoIpAy
[ze L1l PIO=VVIT0=D 9U0191503$9)-¢J-9 sa1ko0redoy ALN-€ L02901D
adi -D0<DL ‘LL
[z L1l 8I'0=VV'SCI'0=D rurRjord HYV EdAD [BUNS)UL paonpur Jry 9 uonuj LES08D
[L1] S00=VV°‘I00=D ukg 9 uoxy VLOLLD
adi -vv<oo
[z L1l LLO=VV'SE0=D rurRjord $YV EJAD [BUNSUL Paonpur Jry ¢ uonuy DCEILY
[L1] 00=VV‘I00=D ukg G uoxyg L8SHSO
[L1] S00=VV°‘I00=D ukg 7 uoxyg D8Pl
sKesse
UOIIOQJSURIT) JUSISULI) UT UOTIBATIOR
pue3I| paonpai ‘@ouanbas Furpuiq
[L1] 00=VV‘I00=D AXd 10§ VSINH Ul Ajugge paonpay PAAIasu0d ‘0TI ¥ uoxyg VITZerD i Xd
[L1] €00=VV°‘I00=D adda ¥99¢o cuoxy V901D £ dXd
YV EDAD S1qronpur 1o feseq uo
[L1] 0C0=VV00=D 1093J0 OU JUSISKIP JOU HY XD dnedoy adda ‘sted cuoxyg L6LD 2l Xd
OURIRJOY Kouonboig soouanbasuo)) [euonoung 101 uoneoo| 909t9€1V

J[91y uoneindod

ur uonIsoq

pOIMB[OUSUWION O[9IV ¥Xd T1°6 H'TAVL

247



*9SBASIP [9Mmoq AJojewuwueyul ‘qg] ‘osouedef ‘[ (UBOLIDWY UBOLIY YV ‘Uelseone)) ),
‘[09] woiy pardepy :a2.mog

S[190 zodoy ur Kyanoe

[e€] LTO=T 1or0wold 7 vd Jo ssof a1e[dwo) as Surpuiq [ANH B[ uonug 020vc-19p dq9 ¢ dvd
UOTJBAT)ORSURT]

(611 Y2000 = I paonpax juapuadop-puesy AEOVI 6 uoxyg DE98OV 8+dXd
uornjeAT)ORSURT)

[61] Y2000 = I paonpar judpuadap-puesry MI8ET 8 uoxy L1980 L+Xd

(611 Y2000 = I LA\ St uoneAnsesuen Ie[rurg 08y1d ¥ uoxy V66£rD 9:dXd
s[[e2 godoy ur

[61] ¥C00°0 =[  uoneAndesuen pue SuIpuiq YN( JO SO S86d ¢ uoxyg Lr06TO S«dXd
*9UO0IQ)SOO1II0D PUE JIy
£q uononpur paonpai ‘s[jed [, LS ut

[811  9100=VV‘'00=D AJIATIOB UOTBATIOBSUEL) [ESEQ UT ASEIOU] LOLEV 8 uoxy V878D ldXd
g £q uononpur
paoueyuo juapuadap 19j0wold
nq ‘9U0IdIS0INI0d Aq UoTIONpPUT
PIONPAI S[[AD [, /[ ST Ul A1IADOL

[811  +¥100=VV'00=D uoneAndesuen [eseq Jo ssof a1[dwo) DE9Id ¥ uoxy id4444 IT4Xd
QUOI9)SOOTII0D pue JIy Aq uoronpur
PIONPAI S[[AD [, /1 ST Ul A1IADL
UOTJBAT}ORSURT) [eSEq UT 9SBaIoul

[81]  00=VV000=D ‘SI[99 L L 1S7T ut urejoxd 1omof %08 WOVTA ¥ uoxy VYLEYD 0ldXd
QU0I2)SOO1}I0D
IIM 9SBAIOUT 9,()f INq JTY PUE [eseq

[81] 00=VV'€00=0  10J sAesse UONEANOESUEL UI [ A\ SE JUWIES adda “99¢o cuoxy VooIoD ExdXd
QUOI2)SOO1II0D PUE JIY PUE [eseq

(811 SI0O=VV00=D ‘sKesse UONEANDRSURI) UT [ A\ SE OWES ada ‘sced cuoxy L6LD xXd

QOUIRJY Kouenbaig sQouanbasuo)) [euonoun 10019 uones0 90979¢dV
J1o[1y uonendog ur uonIsoq
pOIMIB[OUSUWON O[9IV ¥Xd T1°6 H'TAVL

248



GENETIC VARIANTS IN PXR’s EXONS AND THEIR FUNCTIONAL CONSEQUENCES 249

G36R

P27S Decreased DNA binding activity
R122Q| Decreased RIF-PXR activation of CYP3A4-LUC

\ / / Zhang et al. [17]
. o

I i 1 10620
11193

V140M A370T Hustert et al. [18]
D1636

Reduced basal and Rif inducible CYP3A4

R98C Complete loss of ER6 binding and transactivation
R148Q

R38IW Decreased potency of transactivation

Koyano et al. [18]

FIGURE 9.3 PXR coding variants. Amino acid changes encoded by PXR allelic variants
are shown. 3'-UTR SNPs 10620 and 11193 were reported to influence survival in human
cholestatic liver disease (primary sclerosing cholangitis).

PXR*1, PXR*2, and PXR*3 in transactivation of a CYP3A4 reporter by two PXR
ligands [17, 18].

Hustert et al. [18] reported that PXR*9, encoding a E18K amino acid change, when
transfected into LS174 cells made less PXR protein, but demonstrated similar PXR
ligand activation of transfected reporter plasmids containing PXR binding elements.
The glutamic acid at position 18 is highly conserved in human, rabbit, rat, and mouse,
suggesting it has an important function.

An exon 3, 2904C>T change (PXR*5) was identified by Koyano et al. [19] in a
Japanese population. This variation resulted in an R98S change in the PXR*5 protein
but was present in a Japanese population at a very low frequency. PXR*5 failed to
transactivate basal expression or ligand-mediated induction of a CYP3A4 reporter
construct in Cos-7 and HepG2 cells. PXR*5 also demonstrated compromised binding
to an ER6 DNA element in gel shift assays [18, 35]. On the basis of the crystal
structure and mutagenesis analysis, the DNA binding domain has been defined to
consist of two zinc finger subdomains followed by a C-terminal extension [36].
PXR*5 is located in this extension adjacent to the fourth Cys residue of the second
zinc finger. This location may explain PXR*5’s complete loss of binding to DNA.

Exon 4, which encodes part of the LBD, harbors the greatest number of SNPs
among the PXR coding exons. Four nonsynonymous SNPs identified in exon 4 are
R122Q (PXR*4) [17], V140M (PXR*10) [18], R148Q (PXR*6) [19, 35], and D163G
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(PXR*11) [18]. Unfortunately, only one person was heterozygous for PXR*4 making
it impossible to ascertain its function in vivo. The arginine (R) at position 122 was
well conserved in 20 other orphan nuclear receptors, suggesting the 122R>Q change
would have a functional consequence [17]. The R122Q substitution changes a basic
amino acid to an uncharged one, thereby potentially altering DNA binding. Homology
modeling suggested that the rare variant R122Q in PXR*4 is in a site of direct DNA
contact in the last a-helix of the DNA binding domain. Compared with PXR*/
and variants PXR*2 and PXR*3, only the PXR*4 protein had significantly decreased
affinity for the PXR binding site in electromobility shift assays and attenuated ligand
activation of the CYP3A4 reporter plasmids in transient transfection assays [17].
Thus, the PXR*4 variant could affect the hepatic expression of CYP3A4 and could
be contributing to existing variation in CYP3A4 in those rare individuals with this
allele.

V140M (PXR*10) and D163G (PXR*11) exon 4 SNPs were identified in Cau-
casians and African Americans, respectively [18]. The Caucasian-specific allele,
PXR*10, demonstrated enhanced basal but reduced rifampin and corticosterone trans-
activation of reporter plasmids harboring PXR binding elements in LS174 T cells.
Interestingly, the PXR*11 allele demonstrated complete loss of basal transactiva-
tion for CYP3A4 and DR3 reporter constructs. However, compared with PXR*1,
rifampin-liganded PXR*11 showed threefold higher activation of a CYP3A4 reporter
[18]. The functional consequence of PXR*/] was promoter specific, depending on
the sequence context of the PXR binding element.

PXR*6, which results in a R148Q change in the PXR protein, was identified in
a Japanese population. This amino acid change occurs in the LBD. At high concen-
trations of rifampin, PXR*6 and PXR*1 similarly activated a reporter plasmid, while
the transactivation potential of PXR*6 was reduced at lower rifampin concentrations.
PXR*6 was similar to PXR* ] when paclitaxel was used as an activator; however, it had
lower transactivation capability at higher levels of clotrimazole. It is of interest that
amino acid 148 in rat PXR encodes a glutamine, suggesting the R148Q substitution
is a tolerant change, or may have species-specific effects on PXR ligand binding.

A370T and R381W coding changes in exon 8 are encoded by PXR*12 and PXR*7,
respectively. PXR*8 encodes an 1403V change and is localized in exon 9. PXR*7
and PXR*8 were identified as rare alleles in the Japanese population. LS174 cells
transiently transfected with PXR*12 (A370T) showed approximately twofold higher
basal activation of DR3 and CYP3A4 reporter constructs, respectively, compared to
PXR.1. However, upon ligand treatment, PXR* 12 showed slightly reduced induction
of both reporter plasmids, compared to PXR.1 [18]. R381 and 1403, the amino acids
that are changed in PXR*7 and PXR*8, respectively, are evolutionarily conserved in
human, rat, mice, and rabbit, suggesting they are functionally important. Compared
to PXR.1, both these variants demonstrated reduced transactivation of a CYP3A4
reporter upon ligand treatment (Rif, clotrimazole, and paclitaxel), but similar DNA
binding and nuclear localization [35].

Notably, the functional consequences of PXR coding variants that lie in the LBD
have been analyzed for their effects on binding of ligand to PXR or transactivation
by PXR of reporter plasmids. Although the prototypical target tested in all of these
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studies has been CYP3A4, it is also possible that these SNPs could alter PXR function
and affect drug—drug interactions in a ligand, promoter, and tissue-specific fashion,
and this remains to be determined.

9.5 GENETIC VARIANTS IN INTRONS 2-8 AND THE 3'-UTR OF PXR
AND THEIR FUNCTIONAL CONSEQUENCES

Numerous SNPs have been identified in introns of PXR. Zhang et al. [17] re-
ported 14 SNPs in the introns and analyzed them for creation of cryptic splice
sites or disruption of existing splice sites using a splice site prediction program
(http://www.fruitfly.org/seq-tools/splice.html). Only C8357G in intron 7 created a
cryptic splice site with a score of 0.98, but amplification of the PXR cDNA from
livers with this intron 7 SNP did not reveal any aberrant splicing [17]. A7635G in
intron 5 was associated with higher induction of intestinal CYP3A4 by rifampin.
Homozygous 7635GG individuals demonstrated a twofold higher induction of in-
testinal CYP3A as compared to persons homozygous 7635AA. Individuals with at
least one 8055C>T allele had twofold higher intestinal CYP3A following treatment
with rifampicin as compared to persons with a CC genotype. However, the molecular
basis of association of these SNPs with inducibility phenotype is yet to be explored.
Possible explanations for the relationship of these genotypes to CYP3A phenotype
are as follows: (a) the intronic SNPs can destabilize/stabilize the PXR pre-mRNA
which in turn influences the level of PXR; or (b) there are yet unknown causal SNPs
that may be in LD with these intronic SNPs. Recently, Karlsen et al. [37] reported a
weak association of SNP7635 in intron 5 with onset of primary sclerosing cholan-
gitis. SNP 252A>G in intron 2 was reported to be associated with oral midazolam
clearance [38].

Out of nine SNPs reported in the 3’-UTR of PXR, four demonstrated association
with expression of target genes. The 10620T and 10799A were associated with
twofold lower testosterone 6[3-hydroxylase activity following rifampin treatment of
primary hepatocytes [17]. Persons with at least one 3'-UTR 11156C or one 11193G
allele had 1.45-fold lower intestinal MDR levels as compared to persons homozygous
for 1156AA and 11193TT alleles. Six additional intronic SNPs and one 3’-UTR SNP
26 bp downstream of the stop codon have been reported but not yet analyzed for
any functional consequences [19]. Karlsen et al. [37] reported an association of
Zhang’s [17] 3’-UTR SNPs 10620 (rs1054190) and 11193 (rs3814058) and onset
of primary sclerosing cholangitis. This was the first demonstration that PXR SNPs
could influence survival in human cholestatic liver disease.

9.6 RESEQUENCING STRATEGY FOR THE PXR PROMOTER
AND INTRON 1

The low number of detected PXR cSNPs relative to the extensive interindividual
variability in PXR and CYP3A activity motivated an extensive survey of sequence



252 GENETIC VARIANTS OF XENOBIOTIC RECEPTORS AND THEIR IMPLICATIONS

variation in the promoter and intron 1 of PXR. In addition, these regions were tar-
geted because some whole genome studies for sources of human variability in gene
expression found that the majority of variability in gene expression is likely due to
trans-acting factors or their cognate binding sequences. Comparative genomics cou-
pled with computational prediction of transcription site clusters were used to guide
selection of genomic targets for resequencing.

Comparative analysis of the orthologous PXR gene in multiple species
using the UCSC (http://genome.ucsc.edu) and ECR [evolutionary conserved
(http://ecrbrowser.dcode.org/)] browsers revealed regions of extensive sequence ho-
mology in PXR from various species. The genes flanking human PXR—telomeric 5’
(AAT [—testis-specific AMY-1 binding protein—also known as C3orf15) and cen-
tromeric 3’ (GSK3f , glycogen synthase kinase-3beta)—are conserved between hu-
man and rodents. However, the distance between PXR and the upstream gene AAT1
was 16kb in humans versus only 2.9kb in mice. Although both the UCSC and
ECR browsers indicate a region with a high degree of conservation in intron 1, this
conserved region represents a retroposed pseudogene (Prohibitin) present in APXR
intron 1, but not present in a syntenic region of mouse PXR (mPXR is on chr 6,
while the pseudogene is on mouse chr 15). Local gene-to-gene alignment of human
and mouse PXR using rVISTA (http://genome.lbl.gov/vista/rvista/submit.shtml) also
indicated that the greatest evolutionary conservation was in the proximal promoter
and intron 1. ClusterBuster online tool (zlab.bu.edu/cluster-buster), which utilizes TF
(transcription factor) matrices to identify binding site clusters of high probability,
was also used to identify PXR genomic regions with a high probability of being
functional, since SNPs in those regions would be most likely to have a functional
phenotype.

9.7 GENETIC VARIATION IN THE PXR PROMOTER AND 5-UTR
AND ITS FUNCTIONAL RELEVANCE

Deep resequencing of the PXR promoter and intron 1 was done targeting these regions.
The DNA resequenced was from the polymorphism discovery resource (PDR). This
is a useful resource for SNP discovery because the PDR panel was designed to
represent the genetic diversity of the US residents who have ancestors from Europe,
Africa, the Americas, and Asia. Eighty-nine SNPs were identified. Genotyping these
SNPs in specific races revealed striking differences in allele frequency between
populations. Zhang et al. [17] first reported on sequence variations in PXR’s promoter.
Association between PXR genotype and CYP3A4 basal and inductive phenotype was
used to analyze any affects of the PXR SNPs. Seven SNPs were identified in the
1 kb promoter region and two in the 5-UTR of PXR. The promoter of PXR was
analyzed for any potential cis-acting elements that might be influenced by these
SNPs. It was observed that —1010G>A promoter SNP was present in a putative
HSTF (heat shock transcription factor) binding site, —831T>C was within a NF-kB
binding element, and —202G>A was present within a consensus binding element for
¢/EBP and HNF-1A (hepatic nuclear factor 1A) sites. The SNP at —165 was within a
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putative progesterone receptor binding site. Zhang et al. phenotyped approximately
100 persons for the expression and/or PXR-mediated inducibility of CYP3A4 and
MDR 1—both of which are PXR targets. The PXR genotype to CYP3A phenotype
analysis demonstrated that the —831T was associated with a higher fold rifampin
induction of the ERMBT (erythromycin breath test), a marker of CYP3A4 hepatic
activity. Individuals with the —831TT genotype had a twofold higher ERMBT after
treatment with rifampin as compared to subjects with a —831CC genotype. This SNP
was in partial LD with the SNPs A-24381C in the 5’-UTR and G-24113A in intron 1,
but no DNA response element was found at these positions. Another promoter SNP
—25564G>A was identified in two subjects, one of whom was at the lower extreme
of CYP3A4 content and another who had the lowest nifedipine clearance. However,
due to an insufficient number of subjects (these were retrospective analyses), further
studies with larger study populations are required in order to confirm the effect of
this SNP.

A number of additional PXR promoter SNPs have been demonstrated to be asso-
ciated with hepatic gene expression [39]. Basal hepatic CYP3A4 activity was related
to several linked promoter SNPs including the 44477T>C located at —1359 bp in the
PXR promoter. Thus, SNP 44477 (—1359) was selected as the promoter LD tag (in
LD with a 6 bp deletion in intron la (SNP 46370 [33]) and a 46551C nucleotide in-
sertion in intron 1a). Among females homozygous for the 44477T allele, testosterone
6B-hydroxylase activity was approximately threefold higher compared to persons
homozygous for 44477C. Among males the 45005 C>T located at —831 bp in the
PXR promoter was associated with significantly lower hepatic PXR levels.

The 5-UTR SNP —24381 (called —566 in King et al. [40]) was associated with
higher P-gp and CYP3A4 expression in colon tumors. This SNP has also been
associated with risk of IBD (inflammatory bowel disease). This SNP was not found
to be associated with hepatic PXR regulated traits [17]. It may be that the functional
consequence of this SNP is tissue specific, or that it requires further studies in larger
populations.

9.8 GENETIC VARIATION IN PXR’s INTRON 1
AND ITS FUNCTIONAL RELEVANCE

A number of SNPs in LD in PXR intron 1 were associated with CYP3A4
(Table 9.2). A 6 bp deletion in intron 1a (—24020) has been reported [39, 33]. Intron
la also represents the promoter for the PXR variant PAR2 that uses exon 1b as the
first coding exon. This 6 bp deletion occurred with a frequency of 27-28% in the
Japanese population and was associated with complete loss of PXR promoter activity
in HepG2 cells [33].

Although any of the SNPs alone or in combination with the intron 1 LD block
could be affecting PXR activity, one LD TAG SNP was randomly chosen to represent
the block of associated SNPs. For example, 63396C>T was chosen as an intron 1
LD Tag SNP [it was in LD with intron 1 SNPs: 63704G>A and a polymorphic repeat
at 63813 (CAAA)5/6(CA)12/13; and in partial LD with intron 1 SNPs 63877T>C



[6¢] vedAD onedoH  866680€ TSI 0TI — D<18818S
VEdAD
l6g]  620=V‘IL0=0D  onedoy :oys ¢y urjuasard NS  [€91CHI TSI q uonuy TorT— V<D8t£9S
VEJAD onedoy
[L1] 620=029°1L0=2D¢ ‘oyIs AYLS ur judsdxd uonrosur 689T#8¢s1 Qrxa) ¥1n-S 6£8¢T— Sur D §6S9%
670 =1°d VEdAD dneday
[6¢] TL0= LM ‘uon3[ap YIIm ISOT IS [INH @Qrxa) ¥1n-S 020bc— °p dq 9 0LE9Y
DDVY 1Y Jeyje uononput
[LT] 2€0=VV6£0=D PIoJ pue LN paonput jry B] uonuy V<OCT YT~ LLTOY
siownj uojod
ur yV¢d XD pue d3-4 1043y
[0y ‘z€ “L1] DN ‘D ‘adr Wi pareroossy LTTETSTST e[ uoxy J<VISEYT— 6009%
(1] 0=VV°I00=D ud S91— D<D61LYT—
[L1] 0=VV‘I00=D pi(s} €81— DO<VLELYT—
[LT‘6€] vT'0=VV‘I00=D S[9[[E V Yiim paures s 499/ 0T~ 9SLYT— V<DPE9SH
DD<LL 31y Ie)je uononpur
[L1] TZ€0=VV6£c0=D PIoJ pue LAINYH paonpur jry
VEdAD oneday DN
‘AD ‘AdI Ym pajeroosse SIS
[ze“L1°6€1  1€0=1‘690=D €-ADSI ‘g-AN ur juasaxd NS SSOP18Est 1€8— 68¢GT— L<DS00SY
[LT] 600=VV‘100=D saNs [JINOD ‘ALSH 0101— V<Dy9$5T—
VEdAD onedoy ‘opoyre
[6¢] €L0=DI8S+'0=1 L uriso[sans Iv4AN ‘9 ‘¢ ‘[ILVLS 0€1€TSIST 6S€1— €165T— D<LLLYYY
QoudIFY (suerseone)) seouanbesuo)  (dVINAVH) JA1+) aug ueig J1+) S ueg 909%9¢AV
%oco:@o.mm Jeuonoung oquinN St :oﬁmﬁomcw.ﬂ_ uonejsuel], ur uonisod
20:4 O>W> EH Eoﬁ Eo.ﬁ
co_uﬁsmom 10 2AnRINg uonisod uonisod

,A0uanbasuo)) [euonoun e 9AeH 03 pajiodoy SJUBLIBA UONUJ PUE JoJowold ¥Xd 76 ATIVL

254



“o)1s 1es uondiosuen oyl 1+ 9601904V Ul UonIsod,

"9JIS 1IB)S UOHR[SURL 3y} [+ ‘909¥9EAV Ul UONISOd 4
‘spiSueoyd Surso1d[os Arewnid QS {(A1Anoe yedAD oneday)
1591 Jealq UAWOIYIAID ‘L INYH S0 QAIIRISJN ‘D) ASLISIP S, U0IYD) ‘(D) OSLasIp [omoq Alojewieyul ‘(] ‘osoueder ‘f ‘UeoLIOWY URILIY ‘VV {UBISBONRD) D),

(L€ “L1]
[L1]
[Lg ‘Te“LT]

[Lg ‘Te L]
[8€]

l6€]
l6€]
l6€]
[6€]
l6€]
[6€]
l6€]

l6€]
l6¢]

l6€]

OSd “VNYW [1put Sunsuy
DSd ‘sa1kooreday

PI'0=1'98°0=0D uewnyul V¢dAD JO UOHoNpuL Jry
ao pue g4l

8I'0=1LC80=D *VEAAD [BUNSAUL UONONPUL JIy
DSd ‘D pue a4l

LLO=D€T0=V 'VEAAD [BUNSAUT UONONPUT JTy

$9°0=D‘9C0=V Q0UBIEI[O WE[OZEPIW [RIQ

0€0=D°0L0=1

VEdAD

9¢'0=D90=V oneddy d[3[[e O UI ISOT IS {,:INH
VEJAD

S00=L‘S60=D onedoy 3[a[[e L Ul Iso[ IS gHYD

$0'0 =V ‘960 =L VEdAD onedoy

0T0=1080=D VEJAD onedoy
VEdAD

170=L1‘6L0=10 onedoy ous ogINH ur jussdrd NS

90=D'CE0=1 VedAD onedoq

LEO=D'€90=1 VedXAD onedoy
8¢°0=2CI/9 VEdAD oneday tuorasur

‘T9°0="2l/S VO(VVVD) £q paures s J¢.INH

90=V8€0=D VedXAD onedoH
VEJAD

79°0=18¢’0 =0 ouedoy aus geINH urjudsard NS

«SYOEY9LST

6L9CTLYTST

010889151
CETOS0ETST
9rC8EYISL
CEETLELST
‘€LILITYSI
96CCoVCIST

LLOTLYTST

ALN-€

dLN-€

9 uonuyg

G uonuy
C uonug

q] uonuy
q] uonuy
q] uonuy

qT uonuy
q] uonug

q1 uonuy

q] uonug
q1 uonuy

q] uonug

IO<LE6ITI

L<D02901

L<DES08

DVSEIL
DVIST

109—
SyIT—
0891—
ve6l—
600C—
9cer—
€1e9—

LLS9—
9899—

7669—

D<V68L69

L<OSYT69
V<10vL89
L<DIEY89

I<DT18£89
D<I¥£099
D<LLLSEY
y1/21(VD)
‘9/S(VVVIIETBEY
D<VH0LEY

L<D96£€9

255



256 GENETIC VARIANTS OF XENOBIOTIC RECEPTORS AND THEIR IMPLICATIONS

and 66034C>T]. Persons homozygous for the 63396C had threefold lower CYP3A4
activity compared to persons heterozygous or homozygous for the 63396T allele
(Table 9.2). Females homozygous (TT) for the intron 1B 58188T>C SNP had signif-
icantly lower (2.3-fold) basal CYP3A4 activity versus 58188TC subjects. A number
of PXR intron 1 SNPs associated with rifampin-induced CYP3A4 activity: Individ-
uals homozygous for the intron 1 LD Tag SNP 63396C demonstrated significantly
higher induction in CYP3A4 activity versus individuals homozygous for the major
63396T allele. Likewise, rifampicin-mediated fold induction in CYP3A4 activity
was two times higher in subjects with 63877CC/66034TT genotypes as compared
to subjects homozygous with 63877TT/66034CC genotypes. Similar effects were
observed for the 68740T>A/69245C>T SNPs. The 69789A>G intron 1 genotype
was associated with lower hepatic MDR1 mRNA, the effect being more pronounced
in females. Persons homozygous for the 63396C intron 1 tag SNP had lower hepatic
PAR.2 mRNA levels compared to subjects with at least one 63396T allele.

9.9 IN SILICO ANALYSIS FOR FUNCTIONAL EFFECT OF SNPs IN
PXR’s PROMOTER, 5'-UTR, AND INTRON 1

A number of groups used Transfac to determine if any PXR SNPs, particularly those
associated with any of the hepatic traits measured, were located in transcription factor
binding sites or disrupting or creating any transcription factor sites. Interestingly, a
number of SNPs in LD at the 3’ end of intron 1 were located in HNF3 binding
sites (Figure 9.4): (a) the 63396 LD tag SNP is located in a putative HNF3f3 (also
known as FOXAZ2, fork head transcription factor FoxA?2) binding site; (b) the 63813
(CAAA)5/6 (CA)12/13 gain in polymorphic repeats increased the number of HNF3(3
binding sites; and (c) screening the HAPMAP data for any additional SNPs that
were in LD revealed SNP 65104T>C that was also predicted to gain an HNF33
binding site. The 69245C>T change (which occurs in LD with the 68740 T>A that
was associated with lower CYP3A4 expression in hepatocytes) disrupts a binding
site for CREB. The 69789 A>G SNP, which was associated with lower expression
of multiple PXR targets in liver, was present in a HNF4 binding site and the A>G
change is predicted to result in the loss of the binding site.

The 44477T>C (—1359 promoter) SNP results in the loss of one binding site each
for STAT1, STAT3, STAT6, HELIOSA, and NFAT. The 44477 SNP is in LD with
the 6 bp deletion, which is located in an HNF1 binding site at position 46370, and a
46551 C ins, which is present in an STRE (stress response element) site.

9.10 SNPs IN PXR’s PROMOTER AND INTRON 1 AFFECT PUTATIVE
HNF BINDING SITES

The results from several studies suggest that HNF3( (also known as fork head
transcription factor FoxA2) and other hepatic transcription factors such as HNF4
and HNF1 may influence transcriptional activity of the PXR promoter and that SNPs
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FIGURE 9.4 PXR promoter and intron 1 SNPs associated with various traits in liver and
intestine.

in the transcription factor binding sites alter PXR expression/activity. For example,
PXR SNPs associated with CYP3A4 expression were residing in and predicted to
alter HNF binding sites. The 69789A>G SNP destroyed a potential HNF4 binding
site and was associated with lower MDR1, CYP3A4, and PXR mRNA expression
(Table 9.2). This is consistent with results [41-43] on the important role of HNF4 in
regulating hepatic PXR expression. Most striking was the fact that the cluster of SNPs
tagged with the 63396C>T SNP, in LD with the 63704G>A, 63813(CAAA)n/(CA)n,
and 65104T>C, were each predicted to affect multiple HNF33 binding sites, and
these SNPs were highly associated with basal and inducible CYP3A4 activity in liver
and primary human hepatocytes. This result was interesting because of several reports
that HNF3[3 can regulate PXR expression in liver [44] that HNF3f3 is recruited to
the mouse PXR promoter (between —167 and —193 bp) during liver development
[43] and that HNF3f3 cross talks with PXR to modulate its drug-induced activation
of lipid metabolism (and glucose levels) in fasting mice [14]. Because HNF3f3 is an
hepatic regulator of bile acid and glucose homeostasis [45], this regulation of PXR by
HNF3f and cross talk with HNF3[3 suggests not only that HNF33 may be a master
regulator of PXR but also that PXR, in addition to its known role in bile acid biology,
may have a role in modulating hepatic glucose levels.

9.11 PXR SNPs HAVE BEEN ASSOCIATED WITH INTESTINAL
AND HEPATIC INFLAMMATION AND DISEASES

The 45005T (—831 bp) promoter SNP, located in a putative NF-kB and ISFG-2 site,
was associated with lower hepatic PXR mRNA expression in human liver. Another
group recently reported that the same 45005 (23585)C allele was associated with
increased susceptibility to IBD, Crohn’s disease, and ulcerative colitis [32]. This
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result was intriguing because Zhou et al. [11] reported that PXR KO mice show
significant inflammation within the intestine. Coupled with the fact that activated
PXR suppresses the inflammatory response, these results suggested that persons with
lower PXR expression (the 45005T allele in livers) might have a higher inflammatory
response. Consistent with this notion, PXR expression was lower in patients with
IBD [32]. However, paradoxically the 45005 (25385)C allele was significantly more
frequent in IBD patients than the control population. There are several possible
explanations for the discrepant results. The SNP, which effects a putative NF-«kB site,
could behave quite differently in the non inflammatory versus inflammatory state and
there could be tissue-specific differences between liver and colon in the functional
consequence of this SNP. A PXR 3’-UTR SNP (rs1054190) and an intron 5 SNP were
shown to modify disease course for patients with primary sclerosing cholangitis,
a hepatic disease where bile duct pathology leads to inflammation, fibrosis, and
ultimately cirrhotic disease [37].

9.12 PXR STRUCTURAL VARIATION AND OTHER
GENOMIC FEATURES

DNA structural variations including large deletions, duplications, inversions, and
insertions are another source of genetic variation. Recent reports have shown that
humans may differ to a greater degree in structural variations than in SNPs (taking
into account the total number of nucleotides involved). Approximately 1300 struc-
tural variations were found in DNA from two subjects [46]. Iafrate [47] reported
CNV (copy number variation) for PXR at chr 3ql1 (one gain and one loss) using
DNA from 39 healthy unrelated individuals. However, the authors used array-based
comparative genomic hybridization (CGH) and the BAC clone showing PXR varia-
tion also contained the genes 5’ and 3’ of PXR (AATI and GSK3p ). DNA from the
PDR24 subset was screened by quantitative real-time PCR for relative copy number
(E. Schuetz and J. Lamba, unpublished data). Novel controls for chromosome copy
number were diploid EBV-immortalized lymphoblasts that were converted by GMP
conversion technology™ (GMP Genetics, Waltham, MA) to haploid cell lines, each
monoallelic for one chromatid of chr 3, using Conversion technologies. Hybrid hap-
loid cells were screened for each human chr 3 chromatid. Comparison of amplification
of the DNA diploid and haploid for chr 3 demonstrated that CNV could be readily
quantified. However, none of the PDR24 samples showed PXR CNYV, suggesting it
is not polymorphic (>1% frequency) in the population. Nevertheless, it was recently
reported [48] that patients with bipolar disorder showed a significant increase in CNV
of GSK3p and two other neighboring genes, including PXR, which is immediately
3’ to GSK3p. This data demonstrate that there may be a small number of individuals
with bipolar disorder that show with PXR CNV.

PXR was reported to be adjacent to a chromatin insulator element [49]. Insula-
tors regulate gene activity by blocking enhancer—promoter interactions. However,
although the authors indicated the AY457543 chromatin insulator binding site was
in PXR, it is in fact in intron 1 of GSK3, a gene 3’ of PXR. PXR is arranged head to
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tail, while GSK3{ is arranged tail to head, which positions the insulator in a region
most likely to be regulating GSK3{ and not PXR.

9.13 PXR SUMMARY

Polymorphisms in nuclear hormone receptors are likely to contribute to the wide
and inheritable variation in drug disposition, efficacy, and toxicity. In addition, they
would contribute to human variation in the inductive drug response and the mag-
nitude of inductive drug—drug interactions. In addition to PXR’s well-known role
in modifying expression of drug detoxification genes, it can significantly affect the
inflammatory response in mouse intestine and liver, affect lipid deposition, glucose
homeostasis, vitamin D levels, and glucocorticoid and mineralocorticoid homeosta-
sis. The relationship of many newly identified PXR SNPs and risk of these and other
diseases should help to strengthen the identity of which PXR SNPs are important to
PXR expression/function in various tissues and disease states. Moreover, the recent
finding that PXR —/— mice develop hepatic steatosis, and the growing body of work
implying a connection between PXR, HNF3(3, and glucose homeostasis, suggests
that PXR may be a modulator gene in these diseases and that PXR genotyping in
other disease settings is warranted.

9.14 CAR BACKGROUND

CAR belongs to NR1I subgroup of nuclear receptors and is also known as NR1I3.
CAR was identified initially in 1994 while screening a human liver library with
a degenerate oligonucleotide probe based on the P box region of receptor DBDs
(DNA binding domains), it was called constitutive “active” receptor as it could
transactivate genes in the absence of ligands [50, 51]. Later on, identification of
CAR ligands, androstenol, and androstanol resulted in renaming it a constitutive
“androstane” receptor [52]. As has been discussed in the previous chapters, CAR is
one of the key nuclear hormone receptors involved in regulating the expression of
multiple genes involved in drug disposition. Some of the CAR target genes involved
in xenobiotic metabolism include cytochromes P450 (such as CYP2Bs, CYP3As,
CYP2Cs) involved in the phase I of drug metabolism, conjugating enzymes (such
as GSTs, SULTs, UGTs) involved in the phase II of drug metabolism, and drug
transporters such as MRPs, MDR1, and OATPs. Biological roles for CAR have been
extended beyond regulating detoxification genes. CAR has been shown to influence
other physiological processes such as gluconeogenesis, bile acid homeostasis, and
thyroid hormone levels. Thus, genetic variation influencing the expression and/or
activity of CAR may influence the expression of its target genes that are involved not
only in drug disposition but also in other biological processes.

Although most of the drug-metabolizing genes are polymorphic themselves, the
influence of genetic polymorphisms in nuclear hormone receptors such as CAR
and PXR will further contribute to the existing interindividual differences in the
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drug-metabolizing enzymes. The existence of wide range of interindividual variability
in CAR mRNA expression (more than 200-fold) [53, 54] and its correlation with
the mRNA expression of its target genes CYP2B6 and CYP3A4 [53-55] and other
xenobiotic-metabolizing genes such as CY2A6, CYP2B6, CYP2C, and UGTIAI [56]
further provides evidence for the influence of variable CAR expression in the altered
expression or induction of the target genes. In this chapter, we will discuss the
genetic polymorphisms as well as the alternatively spliced isoforms characterized in
CAR so far.

9.15 CAR GENE STRUCTURE

The CAR/NR113 gene is localized on chr 1¢q23 and has nine exons that code for 348
amino acids. Similar to other nuclear hormone receptors, CAR has an amino terminus
DBD encoded by exons 2-3 and a C-terminal LBD encoded by exons 4-9, with
an intervening hinge region. In contrast to other nuclear hormone receptors, CAR
demonstrates lower homology in its LBD (74-79%) between human and rodents
[57, 58]. This variation in the LBD is more striking at the DNA sequence level
especially with respect to the rate of nonsynonymous and synonymous coding changes
[59]. As is shown in Figure 9.5, CAR shares its 3’-UTR with the 3’-UTR of another
gene known as TOMMA40L.
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FIGURE 9.5 Snapshot of the human CAR gene locus from the UCSC genome browser. Top
panel shows the RefSeq genes; the 3’-UTR of TOMM40L and CAR (NR113) overlap with
each other. Some of the alternatively spliced isoforms of CAR are also shown in this panel.
The ESPERR regulatory potential track displays regulatory potential scores computed from
alignments of seven different species. The TargetScan miRNA track displays the potential
miRNA binding sites in the CAR 3’-UTR. The SNPs from dbSNP occurring with the average
heterozygosity of more than 0.005 are indicated in the bottom panel. The two SNPs in the
3’-UTR of CAR are boxed.
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9.16 CAR ALTERNATIVELY SPLICED mRNAs

Alternative splicing is a mechanism that can generate multiple transcripts with similar
or different functions from the same gene thereby resulting in profound functional
diversity. There is precedent for alternate splicing among nuclear hormone receptors.
The molecular complexity provided by alternate splicing in nuclear hormone recep-
tors further complicates the signaling pathways. As has been observed with other
nuclear hormone receptors, alternate splicing in CAR provides protein and func-
tional diversity. Alternatively spliced isoforms of CAR demonstrate altered amino
and C-terminal ends in addition to alterations in the DBD and LBD.

There have been extensive efforts to characterize and understand the functional
consequences of alternatively spliced CAR isoforms. Approximately 26 alternatively
spliced isoforms of CAR, originating from combinations of around eight splicing
events, have been described for CAR (reviewed earlier [60]). In this section, we will
discuss alternatively spliced isoforms of CAR that have been functionally character-
ized by various investigators.

The predominant isoforms of CAR are summarized in Figure 9.6. The splicing
events resulting in deletions are indicated by upright triangles and insertions by
inverted triangles, respectively. The potential effect of the alternative splicing on the
CAR protein and the functional consequences as determined by in vitro studies are
also summarized in Figure 9.6. For the sake of consistency, the SV numbers are kept
same as indicated earlier [60]. The splicing event associated with deletion of exon
2 (indicated by SV22), which harbors the start site, results in use of an alternate
start site in exon 1. The CAR isoforms skipping exon 2 lack the first zinc finger in
the DBD and hence the ability to bind to CAR response elements and transactivate
a CYP2B6-luciferase reporter [54]. Skipping of exons 4 and 5 results in premature
termination codons due to change in the reading frame and hence loss of CAR
expression.

The most common and extensively investigated CAR isoforms are characterized
by a 12 bp insertion at the 5’ end of exon 7 (SV23) resulting in an in-frame insertion
of four amino acids (SPTV) and a 15 bp insertion at the 5’ end of exon 8 (SV24)
resulting in an in-frame insertion of five amino acids (APYLT), respectively. These
two events can occur independent of each other or together.

SV23 characterized by a four amino acid insertion in the LBD adds an extra
loop between helices 6 and 7. This isoform interacts weakly with CAR response
elements and with various coactivators [61—65]. This variant was capable of transac-
tivating CYP2B6 and MDRI reporters in some studies but not CYP3A4 and UGTIAI
reporters [61-65]. Recently, it has been shown that upon RXRa overexpression SV23
shows RXR-dependent transactivation activity and interaction with SRC-1 as well as
RXR-dependent response to clotrimazole and androstanol [66].

SV24, with a five amino acid insertion in the LBD, extends the loop between
helices 8 and 9. This isoform has compromised CAR activity as assessed by its ability
to bind CAR response elements, ability to transactivate of various reporter cons-
tructs, and ability to interact with the coactivators, as summarized in Figure
9.6 [61-65]. As shown by SV23, SV24 also demonstrates RXRa-dependent and
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FIGURE 9.6 Summary of major alternatively spliced events in CAR and their impact on
CAR mRNA and protein structure as well as their possible functional consequences (based on
in vitro studies).

CITCO-induced transactivation of DR4x3, CYP2B6, and CYP3A4 reporter constructs
as well as RXRa-dependent and CITCO-mediated interaction with coactivator
SRC-1 [67]. This indicates that SV24 is distinct from CAR.1 in regulation of target
genes and demonstrates both RXRa and ligand dependence.

CAR.SV5, characterized by in-frame deletion of 39 amino acids due to skipping
of exon 7, also demonstrates loss of CAR function [61-65].

Arnold et al. [61] identified CAR.SV26 with partial deletion of exon 9, which
results in replacement of 42 C-terminal amino acids by seven new amino acids.
This isoform has loss of CAR activity as indicated in Figure 9.6 and discussed
earlier [60]. SV1 identified by Lamba et al. [64] uses a further downstream cryp-
tic splice site and results in an altered C-terminal end of CAR protein along
with the five amino acid insertion. Use of this cryptic splice site removes the 42
C-terminal amino acids coded by exon 9 and adds 29 new amino acids. Unpublished
work from our lab has demonstrated that this isoform lacks the ability to transac-
tivate a CYP2B6 reporter (Figure 9.7a). However, upon coexpression with CAR.1
(wild-type), it suppresses CITCO-induced transactivation of a CYP2B6-luciferase
reporter by CAR.1 (Figure 9.7b). Thus, the relative expression of this CAR iso-
form with respect to wild-type CAR (CAR.1) could influence the activation of
target genes.
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FIGURE 9.7 Functional characterization of CAR.SV1. CAR.SV1 is characterized by partial
deletion of exon 9 as well as a 15 bp insertion as depicted in the schematic representation of
CAR.1 and CAR.SV1 isoforms. (a) CAR.SV1 is unable to transactivate CYP2B6-luciferase
reporter in presence or in absence of CITCO (a CAR activator) as compared to CAR.1 (WT).
(b) Upon coexpression CAR.SV1 significantly suppresses the CITCO-mediated induction of
CYP2B6-luciferase reporter transactivation by CAR.1.

Similar to human CAR, alternative splicing of CAR is evolutionarily conserved
and has been reported in other species such as mouse [51], rat [68, 69], and chimp
[60], indicating their role in providing protein diversity to CAR.

Some of the CAR isoforms demonstrate tissue-specific expression. This might
influence tissue-specific expression of wild-type CAR transcript and would also
influence tissue-specific activation of target genes as well as tissue-specific drug—drug
interactions. In rat, a Car.SV splice variant (with retention of intron 6) expressed in
lung has been implicated in loss of PB-induced expression of CYP2b in lung as
compared to liver [68]. More recently a rat Car.SV isoform with retention of intron 7
has been shown to retain transactivation potential (for PBREM reporter); it suppresses
cotransfected rat Car.1 (wild-type) mediated transactivation of a PBREM reporter
[69].

Finally, the presence of different relative amounts of these alternatively spliced
isoforms would contribute toward interindividual variability in level of the prop-
erly spliced CAR isoforms. Although preliminary, the relative expression of the
CAR.SV24 as compared to CAR.1 has been shown to vary between 38% and 42%
when compared in liver samples from four donors [63]. Interindividual variability in
the relative expression of CAR isoforms could thus influence CAR-mediated tran-
scriptional activation of target genes. Future studies in a greater number of subjects
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will elaborate on the contribution of the alternatively spliced isoforms in influencing
the levels of normally spliced isoform and the expression of CAR target genes.

9.17 CAR GENETIC VARIANTS (SNPs) AND THEIR
FUNCTIONAL CONSEQUENCES

To date, three reports focusing on the identification and/or functional characterization
of SNPs in CAR have been published. Ikeda et al. [70, 71] identified 29 SNPs in a
Japanese population: 16 were in the 5 flanking region, 6 were exonic, and 10 were in-
tronic. Four of the six exonic SNPs resulted in amino acid changes namely Val133Gly
(exon4), His246Arg (exon 7), Leu308Pro (exon 9), and Asn323Ser (exon 9) all within
the LBD of CAR. The location in gene and protein and the frequency observed in
different ethnic groups for the nonsynonymous and the synonymous coding changes
are indicated in Table 9.3. As summarized in Table 9.3 functional studies carried out
by coexpressing CAR variant protein with CYP3A4 promoter/enhancer luciferase re-
porter revealed that CAR-246Arg variant and CAR-208Pro variant had substantially
lower transactivation activity as compared to CAR wild-type (WT) protein [71]. Fur-
ther CAR-246Arg variant was not responsive to CITCO, a CAR activator. This might
be due to the fact that His246Arg change is present in helix 7, which is important for
ligand selection [74]. Future studies are required to evaluate and understand the role
of these variants in influencing the expression of CAR target genes.

Thompson et al. [59] sequenced all the coding exons and conserved intronic se-
quences (based on the sequence homology between six different species) in three
different ethnic groups (European, African American, and Han People from Los
Angeles). A nonsynonymous coding polymorphism resulting in Arg97Trp change
was observed in the African American population but was absent in the other two
ethnic groups tested. Using an in silico approach (SIFT), this polymorphism was pre-
dicted to be intolerant for the protein. However, there is no functional data to support
this prediction at present. In addition to this polymorphism, eight SNPs (primarily in-
tronic) that also altered transcription factor binding sites (namely, HNF1, CEBP, USF,
and NF1) were identified in CAR. Future studies are required to further interrogate
the functional consequences and regulatory effect of these polymorphisms.

Additional SNPs in CAR from different databases (HAPMAP, PERLEGEN,
PharmGKB) as well as from some of the above-mentioned studies have been sum-
marized earlier (reviewed earlier [60]). Further in silico analysis of the CAR gene
using the UCSC genome browser (http://genome.ucsc.edu) revealed that CAR shares
its 3’-UTR with the 3'-UTR of TOMMA40L (translocase of outer mitochondrial mem-
brane 40). As indicated in Figure 9.5 (a snapshot from USCS genome browser) this
shared 3’-UTR demonstrates high regulatory potential compared to the CAR 5'-UTR
as indicated by the 7X regulatory potential track, which displays regulatory potential
(RP) scores computed from alignments of human, chimpanzee (panTro2), macaque
(rtheMac2), mouse (mmS8), rat (rn4), dog (canFam?2), and cow (bosTau2) (further
information can be obtained from UCSC browser). Further, there are also two mi-
cro RNA binding sites in the shared 3'-UTR as shown by the TargetScan miRNA
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regulatory sites track, which shows conserved mammalian microRNA regulatory tar-
get sites for conserved microRNA families in the 3’-UTR regions of RefSeq genes,
as predicted by the program TargetScanS. Future studies are required to evaluate the
role of miRNAs in regulating the expression of CAR.

There are at least two SNPs (boxed in Figure 9.5) in the dbSNP track that are
present in the 3’-UTR and could have functional significance. Since the coding
polymorphisms in CAR are rare (Table 9.3), CAR hepatic expression shows ~200-
fold interindividual variation; the variation in CAR may be due to either sequence
variations 5" or 3’ to the CAR coding region, or may be due to nucleotide variation in
transcription factors regulating CAR.

Two recent reports have evaluated the relationship of a synonymous Pro180Pro
polymorphism in CAR (Table 9.3) with respect to the pharmacokinetics and/or phar-
macodynamics of docetaxel and doxorubicin in breast cancer patients [72, 73]. They
did not find an association of individual variants in CAR or other genes with the
PK and PD of these drugs. However, gene interactions were observed between the
CAR Pro180Pro and HNF4a Met49Val variants, with the subjects having wild type
genotypes for both the variants experiencing lower docetaxel-induced neutropenia
versus subjects having other genotypes.

In addition to genetic polymorphisms, gender and ethnicity have been indicated to
influence the expression of CAR and its target genes. Hepatic CAR mRNA levels in
females are higher than in males and also correlate with the expression and activity
of CYP2B6 [54]. It has also been observed that CYP2B6-mediated ifosfamide-N
chlorethylation activity is higher in females than in males, which might be contribut-
ing to higher neurotoxic side effects in females [75]; however, additional studies are
required to confirm and further explore the influence of gender in CAR-mediated
regulation of drug disposition.

As regards influence of ethnicity, it has been reported that livers from Hispanic
donors have higher activity of CAR target genes (CYP2B6, CYP2A6, and CYP2CS)
[54, 76]. Using a genome wide gene expression approach it has been observed that,
as compared to Whites, Hispanic donor livers have a significant overexpression of
a significant number of CAR-activated genes [77]. However, further in vivo studies
are required to confirm (a) whether Hispanics have higher basal and/or inducible
CAR target gene expression in liver, and (b) whether this is attributable to sequence
diversity in CAR or some other modulator gene.

9.18 CAR SUMMARY

CAR genetic variation is predicted to contribute to the wide and inheritable variation in
drug disposition, efficacy, and toxicity as well as magnitude of drug—drug interactions.
Polymorphisms in the CAR coding region appear to be rare. The in vivo functional
consequences of CAR nucleotide variation remain to be tested but these association
studies are complicated by the intrinsic polymorphic expression of CAR target genes
such as CYP2B6, CYPAG6, and CYP2C9. Nevertheless, the significant constitutive
activity of CAR, even in the absence of ligands [78], predicts that CAR genetic
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variation will significantly contribute to basal expression of target genes. Importantly,
since CAR not only regulates drug detoxification gene expression [53, 54, 56], but
has also been implicated in the pathogenesis of nonalcoholic steatohepatitis (NASH)
[79], in Fas-mediated hepatocyte injury [80], in maintaining thyroid hormone levels
[81, 82], in the pathogenesis of primary biliary cirrhosis and cholestasis [83], and in
promoting hepatocyte proliferation and tumorigenesis induced by CAR ligands PB
and TCPOBOP [84], it will be important in the future to determine whether CAR
genetic variation is associated with or modulates these disease phenotypes.
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10.1 INTRODUCTION

The expression level of drug transporters and metabolizing enzymes determines the
systemic and local drug exposure in a variety of tissues and the resulting pharmaco-
logical as well as toxicological effects. Most endogenous or exogenous compounds,
including drugs, are eliminated from the body via a hepatic-biliary or renal-urinary
elimination route or directly at the intestinal level as first line of defense, placing liver,
kidney, and gut into the center of drug metabolism. Most drugs that enter the body are
lipophilic and rendered more hydrophilic for their final elimination by biotransforma-
tion reactions in the liver or kidney. These enzymatic and transport steps can roughly
be grouped as phase I reactions (hydroxylation), phase II reactions (conjugation), and
phase III reactions (transport) [1].

Phase I reactions are mainly performed by cytochrome P450 enzymes belonging
to a gene family consisting of about 300 members [2]. Cytochrome P450 enzyme
reactions (oxidation, reduction, or hydrolysis) result in aliphatic and aromatic hydrox-
ylation; O-, N-, or S-dealkylation; or dehalogenation. Typically, a hydroxyl group
is generated which then can participate in phase II conjugation reactions (mainly
glucuronidation, sulfation, and conjugation with glutathione). Finally, the intracellu-
lar levels of native or by phase I and II reactions modified drugs are then regulated
via specific transport proteins localized on the basolateral and apical membrane of
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hepatocytes, the renal tubular epithelial cells, and enterocytes, which facilitate export
into bile, urine, or directly into the intestinal lumen (phase III), respectively. Trans-
port proteins for xenobiotics are either ATP binding cassette (ABC) proteins, that is,
ABCB (multidrug resistance proteins, MDR1 and MDR3), ABCC (multidrug resis-
tance associated proteins, MRP1—4; putatively, MRP5-9), and ABCG transporters,
organic anion transporting polypeptides (OATPs), and organic anion transporters
(OATs) [3-5] (Figure 10.1).

Phase | Phase Il
CytochromeP450 Conjugation
oc+

Enterocyte

MDR1

MRP2 )

FIGURE 10.1 Drug metabolism and transport systems. («) Hepatocyte. Hepatic drug up-
take and export are mediated by specific transport systems on the basolateral (sinusoidal) and
canalicular (apical) membrane, which are able to transport drugs in addition to their physiolog-
ical endogenous substrates. Major drug uptake systems include the organic anion transporting
polypeptides (OATPs), organic anion transporter 2 (OAT?2), and organic cation transporter 1
(OCT1). Hepatic drug export is mediated mainly via multidrug resistance associated proteins
(MRP1, MRP3, MRP4) at the basolateral membrane and via the bile salt export pump (BSEP),
conjugate export pump MRP2, and the multidrug resistance protein 1 (MDR1) and the phos-
pholipid flippase MDR3 at the canalicular membrane. The Na*/taurocholate cotransporter
NTCP and the organic solute transporter (OSTa/3) are involved in bile acid transport. Bio-
transformation from a nonpolar to a polar compound takes place in phase I (via cytochrome
p450 enzymes) and phase II reactions (conjugation reactions). Distinct, partially overlapping
nuclear receptor (NR) pathways are critically involved in the regulation of phase I, phase II,
and transport processes. (b) Renal tubular cell. OAT1, OAT2, and potentially OSTa/3 on the
basolateral as well as MRP2 and MRP4 on the apical membrane play an important role in
renal drug excretion. The apical sodium-dependent bile acid transporter (ASBT), OSTa/3
together with MRP2 and MRP4 plays a critical role in bile acid homeostasis. (c) Enterocyte.
Key drug transporters are MDR1, MRP2, MRP3, and potentially OSTa/B, which—together
with CYP3A4 (not shown)—are responsible for first-pass intestinal drug metabolism. ASBT
and OSTa/B are responsible for bile acid absorption.
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Expression of genes involved in drug disposition and metabolism is largely under
transcriptional control of ligand-activated nuclear receptors (NRs). In addition to
the “classical” xenobiotic sensing NRs such as the pregnane X receptor (PXR) and
constitutive androstane receptor (CAR), many other NRs have recently been identi-
fied as regulators of drug disposition genes. In contrast to PXR and CAR with their
broad range of overlapping ligand specificities, these NRs are receptors for endoge-
nous compounds (e.g., bile acids, fatty acids, vitamin D) and primarily regulate the
metabolism of their activating ligands and intermediate metabolic products. However,
farnesoid X receptor (FXR), peroxisome proliferator-activated receptors (PPARs), vi-
tamin D receptor (VDR), hepatocyte nuclear factor (HNF) 4a, and the glucocorticoid
receptor (GR) regulate multiple genes not only involved in the metabolism of their
specific natural ligands but also genes involved in drug disposition and metabolism
[1-5] (Table 10.1). This chapter focuses on NRs affecting drug metabolism beyond
PXR and CAR.

10.2 FARNESOID X RECEPTOR

The farnesoid X receptor (FXR/NR1H4) was primarily identified as global regulator
of bile acid synthesis, metabolism, and transport. FXR was the first nuclear orphan
receptor shown to be activated by bile acids leading to a breakthrough in the field of
bile acid research [6-8]. The most potent natural activator of FXR is chenodeoxy-
cholic acid (CDCA), while therapeutically used ursodeoxycholic acid (UDCA) and
other more hydrophilic bile acids are poor activators [6, 7, 9]. Lithocholic acid (LCA),
which was also shown to activate PXR and VDR, seems to be an inverse agonist of
FXR [10]. FXR is abundantly expressed in tissues belonging to the enterohepatic
circulation (i.e., liver, gut) and in kidney [11]. However, FXR is also expressed in
several tissues not belonging to typical bile acid target tissues (e.g., adrenal gland,
heart, thymus, ovary, eye, spleen, testis, vasculature and vascular smooth muscle cells,
white adipose tissue) [12—15]. FXR typically forms a heterodimer with the retinoid
X receptor (RXR) and binds with high affinity to inverted repeat (IR) 1 response
elements [16, 17], although binding to IR0 (for dehydroepiandrosterone sulfotrans-
ferase, SULT2AI) and everted repeats (ER) 8 (for MRP2) have also been reported
[18, 19]. UDP-glucuronosyltransferase UGT2B4 is the only gene so far identified
which is activated by an FXR monomer [20].

Since bile acids represent the natural ligands for FXR activation, it may not be
surprising that this receptor is the key regulator of bile acid homeostasis. FXR acti-
vates and represses genes involved in bile acid transport, synthesis, and metabolism,
thus maintaining bile acid homeostasis [21, 22]. However, many of these transporters
and phase I and II metabolizing enzymes are not only involved in bile acid transport
but also in drug transport and metabolism, rendering FXR also a regulator of drug
disposition.

10.2.1 FXR-Dependent Regulation of Basolateral Drug and Bile Acid Uptake

OATPs mediate transport of a wide range of amphiphatic substances including drugs
and bile acids (Figure 10.1). The only member of the OATP/Oatp family positively
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regulated by FXR is the human OATPIB3/SLCOIB3 (formerly known as OATPS)
[23]. Many bile acid and drug uptake systems at the basolateral membrane are
negatively regulated by FXR. From a teleological point of view, bile acid-activated
FXR may serve to limit accumulation of toxic bile acids in the hepatocyte via multiple
mechanisms including repression of bile acid uptake systems. These repressive effects
of FXR are mediated via the short heterodimer partner (SHP/NROB2) and/or HNF4a
and HNFla and involve bile acid as well as cytokine signals [4, 24]. The promoter
of human and rodent SHP contains an FXR response element and is transactivated
by FXR [25]. SHP is an atypical member of the NR superfamily since it lacks
the DNA binding domain but still contains its dimerization domain allowing to
interact and negatively affect several other NRs [among them SHP itself, HNF4a,
liver receptor homologue-1 (LRH-1), CAR:RXR, retinoic acid receptor (RAR):RXR,
PXR:RXR, liver X receptor (LXR):RXR] [4, 26]. SHP-mediated gene repression
involves competition with coactivators and its strong transcriptional repressor domain
[4, 27, 28]. So far no ligand has been reported for SHP.

FXR/SHP-dependent repression has been reported for the main bile acid uptake
system, the Na™ /taurocholate cotransporter, Ntcp (Slc10AT) (Figure 10.1). Rat Ncp is
transactivated by RXRa:RARa [28-30] and induction of SHP negatively interferes
with RXRoa:RARa mediated activation of the rat Ntcp promoter [31]. Other tar-
gets of bile acid-induced FXR/SHP effects on rodent Ntcp include HNF4a [32-34]
and HNFla [30, 35], a downstream target of HNF4a [36-39]. Bile acid-induced
SHP inhibits the transcriptional activity of HNF4a [27, 36]. Thus, RXRa:RARa
and HNF4a are both targets for SHP-mediated repression of the rat Ntcp promoter.
However, regulation of NTCP/Ntcp by bile acids is complex and differs consid-
erably among humans, mice, and rats [32]. The human NTCP promoter does not
contain the rat RXRoa:RARa and HNF4« response elements [32]. However, SHP
suppresses GR-mediated activation of human NTCP independent of RXRa:RARa
[40].

HNFla, which itself is highly dependent upon HNF4q, is a key regulator of
basolateral OATP/Oatp expression [36—39]. Human OATPIB1/SLCO1B3 (formerly
known as OATP-C) promoter activity critically depends on an intact HNFla bind-
ing site [41]. FXR-activated SHP directly inhibits HNF4o-mediated transactiva-
tion of the HNF o promoter explaining the suppressive effect of bile acids on the
OATPIB]I gene promoter [36]. HNFla is also a potent transactivator of the mouse
Oatplb2/Slcolb2 (formerly known as Oatp4) promoter and Oatplb2 mRNA lev-
els are markedly decreased in HNFla knock-out mice [42]. The central role of
HNFla and HNF4a as key regulators of basolateral uptake systems is further un-
derlined by reduced Ntcp, Oatplal/Slcolal (Oatpl) and Oatplad/Slcolad (Oatp2)
expression in HNFla and HNF4a knock-out mice [35, 43]. Thus, FXR regulates ba-
solateral uptake systems in a complex manner involving SHP, HNF4«, and HNF1a.
In addition, multiple FXR/SHP-independent pathways also account for Oatp/OATP
and Ntcp/NTCP regulation [4, 32, 36, 44]. Other FXR-regulated genes involved in
bile acid transport are the apical sodium-dependent bile acid transporter Asbt/ASBT
(S1c10A2/SLC10A?2) [45, 46] and the ileal bile acid binding protein (I-babp/I-BABP)
[7, 47, 48].
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10.2.2 FXR-Dependent Regulation of Phase I And II Metabolism

CYP3A4 is the most abundant cytochrome P450 in human liver and responsible
for phase I metabolism of numerous xenobiotics and endobiotics. Its expression is
regulated by several NRs including PXR and CAR [2]. In addition, the CYP3A4 pro-
moter harbors two functional FXR recognition sites, which mediate FXR-dependent
CYP3A4 induction of primary bile acids [49]. These findings may explain elevated
CYP3A expression in models of cholestasis [50, 51] and increased polyhydroxy-
lated bile acid levels in serum and urine in human cholestatic liver disease [52-55].
However, in primary biliary cirrhosis (PBC) CYP3A4 expression is not induced, sug-
gesting that post-transcriptional mechanism also plays a role [56]. FXR knock-out
mice challenged with bile acids also display increased levels of Cyp3all, the murine
homologue of CYP3A4. This may be attributed to alternative activation of PXR by
bile acids [51, 57, 58].

Among uridine 5'-diphosphate-glucuronosyltransferase (UGT) enzymes,
UGT2B4 conjugates a large variety of endogenous and exogenous molecules and
is considered to be the major bile acid conjugating UGT enzyme in human liver. The
human UGT2B4 converts hydrophobic bile acids into more hydrophilic glucuronide
derivatives. A bile acid response element in the UGT2B4 promoter to which FXR, but
not RXR, binds was identified. Thus, UGT2B4 is the only gene described so far to be
activated by FXR through binding of an FXR monomer to a single hexameric DNA
motif. RXR activation abolished the induction of UGT2B4 expression and inhibited
binding of FXR, suggesting that RXR modulates FXR target gene activation [20].
This suggests that UGT2B4 gene induction by bile acids contributes to reduction
of bile acid toxicity and metabolism of endobiotics and xenobiotics. In contrast to
UGT2B4, UGT2B7 seems to be repressed by bile acids such as LCA and CDCA in
vitro. In transfection experiments, UGT2B7 promoter activity was decreased via a
negative FXR response element [59].

Dehydroepiandrosterone sulfotransferase SULT2A1 is a cytosolic enzyme that
mediates sulfoconjugation of endogenous hydroxysteroids (dehydroepiandrosterone,
testosterone, bile acids), and diverse xenobiotic compounds. Upon sulfation,
SULT2A1 substrates become polar, water soluble, and less toxic. The SULT2AI gene
promoter contains an FXR response element and is activated by CDCA [19]. This is in
contrast to repression of SULT2A1 by FXR agonists in a recent work, suggesting that
FXR-mediated SULT2A1 regulation requires further investigation [60]. Similar to
other phase I and phase Il enzymes, SULT2A1 is also regulated by multiple NRs [61].

FXR has directly been linked to induction of multiple detoxification enzymes such
as Mdrla, Cyp2bl10, Cyp2c38, Cyp4alO0, Sultldl, glutathione S-transferases Gsto2
and Gstt2 and Ugtlal in a recent study [62]. In addition, the xenobiotic sensor PXR
is a target of FXR, suggesting that FXR activation might induce drug and bile acid
breakdown indirectly via activation of PXR target genes [63].

10.2.3 FXR-Dependent Regulation of Canalicular and Basolateral Drug and
Bile Acid Excretion

At the canalicular membrane the multispecific organic anion transporter MRP2/Mrp2
(ABCC2/Abcc2) (which is also involved in export of divalent bile acids, as well
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as bilirubin and glutathione conjugates) and the bile salt export pump BSEP/Bsep
(ABCBI11/Abcbll) are directly transactivated by FXR [18, 64-66]. MDR3, the
canalicular phospholipid flippase for biliary phospholipid excretion, is also directly
positively regulated by FXR [67]. Phospholipids together with bile acids and choles-
terol form mixed micelles in bile, thus protecting the biliary epithelium from the
detergent effects of bile acids. Tight control of the phospholipid to bile acid ra-
tio is therefore critical and—at least in part—controlled by FXR-regulated MDR3
and BSEP expression. MDR3 defects in humans result in a variety of cholestatic
syndromes ranging from progressive familial intrahepatic cholestasis in neonates
to biliary cirrhosis in adults as well as cholestasis of pregnancy and drug-induced
cholestasis [68]. In addition, indirect evidence suggests that the multidrug transporter
Mdr1 may in part be regulated by FXR [69].

The bile acid, steroids, and organic solutes transporting heterodimer OSTo/B,
which is located at the basolateral membrane of all key tissues involved in bile
acid and drug metabolism (e.g., liver, kidney, intestine, cholangiocytes), are directly
activated via an FXR response element [70-74]. Expression of other basolateral
export systems (Mrp3, Mrp4, Mrp5, and Mrp6) seems to be independent of FXR as
demonstrated in bile acid-fed FXR knock-out mice [75].

10.2.4 FXR-Dependent Effects on Sterol and
Lipid Metabolism

It should be mentioned that enzymes involved in bile acid syntheses such as CYP7A1,
CYP8B1, and CYP27 are regulated by FXR/SHP-dependent and FXR/SHP-
independent pathways and the reader is referred to detailed recent reviews [4, 21,
76, 77]. FXR activation greatly impacts on cholesterol levels. Bile acid seques-
trants such as cholestyramine and colesevelam lower LDL-cholesterol by reducing
bile acid-dependent FXR activation leading to increased cholesterol catabolism for
bile acid synthesis [78]. In addition to LDL-cholesterol, FXR also impacts on HDL
metabolism either via reduction of ApoAl gene or by modulating the plasma HDL-
cholesterol clearance via scavenger receptor B-1 (SR-B1) expression [79, 80]. FXR
is also involved in the regulation of triglyceride metabolism. This is mediated mainly
via repression of sterol response element binding protein (SREBP) 1c expression and
its lipogenic target genes, fatty acid synthetase (FAS) and acetyl CoA carboxylase
(ACCQC) [81]. In addition, FXR effects on serum triglyceride levels may be explained
not only by the repression of de novo lipogenesis but also by their effects on activa-
tors (e.g., apolipoprotein C-1I) and inhibitors (e.g., apolipoprotein C-II) of lipoprotein
lipase activity and VLDL clearance [82, 83]. Moreover, FXR participates in the con-
trol of hepatic glucose metabolism, particularly in gluconeogenesis, via modulating
expression levels of phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-
phosphatase (G6Pase) [84].

Taken together, FXR not only regulates bile acid homeostasis but also greatly
impacts on transporters and enzymes involved in drug metabolism. Effects on phase
[-III genes by bile acid-activated FXR may therefore at least in part explain alterations
of drug metabolism in cholestatic liver disease [62, 85, 86].
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10.3 HEPATOCYTE NUCLEAR FACTOR 4«

Hepatocyte nuclear factor 4o (HNF4a/NR2A1) is a highly conserved member of
the NR superfamily and is expressed at highest levels, in liver, intestine, kidney,
and pancreas [87, 88]. HNF4a has an essential role in development, oncogenesis
and maintenance of organ function. As such, HNF4«a contributes to regulation of a
large fraction of the liver transcriptomes by binding directly to almost half of the
actively transcribed genes [89]. HNF4a functions as a homodimer and can activate
gene transcription in the absence of exogenous ligands [90, 91]. However, HNF4«
binding activity may be modulated by fatty acyl-coenzyme A (CoA) thioesters [92],
suggesting an important role in the control of metabolic status. Furthermore, muta-
tions in the HNF4a gene cause maturity onset diabetes of the young (MODY 1), a rare
form of non-insulin-dependent diabetes mellitus inherited in an autosomal dominant
pattern and characterized by defective secretion of insulin [93]. A large number of
putative HNF4« target genes have been identified, including those encoding several
apolipoproteins, blood coagulation factors, and enzymes involved in lipid, amino
acid, and glucose metabolism [88]). Conditional HNF4« knock-out mice accumulate
lipid in the liver and exhibit greatly reduced serum cholesterol and triglyceride levels
and increased serum bile acid concentrations [43]. This was explained by a disruption
of very—low density lipoprotein (VLDL) secretion, an increase in hepatic cholesterol
uptake, and a decrease in bile acid uptake into hepatocytes due to down-regulation of
the major basolateral bile acid transporters Ntcp and Oatplal.

HNF4« also plays an important role in regulating drug metabolism and transport.
The human organic cation transporter 1 (OCT1) and the organic anion transporter 2
(OAT2/SLC22A7), which both mediate the hepatocellular uptake of numerous drugs
and endobiotics from sinusoidal blood into hepatocytes, are transactivated by HNF4a
and suppressed by bile acids via FXR and SHP [94, 95]. HNF4« also regulates the
human organic anion transporter 1 (OAT1, SLC22A6), which is localized to the
basolateral membranes of renal tubular epithelial cells, where it plays a critical role
in the excretion of anionic compounds [96].

A number of CYP genes harbor putative HNF4a binding sites in their promoter
and enhancer sequences [97]. Several studies using mobility shift and recombinant
promoter analysis have shown that HNF4a plays a positive role in the regulation of
rodent Cyp2c12 [98], Cyp3a [99, 100], Cyp2a4 [101], Cyp2cl/2 [102] and human
CYP3A41[103,104], CYP2C8[105], CYP2C9 [106], and CYP2D6 [107]. In addition
to these promoter studies, blockage of HNF4a translation in human hepatocytes
showed a dose-dependent down-regulation of CYP3A4, CYP3AS, and CYP2A6 and
to alesser degree of CYP2B6, CYP2C9, and CYP2D6 expression [108]. Furthermore,
HNF4a regulates the basal and CAR/PXR-induced expression of human SULT2A!
[61].

HNF4« is also an important regulator of bile acid synthesis. CYP7AL1 (the key
enzyme in bile acid synthesis), CYP27A1 (catalyzing the first step in the alternative
pathway of bile acid synthesis), and CYP8B1 (controlling the ratio of CDCA to CA)
harbor an HNF4a binding site in their gene promoters [109-111].

In addition to direct target gene regulation, HNF4a may also indirectly act via
activation of other NRs. An HNF4a binding site was characterized in the PXR
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promoter, thereby regulating responses to xenobiotics through activation of the PXR
gene during fetal liver development [112, 113]. The human CAR promoter is regu-
lated by HNF4a [114] and expression of CAR is reduced in mice lacking HNF4a
indicating a role for HNF4a also in the regulation of the second classical xenobiotic
NR [103]. Moreover, FXR and PPARa gene transcription is activated by HNF4a
[115-117]. HNF4« is a critical regulator of the liver-enriched transcription factor
HNFla [36-39], which itself plays a key role in the regulation of drug and bile acid
transport and metabolism [35, 118]. Taken together, these data indicate that HNF4«
is a major in vivo regulator of genes involved in the control of lipid and bile acid
homeostasis as well as drug transport and metabolism either directly or indirectly via
interactions with other NRs and transcription factors.

10.4 VITAMIN D RECEPTOR

The vitamin D receptor (VDR/NR1I1) is a member of the superfamily of steroid
hormone receptors. It regulates calcium homeostasis, cell proliferation, and differ-
entiation, and exerts immunomodulatory and antimicrobial functions [119]. VDR
binds to and mediates the calcemic effects of calcitriol (1a,25-dihydroxyvitamin
D3) after forming an heterodimer with RXR. 1a,25-dihydroxyvitamin D3 negatively
regulates its own synthesis by repressing the 25-hydroxyvitamin D3 1a-hydroxylase
(CYP27BI) in a cell-type selective event that involves different combinations of
multiple VDR response elements [120, 121].

VDR has also been demonstrated to be an intestinal receptor for the toxic secondary
bile acid LCA [122]. Activation of VDR by vitamin D or LCA induces expression of
CYP3A4 that can detoxify LCA via phase I hydroxylation [122]. Low expression of
VDR in hepatocytes [123] and the coexpression of VDR and CYP3A4 in enterocytes
indicate that dietary vitamin D may modulate first-pass drug metabolism in the
intestine. The murine multispecific anion transporter Mrp3, which is also expressed in
intestine, harbors a VDR response element in its promoter region and is transactivated
upon calcitriol and LCA treatment [124]. VDR-stimulated Mrp3 expression could
thus further contribute to intestinal first-pass drug metabolism.

In addition to CYP3A4, ligand-activated VDR has been shown to induce
the expression of CYP2B6 and CYP2C9 [122, 125, 126]. VDR—together with
PXR and CAR—controls the basal and inducible expression of these CYP genes
through competitive interaction with the same battery of responsive elements [125].
SULT2A1/Sult2al is another target for VDR [127]. However, VDR is not the only
NR involved in the regulation of Sult2al expression. FXR, PXR, and CAR bind to
the same inverse repeat (IR) 0 element within the rodent Su/t2al gene promoter [19,
128-131].

VDR also plays an important role in bile acid homeostasis, since ASBT mRNA
and promoter activity are increased by calcitriol [132]. In addition, VDR negatively
interacts with FXR and calcitriol inhibits FXR transactivation in vitro [133]. Thus
VDR is an important regulator of drug metabolism and disposition and—due to its
high expression in enterocytes—a potent modulator of first-pass drug metabolism in
intestine.
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10.5 GLUCOCORTICOID RECEPTOR

The glucocorticoid receptor (GR/NR3C1) is ubiquitously expressed in the body and
regulates numerous functions including repression of transcriptional responses to
inflammatory signals. The natural ligands for GR are glucocorticoids but UDCA used
for the treatment of cholestatic disorder was also reported to activate GR [134, 135].
GR plays an important role in the regulation of drug disposition genes. However,
the role of the GR on the mechanism of CYP induction by glucocorticoids has not
yet been fully resolved since glucocorticoids may not only directly increase target
gene transcription via activation of GR but may also modulate the expression of
other NRs. As such, CAR has been identified as a primary GR response gene with a
glucocorticoid-responsive element in its promoter region. In addition, glucocorticoids
increase the levels of PXR and RXRa mRNAs and proteins, leading to the potentiation
of xenobiotic-mediated induction of CYP2B6, CYP2C8/9, and CYP3A4 [136]. This
effect is likely to be mediated through the direct transcriptional activation of these
NRs by GR [137]. In addition to its transcriptional induction, dexamethasone also
increases translocation of CAR protein into the nucleus [136].

CYP2C9 appears to be a primary glucocorticoid-responsive gene containing a GR
in addition to a CAR-responsive element in its gene promoter [138]). Glucocorticoid-
responsive elements were also identified in CYP2CS8 and in CYP2C19 that mediate
dexamethasone induction via GR [105, 139]. Mice lacking GR show a decrease in the
level of CYP2B and, when challenged with dexamethasone, fail to induce CYP2B
proteins in contrast to their wild-type littermates [140].

GR is also involved in the regulation of bile acid transport and has been shown to
directly transactivate human NTCP [40] and ASBT [141]. GR also appears to modulate
anion exchanger AE2 expression [142]. Taken together, GR not only modulates and
potentiates action of PXR and CAR target genes, but also directly regulates gene
expression of various genes involved in drug metabolism.

10.6 PEROXISOME PROLIFERATOR-ACTIVATED RECEPTORS

PPARs are ligand-activated NRs and have originally been named after their perox-
isome proliferation-inducing properties in rodents. However, PPAR agonists do not
induce peroxisome proliferation in primates or human, [143]. PPARa, PPAR, and
PPARw are dietary lipid sensors, which control lipid homeostasis and cellular dif-
ferentiation from adipocytes. As such, almost all occurring natural fatty acids and
eicosanoids are natural ligands for PPARs. PPARa (NRIC1) is highly expressed in
heart, liver, kidney and brown fat, tissues with a high rate of 3-oxidation of fatty acids,
while PPARYy is mainly expressed in white adipose tissue [143]. Upon activation,
PPARSs heterodimerize with RXR and bind to DR1 response elements [144]. PPARs
regulate the expression of various genes crucial for lipid and glucose metabolism
[145, 146]. The main tasks of PPAR« are regulation of fatty acid uptake, intracellular
fatty acid transport, and (3-oxidation of fatty acid. In addition, PPAR« regulates ex-
pression of apoAl and apoAlll, major HDL lipoproteins [143]. Thus, therapeutically
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targeting PPAR« with fibrates reduces fatty acids and hypertriglyceridemia and raises
HDL.

Drug and bile acid metabolism are also regulated by PPARa. PPARa induces gene
transcription of human and rodent hepatic organic cation transporters OCT1/Octl
and OCT2/Oct2 [147, 148]. Both the SULT2AI and UGT2B4 gene promoters con-
tain PPAR response elements and are activated by fibrates [149, 150]. Molecular
evidence for a cross talk between the PPARa and FXR transcriptional pathways
has been provided by identification of PPAR«a as an FXR target gene [151]. Thus,
UGT2B4 expression can be directly induced via activation of PPAR« (and of FXR)
and indirectly via FXR-dependent induction of PPAR«, which then activates UGT2B4
transcription. UGT1A9 is also a PPARa (and PPARY) target gene [152, 153].

Fibrates and other PPAR« activators directly induce canalicular Mdr2 thereby
inducing biliary phospholipid output [154—156]. In addition, ASBT/Asbt expression
in liver (cholangiocytes) and intestine is induced by targeting PPARa [157, 158],
resulting in increased bile acid absorption from the intestine and bile ducts. These
effects on biliary phospholipid, bile acid levels, and bile acid metabolism may reduce
the toxicity/aggressiveness of bile composition. Indeed, clinical trials using fibrates
in patients with primary biliary cirrhosis, a chronic cholestatic disorder involving
the small bile ducts, showed beneficial effects on biochemical parameters and in
part also on histological findings [159-162]. In addition, PPAR« plays a role in the
regulation of the bile acid synthesis enzymes CYP8B1 [163] and CYP7A1 [164].
Collectively, the transcriptional effects on transport systems phase II metabolizing
enzymes indicate that PPARa may be an important modulator of the metabolism of
endobiotics (e.g., bile acids) and xenobiotics.

PPARYy is therapeutically targeted by thiazolidinediones and is a key regulator of
adipogenesis and insulin sensitivity. PPAR+y induces expression of the cholesterol
transporter ABCA1 and ABCG1 [165]. Recently, a response element in ABCG2, a
protective pump against endogenous and exogenous toxic agents and highly expressed
in stem cells monocyte-derived dendritic cells, has been reported [166]. Similar to
PPARa, PPARYy also regulates expression of UGT1A9 [152]. This suggests that
PPARY and respective agonists may also modulate drug disposition.

10.7 ARYL HYDROCARBON RECEPTOR (AhR)

The AhR plays an important role in normal physiology (e.g., cell cycle control, female
reproduction), in metabolic adaption to xenobiotics, and in dioxin toxicity [167, 168].
AhR is a high affinity receptor for halogenated and polycyclic aromatic hydrocarbons
including dioxin. Among natural ligands are tryptamine, bilirubin and biliverdin, and
lipoxin A4 [169]. AhR binds together with its aryl hydrocarbon receptor nuclear
translocator (Arnt) to xenobiotic response elements and regulates mainly phase I
(CYP1A family) and phase II (GSTA2 and UGT1A1 and UGT1A6) enzymes [170].
Experiments in rodents and Caco-2 cell lines with inducers and antagonists of AhR
also linked AhR activation to the induction of xenobiotic transport proteins such as
Mrp2, Mrp3, Mrp5, and Mrp6 and the breast cancer resistance protein ABCG2/BCRP
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[171, 172]. However, the responsible xenobiotic response elements in the promoter
region still remain to be elucidated. Note that the typical CAR ligands phenobarbital
and TCPOBOP increase ligand binding and mRNA levels of AhR [173], suggesting
complex NR cross talk.

10.8 CONCLUSIONS

In addition to the classical xenosensing receptors such as PXR and CAR, other NRs
(i.e., FXR, VDR, LXR, GR, or HNF4a), which have mainly been linked to bile acid
and lipid metabolism, are also important modulators of a number of genes involved
in drug metabolism and transport. The overlapping range of target genes of these
receptors may serve as a redundant safety mechanism to achieve adequate protection
against potentially toxic xenobiotics, even if one pathway is compromised due to a
disease state. Moreover, NR interactions and cross talk can enhance and fine-tune the
metabolic answers.

Our increasing knowledge on NR activation will lead to devolvement of novel
drugs. Stimulation of NRs has become a highly interesting approach to target lipid,
bile acid, and glucose homeostasis. Given the complex regulatory mechanisms and
NR cross talk, however, targeting a specific gene or pathway with a NR ligand
without interfering with other pathways is a challenging task. On the other hand, our
knowledge on NR activation will allow us to predict potential drug side effects and
adverse drug interactions. In addition, identifying variations and polymorphisms in
the NR environment may be of importance since this also affects individual drug
deposition, effects, and toxicity.

However, our current understanding of these regulatory pathways is largely based
on molecular mechanisms, and data from in vitro studies may only be extrapolated
with caution to complex situations in humans in vivo. Especially, NR interaction
and cross talk make the prediction of in vivo responses difficult. Further research
is required for a better understanding of the detailed transcriptional mechanism for
proper drug and therapeutics design.
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11.1 INTRODUCTION

The metabolic homeostasis of foreign chemicals (xenobiotics, including drugs) and
endogenous compounds (endobiotics) is essential for the survival of mammals. Xeno-
biotic metabolism is facilitated by the phase I and phase II drug-metabolizing en-
zymes, as well as drug transporters [1, 2]. The phase I reactions include oxidation,
reduction, hydrolysis, and hydration. The cytochrome P450 (CYP) enzymes play a
critical and dominating role in phase I reactions. Phase II metabolism includes sulfa-
tion (mediated by sulfotransferases or SULTSs), glucuronidation (mediated by UDP-
glucuronosyltransferases or UGTs), or glutathione conjugation (mediated by glu-
tathione S-transferases or GSTs). Products generated by phase I metabolism are gener-
ally more polar and can be better substrates for phase II conjugations. The conjugation
by phase Il enzymes results in increased polarity and solubility of xenobiotics and pro-
motes xenobiotic excretion. Drug transporters, which are not the focus of this review,
are responsible for the uptake and efflux of parent or biotransformed xenobiotics.

Nuclear Receptors in Drug Metabolism Edited by Wen Xie
Copyright © 2009 John Wiley & Sons, Inc.
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FIGURE 11.1 Proposed model of nuclear receptors as master xenobiotic receptors. Activa-
tion of nuclear receptors, such as PXR and CAR, may result in the concerted regulation of
phase I and phase II enzymes and the “phase III”” drug transporters.

Although the structure and function of phase I and phase Il enzymes have been
the subjects of extensive studies for several decades and it has been known that the
expression of many drug-metabolizing enzymes is inducible, little is known about
the transcriptional regulators that control the production of these enzymes. In the
late 1990s, the role of nuclear receptors in the transcriptional regulation of drug-
metabolizing enzymes began to emerge, which was highlighted by the cloning of
the xenobiotic receptor pregnane X receptor (PXR) [3-6] and characterization of
the constitutive androstane receptor (CAR) as another important xenobiotic nuclear
receptor [7, 8]. In the past 10 years, considerable advances have been made in
establishing nuclear receptors as master regulators of the expression of phase I and
phase II drug-metabolizing enzymes and transporters (Figure 11.1) [1, 2].

In addition to PXR and CAR, several other nuclear receptors, such as vitamin
D receptor (VDR), hepatocyte nuclear factor 4o (HNF4a), peroxisome proliferator-
activated receptors (PPARs), and farnesoid X receptor (FXR), have also been impli-
cated in the regulation of xenobiotic enzymes and transporters [9—12]. More recently,
results from our lab have shown that the liver X receptor (LXR), a previously known
sterol sensor, can also regulate the expression of phase II SULTSs, such as the bile
acid detoxifying hydroxysteroid sulfotransferase Sult2a9/2al [13] and the estrogen
sulfotransferase (Est/Sultlel) [14].

It has also been appreciated that nuclear receptors cross talk in regulating drug-
metabolizing enzymes and transporters [1, 2]. There are several mechanisms by
which nuclear receptors may cross talk. These include (1) share of DNA binding
sites. Examples include shared regulation of CYP3A and CYP2B by PXR and CAR;
shared regulation of CYP3A by PXR and VDR; shared regulation of MRP2 by PXR,
CAR, and FXR; and shared regulation of Sult2a9/2al by PXR, FXR, CAR, and LXR.
(2) Presence of multiple NR binding sites on the same target gene promoter. We have
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recently shown that PXR, LXR, and PPARYy cooperate to regulate the free fatty acid
transporter CD36. In this case, three distinct NR response elements, a DR3/PXRE,
a DR7/LXRE (LXR response element), and a DR1/PPRE, were found to cluster in
500 bp sequences of the mouse Cd36 gene promoter [75]. (3) Receptor mutual sup-
pression. Having known that activation of PXR promotes bilirubin detoxification [17],
we were surprised to find that the PXR null mice also showed an increased bilirubin
clearance [18]. We proposed that the ligand-free PXR suppresses the constitutive
activity of CAR. The increased bilirubin clearance in PXR null mice was the result
of CAR derepression as a consequence of loss of PXR. Further studies suggested
that the suppression was, at least in part, due to the disruption of ligand-independent
recruitment of coactivator by CAR. Nuclear receptor cross talk has not only expanded
the function of individual receptors but also plays an important role in forming the
fail-safe metabolic safety net to protect against xeno- and endobiotic toxicants.

It is conceivable that nuclear receptor-mediated regulation of drug-metabolizing
enzymes has implications in drug metabolism, drug toxicity, and drug—drug interac-
tions. Interestingly, the same metabolic enzyme and transporter systems are respon-
sible for the metabolism of numerous endobiotics, such as steroid hormones, bile
acids, and lipid metabolites [15]. Consistent with this notion, studies have implicated
nuclear receptor-mediated enzyme and transporter regulation in many pathophysio-
logical conditions by impacting the homeostasis of endobiotics. Examples include
the role of PXR and CAR in hyperbilirubinemia [16—18] and cholestasis [6, 19-22],
and the role of LXR in cholestasis [13] and estrogen homeostasis [14].

11.2  ORPHAN NUCLEAR RECEPTOR ROR«

RORs are members of the nuclear receptors that include three isoforms: RORa
(NR1F1), RORPB (NR1F2), and RORy (NR1F3) [23]. Each ROR isoform has a dis-
tinct pattern of tissue distribution [24]. RORa is expressed in many tissues, including
cerebella Purkinje cells, liver, thymus, skeletal muscle, skin, lung, and kidney [25, 26].
RORP exhibits a more restricted pattern of expression and is expressed in several
regions of the central nervous system, retina, and pineal gland. RORy is most highly
expressed in thymus, but it is also detectable in many other tissues, including liver,
kidney, and muscle [23, 27, 28]. The functional ligands of RORs remain elusive. It
was suggested that cholesterol and its sulfonated derivatives might function as RORa
ligands [29]. Other ligands suggested to bind to RORa are thiazolidinediones [30]
and melatonin [31]. To our knowledge, none of these have been established as func-
tional ligands for RORa. Evidence has been provided indicating that certain retinoids,
including all-trans retinoic acid, can function as partial antagonists for RORP and
RORYy [32].

RORs bind either as monomers to the ROR response elements (RORE) within
the target gene promoter regions. ROREs are composed of 6 bp A/T-rich region
immediately preceding a consensus AGGTCA motif [28, 33]. However, RORa has
been demonstrated to be able to bind as a homodimer to direct repeats of the consensus
AGGTCA motif separated by two base pairs (DR2) [34]. Like many other nuclear
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FIGURE 11.2 Comparison of the homology among three ROR isoforms. Percentages in-
dicate amino acid identities in the DNA binding domain (DBD) and ligand binding domain
(LBD) compared to RORa. The positions of amino acids are also labeled.

receptors, RORs are composed of an N-terminal DBD and an LBD located at the
C-terminal. ROR isoforms share a highly conserved DBD but they are more diverse
in their LBDs (Figure 11.2). The transcriptional activities of RORs are negatively
and positively regulated through the recruitment of nuclear receptor corepressors and
coactivators, respectively. It has been reported that corepressors (N-CoR, RIP140,
and SMRT) and coactivators (GRIP, PBP, SRC-1, CBP, and PGCla) can interact
with RORa [34-38]. It was proposed that cell-specific interactions with specific
coregulators may contribute to the molecular mechanism for distinct physiological
functions of ROR« [34].

Characterization of ROR null mice has revealed a number of important physi-
ological functions of RORs. RORa ™~ mice show an ataxic phenotype similar to
that observed in the staggerer (sg/sg) mutant mice, which carry a natural deletion
in the LBD, causing a frame shift and a truncated RORa protein [25, 26]. The
ROR*¥*¢ mice exhibit a variety of phenotypes, including cerebella degeneration,
abnormal circadian behavior, vascular dysfunction, muscular irregularities, osteo-
porosis, atherosclerosis, and altered immune responses [39—45], as summarized in
Table 11.1. The atherosclerotic phenotype in the ROR«*¢/*¢ mice was associated with a
marked hypo-a-lipoproteinemia due to a decreased expression of ApoAl, a transcrip-
tional target of ROR« in the intestine [49]. In the vascular system, ROR« is involved
in postischemic angiogenesis and differentiation and contractile function of smooth
muscle cells [48]. The RORa*¥*¢ mice exhibit more extensive angiogenesis, leading
to an increase of inflammatory cytokine production and eNOS protein level [47],
suggesting RORa as a potent negative regulator of ischemia-induced angiogenesis.
Inflammation is associated with both atherosclerosis and angiogenesis. The ROR %2
mice also have a delayed lymphocyte development, which may be accounted for by
RORa-mediated transcriptional activation of Ikk[3, the inhibitor of NF-«kB [46].

Among other ROR isoforms, ROR is believed to be involved in the processing of
sensory information, as RORB ™/~ mice showed significant phenotypes in circadian
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TABLE 11.1 Summary of Known Functions of RORa

Physiological Functions References

Inflammation: Anti-inflammation (suppression of NF-kB activity [34, 39, 40, 41, 46]
by activating Ikk3)

Circadian rhythm: A crucial component of the molecular circadian [42]
clock (regulating the clock gene BMALI)

Angiogenesis: Promote ischemia-induced angiogenesis [44, 47, 48]

Osteoporosis: Protection against osteoporosis (regulating bone [43, 45]
sialoglycoprotein and osteocalcin)

Metabolic homeostasis: Regulation of triglyceride and lipoprotein [49, 50]
metabolism and protection against atherosclerosis (regulating
ApoAlI and ApoCIII)

Xenosensor: Positive and negative regulation of phase I and phase [51,52]

II drug-metabolizing enzymes

behaviors and retinal degeneration [53]. ROR[ has been reported to regulate the blue
opsin gene in cone photoreceptor development [54]. RORy ~~ mice lacked all lymph
nodes and Peyer’s patches, and contained reduced number of thymocytes [37, 55, 56],
suggesting that ROR+y plays an essential role in lymphoid organogenesis and thy-
mopoiesis. Recent studies have demonstrated an important role for both ROR«a and
RORY in the differentiation of naive T cells into Th17 cells [57, 58].

11.3 A POTENTIAL ROLE OF RORs IN XENO- AND ENDOBIOTIC
GENE REGULATION

Both RORa and ROR+y have been shown to be expressed in the liver [51]. How-
ever, the hepatic function of these two receptors remains unknown until recently. To
determine the role of RORa in the liver, we examined the gene expression profiles
in livers of the RORa2¢, ROR~ null, and RORa/RORYy double knock-out (DKO)
mice by microarray analysis [51]. To our surprise, the microarray results suggested
that loss of RORa and/or ROR+y had a major effect on the expression of multiple
drug-metabolizing enzymes and transporters, as summarized in Table 11.2. In the
ROR DKO mice, major regulations include the activation of Cyp2b9/10, Cyp4al0
and Cyp4al4, Est/Sultlel and Sult2al/2al, and suppression of Cyp7bl, Cyp8bl,
Hsd3b4, and Hsd3b5. Interestingly, some genes are selectively controlled by RORa
or RORYy, whereas some other genes are affected by both receptors. For example,
Hsd3b4 and Hsd3b5, two enzymes involved in the deactivation of steroid hormone,
were dramatically decreased in ROR DKO mice, but not in single knock-out mice [51].

Some of the gene regulations observed in the ROR loss of function knock-out
mouse models have been further supported by studies using ROR gain of function
experiments. For example, we showed that overexpression of ROR« by transfection
in primary mouse hepatocytes or mouse liver in vivo suppressed the expression of
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TABLE 11.2 Summary of Major Regulation of Drug-Metabolizing Enzymes in the RORa
Null Mice

Microarray Confirmed by Confirmed
Regulation” Northern Blot Real-Time PCR

Phase I enzymes Cyp2b9
Cyp2bl10
Cyp2b13
Cyp2el
Cyp3all
Cyp3a25
Cyp4al
Cyp4al0
Cyp7bl
Cyp8bl

Phase II enzymes Sultlel
Sult2al
Sultldl
Sultlal
Gstt3
Gstm4
Gstal
Gstpl
Hsd3b4
Hsd3b5

!
I+ + ++++ 1

A 2 2 2 2ndin T gl S g e

1, Up-regulated; | down-regulated; —, no change.

Est/Sultlel and Sult2a9/2al, consistent with the activation of the same genes in the
ROR*¥*€ mice [51].

To study the mechanism by which RORs affect the expression of CYP genes, we
focused on the regulation of oxysterol 7a-hydroxylase (Cyp7bl), an enzyme that
plays an important role in the homeostasis of cholesterol, oxysterols, and bile acids
[59, 60]. The expression of Cyp7bl gene was suppressed in the RORa*¥*¢ mice
[51, 52], suggesting RORa as a positive regulator of Cyp7bl. Promoter analysis
established Cyp7bl as a transcriptional target of RORa and a functional RORE was
identified in the Cyp7bl gene promoter. Moreover, transfection of RORa induced
the expression of endogenous Cyp7bl in the mouse liver. Interestingly, Cyp7bl
regulation appeared to be RORa specific, as ROR+y had little effect, consistent with
the notion that RORe, but not RORYy, may play a dominating role in phase I and
phase II enzyme regulation. Our microarray analysis also suggests that, although
loss of RORY alone affected the expression of some enzymes, the overall effect of
RORY null on metabolic enzyme regulation was not as dramatic as that observed
in the RORa null or RORa/RORy DKO mice [51]. The molecular mechanism by
which RORs affect the expression of other drug-metabolizing enzymes remains to be
established.
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Although the primary focus of this article is the regulation of xeno- and endobiotic
gene expression, it is worthwhile to mention that in addition to the regulation of drug-
metabolizing enzyme and transporter genes, loss of RORa and/or RORYy also affect
the expression of many other genes in the liver. Moreover, ROR«*¢* mice, but not the
RORYy null mice, showed lower plasma triglyceride and cholesterol levels than the
control mice. In contrast, ROR+y null mice, but not RORa*¥*¢ mice, exhibited lower
blood glucose levels. These results suggested RORa and RORy may play distinct
roles in the regulation of triglyceride and glucose homeostasis, respectively [51].

114 LXR AND ITS REGULATION OF DRUG-METABOLIZING
ENZYMES

LXRs, both the o and B isoforms (NR1H2, 3), were cloned and initially defined
as sterol sensors that can be activated by the endogenous cholesterol derivative
hydroxycholesterols, as well as synthetic LXR agonists, such as T0901317 (TO1317)
and GW3965 [61, 62]. Upon ligand activation, LXRs regulate gene expression by
heterodimerization with the retinoid X receptor (RXR) and subsequent binding of
LXR-RXR heterodimers to LXREs present in target gene promoters. LXRa is highly
expressed in the liver and is also found in adipose, intestine, kidney, and macrophages,
whereas LXR[3 is ubiquitously expressed [63, 64].

LXR was first shown to have an antiatherosclerogenic effect by favoring an overall
increase in cholesterol removal, while decreasing endogenous cholesterol synthesis
and dietary absorption [64—66]. Despite their promises as antiatherosclerogenic tar-
gets, LXRs were linked to prolipogenic effects by activating the sterol regulatory
element binding protein 1c (SREBP-1c¢), a transcriptional factor that regulates the
expression of a battery of lipogenic enzymes, including stearoyl CoA desaturase-1
(SCD-1), acetyl CoA carboxylase (ACC), and fatty acid synthase (FAS) [65, 67-69].
In macrophages, activation of LXRs results in the efflux of cholesterol via the up-
regulation of LXR target genes ABCA1, ABCGI, and ApoE [70]. Treatment with
LXR agonists in macrophages prevented bacterial or LPS-triggered induction of in-
flammatory signals. LXR signaling can impact antimicrobial responses by regulating
macrophage gene expression and apoptosis [71, 72].

LXRs have been recently shown to regulate drug-metabolizing enzymes, including
SULTs, suggesting a broader function of LXR beyond being sterol sensors. We have
recently reported that LXRs can regulate Sult2a9/2al and impact sensitivity to bile
acid toxicity and cholestasis [13]. Genetic (using VP-LXRa transgene) or pharma-
cological (using a LXR agonist) activation of LXR in mice conferred a resistance to
lithocholic acid (LCA)-induced hepatotoxicity and bile duct ligation (BDL)-induced
cholestasis in female mice. In contrast, LXR DKO mice deficient of both the « and B
isoforms exhibited heightened cholestatic sensitivity. LXR-mediated cholestatic re-
sistance was associated with an increased expression of Sult2a9/2al and several bile
acid transporters, whereas the basal expression of these gene products was reduced
in the LXR DKO mice. In the same study, promoter analysis established Sult2a9/2al
as a LXR target gene [13]. We also showed that activation of LXRs suppressed the



308 EMERGING ROLE OF ROR AND ITS CROSS TALK WITH LXR

expression of the oxysterol 7a-hydroxylase (Cyp7bl), which may lead to increased
levels of the LXR-activating oxysterols. On the basis of these results, we propose that
LXRs have evolved to have dual function in maintaining cholesterol and bile acid
homeostasis by increasing cholesterol catabolism and, at the same time, preventing
toxicity from bile acid accumulation [13].

In another independent study, we showed that LXR controls estrogen homeostasis
by regulating the basal and inducible hepatic expression of Est/Sultlel, a designated
SULT that catalyzes the sulfonation and deactivation of estrogens [73]. Genetic or
pharmacological activation of LXR resulted in Est/Sultlel induction, which in turn
inhibited estrogen-dependent uterine epithelial cell proliferation and gene expres-
sion, as well as estrogen-dependent breast cancer growth in a nude mouse model
of tumorigenicity. We further established that Est/Sultlel is a transcriptional target
of LXR and a deletion of the Est/Sultlel gene in mice abolished the LXR effect
on estrogen deprivation [14]. In the same study, it was found that Est/Sultlel reg-
ulation by LXR appeared to be liver specific, further underscoring the role of liver
in estrogen metabolism. Activation of LXR failed to induce other major estrogen-
metabolizing enzymes, suggesting that the LXR effect on estrogen metabolism is
Est/Sultlel specific [14]. This study has revealed a novel mechanism controlling
estrogen homeostasis in vivo and may have implications for drug development in the
treatment of breast cancer and other estrogen-related cancerous endocrine disorders.

In addition to its regulation on SULTs, LXR may influence the expression of phase
I enzymes and phase II enzymes other than SULTs. It was reported that loss of both
LXR isoforms in mice resulted in an increased basal expression of Cyp3all and 2b10
[74]. In contrast, activation of LXR resulted in a suppression of Cyp3all expression,
but had little effect on the expression of Ugtlal [13]. The mechanisms by which
LXR affects the expression of phase I enzymes remain to be established.

11.5 A FUNCTIONAL CROSS TALK BETWEEN RORa AND LXR IN
THE REGULATION OF XENO- AND ENDOBIOTIC GENES

The possibility of RORa—LXR cross talk was initially indicated by the remarkable
overlap in the pattern of genes affected in livers from the ROR*#*¢ and LXR-activated
mice. As mentioned earlier, activation of LXR in mice induced the expression of
Est/Sultlel and Sult2a9/2al. In the same LXR-activated mice, the expression of
Cyp7bl was suppressed [13], whereas the expression of CD36, a fatty acid uptake
transporter, was induced [75]. Remarkably, the same pattern of gene regulation was
observed in the RORa*#*¢ mice. These results suggest that RORa and LXR may be
mutually suppressive in vivo.

To obtain support for this hypothesis, we examined the mutual suppression be-
tween RORa and LXR using the regulation of Cyp7bl as a model system. Having
established RORa as a positive Cyp7bl regulator and knowing LXR suppresses the
expression of Cyp7bl, we hypothesized that LXR may suppress Cyp7b1 gene expres-
sion by inhibiting the RORa activity. Indeed, we showed that the activation of Cyp7bl
promoter by RORa was suppressed by cotransfection of LXRa, even in the absence
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of LXR agonists. The inhibitory effect of LXRa was enhanced by the LXR agonist
TO1317. The inhibitory effect of LXRa was largely abolished when the RORE was
mutated, suggesting that the inhibition was mediated by RORa [52]. The inhibitory
effect of LXR on ROR was also seen when the RORE-containing synthetic reporter
genes were used [52]. The LXRa activity was reciprocally suppressed by RORa.
tk-MTV is a LXR-responsive reporter gene [76]. We showed that the activation of
tk-MTV by LXRa was inhibited by cotransfection of RORa in a dose-dependent
manner.

Our further studies suggest that, at least in cultured cells, the mutual suppression
between RORa and LXR may be due to their competition for the common nuclear
receptor coactivators. RORa is known to interact with nuclear receptor coactivators
without an exogenously added ligand [77, 78]. We showed that LXRa also exhib-
ited ligand-independent interaction with the nuclear receptor coactivator SRC-1 as
confirmed by both mammalian two-hybrid assay and chromatin immunoprecipitation
(ChIP) analysis. We hypothesize that the ligand-independent recruitment of coacti-
vator accounts for the constitutive activities of both RORa and LXR, and coactivator
competition may represent a plausible mechanism for the mutual suppression of
transcriptional activity between these two receptors. However, we cannot exclude
the possibility that the “constitutive” activity of RORa may have resulted from the
binding of an endogenous ligand to this “orphan receptor.”

The potential functional cross talk between RORa and LXR was further inves-
tigated in vivo. For this purpose, we measured the expression of LXR target genes
and ROR target genes in the RORa*®*2 and LXR DKO mice, respectively. As sum-
marized in Table 11.3, in the female RORa’¥"¢ mice, in addition to the activation
of Est/Sultlel, Sult2a9/2al, Cd36, and Cyp7bl, the expression of other LXR target
genes, such as lipoprotein lipase (Lpl) [79], aldo-ketoreductase 1d1 (Akrldl) [80],

TABLE 11.3 Regulation of LXR Target Genes
in Female RORa Null Mice

LXR Target Genes Regulation?

Est/Sultlel
Sult2a9/2al
Cd36

Lpl

Fas

Akrldl
SR-B1
Cyp7al
Acc-1
ApoE

Scdl
Srebp-1c

U e e e e i S

44, Up-regulated; —, no change; |, down-regulated.
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TABLE 11.4 Regulation of ROR Target Genes
in Female LXR DKO Mice

ROR Target Genes Regulation®

Bmall
ApoAlI
p21
ApoCIIL
IkkB
Rev-erba

I e

41, Up-regulated; —, no change.

scavenger receptor BI (SR-BI) [81], and acetyl CoA carboxylase 1 (Acc-1), was also
significantly induced. However, the expression of Srebp-lc was significantly sup-
pressed, whereas the expression of ApoE, ApoAl, and Sed-1 was not affected. When
the expression of ROR« target genes was measured in the LXR DKO mice, we found
that the expression of Bmall [82], ApoAl [49], p21 [83], and Ikk(3 [46] was induced
in LXR DKO female mice, but the expression of ApoCIII [50], and Rev-erba [77] was
not significantly altered (Table 11.4). It is interesting to note that the mutual activation
of target gene expression in the RORa*¥*¢ and LXR DKO mice is gene specific. The
mechanism for this selective gene regulation remains to be determined. Cross talk
between RORa and LXR can involved several mechanisms, including competition
for coactivators and DNA binding sites. In addition, the promoter context might be
a determining factor. The inhibition of RORa-mediated Cyp7bl activation by LXR
appears to involve competition for common coactivators. Repression of LXR target
genes by RORa may also be mediated through cross talk involving adjacent or distant
RORE:s.

The activation of LXR target genes in the RORa*¥*¢ mice has its physiological
outcome. We showed the RORa*¥*¢ mice had increased hepatic triglyceride accumu-
lation. The expression of Srebp-1c, a LXR target gene, however, was not induced in
the ROR*#*2 mice [52]. We reason that the hepatic steatotic phenotype in ROR%¢/2
mice is most likely accounted by the activation of Cd36, another LXR target gene.
Cd36, a fatty acid transporter, facilitates the uptake of free fatty acids from the circu-
lation and their subsequent convertion into triglycerides. We have recently shown that
the steatotic effect of both PXR [84] and LXR [75] was associated with the activation
of Cd36. Moreover, the steatotic effect of LXR agonists was largely abolished in
mice deficient of Cd36 [75]. The LXR-ROR cross talk and its potential implications
in physiology are summarized in Figure 11.3.

11.6 CLOSING REMARKS

Our recent findings have clearly suggested that RORs can positively or negatively
regulate the expression of drug-metabolizing enzymes in a gene-specific manner.
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Although RORa regulates the expression of certain drug-metabolizing enzymes, it is
questionable that RORa is a traditional “xenobiotic receptor.” Unlike PXR and CAR
that are mostly associated with positive xenobiotic gene regulation, ROR«a can exert
both positive and negative regulation in a gene-specific manner. Another hallmark
of xenobiotic receptors is their wide spectrum of xenobiotic ligands. Unlike their
xenobiotic receptor counterparts, no physiological ROR agonists have been reported
despite efforts from several laboratories [29, 32].

The cross talk between RORa and LXR is of particular interest. The cross talk
between xenobiotic receptors PXR and CAR has been reported, in which the mecha-
nism appears to be the share of DNA response elements and thus share of target genes
[18]. The RORa—LXR cross talk appears to involve the competition of common coac-
tivators, adding another dimension of complexity to the nuclear receptor-mediated
metabolic safety net.

Although the role of RORs in xeno- and endobiotic gene regulation has emerged,
there are several outstanding challenges. First, the physiological relevance of ROR-
mediated xeno- and endobiotic gene regulation remains to be further defined. For
example, the oxysterol levels were increased in mice deficient of Cyp7bl, pre-
sumably due to a defect in the conversion of oxysterols to bile acids [85]. It
would be interesting to know whether the decreased basal expression of Cyp7bl
in the RORa*¥*¢ mice is associated with accumulation of oxysterols, the endoge-
nous LXR agonists. It is also unknown whether the activation of Sult2a9/2al and
Est/Sultlel in the RORa*/*¢ mice will be associated with decreased sensitivity to
bile acid toxicity and compromised estrogen responses, respectively. Second, having
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established Cyp7bl as a RORa target gene, the molecular mechanism for the activa-
tion of Sult2a9/2al and Est/Sultlel in the RORa*¥*¢ mice remains to be established.
It would be interesting to determine whether RORs exert their effect on Sult2a9/2al
and Est/Sultlel gene expression via cross talk with LXR. Finally, continued effort
should be made to identify or develop functional ROR ligands, which will provide
valuable pharmacological tools to dissect the function of RORs.
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FIGURE 2.1 Nuclearreceptor domain structure and its signaling mode. (a) Modular structure
of nuclear receptors. (b) Signaling mode of the type I and type II nuclear receptors.

hPXR apo hPXR/SR12813/SRC1 hPXR/hyperforin hPXR/rifampicin hPXRIT1317/SRC1

FIGURE 5.1 Human PXR crystal structures. (a) Diagrams of the crystal structures of the
apo, ligand-bound, and coactivator-bound human PXR LBD. A rainbow ramp color code of
blue to red is used to trace the amino acid chain from the N terminus to the C terminus.

(c) 1

FIGURE 5.1 (c) The three-layered core structure of PXR LBD. The layers are shown by
the brightness of the color: the first layer is the brightest and the third, the darkest. The helix
AF-2 is colored red, and the coactivator motif is magenta. The ligand binding pocket is located
at the bottom half of the LBD between the first and third layers. All helices, strands, and the
coactivator motif are labeled, except for the helix H6, which is behind the core structure.



Loop 229-235

FIGURE 5.2 PXR ligand binding and coactivator recruitment. (a) A diagram of PXR ligand
binding pocket bound to hyperforin. Cyan-colored regions are the “lid” of the pocket and its
supporting regions; the orange region is the C-terminal AF-2 motif. The structural elements of
the “lid” and the supporting regions are labeled.

FIGURE 5.2 (c) PXR LBD/coactivator interface. SRC1 motif is colored magenta; helices
H3, H3, and H4, green; and helix AF-2, red. The charge clamp of the LBD is formed by
residues K259 and E427, which form hydrogen bonds with the nitrogen of 1689 and the
carboxyl oxygen of L693 in the coactivator.
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FIGURE 5.3 Sequence alignment of PXR and CAR from different species.

H3

H10

AF-2

Secondary struc-

ture elements are noted with H representing helices and S for strands. The color code for amino
acid residues is as follows: red for acidic residues; blue, basic residues; green, hydrophobic
residues; and grayish blue, polar residues. Three strands were observed in the CAR LBD
(labeled as S1, S2, and S3) and five strands in the PXR LBD (labeled from S1 to S5).



hCAR/CITCO/SRC1 hCAR/5p-pregnanedione/SRC1 mCAR/TCPOBOP/TIF2 mCAR/androstanol

FIGURE 5.4 Crystal structures of CAR. (a) Diagrams of crystal structures of CAR in
complexes with ligands or ligands and coactivator motifs. The color code is the same as used
in Figure 5.1a.

FIGURE 5.4 (c) The three-layered core structure of CAR LBD. The layers are shown by the
same brightness levels as in Figure 5.1c. The helix AF-2 is colored red; the linker helix Hx,
orange; and the coactivator motif, magenta. The ligand binding pocket is located at the bottom
half of the LBD between the first and third layers. All helices, strands, and the coactivator
motif are labeled.



FIGURE 5.4 (d) Heterodimer of LBDs of CAR and RXR; a side view and a top view.

FIGURE 5.5 Ligand binding of human and mouse CAR. (a) A diagram of human CAR
ligand binding pocket with bound 5{3-pregnanedione. The orange region is the C-terminal
helix AF-2 and magenta shows the coactivator motif.



FIGURE 5.5 (c) A diagram of mouse CAR ligand binding pocket with bound TCPOBOP.
Colors represent the same as in part a.

(a)

FIGURE 5.6 Ligand-induced AF-2 conformational change and coactivator recruitment. (a)
CITCO-induced formation of the active conformation of helices H10 (yellow) and Hx (orange),
and the coactivator binding groove framed by helices H3, H3 (green), and AF-2 (red) with an
SRC1 motif bound to the coactivator binding groove of the human CAR LBD.



FIGURE 5.6 (b) Antagonist-induced deactivation of the mouse CAR LBD. The helices H10,
H11 (yellow), Hx (invisible), and AF-2 (red) adopt a conformation that disrupts the coactivator
binding groove and deactivates the receptor.



R746

s M197
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FIGURE 5.6 (c) The CAR LBD/coactivator interface with residues involved in the hy-
drophobic interactions. The coactivator motif is colored magenta; helices H3, H3', and H4
are green; and helix AF-2 is red. The charge clamp is residues K187 and E355, which form
hydrogen bonds with the nitrogen of L.744 and carboxyl oxygen of L748 of the coactivator. The
second charge clamp of the LBD is formed by R193 and E198, which are bound respectively to
residues D750 and R746 of the coactivator motif; this clamp further stabilizes the coactivator

binding.
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FIGURE 9.2 PXR has multiple isoforms with different amino terminal ends. (¢) Amino acid
alignment of PXR est isoforms. PXR is the most abundant isoform. (b) Generation of PXR,
PAR.2, and PRR isoforms utilizing different initiation codons in exons 1a, 1b, and 2.
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ABC efflux transporters, 113-114
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ABCG transporters, 276
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hepatotoxicity, 189
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acetylation, 3
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acyl glucuronides, 21

adenosine triphosphate (ATP) binding cassette
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Adesnik, M., 212
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AdoMet-dependent methyltransferase, 70
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AhR and phase II XMEs regulation, 78-81

AhR-UGT/GST signaling pathway, 80
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amprenavir (APV), 213, 215
androgen receptor (AR), 44
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androstanol-bound CAR, 154
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anesthetics, 5
angiotensin-converting enzyme inhibitors, 13
animal models, of xenobiotic nuclear receptors.
see also humanized mouse models
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Alb—VP-hPXR transgenic mice, 192-194
CAR knock-out mice, 189
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antibiotics, 13, 49
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artemisinin, 116, 123
arylamine NATs, 69
arylamines, 21
aryl hydrocarbon receptor (AhR), 62, 287288
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metabolic regulation of, 173-175

bile duct ligation (BDL), 190
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bilirubin glucuronidation, 74

biochemical process, of compounds, 3
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