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a b s t r a c t

Coordinate regulation of Phase I and II drug-metabolizing enzymes and conjugate trans-

porters by nuclear receptors suggests that these proteins evolved to an integrated biotrans-

formation system. Two major groups of ligand-activated nuclear receptors/xenosensors

evolved: the Ah receptor (activated by aryl hydrocarbons and drugs such as omeprazole) and

type 2 steroid receptors such as PXR and CAR, activated by drugs such as rifampicin,

carbamazepin and phenytoin. It is increasingly recognized that there is considerable

cross-talk between these xenosensors. Therefore, an attempt was made to discuss bio-

transformation by the Ah receptor together with that of PXR and CAR. Due to considerable

species differences the emphasis is on human biotransformation. Agonists coordinately

induce biotransformation due to common xenosensor-binding response elements in the

regulatory region of target genes. However, whereas different groups of xenobiotics appear

to more selectively stimulate CYPs (Phase I), their regulatory control largely converged in

modulating Phase II metabolism and transport. Biotransformation appears to be tightly

controlled to achieve efficient homeostasis of endobiotics and detoxification of dietary

phytochemicals, but nuclear receptor agonists may also lead to potentially harmful drug

interactions.

# 2008 Elsevier Inc. All rights reserved.
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1. Introduction

It is increasingly recognized that cascades of Phase I and II

enzymes and transporters act together to protect the body

against the accumulation of potentially harmful lipid-

soluble compounds. In addition to polymorphisms in the

coding region, interindividual levels and activities of the
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involved proteins are largely determined by complex

transcriptional control including actions of xenosensors

such as the Ah receptor (AHR) [1,2], CAR (NR1I3) and PXR

(NR1I2) [2–7]. Notably, these nuclear receptors act as multi-

functional switches; for example, the AHR is involved in

organ development in addition to adaptive regulation of

detoxification. Previously, coordinate regulation of Phase I
esponse element; BaP, benzo[a]pyrene; BCRP, breast cancer resis-
e receptor; FXR, farsenoid X receptor; GR, glucocorticoid receptor;
ug resistance-associated protein; Nrf2, nuclear factor erythroid 2-
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Table 1 – Coordinate regulation of prototypical human
xenobiotic-metabolizing enzymes and transporters by
nuclear receptors

Enzyme/transporter/xenosensor AHR PXR/CAR

Phase I

CYP1A1 [42,43] +a 0a

CYP1A2 [43] + 0

CYP1B1 [17] + 0

CYP2B6 [7] 0 +

CYP2C9 [24,25] 0 +

CYP3A4 [44–46] 0 +

CYP4A1[47] 0 0

CYP7A1[69] 0 �

Phase II

NQO1 [48] +* �
GSTA1/A2 [49] +* +*

UGT1A1 [50–52] + +

UGT1A6 [52,53] + +

UGT1A9 [52,54] + +

Export and uptake transporters

(Phase III)

MDR1 (ABCB1) [39,55] �* +

MRP2 (ABCC2) [55,56] 0 +*

MRP3 (ABCC3) [57,58] + +

BCRP (ABCG2) [40,55] +* +*

(Phase 0)

OATP1B1 (SLCO1B1) [55,90] �* +*

OATP1B3 (SLCO1B3) [55,90] �* +*

OATP2B1 (SLCO2B1) [55,90] �* +

Xenosensor

AHR [1] � +

PXR [4,90] 0 +

CAR [9] + 0*

a Primary target genes are classified as (+) upregulated; (�)

downregulated, and (0) unchanged. (�) Upregulation was only

found in liver samples from a few individuals. (+*) No functional

response elements have been characterized. The same is true for

all downregulated genes.
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and II enzymes by AHR and Nrf2 has been discussed, the

latter transcription factor controlling a gene battery involved

in protection against oxidative stress [8]. However, due to

extensive cross-talk between AHR, CAR and PXR, it seemed

desirable to discuss their regulation and impact on drug

metabolism and transport together; for example, the AHR

appears to be a target gene of PXR [4], and CAR may be

regulated by the AHR [9]. They belong to different gene

superfamilies; the AHR is a member of the basic helix–loop–

helix PAS (Per-Arnt-Sim) family [1] whereas PXR and CAR are

type 2 members of the steroid receptor family characterized

by heterodimerization with the common partner RXR

(NR2B1/2/3) [7]. CAR/PXR and the AHR are the key mediators

of the classic phenobarbital- and 3-methylcholanthrene-

type induction of microsomal drug metabolism, respectively

[10–12]. The genetic basis for coordinate expression of

enzymes and transporters is represented in part by common

DNA binding motifs present in the regulatory region of

target genes. Evolution of common binding motifs hints to

considerable functional advantages for the mammalian

organism by coordinate regulation of Phase I and II meta-

bolism and transport. It is noteworthy that – in addition to

up- and downregulation of target genes – these receptors

also regulate basal expression of proteins [13]. Furthermore,

the receptors are again under the hierarchical control of

regulators [14].

Accumulating evidence suggests considerable species

differences in the regulation of biotransformation between

rodents and humans. Therefore, the present commentary

focuses on human drug metabolism and transport. Hepatic

and intestinal CYPs and UGTs as major Phase I and II enzymes

together with conjugate uptake and efflux transporters are

emphasized to eventually be able to compare regulatory

mechanisms with pharmacokinetic data on the bioavailability

of drugs and their enterohepatic circulation. Phase II meta-

bolism necessitates transport of the resulting polar conjugates

out of cells. These export transporters have been subsum-

mized as Phase III. Conjugates can also be taken up into cells,

for example, into hepatoctes for biliary excretion; these uptake

processes have been termed Phase 0.

Interestingly, xenobiotic metabolizing enzymes, conju-

gate transporters as well as their xenosensors are also

involved in biotransformation of endobiotics including bile

acids, bilirubin, and thyroxin [2,5,6,15]. Expectedly, tran-

scriptional regulatory coupling between these enzymes and

transporters is tight in homeostatic control of endobiotics.

Conceivably, coupling was also shaped by detoxification of

dietary phytochemicals and ubiquitous contaminants to

which organisms were exposed in evolution for millions of

years [16]. Newly discovered drugs are accidentally handled

by the same biotransformation system. The perception

that drug metabolism uses an evolved biotransformation or

detoxification system, may facilitate understanding of

multiple interactions between endo- and xenobiotics. In

the following, a brief overview of Phase I and II enzymes and

of uptake and export transporters (Phases 0 and III,

respectively) is given; subsequently, examples for coordi-

nate transcriptional regulation of these proteins by nuclear

receptors are discussed (Table 1). Finally, functional aspects

are summarized.
2. Overview on human nuclear receptor-
regulated Phase I and II enzymes and conjugate
transporters

2.1. Phase I enzymes

CYPs (cytochrome P450 enzymes) are major Phase I enzymes,

encoded by a large supergene family [16,17]. Known AHR-

controlled CYPs are CYP1A1, CYP1A2 and CYP1B1. Basal

expression of CYP1A1 is low, but it is markedly inducible by

the AHR in hepatocytes, intestinal epithelium and in vascular

endothelium. It is involved in both bioactivation of the

carcinogen benzo[a]pyrene and in its first-pass detoxification

in the intestinal epithelium [18]. CYP1A2 is constitutively

expressed in liver but is also AHR-inducible [19]. CYP1B1 is

expressed in extrahepatic tissues [17]. Major CYPs involved in

drug metabolism are CYP2C9 and CYP3A4. CAR-inducible

CYP2C9 ranks second after CYP3A4 among the most expressed

CYPs in human liver. It is involved in metabolism of the

antiepileptics phenytoin and mephenytoin, the antiulcer drug



Table 2 – Substrates of the discussed human hepatocytic
uptake and export transporters

Transporter Substrate

OATP1B1 [34] Bilirubin

Bilirubin monoglucuronide*

Bilirubin diglucuronide

17b-Estradiol glucuronide*

Estrone 3-sulfate

Dehydroepiandrosterone 3-sul-

fate

Cholyl taurine

Cholate

OATP1B3 [34] Bilirubin monoglucuronide

17b-Estradiol glucuronide

MRP2 [35] Bilirubin monoglucuronide

Bilirubin diglucuronide

17b-Estradiol glucuronide

Leukotriene C4

Methotrexate

Etoposide

Etoposide glucuronide

MRP3 [35] Bilirubin monoglucuronide

Bilirubin diglucuronide

MRP4 [36] Chenodeoxycholyltaurine and -

glycine

Ursodeoxycholyltaurine and -

glycine co-transported with GSH
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omeprazole, tolbutamide, warfarin, propranolol, and diaze-

pam [20,21].

The PXR-inducible CYP3A4 subfamily accounts for approxi-

mately 30% of total CYPs in the human liver [22]. CYP3A4

contributes to disposition of 60 frequently prescribed drugs

such as immunosuppressant cyclosporine, contraceptive

ethinylestradiol, antihypertensives nifedipine and nitrendi-

pine, midazolam and erythromycin ([23,24] and references

therein). Together with the closely related CYP3A5, CYP3A4

plays an important role in the metabolism of the dietary

mycotoxin aflatoxin B1 [24]. In vivo, CYP3A4 activity displays

at least 20-fold variation in different individuals [22]. CYP4A1

is inducible by fibrates and involved in metabolism of lipoids

[17]. CYP7A1 is mostly involved in the synthesis of bile acids

(discussed in Section 4.1.1).

2.2. Phase II enzymes

2.2.1. UGTs
UGTs are major Phase II enzymes, encompassing two different

gene families, each encoding 9 UGT isoforms: family 1

members are encoded by the UGT1A gene locus on chromo-

some 2q37, and UGT2 members are encoded as a gene cluster

on chromosome 4q13 [25,26]. Substrate specificity of major

human hepatic UGTs (UGT1A1, 1A4, 1A6, 1A9 and UGT2B7)

have been summarized [26,27]. For example, UGT1A1 is

responsible for elimination of bilirubin, estrogens and drugs

such as the chemotherapeutics etoposide and SN38, a major

metabolite of topoisomerase inhibitor irinotecan [26]; UGT2B7

is involved in conjugation of bile acids and the majority of

drugs cleared primarily by glucuronidation.

2.2.2. Human SULTs
Human SULTs have been divided into several families based

on evolutionary diversion [28]. For example, SULT1A1

(encoded on chromosome 16) is involved in conjugation of

iodothyronines, estrogens and simple phenols such as

paracetamol. SULT2A1 (encoded on chromosome 19) is

involved in conjugation of hydroxysteroids and the toxic

bile acid lithocholic acid, discussed under Section 4.1.1.

SULTs are often competing with UGTs for the same phenolic

substrates; sulfation (or sulfonation) being generally con-

sidered the higher affinity but lower capacity pathway [28].

In addition, sulfates of steroid hormones often represent

storage forms from where the free hormone can be liberated

in target tissues.

2.2.3. GSTs
GSTs (including cytosolic, microsomal and mitochondrial

enzymes) are an integral part of the biotransformation system

protecting against cytotoxic electrophilic chemicals [29]. The

Janus face of these enzymes is evident by the fact that on the

one hand they are responsible for detoxification of electro-

philes and on the other hand for resistance of tumor cells

against chemotherapeutics. Major human hepatic GSTs

include GSTA1 and GSTA2 located as a gene cluster on

chromosome 6p12 [30]. Since the two enzymes are difficult to

differentiate, they are discussed together. GSTA1/2 are

involved in detoxification of electrophilic PAH and aflatoxin

B1 metabolites [29] and in the activation of the immunosup-
pressive prodrug azathioprine [31]. Many other GSTs, includ-

ing the cytosolic GSTM and P classes, are not discussed here.

2.2.4. Quinone reductase

Quinone reductase NQO1 (NADP(H):quinone oxidoreductase)

represents a prototypical AHR- and Nrf2-controlled chemo-

protective enzyme (see Section 4.2.1) [8, for references]. In

detoxification of quinones by 2-electron reduction to quinols,

NQO1 bypasses the formation of toxic semiquinones and

prevents quinone-semiquinone-quinol redox cycles, the latter

generating reactive oxygen species and oxidative stress [32].

Notably, NQO1 is also involved in bioactivation of chemother-

apeutics such as mitomycin C.

2.3. Conjugate transporters

Transport of bile acid and bilirubin conjugates from blood for

biliary excretion is a major function of the liver [33–37].

Substrates of major human hepatic uptake and export

transporters are summarized in Table 2.

2.3.1. Uptake transporters
Major human hepatocytic transporters OATP1B1, OATP1B3,

and OATP2B1 are responsible for uptake of free and con-

jugated bile acids, bilirubin and drugs from the blood

circulation into hepatocytes [33–37]. The uptake of conjugated

and unconjugated bile acids from the intestinal lumen is

mediated by the bile acid-specific uptake transporter ASBT

(apical, sodium-dependent bile salt transporter) which is

related to the hepatic NTCP (Na+ taurocholate cotransporter

polypeptide) (Fig. 1) [33]. Recently, OSTa/b (organic anion



Table 3 – DNA-binding response elements for AHR, Nrf2,
CAR and PXR in the regulatory region of human
xenobiotic-metabolizing enzymes

Receptor (typical agonist)/
enzyme

Consensus response
element

AHR/XRE (TCDD)

CYP1A1 [42,43] TnGCGTG

UGT1A1 [51] TnGCGTG

UGT1A6 [53] TnGCGTG

Nrf2/ARE (tBHQ)

NQO1 [48] TGACnnnGC

UGT1A1 [62] GGACnnnGC

CAR (phenobarbital)

CYP2B6 (distal, NR3) [60] GGGTGA (n4) ACTCTA

CYP2C9 (distal, NR1) [23] ACCTGA (n5) ACTGGG

UGT1A1 [51] ACTCAA (n4) ATTGGA

PXR (rifampicin)

CYP3A4 (distal, NR1) [61] ACTTGA (n3) ACTGGG

UGT1A1 [51] GGTTCA (n3) AGGGTA

UGT1A6 [15] AGTTCA (n3) AGTTCA

MDR1 [39] ACTTGA (n4) ACTGGA

PPARa (clofibrate)

CYP4A1[47] AGGGTA (n1) AGTTCA

UGT1A1 [63] AGGGTA (n1) AGTTCA

UGT1A9 [54] AGGGTA (n1) AGTTCAFig. 1 – Simplified scheme of Phase I and II enzymes and

conjugate transporters responsible for enterohepatic

circulation of bile acids and xenobiotics/drugs. Apical and

basolateral parts of the plasma membrane are separated

by tight junctions. Hepatocytic NTCP, enterocytic ASBT

and BSEP represent specific bile acid transporters [33].

b i o c h e m i c a l p h a r m a c o l o g y 7 7 ( 2 0 0 9 ) 6 8 9 – 6 9 9692
steroid transporters) have been characterized as key baso-

lateral transporters for reabsorption of bile acids [38].

2.3.2. Export transporters
TheMDR1 gene product P-glycoprotein plays an important role

in the transport of unconjugated drugs from the inside to the

outside of cells. It was initially discovered in cancer cells as a

protein responsible for resistance against several cytotoxic

drugs. MDR1 (ABCB1) is expressed in brush border membranes

of mature enterocytes and canalicular membranes of hepa-

tocytes. In the gut P-glycoprotein functions as an efflux pump

transporting drugs back into the intestinal lumen. Hence, it

has an important role in the absorption and presystemic

elimination of drugs [39, for references].

MRP2 (ABCC2) is present in apical, MRP3 and MRP4 (ABCC3

and ABCC4) in basolateral plasma membranes of hepatocytes.

Allelic variants leading to loss of MRP2 in hepatocytes have

long been known as the Dubin-Johnson syndrome [35,36].

Recently, BCRP (breast cancer resistance protein, ABCG2) was

found to contribute to biliary and intestinal conjugate

elimination [40].
3. Coordinate regulation of drug
biotransformation by AHR, CAR and PXR

Coordinate transcriptional regulation of biotransformation

enzymes and transporters appears to enhance the efficiency
of homeostatic control of endobiotics and detoxification of

dietary xenobiotics.

3.1. Phase I and II drug metabolism

Since more than 20 years it is known that groups of enzyme

inducers selectively enhance the expression of the CYP 1 to 4

family members [16,17], and the responsible transcription

factors have been identified as AHR, CAR, PXR, and PPARa,

respectively (Table 1). Response elements in target genes have

been characterized (Table 3). Since PXR and CAR frequently

share common ligands and response elements they are listed

together. However, despite common agonists, their mode of

action is often different. For example, typical CAR activators

such as phenobarbital do not bind to CAR but activate nuclear

translocation by mechanisms including phosphatases [7] and

the protein kinase LKB1 [41], but the true ‘receptor’ of

phenobarbital-type inducers remains to be established [41].

Clusters of functional XREs have been characterized in the

enhancer region of human CYP1A1 (Fig. 2) [42,43]. Presence of

multiple XREs may allow strong dose-dependent responses

upon exposure to AHR agonists. The human CYP1A locus on

chromosome 15 includes both CYP1A1 and 1A2 genes in a

head to head orientation. Transcription start sites are

separated by approximately 20 kb of intervening DNA. This

orientation raises the possibility that the genes for CYP1A1

and 1A2 share the 50-flanking region. CYP1A1 and CYP1A2

appear to be indirectly upregulated by PXR ligands due to

induction of the AHR by PXR [3]. Therefore, direct induction by

PXR was classified as 0 in Table 1. In contrast to preferential

induction of CYPs, conjugating enzymes and transporters

appear to be regulated by both AHR and PXR/CAR.

The genetic basis of coordinate induction was identified as

the interaction of transcription factors with common response



Fig. 2 – Regulation of selected Phase I and II enzymes by

nuclear receptors. Illustration of the position of

characterized response elements (RE) in the enhancer

region of target genes. Closed circles, XRE; closed triangle,

ARE; open triangles PXRE; open square, CARE; closed

square, GRE. Numbers represent the distance from the

transcription start site. CYP1A1 and 1A2 are encoded on

chromosome 15 in a head to head orientation.

Transcription start sites are separated by approximately

20 kb intervening DNA [43]. Details are described in

Section 3.1.
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elements in the regulatory region of target genes (Table 3).

Similar to binding of AHR/Arnt to XRE domains and of Nrf2/

Maf to AREs [8, for references], type 2 steroid receptors in

complex with their common partner RXR bind their cognate

response elements. The core elements are generally com-

posed of two hexanucleotide half-sites, more or less degen-

erated with respect to the consensus sequence AGGTCA which

are organized either as direct, inverted or everted repeats,

separated by a number of nucleotides varying from 1 to 7

[5,6,59]. Major direct repeats (DR) responsible for binding CAR,

PXR and PPARa are listed in Table 3. Proximal and distal

binding sites have been identified in composite nuclear

hormone receptor binding clusters. Only one major portion

(e.g. NR1, responsible for CAR/RXR) is listed in Table 3. In the

case of CYP2B6 proximal and distal clusters have been termed

PBREM (phenobarbital response enhancer module) and XREM

(xenobiotic response enhancer module), respectively [60,61]. A

PBREM cluster was also detected in the 50 flanking region of

UGT1A1 (termed gtPBREM). Interestingly this 290 bp cluster

contains PXR, CAR, GR [51], AHR [50], Nrf2 [62] and PPARa

binding motifs [63] (Fig. 2). The cluster appears to be
evolutionary conserved since a similar PBREM was character-

ized in the regulatory region of baboon UGT1A1 [64]. gtPBREM

represents a striking example of cross-talk between multiple

transcription factors. The interaction between GR and PXR/

CAR has been unravelled: while these transcription factors

directly bind to their cognate response elements, interaction is

achieved by the cofactor GRIP1 (glucocorticoid receptor

interacting factor protein-1) which binds to both GR and

PXR/CAR, thereby synergistically enhancing the actions of

dexamethasone and rifampicin [65]. A role for the interaction

between GR and CAR has been proposed: in the neonate the

sudden interruption of maternal glucose supply leads to

enhanced release of glucocorticoids which could signal

enhanced expression of UGT1A1 to suppress icterus neona-

torum. However, many possible interactions between other

transcription factors within gtPBREM still need to be explored.

Notably, allelic variants served to establish functionality of

response elements. For example, a polymorphism in the NR3

region of gtPBREM of UGT1A1 (T3263G) has been identified

(UGT1A1*60) [66]. Together with the promoter variant

A(TA)7TAA (UGT1A1*28) these allelic variants are responsible

for hyperbilirubinemia in Gilbert’s syndrome (see UGT website

at http://som.flinders.edu.au/FUSA/ClinPharm/UGT). In addi-

tion, allelic variants of the transcription factors themselves

may influence gene transcription, as shown for UGTs in the

case of allelic variants of PXR [67].

3.2. Conjugate transporters

Evidence is accumulating that uptake and export conjugate

transporters are also co-regulated by the nuclear receptors

PXR/CAR and AHR [56–58]. BCRP is upregulated by both AHR

and PXR/CAR [40,55]. Expectedly, transporters are also

regulated by multiple other mechanisms. For example,

MRP3 is upregulated in a compensatory manner when MRP2

is defective, as in the Dubin–Johnson syndrome and in

cholestasis [5,6]. Interestingly (with the exception of OATP1B1

which is upregulated by PXR [55]), uptake transporters have

been reported to be down-regulated by nuclear receptors [55].

Conceivably, in the case of cellular stress it may be

advantageous to limit uptake of conjugates from blood to

the hepatocyte.

In conclusion, members of CYP families 1 to 4 appear to be

differentially induced by nuclear receptors whereas receptor

control appears to have converged in the case of Phase II

enzymes, such as UGT1A1 (Fig. 2), and of conjugate transpor-

ters such as BCRP (Table 1). Expression of the transcription

factors is regulated in turn by multiple factors in a hierarchical

order, a fascinating issue discussed under ‘regulating the

regulators’ [14]. Furthermore, nuclear receptors operate in

concert with multiple factors, including factors controlling

tissue-dependent expression [68] and classic hormone recep-

tors such as GR [52,65]. The complex interaction of all these

factors is far from being understood. For example, despite

coordinate regulation, the extent of Phase I and II gene

induction may be quite different, depending, e.g., on the

affinity of the transcription factor to response elements. In

addition, there is considerable cross-talk between transcrip-

tion factors, as described for GR and PXR/CAR in the gtPBREM

cluster [65].

http://som.flinders.edu.au/FUSA/ClinPharm/UGT
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4. Functional implications of coordinate
regulation

An integrated view of biotransformation is necessary when

dealing with in vivo functions. For example, under physiolo-

gical conditions bile acids are mainly conjugated by sulfation.

Under cholestatic conditions, however, bile acid sulfation

may be saturated and glucuronidation is taking over. ‘Tight

coupling’ of Phase I and II metabolism and conjugate transport

by nuclear receptors can be expected in homeostasis and

detoxification of endobiotics such as bile acids and bilirubin.

To some extent ‘tight coupling’ may also have evolved in first-

pass detoxification of dietary phytoalexins, compounds to

which the animal organism may have been exposed for

millions of years. Expectedly, pharmaceutical drugs are also

handled by the evolved biotransformation system.

4.1. Endobiotics

Bile acids and bilirubin are emphasized since in these cases

coordinate regulation of biotransformation in their important

homeostatic control has been well studied. It is understood

that a number of other examples can be added in the future

such as steroid hormone homeostasis and vitamin D receptor

pathways.

4.1.1. Bile acids
Enterohepatic cycling of bile salts is an impressive example

demonstrating tight regulation of metabolism and transport.

To facilitate absorption of lipid-soluble compounds, bile salts

and their conjugates are essential to emulsify cholesterol,

phospholipids, fatty acids and lipid-soluble vitamins. Bile salts

are synthesized in liver and secreted via the biliary tract into

the intestine. They are efficiently reabsorbed and circulate via

the portal tract to the liver. The human bile salt pool (20–40 g)

circulates 6–10 times per day. However, only 0.5 g are lost

through fecal excretion [33]. As illustrated in Fig. 1, enterocytic

ASBT (also termed ileal bile acid transporter IBAT) is the major

bile salt uptake transporter in the intestine. After basolateral

efflux by the organic steroid transporter OSTa/b [38], bile salts

are selectively taken up into hepatocytes by NTCP, OATP1B1,

and OATP1B3, and secreted by BSEP (ABCB11) into bile. Other

enterocytic transporters (MRP2 and BCRP) are mainly involved

in detoxification systems secreting conjugates into the

intestinal lumen [40]. In this way, enterocytic metabolism

and transport often leads to decreased bioavailability of many

orally administered drugs.

Bile salts acting as endogenous detergents are necessarily

toxic above certain concentrations. Therefore, their synthesis

and catabolism has to be strictly controlled, in particular in

pathologic conditions such as cholestasis [33]. In this case PXR

is activated by bile salts, such as the hepatotoxic lithocholic

acid (LCA). LCA is formed from primary bile acids such as

cholic acid and chenodeoxycholic acid by intestinal bacteria.

PXR is a master regulator of bile salt synthesis by down-

regulating CYP7A1 and by coordinately upregulating OATPs,

CYP3A4, SULT2A1, UGTs and MRP2 [69–71]. In addition,

monohydroxylated LCA is converted by PXR-controlled

CYP3A4 to the less toxic dihydroxylated hyodeoxycholic acid

which has been shown to be conjugated by UGT2B4 and
UGT2B7 [26]. Hence, PXR may serve as a LCA sensor that

protects against liver toxicity of LCA [69–71]. In support of

these findings, treatment with rifampicin leads to increased

urinary excretion of hyodeoxycholic acid glucuronide [72].

Interestingly, rifampicin has been reported to relieve pruritus,

possibly by reducing serum levels of bile acids [73].

PXR acts together with FXR (farnesoid X receptor) and LXR

(liver X receptor) which maintain a balanced regulation of bile

acid and cholesterol metabolism [5]. The bile acid receptor FXR

is mainly activated by primary bile acids such as chenodeoxy-

cholic acid. Similar to PXR, FXR has been shown to down-

regulate CYP7A1 and upregulate CYP3A4 expression [5,6].

Interestingly, the AHR may also be involved in cholesterol

detoxification. 7-Ketocholesterol, formed from the corre-

sponding oxysterol, has been characterized as an endogenous

antagonist of the AHR [74].

Interestingly, bile acids not only regulate bile flow and

uptake of cholesterol and fat-soluble vitamins in the intestine

but also the size of the adult liver by sensing its functional

capacity via FXR [75] and PXR/CAR: inadequate function

enhances bile acid levels, the resulting FXR and PXR/CAR

activation not only enhances bile acid detoxification by

decreasing their synthesis and enhancing their degradation

but also senses the functional capacity of the liver and

promotes liver growth following partial hepatectomy or liver

damage. Of course, the latter function occurs in combination

with growth factor and cytokine responses [75].

4.1.2. Bilirubin
A significant amount of bilirubin is produced every day (250–

400 mg in adult humans) primarily from breakdown of

hemoglobin. Bilirubin is removed from the body by selective

uptake into hepatocytes, presumably via OATP1B1 (formerly

called SLC21A6). It is then conjugated with glucuronic acid by

UGT1A1 and excreted into the biliary tract via MRP2 [5,34,35]. It

has been established that CAR coordinately stimulates both

the expression of UGT1A1 and of the uptake and export

transporters, leading to efficient bilirubin clearance [15].

Similar to phenobarbital, bilirubin indirectly activates CAR

by stimulating its nuclear translocation [76]. Bilirubin levels

have to be strictly controlled since bilirubin is neurotoxic at

high serum concentrations, particularly in the newborn. On

the other hand, at low levels bilirubin may also act as an

antioxidant. These dual actions of bilirubin may be the reason

for persistence of allelic variants of UGT1A1 associated with

Gilbert’s syndrome ([77,78] for references). The AHR-induced

CYP1A1 and CYP1A2 may also be involved in catabolism of

excessive bilirubin blood levels [78].

4.1.3. Thyroid hormones
The prohormone L-thyroxine (T4) is the most widely used

treatment for hypothyroidism. Interindividual differences in

hepatic T4 metabolism could result in variation in the patient

exposure to T4. Whereas >70% is deiodinated to T3, T4 is also

metabolized by conjugation. Under physiological conditions

T4 sulfation initiates irreversible inactivation: T4 sulfate is very

unstable because sulfation accelerates inner ring deiodination

by approximately 200-fold. In contrast, T4 glucuronide is stable

and may serve as a mechanism of delivery into intracellular

compartments [79]. T4 is conjugated by several UGTs. UGT1A1
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appears to be a major isoform involved, based on strong

correlation with probe drugs and allelic variants [79]. T4 is also

conjugated by extrahepatic UGT1A8 and 1A10 which may be

involved in first-pass metabolism. Treatment with phenobar-

bital, phenytoin and carbamazepine has been associated with

decreased serum T4 levels in humans. In addition to antic-

onvulsant phenobarbital-type inducers, the AHR may also be

involved due to its role in UGT1A1 regulation; but this

suggestion still needs to be confirmed. Notably, T4 home-

ostasis is mainly regulated by negative feedback by the

anterior pituitary gland.

4.2. Xenobiotics

Dietary phytochemicals to which the mammalian organism

was exposed for millions of years may also have shaped the

biotransformation system and its regulation by nuclear

receptors. Similar considerations may be applicable to dietary

PAH contaminants, particularly when animals are foraging

close to habitats devastated by natural fires.

4.2.1. Dietary phytochemicals
Currently, extensive efforts are undertaken to prevent cancer

by altering our diet in favour of fruits and vegetables and by

supplementing the diet by chemopreventive phytochemicals.

Multiple mechanisms have been identified by which phyto-

chemicals may exert their chemopreventive actions. One

frequently studied mechanism is the nuclear receptor-

mediated induction of Phase I and II xenobiotic detoxification

system. Phytochemicals have been classified as (i) selective

AHR agonists such as 3,30-diindolylmethane (DIM), a major

product of the over-the counter food additive indol-3-carbinol,

(ii) selective Nrf2 activators such as sulforaphane, generated

from broccoli extracts, and (iii) mixed AHR/Nrf2 activators

such as the flavonoid chrysin [80, for references]. The bZip

transcription factor Nrf2 is normally sequestered in cytoplasm

in complex with Keap1 which negatively regulates Nrf2 by

facilitating its proteasomal degradation. Under conditions of

oxidative/electrophilic stress, Nrf2 and Keap1 dissociate, and

Nrf2 is translocated to the nucleus where it binds to AREs of

target genes. Expectedly, many potential inducers are detox-

ified in the intestinal mucosa [81]. An interesting chemopre-

vention trial with broccoli extracts containing sulforaphane is

carried out with residents of Quidong, People’s Republic of
Table 4 – Selected examples of nuclear receptor-mediated dru

Inducing drug
(nuclear receptor)

Modulated enzyme/
transporter

St. John’s wort extract

or hyperforin (PXR)

CYP3A4

Rifampicin (PXR) CYP3A4

UGT1A1

MRP2

OATP1B1

Carbamazepine (CAR) CYP3A4

Brussels sprouts,

broccoli (AHR, Nrf2)

CYP1A2, UGTs, GSTs
China, who are at risk to develop hepatocellular carcinoma

due to consumption of mycotoxin aflatoxin B1-contaminated

foods coupled with endemic hepatitis B virus infection [82]. In

addition, the population is exposed to airborne phenanthrene,

the most abundant carcinogenic PAH in this area adjacent to

and downwind of Shanghai (discussed in the next section).

Aflatoxin B1 is mainly bioactivated by CYP1A2 and CYP3A4,

and detoxified by GSTs. As part of the above randomized,

placebo-controlled trial it was shown that the excretion

pattern of the foodborne and airborne toxicants was approxi-

mately doubled by consumption of broccoli-extracts presum-

ably by activating the AHR and Nrf2 [82].

4.2.2. Dietary and airborne PAH contaminants
Planar PAHs are known to be both ligands of the AHR and

substrates of AHR-induced CYP1A1 [83]. PAHs such as

benzo[a]pyrene (BaP), phenanthrene and pyrene are ubiqui-

tous environmental pollutants to which humans are exposed,

for example, in their diet or as components of cigarette smoke.

Metabolism and carcinogenicity of the prototypical carcino-

gen BaP has been intensely studied [84]. As previously

discussed, coordinate induction of Phase I and II enzymes

by the AHR may efficiently attenuate accumulation of reactive

intermediates such as BaP diolepoxides and BaP quinones [8].

Moreover, linkage of the AHR with Nrf2 may reduce oxidative

stress generated by quinone–quinol redox cycles. In support of

the detoxification role of AHR and Nrf2 activation, an inverse

correlation was observed between the urinary excretion of

phenanthrene tetraols and dithiocarbamate levels (a measure

of glutathione conjugation of PAH metabolites) in broccoli-

treated Quidong people [82].

4.3. Prescription drugs

4.3.1. Drug–drug interactions by activation of xenosensors
Many drug-metabolizing enzymes/transporters are subject to

direct translational modification, enabling rapid changes of

their activity. However, to achieve intermediate and long-term

changes they are regulated by networks of transcription

factors including drug-activated xenosensors. Self-medica-

tion of St. John’s wort extracts as antidepressant led to serious

drug interactions, such as heart transplant rejection due to

loss of cyclosporin-mediated immunosuppression [85], or to

unwanted pregnancy due to loss of ethinylestradiol-mediated
g interactions

Interaction

Heart transplant rejection due to loss of cyclosporin-mediated

immunosuppression [85]

Loss of verapamil effect on arrhythmias [86]

Loss of cholesterol-lowering effect of ezetimibe [87]

Loss of morphine-mediated analgesic effect [88]

Decreased uptake of bosentan [89]

Induced clearance of warfarin and oral contraceptives [90,91]

Increased theophyllin clearance [84], trials on chemoprevention [82]
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contraception. St. John’s wort extract contains the high-

affinity PXR agonist hyperforin. Treatment with the PXR

agonist rifampicin led to decreased bioavailability of many

drugs such as verapamil [86] or cholesterol-lowering ezetimibe

[87] and morphine [88] (Table 4). Interestingly, when rifampi-

cin-treated individuals were taking morphine orally, mor-

phine glucuronides, formed by induced UGTs, were not

increased in serum, probably due to efficient secretion of

morphine glucuronides into the intestinal lumen via induced

MRP2 [88]. Similarly, ezetimibe glucuronide is mostly secreted

into the intestinal lumen, and entero-enteric circulation

probably determines its duration of action [87]. Notably, in

the interpretation of rifampicin studies it has to be kept in

mind that final-day dosing may mask induction, possibly due

to competitive inhibition of drug uptake by OATPs. For

example, rifampicin has been shown to inhibit the uptake

of the endothelin antagonist bosentan via OATP1B1 and

OATP1B3 [89]. In livers of carbamazepine-treated patients,

enhanced CYP3A4-mediated verapamil metabolism was

clearly detectable [90]. Coordinate induction of drug-metabo-

lizing enzymes, transporters, and nuclear receptors has been

detected in carbamazepine-treated patients, and may be

clinically relevant [91]. Recently, metamizole has been shown

to induce CYP2B6 and CYP3A4 by a phenobarbital-type

mechanism [92]. The influence of AHR activation by compo-

nents of cigarette smoke has been described in many studies

[84]. Ingested smoke components readily induce intestinal

CYP1A1, detected in duodenal biopsies from smokers and

patients treated with omeprazole, an AHR agonist [93]. AHR

activation by omeprazole may be due to cross-talk between

PXR/CYP3A4 and AHR [94]. In clinical trials on cancer chem-

oprevention a number of AhR- and Nrf2-activating phyto-

chemicals are currently tested [80, for references]. However,

their clinical significance is still unresolved.

4.3.2 Nuclear receptors as factors responsible for interindividual
variation of drug disposition
Interindividual variation in levels and activities of drug-

metabolizing enzymes and transporters represents a major

challenge in drug therapy. It is due to multiple factors,

including polymorphisms in both the coding and regulatory

regions of biotransformation-associated genes as well as

previous drug treatment, hormonal factors or pathologic

conditions such as inflammation, the latter leading to

decreased expression of drug-metabolizing enzymes [2].

Interindividual variation of CYP3A4-mediated midazolam

metabolism was approximately 20-fold in Caucasians [19].

Interindividual variation of drug glucuronidation may also in

part be due to drug treatment. UGT1A isoforms were found to

be moderately induced by both AHR and PXR/CAR agonists [95–

97]. In line with these observations, studies with transgenic

mice expressing the entire human UGT1 locus suggest that

expression of all UGT1 members is under the control of both the

AHR and PXR [52]. Considerable interindividual variation of

export transporter expression has also been observed; 15% of

all individuals could be classified as high BSEP, MRP2, or MDR1

expressors and 1–5% as very low expressors [98]. In addition,

interindividual variation in levels of nuclear receptors such as

PXR and AHR are clearly detectable [4,90]: patients treated with

carbamazepine showed significantly higher levels of PXR, and a
trend was seen for enhanced AHR expression, possibly

explaining increased CYP1A2 expression in these patients.

Understanding the influence of the large variety of factors

including tissue-specific factors on the expression of drug-

metabolizing enzymes and transporters represents a major

task for the future.
5. Conclusions

Coordinate regulation of Phase I and II drug-metabolizing

enzymes and conjugate transporters by nuclear receptors PXR,

CAR and AHR suggests that these proteins evolved to an

integrated biotransformation system. The genetic basis for

coordinate regulation may be largely due to common nuclear

receptor-binding elements in the regulatory region of target

genes. Previously, the AHR gene battery and its linkage with

the Nrf2 gene battery was discussed, the latter protecting

against oxidative stress [8]. However, considerable cross-talk

exists between PXR, CAR, and the AHR. Therefore, an attempt

was made to integrate PXR and AHR gene batteries. Due to

considerable species differences, the discussion was restricted

to human drug metabolism. Moreover, we focused on

intestinal and hepatic drug metabolism to eventually be able

to compare nuclear receptor actions with drug bioavailability,

a widely studied in vivo pharmacokinetic parameter. The

relative contribution of PXR and CAR in the induction response

to different drugs is difficult to assess. Furthermore, activation

of CAR by drugs is complicated by the fact that it occurs by an

indirect, poorly understood mechanism [2,7]. Therefore, the

discussion was mainly focused on two prototypical ligand-

activated receptors PXR and AHR.

Differential induction of human CYP1 enzymes via the

AHR, of CYP2B6 via CAR, CYP3A4 via PXR, and CYP4A1 via

PPARa has been known for a long time. Early suggestions were

substantiated by the identification of cognate response

elements in their regulatory region. However, responses to

AHR and PXR/CAR agonists appear to have converged in the

induction of Phase II enzymes and conjugate transporters.

Combined discussion of these gene batteries is warranted due

to multiple mechanisms of cross-interaction between these

chemosensors; for example, AHR may be a target gene of PXR

[4]; PXR- and AHR-binding response elements are found in

close proximity in clusters such as gtPBREM in the conserved

regulatory region of both human and baboon UGT1A1 [51,64].

Tight coupling between Phase I and II enzymes and

transporters attenuates the risk posed by accumulation of

toxic intermediates of the metabolic pathways. Expectedly,

coupling is extensive in detoxification of endobiotics such as

bile acids, leading to efficient enterohepatic circulation of bile

acids and their conjugates. Coupling may also have evolved in

the case of dietary phytochemicals, compounds to which the

mammalian organism was exposed for millions of years.

Obviously, coupling is loose for newly developed drugs. In the

latter case, particular care has to be taken to investigate

potential generation of toxic intermediates. Recognition of

drug metabolism and transport as a coordinately-regulated

biological system may help to understand the accumulation of

reactive intermediates depending among other factors upon

the degree of Phase I and II coupling.
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