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Abstract 

 

Cloning and characterization of the orphan nuclear receptors constitutive 

androstane receptor (CAR, NR1I3) and pregnane X receptor (PXR, NR1I2) led to 

major breakthroughs in studying drug-mediated transcriptional induction of drug-

metabolizing cytochromes P450 (CYP). More recently, additional roles for CAR 

and PXR have been discovered. As examples, these xenosensors are involved 

in the homeostasis of cholesterol, bile acids, bilirubin and other endogenous 

hydrophobic molecules in the liver: CAR and PXR thus form an intricate 

regulatory network with other members of the nuclear receptor superfamily, 

foremost the cholesterol-sensing liver X receptor (LXR, NR1H2/3) and the bile-

acid-activated farnesoid X receptor (FXR, NR1H4). In this review, functional 

interactions between these nuclear receptors as well as the consequences on 

physiology and pathophysiology of the liver are discussed. 
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Metabolism of drugs and other xenobiotics in the liver is our body’s primary 

defense against accumulation of potentially toxic, lipophilic compounds. The 

superfamily of cytochromes P450 (CYPs) are the best-studied class of enzymes 

in this task [1]. Transcriptional and post-transcriptional regulation of CYPs after 

exposure to certain drugs or other xenobiotics has been described several 

decades ago. Classically, the barbiturate phenobarbital induces its own 

metabolism and excretion by elevating CYP levels [2]. However, the molecular 

mechanisms underlying this observation remained a conundrum until the 

discovery and subsequent characterization of the constitutive androstane 

receptor (CAR, official nomenclature NR1I3) and the pregnane X receptor (PXR, 

NR1I2, alternatively called PAR or SXR), two members of the superfamily of 

nuclear receptors [3-7]. Mice with genetic ablations of CAR and PXR have 

significantly reduced inducibility of CYPs by a variety of drugs [8, 9]. Whereas 

these two receptors share some common ligands and also have an overlapping 

target gene pattern [10-13], the mode of activation for CAR and PXR is quite 

different [14]. PXR is located in the nucleus, it has a low basal activity and is 

highly activated upon ligand binding [14, 15]. In contrast, in the non-induced 

state, CAR resides in the cytoplasm. After treatment with activators such as 

phenobarbital, CAR shuttles to the nucleus to activate its target genes. Moreover, 

CAR localization and activity is regulated by various protein phosphorylation 

events [16-18]. For a more detailed discussion of CAR and PXR functions in 

drug-mediated induction of CYPs, see some recent reviews (e.g. refs. [19-23] 

and references therein). 
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The nuclear receptor NR1I group includes xenosensors and lipid-sensing 

members 

 

Compounds that induce transcription of CYPs and that activate CAR and PXR 

are structurally very diverse [21]. However, most of them are small in size and 

are highly lipophilic [24]. Whereas the CAR ligand-binding domain structure has 

not been solved yet, PXR crystal structures provided evidence for the high 

promiscuity of its ligand binding pocket [25, 26]. The binding cavity is 1150 Ǻ3 in 

size, substantially larger than those of many other members of the nuclear 

receptor superfamily, and has only a small number of polar groups in the smooth, 

hydrophobic ligand binding pocket [25, 26]. CAR and PXR are members of the 

nuclear receptor groups NR1I2 and NR1I3, respectively [27] (Fig. 1). These 

groups also contain the frog benzoate X receptors  and  (BXR/, NR1I2) 

which are functionally and pharmacologically distinct from the xenosensors [28, 

29]. The vitamin D receptor (VDR, NR1I1) is the closest relative of the xenobiotic-

activated nuclear receptors in terms of amino acid sequence similarity and 

belongs to the same subfamily. Fig. 1 depicts the phylogeny of these receptors 

from different species. The liver X receptors  and  (LXR/, NR1H3/2) and the 

farnesoid X receptor (FXR, NR1H4) have several features in common with CAR, 

PXR, and VDR, other members of the NR1I subfamily: they are lipid-activated 

nuclear receptors, they bind their ligands with relative low affinity, often in the 

micromolar range and they heterodimerize with the retinoid X receptor (RXR, 
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NR2B1/2/3) [30]. These receptors belong to the so-called type 2 nuclear receptor 

group, which is characterized by low ligand affinity, binding of endogenous and 

dietary lipids and heterodimerization with RXR [30-32]. In contrast, the “classical” 

steroid hormone receptors belong to the type 1 nuclear receptors that normally 

have high affinity ligands, which are synthesized from endogenous endocrine 

sources. Moreover, the steroid hormone receptors usually bind DNA as a 

homodimer [30-32]. In their initial characterization, ligands of the NR1I receptors 

were drugs and other xenobiotics for CAR and PXR, 1,25-dihydroxyvitamin D3 

for VDR [33], oxysterols for LXR [34] and bile acids for FXR [35-37]. However, 

later findings showed that a number of endogenous compounds are also able to 

influence PXR and CAR activity and that these xenosensors share an 

overlapping ligand pattern with other members of the NR1I and NR1H 

subfamilies (Fig. 2). 

 

Xenosensors in steroid biosynthesis and metabolism 

 

Since some of the CYPs that are regulated by PXR and CAR are involved in 

steroid metabolism, it is not surprising that the activities of both xenosenors are 

also modulated by steroids [38]: PXR is activated by pregnanes, progesterone 

and glucocorticoids [4, 5] whereas androstane metabolites, estrogens and 

progesterone affect CAR activity both positively and negatively [10, 39-41]. 

Transgenic expression of a human constitutively active VP16-PXR fusion protein 

in mouse liver massively increases steroid clearance [42]. In patients, long-term 
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treatment with rifampicin, a strong human PXR activator, phenobarbital or other 

anti-convulsants interferes with the bioavailability and therapeutic efficacy of co-

administrated corticosteroids and steroid-based oral contraceptives [38, 43]. The 

effect of drugs and xenobiotics on endogenous steroid levels is less clear 

because of highly efficient compensatory mechanisms that control 

steroidogenesis and metabolism. However, in some cases, long-term treatment 

of a tuberculosis patient with rifampicin resulted in misdiagnosis of Cushing’s 

syndrome [44]. Phenobarbital was shown to lead to developmental abnormalities 

in animal models due to its effect on steroid clearance which results in a 

demasculinized phenotype [45-47]. Similarly, human epidemiological studies 

suggested that prenatal exposure to phenobarbital increases the risk for 

reproductive development abnormalities [48, 49]. 

 

CAR and PXR confer hepatoprotection upon bile acid exposure 

 

Under standard conditions, PXR knockout mice are viable and show no overt 

phenotype [8]. However, upon challenge with a bile acid-rich diet, PXR null 

animals suffer from a higher degree of bile acid-induced hepatotoxicity compared 

to wild-type littermates [50, 51]. Certain bile acids (e.g. lithocholic acid) have 

been shown to directly activate PXR at concentrations between 10-100 M [50, 

51]. Moreover, three bile acid precursors (7-hydroxy-4-cholesten-3-one, 5-

cholestan-3,7,12-triol, and 4-cholesten-3-one) activate mouse PXR in the low 
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micromolar range but are less potent activators of its human ortholog [52]. This 

species difference in ligand specificity extends to other xenobiotic ligands [53]. 

CAR is also able to confer hepatoprotection from bile acids by increasing their 

sulfation and excretion [54-56]. No direct binding of bile acids to CAR has been 

described. However, several bile acids modulate the activity of a fusion protein of 

GAL4-DNA binding domain combined with the CAR ligand binding domain in 

reporter gene assays [28]. Finally, activation of both PXR and CAR increases 

clearance of bilirubin from hepatocytes [42, 57]. Bilirubin does not directly bind to 

either CAR or PXR [57]. Instead, bilirubin activates CAR indirectly by promoting 

cytoplasmic-nuclear translocation, similar to the effects described for 

phenobarbital on CAR [57]. The overlap of endogenous lipids to activate CAR, 

PXR, FXR and LXR suggests a functional connection between these receptors in 

liver physiology. The best studied example is the regulation of cholesterol 

biosynthesis and metabolism to bile acids (Fig. 3). 

 

Nuclear receptor regulation of cholesterol biosynthesis and metabolism 

 

Cholesterol is metabolized by two different pathways. The “classic” bile acid 

biosynthesis pathway is exclusively found in the liver and results in the formation 

of the primary bile acids cholic acid and chenodeoxycholic acid. The “alternative” 

pathway is ubiquitous and produces oxidized cholesterols which have to be 

transported to the liver in order to be converted into bile acids. Under normal 

conditions, the classic pathway is the main bile acid biosynthetic pathway in the 
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liver [58-60]. This pathway is highly regulated, predominantly at its first enzymatic 

step, the cholesterol 7-hydroxylase (CYP7A1). CYP7A1 expression is controlled 

by a variety of factors and stimuli including hormones, oxysterols, bile acids, 

drugs and diurnal rhythm [58, 61]. In the mouse and rat CYP7A1 promoters, LXR 

binds to a nuclear receptor motif arranged as a direct repeat of hexamer halfsites 

with a spacing of 4 nucleotides (DR-4). When activated by oxysterols or other 

ligands, LXR binds to this DR-4 element and strongly induces CYP7A1 

transcription [62, 63]. Interestingly, LXR has much less of an effect on hamster 

and no effect on human CYP7A1 expression [64, 65]. This difference might be 

attributed to a mutation in the DR-4 site in the human CYP7A1 promoter which 

prevents LXR from binding [64]. The ability of LXR to induce Cyp7a1 in mice and 

rats makes these animals extremely resistant to a high cholesterol diet whereas 

other species, including man, rapidly develop hypercholesterolemia under 

comparable conditions. Accordingly, high cholesterol-fed mice that transgenically 

express human CYP7A1 in a mouse Cyp7a1 knockout background lack induction 

of CYP7A1 and become hypercholesterolemic [66, 67]. 

 

The rates of cholesterol biosynthesis and triglyceride biogenesis are 

predominantly controlled by the sterol regulatory-element binding proteins 

(SREBP) [68]. Of the three SREBP isoforms, SREBP-2 coordinately activates the 

genes for cholesterol biosynthesis when hepatic cholesterol is low. On the other 

hand, SREBP-1c induces triglyceride biosynthesis. SREBP-1a, a splice variant of 

the SREBP-1 gene, regulates all SREBP target genes. Cholesterol biosynthesis 
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from acetyl-CoA is a complex process involving 15 enzymatic steps and NADPH 

as co-factor [68]. Major metabolic intermediates in the pathway are acetoacetyl-

CoA, hydroxy-methylglutaryl-CoA, mevalonate and squalene. Several of these 

cholesterol precursors also serve as substrates for other biosynthetic pathways, 

e.g. 7-dehydrocholesterol for the generation of vitamin D3 [30]. In contrast, CAR 

and PXR are activated by precursors in the cholesterol biosynthesis pathway, 

namely isoprenoids and squalene metabolites, respectively [69, 70]. When 

cholesterol biosynthesis is blocked, CAR and PXR might be activated by these 

cholesterol precursors and subsequently inhibit cholesterol metabolism to bile 

acids by repressing CYP7A1 as seen after activation of PXR by other ligands 

[50]. This regulation could prevent cholesterol levels from dropping too low when 

cholesterol biosynthesis is impaired. However, the physiological relevance of 

these activations and the validity of this hypothesis remain to be tested. 

Interestingly, geranylgeranyl-pyrophosphate, another intermediate in mevalonate 

metabolism to cholesterol, inhibits LXR activity and thus also results in lower 

CYP7A1 levels [71]. 

 

A potent product-mediated negative feedback inhibition underlies the regulation 

of bile acid synthesis from cholesterol. By activating FXR, bile acids induce the 

expression of the small heterodimer partner (SHP, NR0B2), a nuclear receptor 

lacking a DNA binding domain. Subsequently, SHP binds to the liver receptor 

homolog-1 (LRH-1, NR5A2) which is a potent activator of CYP7A1. This 

interaction decreases the transcriptional activity of LRH-1 and subsequently 
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lowers CYP7A1 transcription [72, 73]. Surprisingly, bile acids are able to repress 

Cyp7a1 expression in SHP -/- animals suggesting the presence of redundant 

mechanisms [74, 75]. FXR directly activates transcription of the fibroblast growth 

factor 19 which, via a c-jun N-terminal kinase-dependent pathway, leads to 

reduced CYP7A1 expression [76]. Another possible pathway of SHP-

independent CYP7A1 repression might be mediated by PXR. Drugs, other 

xenobiotics and bile acids that activate PXR have been observed to 

downregulate CYP7A1 mRNA expression in hepatocytes and in vivo [50, 77]. 

Apart from its independence from SHP, the exact molecular mechanism of this 

repression has not been elucidated. Preliminary findings imply the hepatic 

nuclear factor 4 (HNF4, NR2A1) to be involved in this process ([58] and C. H. 

and U. A. M., unpublished observations). HNF4 is an important regulator of 

CYP7A1 expression in different species and is at least in part responsible for 

mediating CYP7A1 repression by bile acids [76, 78, 79]. 

 

Similar to FXR, CAR and PXR promote metabolism and excretion of bile acids. 

They partly do so by inducing the same target genes including the canalicular 

bile acid transporter multidrug-resistance-associated protein 2 and 3 

(MRP2/ABCC2 and MRP3/ABCC3) [80-82]. However, the xenosensors also 

increase alternate, compensatory pathways for lowering hepatic bile acid levels 

by inducing their hydroxylation, conjugation and subsequent excretion via blood 

and urine [50, 51, 54, 55, 83]. In contrast, FXR is predominantly responsible for 

triggering bile acid export from the liver into the bile duct followed by excretion of 
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bile acids via feces [84, 85]. PXR induces several bile acid-metabolizing CYPs, 

bile acid transporters and sulfotransferases that serve to detoxify bile acids such 

as lithocholic acid [50, 51, 77, 82, 86]. Activation of CAR by bile acids triggers yet 

another alternate response in the hepatocyte. In addition to CYP2Bs and 

CYP3As, CAR increases sulfation of bile acids [54]. By this mechanism, CAR is 

able to protect the liver from bile acid-induced hepatotoxicity [55]. As a fourth 

layer of defense, VDR is also activated by bile acids [87]. This receptor can then 

increase CYP2B, CYP2C and CYP3A levels [88] and subsequent bile acid 

metabolism [87]. VDR thus activates a similar “emergency” response to high bile 

acid levels as the xenosensors. The more than tenfold difference in affinity for 

bile acid binding to FXR and PXR implies that under physiological conditions, bile 

acids predominantly activate the FXR-mediated pathway and thus their normal 

excretion. However, in disease states where the regular ways for bile acid 

excretion are blocked and bile acid levels rise inside the hepatocytes (e.g. 

cholestasis), the xenosensors are activated by these elevated bile acid levels 

and subsequently promote alternate mechanisms in order to lower intrahepatic 

bile acid levels before they become hepatotoxic. In summary, the four nuclear 

receptors FXR, PXR, CAR, and VDR are functionally related inasmuch as they 

coordinately reduce hepatic bile acid levels by increasing bile acid metabolism 

and export and in part by inhibiting de novo biosynthesis of bile acids from 

cholesterol [89]. 

 



 

 - 13 - 

Among the drug-metabolizing CYPs, CYP3As are the major class of enzymes 

that hydroxylate bile acids [51, 90, 91]. Moreover, transcriptional induction of 

CYP3A genes by bile acids often exceeds that of CYP2B and CYP2C genes 

(refs. [92, 93] and Carmela Gnerre and U. A. M., unpublished observation). A 

number of findings suggest the presence of additional mechanisms for CYP3A 

regulation by bile acids. FXR-mediated induction of SHP by bile acids decreases 

the transcriptional activity of PXR [94]. Moreover, in mice with transgenically 

incorporated human CYP3A4 5’-flanking region linked to a reporter gene, 

increase in CYP3A4-driven reporter gene expression is not primarily dependent 

on the levels of circulating lithocholic acid, the primary bile acid-ligand of mouse 

PXR [95]. FXR activates CYP3A4 drug-responsive enhancer elements and might 

thus directly increase CYP3A levels [51, 83]. Alternatively, CYP3A is also 

induced by CAR which can bind to the same drug-responsive elements as PXR 

[11]. Finally, VDR is also activated by bile acids and can induce transcription of 

CYP3As in liver and intestine [87]. However, the role of the different bile acids in 

the CYP3A regulation and the receptors mediating this induction remain to be 

elucidated. 

 

Human CYP3A4, but not CYP1A2, CYP2C9 or CYP2B6, catalyzes both 6- and 

4-hydroxylation of cholesterol [96]. Interestingly, patients treated with the anti-

epileptic drugs phenobarbital, carbamazepine or phenytoin have up to 20 fold 

elevated plasma levels of 4-hydroxycholesterol whereas fecal levels of patients 

and control subjects are comparable [96]. The 52 hours half-life of this oxysterol 
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in plasma is extremely long compared to other oxysterols, e.g. 24-

hydroxycholesterol with a half-life of 12 hours or 27-hydroxycholesterol and 7-

hydroxycholesterol, which have half-lifes shorter than 0.75 hours and 0.5 hours in 

human circulation, respectively [97]. Moreover, 4-hydroxycholesterol is a poor 

substrate for 7-hydroxylations by CYP7A1 whereas the two oxysterol 7-

hydroxylases CYP7B1 and CYP39A1 have no catalytic activity toward 4-

hydroxycholesterol [97]. It seems that upon activation of PXR, elevated CYP3A 

levels catalyze 4-hydroxylation of cholesterol resulting in a steep increase in the 

plasma levels of 4-hydroxycholesterol [96, 97]. Subsequently, this oxysterol is a 

potent activator of LXR [34]. Another major hepatic cholesterol metabolite, the 

oxysterol 24(S),25-epoxycholesterol is an activator of both mouse PXR and 

LXR [98]. Interestingly, intrahepatic levels of the 24(S),25-epoxycholesterol 

enantiomer increase after mevalonate administration in rats suggesting that this 

oxysterol is a key mediator of the effect of mevalonate on downregulation of 

HMG-CoA reductase and on induction of CYP7A1 activity [99]. This overlap in 

ligands and the PXR-induced production of LXR activators thus further promotes 

cholesterol metabolism and excretion in a coordinate action between PXR and 

LXR.  

 

The predominant bile acid hydroxylations catalyzed by CYP3As are 6-

hydroxylation reactions which are stimulated in hepatocytes by rifampicin, a 

strong activator of human PXR [90, 100]. Both 6-hydroxylated 

chenodeoxycholic acid (hyocholic acid) as well as 6-hydroxylated lithocholic 
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acid (hyodeoxycholic acid) are selective activators of LXR [93, 101]. Treatment of 

hepatoma cells with hyocholic acid or hyodeoxycholic acid reduces the levels of 

drug-induced CYPs [93]. LXR binds to drug-responsive enhancer elements in the 

chicken CYP2H1 and the human CYP2B6 and CYP3A4 5’-flanking regions [93]. 

One possible mechanistic explanation for these observations is binding of LXR to 

these elements followed by competition with the binding of the xenosensors and 

a resulting decreased transcriptional activity of the drug-responsive enhancers 

[93, 102]. Thus, LXR forms a negative feedback loop on the drug-inducible CYPs 

catalyzing the hydroxylation reactions of bile acids which result in LXR agonists. 

This mechanism probably ensures protection from accumulation of hydroxylated 

bile acids in the liver. 

 

NR1I subfamily members regulate lipid levels in the liver 

 

In addition to cholesterol and bile acid homeostasis, LXR and FXR play 

diametrically opposed roles in the regulation of lipid biosynthesis. LXR is a strong 

activator of SREBP-1c and thus triggers an increase in triglyceride biosynthesis 

in the liver [103, 104]. Moreover, independent of SREBP-1c, LXR directly 

activates other lipogenic genes including fatty acid synthase (FAS) [105]. In 

contrast, FXR transcription is increased in the fasting liver by the peroxisome 

proliferator activated receptor  coactivator 1 (PGC-1) [106]. The interaction 

between FXR and PGC-1 results in an induction of genes that promote 

triglyceride clearance and fatty acid -oxidation concomitantly with a reduction of 
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lipogenic gene transcription [106]. Among the FXR-target genes, SHP is the 

major inhibitor of SREBP-1c induction by LXRs [107]. Another strong activator of 

fatty acid metabolism, the peroxisome proliferator activated receptor  (PPAR, 

NR1C1), also antagonizes LXR function and vice versa [108]. In the fasted liver 

with high levels of fatty acid -oxidation, PPAR interferes with LXR-mediated 

induction of SREBP-1c [109]. On the other hand, activated LXR reduces PPAR 

binding to fatty acid-metabolizing gene promoters [110]. The role of the 

xenobiotic-sensing nuclear receptors in triglyceride homeostasis has not been 

extensively studied. However, a number of findings suggest a role for CAR and 

PXR in this process. First, CAR can bind to DNA-elements overlapping with 

those for PPAR in the promoter of enoyl-CoA hydratase/3-hydroxyacyl-CoA 

dehydrogenase, the second enzyme of peroxisomal fatty acid -oxidation [111]. 

PPAR signaling on the other hand influences CAR-mediated hepatocyte 

proliferation after drug-treatment [112]. Phenobarbital induces Cyp4a10 and 

Cyp4a14, two CYPs involved in peroxisomal fatty acid oxidation, but only in the 

CAR null background suggesting an inhibitory role of CAR on these genes [41]. 

Moreover, CAR localization in the nucleus is affected by its binding to PGC-1 

[113], a strong transcriptional coactivator that is regulated in the liver by fasting 

and feeding [114]. Finally, during caloric restriction, CAR is a regulator of thyroid 

hormone levels [115]. Thus, by increasing thyroid hormone metabolism, CAR 

contributes to the body’s resistance to weight loss [115]. Recent studies 

furthermore suggested that CAR in the brain is involved in the regulation of 

dexamethasone levels in the brain which in turn influence the levels of the 
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glucocorticoid-receptor target genes neuropeptide Y and the neuropeptide Y 

receptor subtype 1 in mice [116]. This has potential implications in the regulation 

of food intake in these animals. However, very high concentrations of 

dexamethasone were used in this study and the physiological relevance of this 

observation in vivo is thus not clear. 

 

Experimental and clinical observations 

 

A functional link between xenobiotics and lipid levels has been confirmed by a 

number of observations and findings in cell culture, animals and patients. As 

examples, blocking of de novo cholesterol biosynthesis using different inhibitors 

such as squalestatin, lovastatin or fluvastatin increases CYP2B1/2 in rat primary 

hepatocytes and in rat liver in vivo [117-119]. Phenobarbital-treatment of rats 

changed the expression of various genes in the cholesterol-biosynthesis pathway 

[120-122] whereas rats fed a high-cholesterol diet or spontaneous hyperlipidemic 

rats with elevated cholesterol levels have a reduced basal and phenobarbital-

induced CYP2B levels [123, 124]. Furthermore, PB-induction of CYP2Bs in 

obese fa/fa Zucker rats is almost completely lost [125]. In contrast, nutritional 

obesity has very small and enzyme-specific effects on PB-induction of various 

CYPs [126, 127]. Long-term treatment of rats with phenobarbital leads to 

considerable changes in the lipoprotein levels [128, 129]. Serum biochemistry 

and microarray analysis of rats that were repeatedly treated with phenobarbital 

show induced cholesterogenesis with a corresponding elevation in serum total 
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cholesterol, impaired glycolysis and stimulated lipolysis in the liver [122]. 

Treatment of rats and with imidazoles also resulted in elevated plasma HDL 

levels and expression of hepatic apolipoprotein A1 [130]. Interestingly, this 

elevation of cholesterol and apolipoprotein A1 levels was only observed in wild-

type but not in PXR knockout mice [130]. 

The widespread, long-term use of phenobarbital as an anti-epileptic drug allowed 

a number of studies regarding the effect of phenobarbital on lipid profiles in 

patients. Several groups reported significant changes in plasma and hepatic lipid 

profiles, especially after long-term treatment (e.g. see refs. [131-136]) whereas 

other studies failed to detect a significant correlation between phenobarbital 

treatment and changes in lipid levels (e.g. see ref. [137]). It is possible that 

induction of cholinesterase in epileptic patients treated with phenobarbital 

contributes to the changes in lipid levels [138]. Beneficial effects of phenobarbital 

on hyperbilirubinemia [139] and of phenobarbital and rifampicin on cholestasis 

[140] have been observed for decades. Recently, the xenosensors PXR and 

CAR have been identified to mediate at least some of these therapeutic effects 

[50, 51, 57, 141]. 

 

Species differences in hepatic detoxification 

 

Marked differences in the way different species deal with foreign compounds 

have been described [53, 142]. First, CYP orthologs differ in their basal 

expression in different species: e.g., CYP3As are very abundant in humans and 
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key enzymes in steroid and xenobiotic metabolism whereas CYP3A levels, in the 

absence of induction, are relatively low in rodents [143]. In addition, these genes 

are differentially induced by drugs and other xenobiotics. As example, human, 

but not rodent CYP3As are strongly induced by rifampicin. In contrast, 

pregnenolone 16-carbonitrile very potently increases mouse and rat CYP3As 

whereas it hardly changes human CYP3A4 levels [142]. Moreover, when drug-

responsive elements in the 5’-flanking regions of CYPs were isolated, no 

apparent feature conserved between species was found (e.g. see ref. [144]). For 

years, it was therefore not clear whether these species use similar molecular 

mechanisms for hepatic detoxification [145]. These species differences make 

extrapolation of pharmacokinetic and pharmacodynamic data from animal 

models to man virtually impossible. 

 

The discovery of the drug-sensing nuclear receptors PXR and CAR was a 

breakthrough in understanding the species-specific differences in hepatic drug 

detoxification. It turned out that many aspects of drug-induction of CYPs by 

nuclear receptors are highly conserved in evolution [28, 146-148]. As example, 

the mammalian xenosensors and the chicken xenobiotic receptor (CXR) [149] 

can be used interchangeably in many cell culture-based assays [146]. Also, 

despite their sequence differences, drug-responsive elements found in CYP 5’-

flanking regions from rodents, man and chicken can be activated by the 

xenobiotic-sensing nuclear receptors from all of these species [146]. Like its 

mammalian orthologs, CXR is activated by drugs, other xenobiotics and bile 
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acids [93, 149]. The high specificity of certain compounds to induce CYPs in a 

species-selective way can largely be explained by the divergent ligand-binding 

domains of the xenosensor orthologs [8, 25, 53]. Thus, rifampicin is a good 

ligand for human PXR, but not for the rodent ortholog whereas pregnenolone 

16-carbonitrile only activates mouse PXR. 

 

Other aspects in the biology of the NR1I and NR1H nuclear receptors show 

divergent evolution. Foremost, the two xenosensors, PXR and CAR have only 

been found in mammals whereas other vertebrate genomes including fish or 

chicken encode only one xenosensor [28, 149, 150]. Similarly, only one 

xenobiotic-sensing nuclear receptor has been found in the C. elegans genome 

[151]. Future studies may show why mammals have two xenosensors and how 

those affect drug-induction and lipid homeostasis. However, in addition to the 

species-specificity in the drug-detoxification machinery, there are considerable 

variations in the hepatic lipid homeostasis. Distinct serum lipoprotein levels have 

been found in different species (e.g., see ref. [152]). Another example, the 

different regulation of CYP7A1 by LXR in mice, rats and man has been 

discussed above. Extrapolation of data obtained in rodents regarding drug 

regulation of lipid homeostasis might therefore only be of limited use. 

 

Conclusions 

 



 

 - 21 - 

Although it appears paradoxical because the potential for drug-drug interactions 

and adverse drug reactions may increase [153], therapeutic targeting of CAR and 

PXR might be beneficial under certain conditions. Inhibition of CAR either by 

genetic ablation or by using CAR inverse agonists decreases acetaminophen-

induced hepatotoxicity [154]. On the other hand, increasing CAR activity most 

likely ameliorates neonatal jaundice by increasing bilirubin conjugation and 

clearance [155]. Moreover, drug-mediated activation of both PXR and CAR is 

potentially beneficial in cholestasis [156]. Increasing our knowledge of the 

functions of CAR and PXR in hepatic detoxification as well as their roles in 

regulating lipid homeostasis in concert with other nuclear receptors such as FXR, 

LXR and PPAR could lead to novel approaches in the therapy of diseases 

related to these processes. In summary, work on CAR and PXR in recent years 

clearly shows that these nuclear receptors are more than mere xenosensors. 

Both receptors seem to be involved in the regulation of a variety of endogenous 

pathways and thus not only respond to xenobiotic challenges, but also to 

metabolic and nutritional stress [157]. 

 



 

 - 22 - 

Acknowledgments 

 

C. H. is supported by the “Schweizerische Stiftung für Medizinisch-Biologische 

Stipendien”, the Swiss Academy of Medical Sciences and the Swiss National 

Science Foundation. U. A. M. is supported by the Swiss National Science 

Foundation. 

 

Abbreviations 

 

CAR, constitutive androstane receptor; PXR, pregnane X receptor; CYP, 

cytochrome(s) P450; LXR, liver X receptor; FXR, farnesoid X receptor; VDR, 

vitamin D receptor; DR, direct repeat; SHP, small heterodimer partner; LRH-1, 

liver receptor homolog-1; SREBP, sterol regulatory element binding protein; FAS, 

fatty acid synthase; PGC-1, peroxisome proliferator-activated receptor  

coactivator 1; PPAR, peroxisome proliferator-activated receptor; CXR, chicken 

xenobiotic receptor 

 



 

 - 23 - 

References 

 

[1] D.R. Nelson, L. Koymans, T. Kamataki, J.J. Stegeman, R. Feyereisen, 

D.J. Waxman, M.R. Waterman, O. Gotoh, M.J. Coon, R.W. Estabrook, I.C. 

Gunsalus, D.W. Nebert, Pharmacogenetics 6 (1996) 1-42. 

[2] H. Remmer, Naturwissenschaften 46 (1958) 580-581. 

[3] P. Honkakoski, I. Zelko, T. Sueyoshi, M. Negishi, Mol Cell Biol 18 (1998) 

5652-5658. 

[4] S.A. Kliewer, J.T. Moore, L. Wade, J.L. Staudinger, M.A. Watson, S.A. 

Jones, D.D. McKee, B.B. Oliver, T.M. Willson, R.H. Zetterstrom, T. 

Perlmann, J.M. Lehmann, Cell 92 (1998) 73-82. 

[5] J.M. Lehmann, D.D. McKee, M.A. Watson, T.M. Willson, J.T. Moore, S.A. 

Kliewer, J Clin Invest 102 (1998) 1016-1023. 

[6] B. Blumberg, W. Sabbagh, Jr., H. Juguilon, J. Bolado, Jr., C.M. van Meter, 

E.S. Ong, R.M. Evans, Genes Dev 12 (1998) 3195-3205. 

[7] G. Bertilsson, J. Heidrich, K. Svensson, M. Asman, L. Jendeberg, M. 

Sydow-Baeckman, R. Ohlsson, H. Postlind, P. Blomquist, A. Berkenstam, 

Proc Natl Acad Sci U S A 95 (1998) 12208-12213. 

[8] W. Xie, J.L. Barwick, M. Downes, B. Blumberg, C.M. Simon, M.C. Nelson, 

B.A. Neuschwander-Tetri, E.M. Brunt, P.S. Guzelian, R.M. Evans, Nature 

406 (2000) 435-439. 

[9] P. Wei, J. Zhang, M. Egan-Hafley, S. Liang, D.D. Moore, Nature 407 

(2000) 920-923. 



 

 - 24 - 

[10] L.B. Moore, D.J. Parks, S.A. Jones, R.K. Bledsoe, T.G. Consler, J.B. 

Stimmel, B. Goodwin, C. Liddle, S.G. Blanchard, T.M. Willson, J.L. Collins, 

S.A. Kliewer, J Biol Chem 275 (2000) 15122-15127. 

[11] W. Xie, J.L. Barwick, C.M. Simon, A.M. Pierce, S. Safe, B. Blumberg, P.S. 

Guzelian, R.M. Evans, Genes Dev 14 (2000) 3014-3023. 

[12] P. Wei, J. Zhang, D.H. Dowhan, Y. Han, D.D. Moore, Pharmacogenomics 

J 2 (2002) 117-126. 

[13] J.M. Maglich, C.M. Stoltz, B. Goodwin, D. Hawkins-Brown, J.T. Moore, 

S.A. Kliewer, Mol Pharmacol 62 (2002) 638-646. 

[14] J.T. Moore, L.B. Moore, J.M. Maglich, S.A. Kliewer, Biochim Biophys Acta 

1619 (2003) 235-238. 

[15] S.A. Kliewer, B. Goodwin, T.M. Willson, Endocr Rev 23 (2002) 687-702. 

[16] H. Wang, M. Negishi, Curr Drug Metab 4 (2003) 515-525. 

[17] P. Honkakoski, T. Sueyoshi, M. Negishi, Ann Med 35 (2003) 172-182. 

[18] S. Kakizaki, Y. Yamamoto, A. Ueda, R. Moore, T. Sueyoshi, M. Negishi, 

Biochim Biophys Acta 1619 (2003) 239-242. 

[19] C. Handschin, M. Podvinec, U.A. Meyer, Drug News Perspect 16 (2003) 

423-434. 

[20] C. Handschin, U.A. Meyer, Pharmacol Rev 55 (2003) 649-673. 

[21] T.M. Willson, S.A. Kliewer, Nat Rev Drug Discov 1 (2002) 259-266. 

[22] J.M. Pascussi, S. Gerbal-Chaloin, L. Drocourt, P. Maurel, M.J. Vilarem, 

Biochim Biophys Acta 1619 (2003) 243-253. 

[23] K. Swales, M. Negishi, Mol Endocrinol 18 (2004) 1589-1598. 



 

 - 25 - 

[24] D.J. Waxman, L. Azaroff, Biochem J 281 (1992) 577-592. 

[25] R.E. Watkins, G.B. Wisely, L.B. Moore, J.L. Collins, M.H. Lambert, S.P. 

Williams, T.M. Willson, S.A. Kliewer, M.R. Redinbo, Science 292 (2001) 

2329-2333. 

[26] R.E. Watkins, J.M. Maglich, L.B. Moore, G.B. Wisely, S.M. Noble, P.R. 

Davis-Searles, M.H. Lambert, S.A. Kliewer, M.R. Redinbo, Biochemistry 

42 (2003) 1430-1438. 

[27] Nuclear Receptors Nomenclature Committee, Cell 97 (1999) 161-163. 

[28] L.B. Moore, J.M. Maglich, D.D. McKee, B. Wisely, T.M. Willson, S.A. 

Kliewer, M.H. Lambert, J.T. Moore, Mol Endocrinol 16 (2002) 977-986. 

[29] F. Grün, R.N. Venkatesan, M.M. Tabb, C. Zhou, J. Cao, D. Hemmati, B. 

Blumberg, J Biol Chem 277 (2002) 43691-43697. 

[30] A. Chawla, J.J. Repa, R.M. Evans, D.J. Mangelsdorf, Science 294 (2001) 

1866-1870. 

[31] D.J. Mangelsdorf, R.M. Evans, Cell 83 (1995) 841-850. 

[32] D.J. Mangelsdorf, C. Thummel, M. Beato, P. Herrlich, G. Schütz, K. 

Umesono, B. Blumberg, P. Kastner, M. Mark, P. Chambon, R.M. Evans, 

Cell 83 (1995) 835-839. 

[33] D.P. McDonnell, D.J. Mangelsdorf, J.W. Pike, M.R. Haussler, B.W. 

O'Malley, Science 235 (1987) 1214-1217. 

[34] B.A. Janowski, P.J. Willy, T.R. Devi, J.R. Falck, D.J. Mangelsdorf, Nature 

383 (1996) 728-731. 



 

 - 26 - 

[35] H. Wang, J. Chen, K. Hollister, L.C. Sowers, B.M. Forman, Mol Cell 3 

(1999) 543-553. 

[36] D.J. Parks, S.G. Blanchard, R.K. Bledsoe, G. Chandra, T.G. Consler, S.A. 

Kliewer, J.B. Stimmel, T.M. Willson, A.M. Zavacki, D.D. Moore, J.M. 

Lehmann, Science 284 (1999) 1365-1368. 

[37] M. Makishima, A.Y. Okamoto, J.J. Repa, H. Tu, R.M. Learned, A. Luk, 

M.V. Hull, K.D. Lustig, D.J. Mangelsdorf, B. Shan, Science 284 (1999) 

1362-1365. 

[38] B. Blumberg, R.M. Evans, Genes Dev 12 (1998) 3149-3155. 

[39] B.M. Forman, I. Tzameli, H.S. Choi, J. Chen, D. Simha, W. Seol, R.M. 

Evans, D.D. Moore, Nature 395 (1998) 612-615. 

[40] T. Kawamoto, S. Kakizaki, K. Yoshinari, M. Negishi, Mol Endocrinol 14 

(2000) 1897-1905. 

[41] A. Ueda, H.K. Hamadeh, H.K. Webb, Y. Yamamoto, T. Sueyoshi, C.A. 

Afshari, J.M. Lehmann, M. Negishi, Mol Pharmacol 61 (2002) 1-6. 

[42] W. Xie, M.F. Yeuh, A. Radominska-Pandya, S.P. Saini, Y. Negishi, B.S. 

Bottroff, G.Y. Cabrera, R.H. Tukey, R.M. Evans, Proc Natl Acad Sci U S A 

100 (2003) 4150-4155. 

[43] L. You, Chem Biol Interact 147 (2004) 233-246. 

[44] M. Terzolo, G. Borretta, A. Ali, F. Cesario, G. Magro, A. Boccuzzi, G. 

Reimondo, A. Angeli, Horm Metab Res 27 (1995) 148-150. 

[45] C. Gupta, S.J. Yaffe, B.H. Shapiro, Science 216 (1982) 640-642. 



 

 - 27 - 

[46] C. Gupta, B.R. Sonawane, S.J. Yaffe, B.H. Shapiro, Science 208 (1980) 

508-510. 

[47] C. Gupta, B.H. Shapiro, S.J. Yaffe, Pediatr Pharmacol (New York) 1 

(1980) 55-62. 

[48] A.B. Dessens, P.T. Cohen-Kettenis, G.J. Mellenbergh, N. vd Poll, J.G. 

Koppe, K. Boer, Arch Sex Behav 28 (1999) 31-44. 

[49] A.B. Dessens, P.T. Cohen-Kettenis, G.J. Mellenbergh, J.G. Koppe, N.E. 

Poll, K. Boer, Teratology 64 (2001) 181-188. 

[50] J.L. Staudinger, B. Goodwin, S.A. Jones, D. Hawkins-Brown, K.I. 

MacKenzie, A. LaTour, Y. Liu, C.D. Klaassen, K.K. Brown, J. Reinhard, 

T.M. Willson, B.H. Koller, S.A. Kliewer, Proc Natl Acad Sci U S A 98 

(2001) 3369-3374. 

[51] W. Xie, A. Radominska-Pandya, Y. Shi, C.M. Simon, M.C. Nelson, E.S. 

Ong, D.J. Waxman, R.M. Evans, Proc Natl Acad Sci U S A 98 (2001) 

3375-3380. 

[52] B. Goodwin, K.C. Gauthier, M. Umetani, M.A. Watson, M.I. Lochansky, 

J.L. Collins, E. Leitersdorf, D.J. Mangelsdorf, S.A. Kliewer, J.J. Repa, Proc 

Natl Acad Sci U S A 100 (2003) 223-228. 

[53] S.A. Jones, L.B. Moore, J.L. Shenk, G.B. Wisely, G.A. Hamilton, D.D. 

McKee, N.C. Tomkinson, E.L. LeCluyse, M.H. Lambert, T.M. Willson, S.A. 

Kliewer, J.T. Moore, Mol Endocrinol 14 (2000) 27-39. 

[54] S.P. Saini, J. Sonoda, L. Xu, D. Toma, H. Uppal, Y. Mu, S. Ren, D.D. 

Moore, R.M. Evans, W. Xie, Mol Pharmacol 65 (2004) 292-300. 



 

 - 28 - 

[55] G.L. Guo, G. Lambert, M. Negishi, J.M. Ward, H.B. Brewer, Jr., S.A. 

Kliewer, F.J. Gonzalez, C.J. Sinal, J Biol Chem 278 (2003) 45062-45071. 

[56] M. Assem, E.G. Schuetz, M. Leggas, D. Sun, K. Yasuda, G. Reid, N. 

Zelcer, M. Adachi, S. Strom, R.M. Evans, D.D. Moore, P. Borst, J.D. 

Schuetz, J Biol Chem 279 (2004) 22250-22257. 

[57] W. Huang, J. Zhang, S.S. Chua, M. Qatanani, Y. Han, R. Granata, D.D. 

Moore, Proc Natl Acad Sci U S A 100 (2003) 4156-4161. 

[58] J.Y. Chiang, J Hepatol 40 (2004) 539-551. 

[59] J.Y. Chiang, Am J Physiol Gastrointest Liver Physiol 284 (2003) G349-

356. 

[60] J.Y. Chiang, Endocr Rev 23 (2002) 443-463. 

[61] R.A. Davis, J.H. Miyake, T.Y. Hui, N.J. Spann, J Lipid Res 43 (2002) 533-

543. 

[62] J.M. Lehmann, S.A. Kliewer, L.B. Moore, T.A. Smith-Oliver, B.B. Oliver, 

J.L. Su, S.S. Sundseth, D.A. Winegar, D.E. Blanchard, T.A. Spencer, T.M. 

Willson, J Biol Chem 272 (1997) 3137-3140. 

[63] D.J. Peet, S.D. Turley, W. Ma, B.A. Janowski, J.-M.A. Lobaccaro, R.E. 

Hammer, D.J. Mangelsdorf, Cell 93 (1998) 693-704. 

[64] J.Y. Chiang, R. Kimmel, D. Stroup, Gene 262 (2001) 257-265. 

[65] B. Goodwin, M.A. Watson, H. Kim, J. Miao, J.K. Kemper, S.A. Kliewer, 

Mol Endocrinol 17 (2003) 386-394. 

[66] L.B. Agellon, V.A. Drover, S.K. Cheema, G.F. Gbaguidi, A. Walsh, J Biol 

Chem 277 (2002) 20131-20134. 



 

 - 29 - 

[67] J.Y. Chen, B. Levy-Wilson, S. Goodart, A.D. Cooper, J Biol Chem 277 

(2002) 42588-42595. 

[68] J.D. Horton, J.L. Goldstein, M.S. Brown, J Clin Invest 109 (2002) 1125-

1131. 

[69] T.A. Kocarek, N.A. Mercer-Haines, Mol Pharmacol 62 (2002) 1177-1186. 

[70] S.D. Shenoy, T.A. Spencer, N.A. Mercer-Haines, M. Abdolalipour, W.L. 

Wurster, M. Runge-Morris, T.A. Kocarek, Mol Pharmacol 65 (2004) 1302-

1312. 

[71] B.M. Forman, B. Ruan, J. Chen, G.J. Schroepfer, Jr., R.M. Evans, Proc 

Natl Acad Sci U S A 94 (1997) 10588-10593. 

[72] T.T. Lu, M. Makishima, J.J. Repa, K. Schoonjans, T.A. Kerr, J. Auwerx, 

D.J. Mangelsdorf, Mol Cell 6 (2000) 507-515. 

[73] B. Goodwin, S.A. Jones, R.R. Price, M.A. Watson, D.D. McKee, L.B. 

Moore, C. Galardi, J.G. Wilson, M.C. Lewis, M.E. Roth, P.R. Maloney, 

T.M. Willson, S.A. Kliewer, Mol Cell 6 (2000) 517-526. 

[74] T.A. Kerr, S. Saeki, M. Schneider, K. Schaefer, S. Berdy, T. Redder, B. 

Shan, D.W. Russell, M. Schwarz, Dev Cell 2 (2002) 713-720. 

[75] L. Wang, Y.K. Lee, D. Bundman, Y. Han, S. Thevananther, C.S. Kim, S.S. 

Chua, P. Wei, R.A. Heyman, M. Karin, D.D. Moore, Dev Cell 2 (2002) 721-

731. 

[76] J.A. Holt, G. Luo, A.N. Billin, J. Bisi, Y.Y. McNeill, K.F. Kozarsky, M. 

Donahee, D.Y. Wang, T.A. Mansfield, S.A. Kliewer, B. Goodwin, S.A. 

Jones, Genes Dev 17 (2003) 1581-1591. 



 

 - 30 - 

[77] J. Staudinger, Y. Liu, A. Madan, S. Habeebu, C.D. Klaassen, Drug Metab 

Dispos 29 (2001) 1467-1472. 

[78] M. Crestani, A. Sadeghpour, D. Stroup, G. Galli, J.Y. Chiang, J Lipid Res 

39 (1998) 2192-2200. 

[79] E. De Fabiani, N. Mitro, A.C. Anzulovich, A. Pinelli, G. Galli, M. Crestani, J 

Biol Chem 276 (2001) 30708-30716. 

[80] H.R. Kast, B. Goodwin, P.T. Tarr, S.A. Jones, A.M. Anisfeld, C.M. Stoltz, 

P. Tontonoz, S. Kliewer, T.M. Willson, P.A. Edwards, J Biol Chem 277 

(2002) 2908-2915. 

[81] N.J. Cherrington, D.P. Hartley, N. Li, D.R. Johnson, C.D. Klaassen, J 

Pharmacol Exp Ther 300 (2002) 97-104. 

[82] J.L. Staudinger, A. Madan, K.M. Carol, A. Parkinson, Drug Metab Dispos 

31 (2003) 523-527. 

[83] E.G. Schuetz, S. Strom, K. Yasuda, V. Lecureur, M. Assem, C. Brimer, J. 

Lamba, R.B. Kim, V. Ramachandran, B.J. Komoroski, R. 

Venkataramanan, H. Cai, C.J. Sinal, F.J. Gonzalez, J.D. Schuetz, J Biol 

Chem 276 (2001) 39411-39418. 

[84] G.A. Francis, E. Fayard, F. Picard, J. Auwerx, Annu Rev Physiol 65 (2003) 

261-311. 

[85] J.J. Repa, D.J. Mangelsdorf, Annu Rev Cell Dev Biol 16 (2000) 459-481. 

[86] J.M. Rosenfeld, R. Vargas, Jr., W. Xie, R.M. Evans, Mol Endocrinol 17 

(2003) 1268-1282. 



 

 - 31 - 

[87] M. Makishima, T.T. Lu, W. Xie, G.K. Whitfield, H. Domoto, R.M. Evans, 

M.R. Haussler, D.J. Mangelsdorf, Science 296 (2002) 1313-1316. 

[88] L. Drocourt, J.C. Ourlin, J.M. Pascussi, P. Maurel, M.J. Vilarem, J Biol 

Chem 277 (2002) 25125-25132. 

[89] M. Trauner, Hepatology 40 (2004) 260-263. 

[90] Z. Araya, K. Wikvall, Biochim Biophys Acta 1438 (1999) 47-54. 

[91] C. Furster, K. Wikvall, Biochim Biophys Acta 1437 (1999) 46-52. 

[92] J.C. Ourlin, C. Handschin, M. Kaufmann, U.A. Meyer, Biochem Biophys 

Res Commun 291 (2002) 378-384. 

[93] C. Handschin, M. Podvinec, R. Amherd, R. Looser, J.C. Ourlin, U.A. 

Meyer, J Biol Chem 277 (2002) 29561-29567. 

[94] J.C. Ourlin, F. Lasserre, T. Pineau, J.M. Fabre, A. Sa-Cunha, P. Maurel, 

M.J. Vilarem, J.M. Pascussi, Mol Endocrinol 17 (2003) 1693-1703. 

[95] C. Stedman, G. Robertson, S. Coulter, C. Liddle, J Biol Chem 279 (2004) 

11336-11343. 

[96] K. Bodin, L. Bretillon, Y. Aden, L. Bertilsson, U. Broome, C. Einarsson, U. 

Diczfalusy, J Biol Chem 276 (2001) 38685-38689. 

[97] K. Bodin, U. Andersson, E. Rystedt, E. Ellis, M. Norlin, I. Pikuleva, G. 

Eggertsen, I. Bjorkhem, U. Diczfalusy, J Biol Chem 277 (2002) 31534-

31540. 

[98] S.D. Shenoy, T.A. Spencer, N.A. Mercer-Haines, M. Alipour, M.D. 

Gargano, M. Runge-Morris, T.A. Kocarek, Drug Metab Dispos 32 (2004) 

66-71. 



 

 - 32 - 

[99] Z. Zhang, D. Li, D.E. Blanchard, S.R. Lear, S.K. Erickson, T.A. Spencer, J 

Lipid Res 42 (2001) 649-658. 

[100] H. Wietholtz, H.U. Marschall, J. Sjovall, S. Matern, J Hepatol 24 (1996) 

713-718. 

[101] C. Song, R.A. Hiipakka, S. Liao, Steroids 65 (2000) 423-427. 

[102] T.A. Kocarek, S.D. Shenoy, N.A. Mercer-Haines, M. Runge-Morris, J 

Pharmacol Toxicol Methods 47 (2002) 177-187. 

[103] J.J. Repa, G. Liang, J. Ou, Y. Bashmakov, J.M. Lobaccaro, I. Shimomura, 

B. Shan, M.S. Brown, J.L. Goldstein, D.J. Mangelsdorf, Genes Dev 14 

(2000) 2819-2830. 

[104] R.A. DeBose-Boyd, J. Ou, J.L. Goldstein, M.S. Brown, Proc Natl Acad Sci 

U S A 98 (2001) 1477-1482. 

[105] S.B. Joseph, B.A. Laffitte, P.H. Patel, M.A. Watson, K.E. Matsukuma, R. 

Walczak, J.L. Collins, T.F. Osborne, P. Tontonoz, J Biol Chem 277 (2002) 

11019-11025. 

[106] Y. Zhang, L.W. Castellani, C.J. Sinal, F.J. Gonzalez, P.A. Edwards, 

Genes Dev 18 (2004) 157-169. 

[107] M. Watanabe, S.M. Houten, L. Wang, A. Moschetta, D.J. Mangelsdorf, 

R.A. Heyman, D.D. Moore, J. Auwerx, J Clin Invest 113 (2004) 1408-

1418. 

[108] K.S. Miyata, S.E. McCaw, H.V. Patel, R.A. Rachubinski, J.P. Capone, J 

Biol Chem 271 (1996) 9189-9192. 



 

 - 33 - 

[109] T. Yoshikawa, T. Ide, H. Shimano, N. Yahagi, M. Amemiya-Kudo, T. 

Matsuzaka, S. Yatoh, T. Kitamine, H. Okazaki, Y. Tamura, M. Sekiya, A. 

Takahashi, A.H. Hasty, R. Sato, H. Sone, J. Osuga, S. Ishibashi, N. 

Yamada, Mol Endocrinol 17 (2003) 1240-1254. 

[110] T. Ide, H. Shimano, T. Yoshikawa, N. Yahagi, M. Amemiya-Kudo, T. 

Matsuzaka, M. Nakakuki, S. Yatoh, Y. Iizuka, S. Tomita, K. Ohashi, A. 

Takahashi, H. Sone, T. Gotoda, J. Osuga, S. Ishibashi, N. Yamada, Mol 

Endocrinol 17 (2003) 1255-1267. 

[111] A. Kassam, C.J. Winrow, F. Fernandez-Rachubinski, J.P. Capone, R.A. 

Rachubinski, J Biol Chem 275 (2000) 4345-4350. 

[112] A. Columbano, G.M. Ledda-Columbano, M. Pibiri, D. Concas, J.K. Reddy, 

M.S. Rao, Hepatology 34 (2001) 262-266. 

[113] T. Shiraki, N. Sakai, E. Kanaya, H. Jingami, J Biol Chem 278 (2003) 

11344-11350. 

[114] P. Puigserver, B.M. Spiegelman, Endocr Rev 24 (2003) 78-90. 

[115] J.M. Maglich, J. Watson, P.J. McMillen, B. Goodwin, T.M. Willson, J.T. 

Moore, J Biol Chem 279 (2004) 19832-19838. 

[116] M. Qatanani, P. Wei, D.D. Moore, Pharmacol Biochem Behav 78 (2004) 

285-291. 

[117] T.A. Kocarek, E.G. Schuetz, P.S. Guzelian, Toxicol Appl Pharmacol 120 

(1993) 298-307. 

[118] T.A. Kocarek, J.M. Kraniak, A.B. Reddy, Mol Pharmacol 54 (1998) 474-

484. 



 

 - 34 - 

[119] T.A. Kocarek, A.B. Reddy, Biochem Pharmacol 55 (1998) 1435-1443. 

[120] E. Sudjana-Sugiaman, G. Eggertsen, I. Bjorkhem, J Lipid Res 35 (1994) 

319-327. 

[121] M. Andersson, J. Ericsson, E.L. Appelkvist, S. Schedin, T. Chojnacki, G. 

Dallner, Biochim Biophys Acta 1214 (1994) 79-87. 

[122] N. Kiyosawa, K. Tanaka, J. Hirao, K. Ito, N. Niino, K. Sakuma, M. Kanbori, 

T. Yamoto, S. Manabe, N. Matsunuma, Arch Toxicol 78 (2004) 435-452. 

[123] A. Plewka, M. Kaminski, Exp Toxicol Pathol 48 (1996) 249-253. 

[124] M. Watanabe, H. Nakura, T. Tateishi, H. Tanaka, T. Kumai, S. Kobayashi, 

Med Sci Res 24 (1996) 257-259. 

[125] R.A. Blouin, A.M. Bandyopadhyay, I. Chaudhary, L.W. Robertson, B. 

Gemzik, A. Parkinson, Arch Biochem Biophys 303 (1993) 313-320. 

[126] P.N. Zannikos, A.M. Bandyopadhyay, L.W. Robertson, R.A. Blouin, Drug 

Metab Dispos 21 (1993) 782-787. 

[127] P.N. Zannikos, A.M. Bandyopadhyay, L.W. Robertson, R.A. Blouin, Int J 

Obes Relat Metab Disord 18 (1994) 369-374. 

[128] K.D. Thomas, Isr J Med Sci 20 (1984) 240-241. 

[129] F.R. Heller, J.P. Desager, C. Harvengt, Int J Clin Pharmacol Ther Toxicol 

26 (1988) 138-142. 

[130] K. Bachmann, H. Patel, Z. Batayneh, J. Slama, D. White, J. Posey, S. 

Ekins, D. Gold, L. Sambucetti, Pharmacol Res 50 (2004) 237-246. 

[131] J.M. Eiris, S. Lojo, M.C. Del Rio, I. Novo, M. Bravo, P. Pavon, M. Castro-

Gago, Neurology 45 (1995) 1155-1157. 



 

 - 35 - 

[132] F.M. Aynaci, F. Orhan, A. Orem, S. Yildirmis, Y. Gedik, J Child Neurol 16 

(2001) 367-369. 

[133] M. Schwaninger, P. Ringleb, A. Annecke, R. Winter, B. Kohl, E. Werle, W. 

Fiehn, P.A. Rieser, I. Walter-Sack, J Neurol 247 (2000) 687-690. 

[134] A. Verrotti, S. Domizio, B. Angelozzi, G. Sabatino, G. Morgese, F. 

Chiarelli, J Paediatr Child Health 33 (1997) 242-245. 

[135] E. Yilmaz, Y. Dosan, M.K. Gurgoze, S. Gungor, Acta Neurol Belg 101 

(2001) 217-220. 

[136] A. Verrotti, F. Basciani, S. Domizio, G. Sabatino, G. Morgese, F. Chiarelli, 

Pediatr Neurol 19 (1998) 364-367. 

[137] T. Nikolaos, G. Stylianos, N. Chryssoula, P. Irini, M. Christos, T. Dimitrios, 

P. Konstantinos, T. Antonis, Med Sci Monit 10 (2004) MT50-MT52. 

[138] M.J. Tutor-Crespo, J. Hermida, J.C. Tutor, J Clin Pharmacol 44 (2004) 

974-980. 

[139] S.J. Yaffe, G. Levy, T. Matsuzawa, T. Baliah, N Engl J Med 275 (1966) 

1461-1466. 

[140] P. Back, Pharmacol Ther 33 (1987) 153-155. 

[141] W. Huang, J. Zhang, D.D. Moore, J Clin Invest 113 (2004) 137-143. 

[142] T.A. Kocarek, E.G. Schuetz, S.C. Strom, R.A. Fisher, P.S. Guzelian, Drug 

Metab Dispos 23 (1995) 415-421. 

[143] F.P. Guengerich, Annu Rev Pharmacol Toxicol 39 (1999) 1-17. 

[144] S.C. Dogra, B.P. Davidson, B.K. May, Mol Pharmacol 55 (1999) 14-22. 

[145] M.S. Denison, J.P. Whitlock, Jr., J Biol Chem 270 (1995) 18175-18178. 



 

 - 36 - 

[146] C. Handschin, M. Podvinec, J. Stöckli, K. Hoffmann, U.A. Meyer, Mol 

Endocrinol 15 (2001) 1571-1585. 

[147] C. Handschin, U.A. Meyer, J Biol Chem 275 (2000) 13362-13369. 

[148] C. Handschin, M. Podvinec, R. Looser, R. Amherd, U.A. Meyer, Mol 

Pharmacol 60 (2001) 681-689. 

[149] C. Handschin, M. Podvinec, U.A. Meyer, Proc Natl Acad Sci U S A 97 

(2000) 10769-10774. 

[150] J.M. Maglich, J.A. Caravella, M.H. Lambert, T.M. Willson, J.T. Moore, L. 

Ramamurthy, Nucleic Acids Res 31 (2003) 4051-4058. 

[151] T.H. Lindblom, G.J. Pierce, A.E. Sluder, Curr Biol 11 (2001) 864-868. 

[152] B. Hollanders, A. Mougin, F. N'Diaye, E. Hentz, X. Aude, A. Girard, Comp 

Biochem Physiol B 84 (1986) 83-89. 

[153] L.B. Moore, B. Goodwin, S.A. Jones, G.B. Wisely, C.J. Serabjit-Singh, 

T.M. Willson, J.L. Collins, S.A. Kliewer, Proc Natl Acad Sci U S A 97 

(2000) 7500-7502. 

[154] J. Zhang, W. Huang, S.S. Chua, P. Wei, D.D. Moore, Science 298 (2002) 

422-424. 

[155] M.A. Lazar, J Clin Invest 113 (2004) 23-25. 

[156] T.M. Willson, S.A. Jones, J.T. Moore, S.A. Kliewer, Med Res Rev 21 

(2001) 513-522. 

[157] B. Goodwin, J.T. Moore, Trends Pharmacol Sci 25 (2004) 437-441. 

 



 

 - 37 - 

Figure Legends 

 

Figure 1. Phylogenetic tree of the nuclear receptors from the subfamilies 

NR1I and NR1H. The tree was generated comparing the full-length amino acid 

sequences of the respective receptors and shows the relationship between the 

drug-sensing nuclear receptors CAR (NR1I3), PXR (NR1I2), the vitamin D3-

receptor VDR (NR1I1), the bile acid-activated FXR (NR1H4) and the oxysterol-

sensing LXR/ (NR1H3/2) from different species. The scale bar represents 0.1 

amino acid substitution per site. 

 

Figure 2. Endogenous and xenobiotic lipophilic compounds activate a 

number of nuclear receptors which control their intra- and extra-hepatic 

levels. The members of the nuclear receptor subfamilies NR1I and NR1H are 

activated by various xenobiotics and endogenous lipids. In general, the receptors 

subsequently regulate the metabolism and excretion of these compounds. A high 

redundancy exists for several substance classes to bind to multiple receptors. 

See text for details. 

 

Figure 3. FXR, LXR, PPAR, CAR, PXR, and VDR control hepatic lipid 

homeostasis. Oxysterol-activated LXR increases metabolism of cholesterol to 

bile acids. Moreover, LXR also stimulates lipogenesis by inducing SREBP-1c and 

other lipogenic genes. Simultaneously, LXR inhibits PPAR-mediated fatty acid 

oxidation by interfering with PPAR-binding to its target sites. In contrast, 
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PPAR, FXR, CAR, PXR and VDR have counter-regulatory effects on LXR in the 

regulation of triglyceride as well as cholesterol and bile acid levels. Moreover, 

xenosensor and LXR functions are diametrically opposed in the regulation of 

drug- and bile acid-metabolizing CYPs. See text for details. 
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