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ABSTRACT IN ENGLISH LANGUAGE 

 

 

 Candidate: Mgr. Jan Dušek 

 Supervisor: Prof. PharmDr. Petr Pávek, Ph.D. 

 Title of the doctoral thesis: Development of novel Constitutive androstane 

receptor (CAR) ligands 

Abstract 

Constitutive androstane receptor is nowadays known as the  established nuclear 

receptor that regulates the expression of several key cytochrome P450 enzymes, 

predominantly CYP3A4 and CYP2B6. Recently it has been shown that CAR has also 

essential role in the regulation of endogenous metabolism of glucose, lipids, cholesterole 

or bile acids. Simultaneously, this receptor is considered to have  proliferative effect on 

human hepatocytes and protective effects against toxic and dietary damage of liver 

parenchyme. Given the possible therapeutic utilization of CAR, its therapeutic options 

are being intensively studied.  

Unfortunately, currently known ligands of human or mouse CAR are either poorly 

selective or indirect.  

The aim of my doctoral thesis was to find new ligands of mouse and human CAR, 

that would enable more detailed study of the receptor.  

  

 

 

 

 

 

 

 



 

ABSTRAKT V ČESKÉM JAZYCE 

 

 

 Kandidát: Mgr. Jan Dušek 

 Školitel: Prof. PharmDr. Petr Pávek, Ph.D. 

 Název disertační práce: Vývoj nových ligandů konstitutivního androstanového   

 receptoru (CAR) 

Abstrakt 

Konstitutivní androstanový receptor (CAR) je dnes považován za etablovaný 

nukleární receptor, který reguluje expresi několika klíčových enzymů cytochromu P450, 

především CYP2B6 a CYP3A4. V poslední době se ukazuje, že CAR má také klíčovou 

úlohu v regulaci endogenního metabolismu glukózy, lipidů, cholesterolu nebo žlučových 

kyselin. Současně je tomuto receptoru připisován proproliferativní účinek na lidské 

hepatocyty a protektivní účinky proti toxickéhu nebo dietárnímu poškození jaterního 

parenchymu. S ohledem na možné terapeutické využití CAR receptoru jsou proto 

intenzivně studovány jeho terapeutické možnosti. 

Bohužel v současnosti známé ligandy lidského nebo myšího CAR receptoru jsou 

málo selektivní nebo nepřímé.  

Cílem mé doktorské práce bylo najít nové ligandy myšího a lidského CAR 

receptoru, které by nám umožnili detailnější studium tohoto receptoru. 
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1. NUCLEAR RECEPTORS 

Nuclear receptors (NRs) belong to a large superfamily consisting of 48 members. 

Some NRs act as intracellular receptors that bind to lipophilic ligands, which are capable 

of crossing the plasma membrane. Upon ligand binding, conformational changes take 

place allowing nuclear receptors to bind to their respective DNA response elements after 

the NRs release corepressors and recruit coactivators to promote transcription of target 

genes. Only half of the nuclear receptor superfamily represents liganded receptors that 

bind a chemically diverse set of 

ligands, other NRs do not need a ligand or their ligands are not known. The target genes 

are involved in a variety of cellular processes, including cell proliferation, cell and tissues 

differentiation, embryonic development, cell death, cellular or body homeostasis, 

metabolism of endogenous compounds or ions and detoxification (Gronemeyer et al., 

2004). 

Nuclear receptors share a similar evolutionary history and have similar sequence 

features at the protein level. Selective ligands for some NRs are not known; therefore, 

these NRs have been named ‘‘orphan receptors”. Whenever ligands have been recognized 

for any of the orphan receptor, it has been renamed and grouped as ‘‘adopted” orphan 

receptor. However, for many NRs, ligands are widely known hormones of steroidal, 

secosteroid or non-steroidal structures such as estradiol, testosterone or glucocorticoids 

(See Figure 2)(di Masi et al., 2009; Germain et al., 2006). 

 

1.1.  Structure of nuclear receptors 

 

Nuclear receptors have a common structural organization. The N-terminal region, 

or A/B domain is variable and contains constitutionally active transactivation domains 

(AF) and autonomous transactivation domains (AD). The N-terminal regions vary in 

length and 3D structure. (Robinson-Rechavi et al. 2003) 

The next region is the DNA-binding domain (DBD), also known as the C-region. 

This domain is the most conserved and contains P-box, a short motif, that is responsible 

for binding to the DNA on specific sequences containing AGGTCA motif. It is also 

involved in the dimerization of the receptors (Robinson-Rechavi et al. 2003, Gronemeyer 

2014). 
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The D domain is a less conserved region, that behaves as a flexible hinge between 

DBD and Ligand-binding domain (LBD). The hinge contains Nuclear localization signal 

(NLS).  Ligand-binding domain, or E domain, is the largest region of nuclear receptor 

protein. It is responsible for recognition and binding of a ligand. This domain is 

moderately conserved and its secondary structure is more conserved than the primary 

sequence. The LBD has many functions, like AF-2 transactivation function, dimerization, 

NLS and repression function. The LDBs of most of the nuclear receptors share a common 

overall three-dimensional structure. There are 11 helices that form a structure comprising 

a ligand-binding pocket. The size of the pocket varies significantly between family 

members. The entrance to the pocket is guarded by a twelfth helix (H12) that forms a lid 

over the pocket and contains residues, which are crucial for the function of AF2.  The last 

C-terminus F domain is not present at all nuclear receptors, its sequence is very variable 

and the function of this region is not known (Robinson-Rechavi et al. 2003, Gronemeyer 

2014).  

 

Figure 1. Structure of nuclear receptors. The common nuclear structure involves A/B 

domain, where AF and Ad domains can be found, C domain that is responsible for 

recognition of the responsive elements and binding to the DNA, flexible Hinge D domain, 

large Ligand binding E domain, that except for binding of a ligand is involved in 

dimerization together with DBD, and optional C-terminus F-domain (Escriva et al., 2004; 

Gronemeyer et al., 2004; Robinson-Rechavi et al., 2003). 
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Figure 2. Nomenclature of nuclear receptor superfamily. The system of NRs 

nomenclature is based on the molecular phylogeny. It allows the definition of 6 

subfamilies, that can be divided into 28 groups, each of which clusters several paralogous 

genes. Each receptor is described by the letters NR (standing for Nuclear receptor), and a 

three digit identifier: an Arabic numeral, that denotes a subfamily, the capital letter, that 

denotes the group and another Arabic number that denotes the individual gene. This 

system of nomenclature was proposed in 1999 and endorsed by the International Union 

of Basic and Clinical Pharmacology Committee on Receptor Nomenclature and Drug 

Classification (NC-IUPHAR)(Robinson-Rechavi et al., 2003).  
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1.2. Gene regulation via nuclear receptors 

 NRs are primarily ligand-regulated transcription factors, that modulate the 

expression of their target genes. NRs can form monomers, homodimers or heterodimers 

(with promiscous RXR) and then bind to the response elements within the target gene’s 

regulatory regions. In the absence of ligands, the LBD of many of the NRs is bound to a 

set of transcriptional corepressors, for example nuclear receptor corepressor 1 (NCoR1) 

or silencing mediator for retinoid and thyroid hormone receptor (SMRT). The 

corepressors transcriptional complexes that contain specific histone deacetylases 

(HDACs) repress the genes by generating of a condensed chromatin structure over the 

target promoter. Corepressors contain the corepressor-nuclear receptor box (CoRNR 

box), that binds to a hydrophobic surface on the LBD. The presence of the agonistic ligand 

then leads to conformational changes that consequently lead to dissociation of the NR-

corepressors complex. The new conformation of the H12 in the LBD then enables the 

interaction with the LxxLL-like motifs of coactivators. These motifs are called nuclear 

receptor boxes and are present in most co-activators. Ligand binding results in the 

dissociation of HDAC and recruitment of histone acetyltransferases (HAT) and chromatin 

remodeling complexes (CRM). Then the polymerase II poloenzyme is recruited and 

increases the frequency of transcription initiation (Gronemeyer at al. 2004). 

 

1.2.1. Nuclear receptors in regulation of detoxification 

The exposition to the chemical compounds that are foreign for human or animal 

body is taking place on the daily basis and many of these compounds could potentially 

cause adverse effects. Xenosensors are nuclear receptors that are responsible for 

recognition and defense against exogenous xenobiotics. Xenosensors like Constitutive 

androstane receptor (CAR) or Pregnane X receptor (PXR) are nuclear receptors. Aryl 

hydrocarbone receptor (AhR), another important xenosensor regulating dominantly 

CYP1 family of enzymes, does not belong to the NR superfamily, but it is a transcription 

factor of the basic-helix/loop/helix per-Arnt-sim (bHLH/PAS) family (di Masi et al., 

2009; Stejskalova et al., 2011). 

Not only xenosensors belong to the NRs super family and most of NRs ligands 

are endogenous compounds with hormonal or regulatory functions. Important members 

or the NRs superfamily are for example glucocorticoid receptor (GR), vitamin D receptor 

(VDR), farnesoid X receptors (FXR), peroxisome proliferator-activated receptors 

(PPAR), thyroid receptors (TR), and receptor of the sex hormones – androgen (AR) or 
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estrogen receptor (ER), respectively. These NRs have been reported to control some 

detoxification genes to some extent and glucocorticoid regeptor seems to be the the 

upstream regulator of PXR and CAR (Germain et al., 2006; Pavek and Dvorak, 2008). 

Xenosensors have the ability to bind xenobiotics and trigger consequential actions, i.e. 

expression of target genes, that are involved in the elimination of the foreign compound 

and thus protect the human or animal body from its often harmful effects and maintain 

homeostasis. The majority of the enzymes regulated by NRs that can eliminate 

xenobiotics belong to the cytochrome P450 family and are located mainly in the liver, 

intestine and kidney, although some of these enzymes are present in most of tissues.  

The cytochrome P450 enzymes are NADPH-dependent and responsible for 

majority of phase I oxidative reactions. The main isoforms regulated by NRs are 

CYP3A4, CYP2C9, CYP2C19, CYP2B6, CYP2D6, CYP1A2 etc (Anzenbacher and 

Anzenbacherova, 2001; Pavek and Dvorak, 2008). 

At the level of transcription, xenosensors function as transcriptional factors 

playing a crucial role in the regulation of gene expression. They can either activate or 

supress the transcription. Nevertheless, transcriptional up-regulation (also reffered as to 

“induction” is the most frequent response to xenosensors´ ligand-stimulated activation 

(Pavek, 2016).  

Enzyme induction can lead to enhanced elimination of a substrate that can be for 

example a clinically used drug. The drug can then fail to reach the therapeutic level and 

the therapy fails. Thus metabolic enzymes induction via NRs is an important mechanism 

of drug-drug interaction. From this point of view, rifampicin and some antiepileptic drugs 

are the most frequently studied drugs at risk of drug-drug interaction with co-administerd 

CYP3A4 or CYP2C9 stubstrates (Sychev et al., 2018). 
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2. CONSTITUTIVE ANDROSTANE RECEPTOR 

2.1. Structure 

2.1.1. Gene and protein 

Human CAR is encoded by the NR1I3 gene, which is located on chromosomes 1, 

locus 1q23, and spans approximately 8.5 kilobases. The NR1I3 gene is composed of 8545 

base pairs (bps), and comprises 9 exons separated by 8 intronic regions. More than 

twenty-two unique human CAR splice variants, containing different combinations of 

splicing (e.g., deletions of exons 2, 4, 5, and 7, partial deletion of exon 9, and insertion of 

12 or 15 bps from introns 6 or 7) have been reported for the NR1I3 gene (di Masi et al., 

2009). 

CAR and PXR, and all other members of the NR1I subfamily, are modular 

proteins, that share common regions. The regions are: N-terminal DNA-binding domain 

(DBD), the hinge (H) region and the C-terminal ligand–binding domain (LBD) with AF2 

transactivation domain. These regions participate in the formation of  functional domains 

that interact allosterically.  CAR-DBD is involved in receptor dimerization and binding 

to specific DNA sequences, the responsive elements (di Masi et al. 2009, Suino et al., 

2004; Xu et al., 2004). The human CAR isoform-3 mRNA (NM_005122) encoding the 

wild-type CAR protein (NP_005113) is 348 amino acid long and it is composed of the 

DBD, encoded by exons 2 and 3, the H region, encoded by exon 4, and the ligand binding 

domain (LBD), encoded by exons 4–8 and a portion of exon 9 (di Masi et al., 2009).  

Only two crystal structures with agonist bound have been reported so far for 

human CAR LBD (Xu et al., 2004) and two models with “superagonist” TCPOBOP and 

inverse agonist androstenol have been published for mouse Car (Ingraham and Redinbo, 

2005; Shan et al., 2004; Suino et al., 2004). Described CAR LBD cavities have mostly 

hydrophobic and flexible character. A single residue differences F243L and T350M in 

the C terminal region of the mouse versus human CAR might account for the extensive 

species selectivity for some agonists/inverse agonists (Ingraham and Redinbo, 2005; 

Jyrkkarinne et al., 2005). An extra helix (aX) in the N-terminal side of helix H12 accounts 

for the high basal activity of human CAR even in the absence of an agonist (Ingraham 

and Redinbo, 2005)(Figure 3).  

Nowadays, there are at least three known functional and significantly expressed 

transcription variants of CAR (wild type, CAR1), CAR2 and CAR3. The last mentioned 

variant CAR3 isoform is highly expressed in the human liver and an alternative splice 
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acceptor site in intron 7 inserts 15 nucleotides in the mRNA sequence, which then leads 

to an insertion of five amino acids in loop 8–9 of the ligand binding domain. This 

insertion, may alter the ligand and DNA-binding properties. The ligand binding pocket 

of CAR3 and CAR1, however, are the same as shown by the homology modeling studies. 

Unlike to constitutively active wild-type variant, CAR3 is ligand-dependent receptor with 

low constitutive (basal) activity controling of both CYP2B6 and CYP3A4 gene 

expression in a ligand dependent manner (Auerbach et al., 2005).  

Transcription variant CAR3 with a five-amino-acid (APYLT) in-frame insertion 

in the highly conserved loop between helices 8 and 9 of the LBD possesses unique 

biological properties in comparison with wild-type CAR. The variant is significantly 

activated by the same set of ligands as wild-type variant, but lacks high basal 

(constitutive) activity. Therefore, the use of the variant is a sensitive tool for the study of 

human CAR activation (Faucette et al., 2007).  

Although CAR3 differs from CAR1 by insertion  of five aminoacids, Chen et al 

have shown, that the retention of just one amino acid, alanin (hCAR1+A), is suffiecient 

to confer the constitutively active CAR1 with simmilar xenobiotic-inducible 

characteristics as CAR3 isoform. The hCAR1+A construct showed robust responsiveness 

to over 90% of known human CAR activators tested and xenobiotic-dependent nuclear 

translocation in COS-1 cells  (Chen et al. 2010). Consistently,  Kanno et al showed that 

insertion of three amino acids into the loop between helix 11 and 12 decreases constitutive 

activity of human CAR and promotes ligand-dependent activation and coactivator 

recruitment (Kanno and Inouye, 2010). 

CAR2  results from the use of an alternative splice acceptor site in intron 6, 

leading to the insertion of 12 additional nucleotides. The mRNA is supposed to make up 

6 to 10% of the total CAR transcript in human liver (Jinno et al., 2004). This transcript 

encodes a protein that contains an additional four amino acids (SPTV) extending helix 6 

of the LBD and potentially change the structure of the LBD. CAR2 has limited ability for 

transactivation of the responsive reporters. Clotrimazol and androstanol have shown to 

be deactivator of this isoform, whereas CITCO is weak but significant activator. CITCO 

was able to reverse the inverse agonism of androstanol, confirming to be the agonist of 

CAR2. DeKeyser at al have suggested that CAR2 may have a ligand-binding profile that 

is distinct from both CAR1 and CAR3. The authors demonstrated that CAR2, unlike 
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CAR1, is a ligand-dependent receptor and have identified di(2-ethylhexyl) phthalate 

(DEHP) as a highly selective activator of this variant (DeKeyser et al., 2011). 

  The reference (wild type) CAR isoform, also known as CAR1, is constitutively 

active and localized in the nucleus. McMahon et al. have recently performed a study 

where they explore CAR activation more into detail. To investigate the localization and 

constitutive activity of the receptor, they have carried out immunocytochemistry using a 

FLAG antibody on cells infected with adenoviral CAR1. CAR1 was almost exclusively 

nuclear in the majority of hepatocytes in the absence of a CAR activator. However, in a 

small percentage of cells, CAR1 was found outside the nucleus, near the plasma 

membrane and/or in punctate structures in the cytoplasm.  In contrast, CAR2 and CAR3 

isoforms were only located in the cytoplasm of all cells, with a punctate distribution. In 

addition, they investigated if CAR1 constitutively binds to Cyp2b10 gene. They 

demonstrated the constitutive chromatin binding of human CAR1 at Cyp2b10 regulatory 

regions in the absence of PB treatment (McMahon et al., 2019). 

 

2.1.2. Ligand binding pocket 

  The human CAR-LBD and murine CAR-LBD structures consist of eleven α-

helices, two 310 helices (designed α2 and α20) between helices α1 and α3, and three β-

strands. The ligand-binding pocket of CAR-LBD is framed by helices α2, α3, α4, α5, α6, 

a7, and α10 and by β-strands 3 and 4. The CAR-LBD ligand-binding pockets of murine 

or human CAR orthologues are significantly hydrophobic (Shan et al., 2004; Suino et al., 

2004; Xu et al., 2004).   CAR-LBD forms a heterodimer with hRXRα-LBD, when 

the CAR-LBD α10 helix packs parallel to the human RXRα-LBD α10 helix and contacts 

the RXRα-LBD aAF helix. CAR-LBD binds the second Leu-Xxx-Xxx-Leu-Leu α-helical 

motif of co-activators such as steroid receptor co-regulator-1 peptide-1 (SRC-1p1) and 

transcription intermediary factor 2 (TIF2p).  

The older theory supposes that while inactive, CAR is in cytoplasm in form of 

homodimer phosphorylated at Thr38 in the complex with heat shock protein 90 (HSP90) 

and CAR cytoplasmic retention protein (CCRP). Upon activation of CAR by its ligand, 

CAR is dephosphorylated by protein phosphatase A2 (PPA2) and translocated to the 

nucleus where it  forms a heterodimer with RXRα, releases co-repressors and associates 

co-activators and recognizes the responsive elements and starts the transcription of the 

target genes (Mutoh et al., 2013). Very recent findings of human CAR transfected into 
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mouse liver suppose rather nuclear and chromatine-bind localization of CAR (McMahon 

et al., 2019).  

Recently, the molecular mechanism of both ligand-independent and ligand 

binding pocket-dependent CAR activation have been published. Phenobarbital (PB) is an 

indirect activator of both human and murine CAR. It does not bind in the ligand binding 

pocket, but causes translocation into the nucleus and activation of transcriptional activity. 

CAR is localized in the cytoplasma in the phosphorylated status. The phosphorylation is 

localized at Thr38  amino acid residue. Phenobarbital stimulates the dephosphorylation of 

CAR by antagonizing EGF-induced activation of EGFR receptor as an EGFR antagonist 

(Mutoh et al., 2013)(Figure 4).  

 

Figure 3. Human Constitutive androstane receptor structure. (Xu et al. 2004) 
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2.2. Ligands and CAR indirect activators 

There are two proposed mechanisms of CAR  activation and translocation to the 

nucleus. First, compounds such as PB can promote translocation via an indirect 

mechanism that involves activation of protein phosphatase 2A. When translocated into 

the nucleus, CAR without ligand interacts with RXRα to form a heterodimer that 

recognizes its specific target genes by the responsive elements. The CAR/RXRα 

heterodimer  recruits coactivator proteins via the LBD CAR AF2 transactivation domain. 

This realignment makes a new interface that connects with transcriptional coactivator 

proteins which consequently trigger gene transcription. This conformation change has 

been named as the “mouse trap” model, and it appears to be a conserved feature of all 

ligand-activated receptors studied to date (Mackowiak and Wang, 2016; Shan et al., 

2004).  

Murine and human CAR can also be translocated into the nucleus in a ligand-

dependent (direct) manner via agonist ligands such as TCPOBOP and 6-(4- 

chlorophenyl)imidazo[2,1-b]thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime 

(CITCO), which are selective for mouse and human CAR ligands, respectively. Direct 

CAR activators (CITCO, TCPOBOP) bind to the ligand-binding pocket of cytosolic 

CAR, which is present in the complex with HSP90 and CCRP. Upon binding of a ligand, 

CAR is dephosphorylated by protein phosphatase 2 (PPA2) and translocated to the 

nucleus, where it forms heterodimer with RXRα. In both cases, these agonists potentiate 

constitutive activity by stabilizing the constitutive AF2-coactivator interaction. The 

functional domains that are needed for ligand-dependent activation are similar to those 

utilized by the constitutively active receptor (Mackowiak and Wang, 2016)(Figure 4). 
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Figure 4. Mechanism of CAR activation by direct and indirect ligand (PB). Direct 

CAR activators (CITCO, TCPOBOP) bind to the ligand-binding pocket of CAR, that is 

present in the cytosol in complex with HSP90 and CCRP. Upon binding of a ligand, CAR 

is dephosphorylated by protein phosphatase 2 (PPA2) and translocates to the nucleus, 

where it forms heterodimer with RXRα, recognizes the responsive elements of the target 

genes and triggers the regulation of gene expression. Indirect ligands, like phenobarbital, 

do not bind to the ligand-binding pocket of the receptor. PB binds and inhibits the 

Epidermal Growth Factor Receptor (EGFR), which leads to the dephosphorylation of 

CAR by PPA2 and subsequent spontaneous translocation to the nucleus (Mutoh et al., 

2013).  

Although human CAR1 (wild type CAR) is constitutively active and it does not 

require a ligand to display its function, there are compounds that interact with this receptor 

as an agonists, antagonists, inverse agonists or indirect agonists. As mentioned above, 

there are two groups of activators. Phenobarbital-like indirect activators, that cause the 

cytoplasma-nuclear translocation and true agonists that bind in the ligand binding pocket 

of CAR and then trigger nuclear translocation (Mackowiak and Wang, 2016). In the 

present work, we focus mainly on direct rodent and/or human CAR ligands. 
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 Several selectively rodent or human ligands have been reported and some of them 

interact with both species, sometimes in opposite manner. Various compounds are 

reported to be CAR ligands and there are lots of compounds that cause CAR-like 

outcomes without known mechanism of action. These might be just awaiting to be 

identified as direct CAR ligands. Identification of selective and high-affinity CAR ligands 

is quite an undiscovered area and new chemicals acting via CAR could enable better study 

and understanding of the NR (Mackowiak and Wang, 2016).  

 

2.2.1. Human CAR ligands 

There is no specific high-affinity agonist for human CAR that would enable us to 

decipher the various physiological roles of CAR. To date, only  6-(4- 

chlorophenyl)imidazo[2,1-b]thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime 

(CITCO) is known and it is a potent human, but not mouse, CAR agonist. Nevertheless, 

CITCO also activates PXR (Maglich et al., 2003). 

 Human CAR agonists identified to date include different synthetic or industrial 

compounds such as insecticides permethrin and cypermethrin, the carbamate benfuracarb, 

and organochlorines (e.g., methoxychlor), FL81, 6-arylpyrrolo[2,1-

d][1,5]benzothiazepine derivatives, some drugs such as phenytoin, artemisinin 

derivatives, nevirapine, nicardipine, efavirenz, carbamazepine or natural flavonoids such 

as chrysin (Smutny et al., 2016).  

Phenobarbital is an indirect activator of both human and murine CAR. It does not 

bind in the ligand binding pocket, but causes translocation into the nucleus and activation 

of transcriptional activity (Carazo and Pavek, 2015). CAR is localized in the cytoplasma 

in the phosphorylated status. The phosphorylation is localized at Thr38 residue. 

Phenobarbital stimulates the dephosphorylation of CAR by antagonizing EGF-induced 

activation of EGFR membrane receptor and thus triggers CAR translocation and activity. 

In more detail, phenobarbital blocks the EGF-EGFR interaction as an antagonist, 

therefore it enables an unphosphorylated receptor for activated C kinase 1 (RACK1) 

interaction with protein (PPA2) and CAR. After the dephosphorylation, CAR translocates 

to the nucleus and stimulates expression of target genes (Mutoh et al., 2013).  

In addition to human or murine CAR ligands, several antagonist or inverse agonist 

have been discovered such as CINPA1 or 1-(2-chlorophenylmethylpropyl)-3-
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isoquinoline-carboxamide (PK11195) (Carazo and Pavek, 2015; Jeske et al., 2017; Li et 

al., 2008). 

Steroids 3alpha-hydroxy, 5alpha-reduced androstanes (androstanol and 

androstenol) were the first antagonists of CAR identified. Both of them inhibit the 

activation of CAR by dissociating the interaction between CAR and SRC-1 (Forman et 

al., 1998). Progesterone and testosterone disrupt CAR’s constitutive activity in the similar 

way. In opposite, E2, estrone and progesterone metabolite pregnane-3,20-dione, activate 

rodent and human CAR, respectively, eventhough they are low afinity ligands (di Masi 

et al., 2009).  

The antiemetic compound meclizine administration to mice increases expression 

of CAR target genes Cyp2b and Cyp3a enzymes CAR-dependently suggesting murine 

CAR agonistic activity. On the other hand, meclizine suppresses human CAR activation 

and inhibits the phenobarbital-induced expression of the CAR target genes  (Huang et al., 

2004). 

Interstingly, clotrimazole is an inverse agonist of CAR1 variant, but agonist of 

CAR3 variant  (Auerbach et al., 2005; Carazo and Pavek, 2015). 

A.                                                                           B.   

                                                               

 

Figure 5.  (A) Structure of 6-(4-chlorophenyl)imidazo[2,1-β][1,3]thiazole-5-

carbaldehyde-O-(3,4-dichlorobenzyl)oxime (CITCO), human CAR direct agonist. (B) 

Structure of teriflunomide, CAR indirect agonist and immunomodulatory drug used in 

the therapy of rheumatoid diseases or multiple sclerosis. 
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2.2.2. Rodent CAR ligands 

TCPOBOP (1,4-bis [2-(3,5-dichloropyridyloxy)] benzene) is a potent mouse 

CAR agonist that induces hepatocyte proliferation and hepatomegaly but does not cause 

liver injury or tissue loss. TCPOBOP-induced direct hyperplasia has been considered to 

be caused in a CAR-dependent manner although some cell signaling cascades are also 

involved (Tzameli et al., 2000). Interestingly, Poland et al. described TCPOBOP as a 

phenobarbital-like microsomal monooxygenase activity inducer in 1980. This was 18 

years before CAR has been discovered and characterized in detail (Poland et al., 1980; 

Baes et al., 1994; Honkakoski et al., 1998).  

 Trans-Stilbene oxide (TSO) is a synthetic proestrogen which belongs to the group 

of compounds named stilbenes. Slitt et al. discovered  that TSO induces Cyp2b1/2 

expression as well as Cyp3a11, Eh, Gst, and Nqo1 expression in mouse liver in a CAR-

dependent manner (Slitt et al., 2006).  

Antiepileptic drug phenytoin induces Cyp2c37 expression via CAR in mice. 

Moreover, phenytoin-responsive module (PHREM) located within the 5′-flanking 

sequence of the murine Cyp2c29 gene was identified. It was also demonstrated that the 

PHREM is necessary for induction both by phenobarbital and phenytoin (Jackson et al., 

2006).  

Methoxychlor, a structural analog of the DDT pesticide, was shown to induce rat 

hepatic Cyp2B and Cyp3A mRNAs via ratCAR activation and the metabolites of 

methoxychlor have shown to be even more potent murine CAR activators than 

methoxychlor (Blizard et al., 2001). 
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A.                                                                                   B. 

                        

Figure 6. (A) Structure of 1,4-bis-[2-(3,5-dichloropyridyloxy)]benzene, 3,3′,5,5′-

tetrachloro-1,4-bis(pyridyloxy)benzene (TCPOBOP), potent direct murine CAR agonist. 

(B) Structure of phenobarbital, indirect CAR activator. 

 

 

 

2.3. Regulation of xenobiotic metabolizing enzymes 

2.3.1. Xenobiotic enzymes overview 

Enzymes are proteins that catalyze majority of the biochemical reactions that take 

place in cells, tissues and bodies. Enzymes can be classified to several groups, depending 

on the type of reaction that is catalyzed by: 

• Oxidoreductases – Enzymes that catalyze oxidative and reductive reactions and  

transfer of  protons  

• Transferases – Enzymes that catalyze transfer of the functional group 

• Hydrolases – Enzymes which catalyze hydrolysis of chemical bonds 

• Lyases – Eznymes that catalyze catabolic reactions in manner that is different to 

hydrolysis or oxidoreduction 

• Isomerases – Enzymes that catalyze isomerization 

• Ligases – enzymes catalyzing reactions by which two molecules are connected 

with covalent bond.  

Despite the classification stated above, enzymes differ in structure, localization, 

substrate specificity, rate of activity etc.  

 

Drug metabolizing enzymes are classified into phase I enzymes and phase II 

enzymes.  Phase I enzymes catalyze mainly oxidoreductive reactions of drugs and 

thus increase its water solubility. Cytochrome P450 enzymes are responsible for  majority 

of these reactions and are localized mainly in the liver, intestine, kidney, lungs, placenta 
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and other tissues. Phase I include oxidation (e.g. hydroxylation and deamination), 

reduction (e.g., addition of hydrogen atoms), and hydrolysis (e.g., splitting of ester). 

Enzymes of the phase I are represented mainly by cytochrome P450 enzymes (CYPs), 

while CYP3A4 is the most important enzyme for detoxification. CYP3A enzymes are the 

most abundant CYPs in human liver, comprising 30–50% of  CYPs 

Phase II enzymes catalyze conjugation of their substrates with bulky hydrophilic 

endogenous compounds (Jancova et al. 2010) 

Phase II reactions, are synthetic, or conjugation reactions, connecting the 

xenobiotics or the primary metabolites directly with endogenous substances (e.g., glycine, 

cystein, glutathione, sulfates, and glucuronic acid). Conjugation with these substrates 

increases hydrophilicity of the xenobiotics and metabolites. The phase II metabolizing or 

conjugating enzymes belong to many super-families.The major ones are sulfotransferases 

(SULT), UDP-glucoronosyltransferases (UGT), NAD(P)H-quinone oxidoreductases, 

NAD(P)H-menadione reductases, epoxide hydrolases, glutathione-S-transferases (GST), 

and N-acetyltransferases (Jancova et al. 2010). 

 Efflux transporters are often reffered to as a phase III. The transporters are crucial 

for absorption, distribution and excretion of the compounds. ATP-dependent P-gp, Breast 

Cancer Resistance Protein (BCRP) and Multi-Drug Resistance Proteins (MRPs) 

transporter facilitate substrate transport across the membrane, therefore they are named 

as ATP-binding cassette transporters (ABC).  

 Importantly, numerours phase I and II enzymes and Phase III transporters can be 

induced to a higher expression via xenosensors by exposure of specific substrates. CAR 

controls the regulation of multiple hepatic genes. This results in increased metabolic 

detoxification by CYPs and transferases within the hepatocyte, followed by the net 

clearance of xenobiotics from the blood by transporters such as organic anions transporter 

protein 2 (OATP2) (di Masi et al., 2009). 

 Drug metabolizing enzymes, either phase I or phase II enzymes, can be regulated 

on different levels. Enzyme catalytic activity can be inhibited directly by inhibitor either 

competitively, when the inhibitor binds to the active site of the enzyme instead of a 

substrate and competes with the substrate. This type of inhibition is reversible. Or it can 

be inhibited non-competitively, when the inhibitor binds in a different place and causes 

conformational changes of the enyzmes, so the substrate can not bind to the active site. 

This type of inhibition is usually irreversible (Berg et al. 2002).  
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Typically, competitive inhibitors are chemically related to the substrate and 

therefore can fit into the active site that is more or less specific; in contrast, 

noncompetitive inhibitors are not often chemically related to substrates. Enzyme 

inhibition can lead to elevation of substrate level or acumulation of the substrate, which 

can then result in toxic effects of the substrate. 

 Enzymes are mostly proteins and are encoded by their respective genes. The gene 

expression can be regulated at several levels. Enzymes can be regulated at the level of 

transcription, when the gene is transcribed from DNA to the mRNA, at the level of 

translation, when the mRNA is translated to the aminoacids chain and forms the protein 

and at the level of post-translational modifications (Smutny et al., 2013).  

 

Table 1. Chosen CYP450 isoforms, nuclear receptors that control the expression of 

these enzymes and examples of substrates among clinically used drugs 

Cytochrome P450 isoform NRs directly involved in 

the regulation 

Example of Known 

Substrate 

CYP3A4 PXR, CAR Fentanyl, Oxycodone 

CYP2B6 PXR, CAR Bupropion, Mephenytoin 

CYP2D6 PXR, CAR Tramadol, Mirtazapine 

CYP2C9 PXR, CAR Warfarine, Phenytoin 

CYP2C19 PXR, CAR Mephenytoin 

CYP1A2 AHR, PXR Amitriptyline, Ropinirole 

(Taken from: https://www.researchgate.net/figure/SUBSTRATES-

INHIBITORS-AND-INDUCERS-OF-SOME-IMPORTANT-CYTOCHROME-P450-

ISOFORMS-53-57_tbl12_265615296) 

 

2.3.2. CAR target xenobiotic metabolizing enzymes 

  The exposed organisms have to have defensive mechanisms to counter 

toxic insults and maintain homeostasis. Enzymes and transporting proteins have the 

ability of biotransformation and subsequent elimination of toxic compounds and their 

metabolites. The CAR and its activation play an important role in the control of the 

expression of these defensive mechanisms as shown in the studies with CAR-knockout 

(Car-/-) mice. Nowadays it is evident that CAR works as a sensor of xenobiotics or toxic 

byproducts of endogenous metabolism. By regulation of a subset of genes encoding 

https://www.researchgate.net/figure/SUBSTRATES-INHIBITORS-AND-INDUCERS-OF-SOME-IMPORTANT-CYTOCHROME-P450-ISOFORMS-53-57_tbl12_265615296
https://www.researchgate.net/figure/SUBSTRATES-INHIBITORS-AND-INDUCERS-OF-SOME-IMPORTANT-CYTOCHROME-P450-ISOFORMS-53-57_tbl12_265615296
https://www.researchgate.net/figure/SUBSTRATES-INHIBITORS-AND-INDUCERS-OF-SOME-IMPORTANT-CYTOCHROME-P450-ISOFORMS-53-57_tbl12_265615296
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various phase I and II enzymes, transporters and other proteins, CAR can promote 

detoxification of the harmful compounds (di Masi et al., 2009; Mackowiak et al., 2018).  

The majority of metabolizing enzymes and transporters involved in xenobiotic 

excretion are present in the liver. Less significance in drug, xenobiotic or endogenous 

compound clearence have also other tissues such as kidney, intestine, lung, brain and 

placenta (Pavek and Dvorak, 2008).  

The most detailed regulation via CAR has been described for key target genes 

CYP2B6 and CYP3A4 (Goodwin et al., 2002; Goodwin et al., 2001; Kawamoto et al., 

1999).  

CAR binds as a heterodimer with a retinoid X receptor (RXR) to a direct response 

(DR-4) 51-base-pair minimum sequence located in the 5'- flanking region of the CYP2B6 

gene called the phenobarbital-responsive element module (PBREM) of the CYP2B6 

gene, which is a complex PB-responsive enhancer. The core of the PBREM contains two 

nuclear receptor (NR) sites, NR-1 and NR-2, which flank an NF-1 binding site. Acting as 

a retinoid X receptor (RXR) heterodimer, CAR increases its binding to NR1.  The nuclear 

translocation of CAR is tightly regulated in the liver and primary hepatocytes. A third NR 

site (NR-3) is located to the 5’ side of the core and may also contribute to the full PB 

response. Additional sequences outside the NR-1/NF-1/NR-2/NR-3 core are required for 

maximal responsiveness of the PBREM so that other DNA binding proteins probably 

contribute to the response. Members of the p160 coactivator family have been shown to 

interact with CAR and to enhance CAR-mediated transactivation including activation of 

the CYP2B PBREM (Bae et al. 2004) 

CAR is capable of interacting with the regulatory 5’-flanking region of the 

CYP3A4 gene. Trans-activation of CYP3A4 by CAR is mediated by nuclear receptor-

binding motifs located in the distal XREM and promoter proximal regions of the gene. 

PXRE of CYP3A4, an everted repeat of the AG(G/T)TCA hexamer separated by six 

nucleotides (ER-6), is capable of conferring CAR responsiveness. The ability of human 

CAR-RXRα and human PXR-RXRα heterodimers to interact with common nuclear 

receptor-binding motifs suggests that the PXR-responsive XREM region of CYP3A4 

(bases 7836 to 7208) is also capable of mediating trans-activation of CYP3A4 by human 

CAR.. There is a high-affinity site within the XREM, denoted as dNR1, that binds human 

CAR-hRXRα. Importantly, the DNA binding profile of human CAR-hRXRα is highly 

homologous to that of human PXR-hRXRα. In summary, CAR is able to directly regulate 

the transcriptional activity of the CYP3A4 gene. The convergence of CAR and PXR-
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mediated signaling pathways at common response elements in the CYP3A4 gene 

demonstrates that cross talk between CAR and PXR is probably an important factor in 

the regulation of CYP3A4 gene (Goodwin et al. 2002).  

 

Table 2. Overview of CAR-controlled genes involved in the xenobiotic elimination 

Gene Name Function 

CYP2B6 Cytochrome P450 2B6 Phase I enzyme 

CYP3A4 Cytochrome P450 3A4 Phase I enzyme 

CYP2A6 Cytochrome P450 2A6 Phase I enzyme 

CYP2C8 Cytochrome P450 2C8 Phase I enzyme 

CYP2C9 Cytochrome P450 2C9 Phase I enzyme 

CYP2C19 Cytochrome P450 2C19 Phase I enzyme 

UGT1A1 UDP-glucoronosyltransferase 1A1 Phase II enzyme 

UGT2A1 UDP-glucoronosyltransferase 2A1 Phase II enzyme 

MDR1 Multidrug resistance 1 Drug transporter 

MRP2 Multidrug resistance-associated protein 2 Drug transporter 

MRP3 Multidrug resistance associated protein 3 Drug transporter 
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2.4. Regulation of endobiotic metabolism 

Nowadays, it is more and more evident that CAR has critical role in regulation of 

endogenous metabolism and syntheis of glucose, lipids, cholesterol and bile acids. In 

adition, murine CAR has been reported to be involved in thyroid hormones metabolism, 

hemoglobine metabolism and bile acids detoxification (Mackowiak et al., 2018). 

 

2.4.1. Regulation of glucose metabolism 

Gluconeogenesis in liver is controlled by the insulin and glucagon and is essential 

for survival during fasting and starving. It is controlled positively by glucocorticoids, 

cAMP and glucagon and negatively by insulin and glucose. The key genes involved in 

gluconeogenesis are glucose-6-phosphatase (G6Pase), which is critical in controlling 

serum level of glucose by catalyzing the dephosphorylation of glucose-6-phosphate, and 

phosphoenolpyruvate carboxykinase (PEPCK), that catalyzes formation of 

phosphoenolpyruvate from oxaloacetate. CAR seems to control these genes in high-fat 

diet treated mice liver, however, the data in human tissue or human models are scare (Gao 

and Xie, 2012; Konno et al., 2008; Mackowiak et al., 2018). In agreement with animal 

data, PB treated diabetic patients showed decrease in plasma glucose (Lahtela et al., 1986; 

Lahtela et al., 1984). 

CAR activation represses gluconeogenesis by interfering with transcriptional 

factors or co-factors that are involved in the transcriptional regulation of the 

gluconeogenetic enzymes. CAR can influcence gluconeogenesis regulation via 

downgerulation of  fork-head insulin responsive transcription factor 1 (FoxO1) binding 

to insulin response sequences. This attenuates the ability of FoxO1 to stimulate 

expression of G6Pase and PEPCK genes. In addition, proteasome-mediated degradation 

of PGC1α coactivator by activated CAR can contribute to suppression of gluconeogenesis 

(Gao and Xie, 2012; Gao et al., 2015). 

 

2.4.2. Regulation of lipid metabolism 

Nowadays it is believed that CAR activation significantly regulates triglycerides 

synthesis and steroids (cholesterol and bile acids) homeostasis at several levels.  

CAR activation was shown to alleviate hepatic steatosis by down-regulation of 

lipogenic genes such as the stearoyl-CoA desaturase-1 (Scd1), sterol regulatory element-

binding protein 1c (Srebp-1c) and the acetyl-CoA carboxylase (Acaca) in mouse models 
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subjected to metabolic/nutritional stress (high fat diet), in leptin-deficient (ob/ob) or 

Ldlr−/− mice, or in mice on lithogenic diet (Gao and Xie, 2012; Sberna et al., 2011). 

 CAR inhibits de novo lipogenesis through the transcriptional up-regulation of 

Insig-1 (Insulin induced gene 1) and its human orthologue. Insig1, a protein with 

antilipogenic properties, blocks the proteolytic activation of SREBP-1c, resulting in 

reduced levels of active Srebp-1 and consequently to reduced Srebp-1-controlled target 

gene expression including the main genes responsible for triglyceride or to lesser extent 

sterols synthesis (Roth et al., 2008; Shimano and Sato, 2017).  

On the other hand, some researcher reported upregulation of lipogenic genes by 

CAR in human hepatocytes likely through a S14 pathway. Under normal diet (chow diet 

in mice), CAR mediates up-regulation of lipogenic genes as well as neutral lipid 

(triglycerides and cholesterol esters) accumulation in the liver. This was associated with 

CAR-mediated up-regulation of fatty acid synthesis (Fasn), elongation (Elovl6) and 

esterification (Gpat) genes and the patatin-like phospholipase domain-containing protein 

3 (Pnpla3) and its human orthologue through a Liver X Receptor (LXR)-independent 

pathway (Marmugi et al., 2016). 

CAR-mediated down-regulation of Abcg5 and Abcg8 expression in 

hypercholesterolemic mice or in mice on high-cholesterol diet likely result in  lower 

biliary cholesterol excretion (Rezen et al., 2009; Sberna et al., 2011). In contrast, some 

studies also reported contradictory data with no significant change or significant up-

regulation of Abcg5/8 genes after CAR activation in mice under standard chow diet 

(Lickteig et al., 2016; Wagner et al., 2005). Abcg5 and Abcg8 are hemi-transporters of 

the ABC transporter superfamily functioning as efflux transporters of cholesterol into 

bile.  

 

2.4.3. Regulation of bilirubin, bile acids, steroids and thyroid hormones 

CAR plays important role in the bilirubin metabolism and heme synthesis. 

Bilirubin is glucuronidated by  uridine diphosphate-glucuronyl transferase (UGT1A1) 

and secreted into the bile by multidrug resistance-associated protein 2 (MRP2) 

transporter. UGT1A1, organic anion transporting protein 2 (OATP2), MRP2 and 

glutathione S-transferase A1 (GST A1) are inducible target genes regulated by CAR 

activation, which can increase bilirubin-conjugation and decrease elevated bilirubin 

levels (di Masi et al., 2009; Sugatani et al., 2008).  
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Bile acids are essential compounds for elimination of excessive cholesterol in the 

form of bile acids and for solubilization and absorption of dietary lipids. In mice, CAR 

induces Cyp3a11, Sult2a1 and Mrp3 enzymes and transporters involved in bile acids 

elimination and Cyp7a1, the enzyme that is essential in bile acid synthesis (di Masi et al., 

2009; Guo et al., 2003). 

Cyp2b family enzymes are responsible for metabolism of both estrogen and 

androgens. Cyp2b as well as Ugt1a1, enzym that glucuronidates these steroids, are also 

under transcriptional control of CAR. Thus, xenobiotics can influence steroid hormone 

homeostasis by inducing these genes (di Masi et al., 2009; Sugatani et al., 2008).  

Thyroid hormones play an important role in the liver regeneration and energy 

usage. Thyroid-stimulating hormone (TSH) enhances synthesis of inactive 3-5-3‘-5‘-

tetraiodothyronine (T4) in the thyroid gland which is then converted to various forms of 

TH by deiodinases in the peripheral target tissues. Chronic CAR activation results into 

thyroid hypertrophy in humans and rats and decreases total serum T4 levels in humans. 

One explanation is that, because TH is known to be sulfated or glucuronated for easier 

excretion by UGT1A1 and SULT1A1 enzymes, that are induced upon CAR activation (di 

Masi et al., 2009; Konno et al., 2008; Qatanani et al., 2005).  
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Table 3. Brief review of key CAR-controlled genes involved in the intermediary 

metabolism and hepatocyte proliferation 

Gene Name Function 

G6PC Glucose-6-phosphatase Glucose metabolism 

PEPCK Phosphoenolpyruvate carboxykinase Glucose metabolism 

FASN Fatty acid synthase Lipid metabolism 

SREBP-1 Sterol regulatory element-binding protein Lipid metabolism 

ACACA Acetyl-Coa carboxylase  Lipid metabolism 

CYP7A1 Cytochrome P450 7A1 Cholesterol metabolism 

SCD1 Stearoyl-Coa-desaturase 1 Lipid metabolism 

ELOVL6 Fatty acids elongase Lipid metabolism 

GPAT Glycerol-3-phosphate acetyltransferase Lipid metabolism 

INSIG1 Insulin induced gene 1 Lipid metabolism 

BCL2 B-cell lymphoma gene 2 Apoptosis 

MKI67 Proliferation marker Proliferation 

FOXM1 Forkhead box protein M1 Proliferation 

GADD45B Growth arrest and DNA-damage gene Apoptosis 

 

 

2.5. Regulation of proliferation and apoptosis 

Phenobarbital (PB), an indirect CAR activator of both of human and rodent CAR, 

is a widely-studied model compound for rodent liver tumor formation in various rat and 

mouse strains (Lake, 2018). There is a growing evidence that rodent CAR activation is 

connected with mitogenic effects, liver hypertrophy and hyperplasia. Non-genotoxic 

mouse liver carcinogens mechanism of action is proposed to be Car-dependent.  This 

theory was clearly documented in Car-null mice after administration of PB or TCPOBOP  

treatment  (Wei et al., 2000; Yamamoto et al., 2004; Yamamoto and Negishi, 2008). Car 

activation also contributes to common Car/β-catenin induced tumorigenesis (Braeuning 

et al., 2011; Dong et al., 2015). 

Foxm1, Pcna, c-Myc and Gadd45β are the critical factors connected with the 

mechanism of action of non-genotoxic CAR-activating agents in hepatocyte proliferation 

(Blanco-Bose et al., 2008; Braeuning et al., 2011; Columbano et al., 2005; Huang et al., 

2005; Ledda-Columbano et al., 2004; Tian et al., 2011; Yamamoto et al., 2010). 



24 
 

 Foxm1 is considered as the critical mediator of TCBOBOP-induced proliferative 

response (Blanco-Bose et al., 2008; Braeuning et al., 2011; Ledda-Columbano et al., 

2004).  Foxm1 is a FOX family transcription factor that regulates cell cycle at multiple 

levels including progression to S-phase and mitotic division via  regulation of cyclins B1 

and D1 or p27 cell cycle inhibitor  (Blanco-Bose et al., 2008). It was shown previously 

that the CAR-dependent induction of Mdm2 induces the transcription factor Foxm1 

expression via its binding to the Foxm1 promoter (Blanco-Bose 2008). In addition, 

Mdm2, an E3 ubiquitin-protein ligase, was shown to degrade and block proapoptotic 

functional activity of p53 in response to DNA damage (Huang et al., 2005). It was also 

shown that Car directly binds to the specific site within a promoter of the Growh Arrest 

and DNA-damage-inducible 45β (Gadd45β) gene to stimulate its transcription 

independently of NF-B or SMAD3/4 signaling. Gadd45β then suppresses MKK7-JNK 

axis-mediated apoptosis (Columbano et al., 2005; Tian et al., 2011; Yamamoto et al., 

2010). 

c-Myc has been identified as the a transcription factor that in response to Car-

mediated up-regulation or partial hepatectomy leads to an increase in hepatocyte 

proliferation and liver growth and eventually to the formation of liver tumors (Blanco-

Bose et al., 2008). c-Myc drives cell proliferation by upregulation of some cyclins or by 

downregulation of p21. c-Myc also  downregulates anti-apoptotic gene Bcl-2. Bcl-2 is a 

typical anti-apoptotic gene of Bcl-2 family together with another member expressed in 

the liver, Mcl-1, which was found as the target gene of Car in the mouse liver (Baskin-

Bey et al., 2006). In opposite, the proapoptotic proteins Bak (Bcl-2 antagonistic killer) 

and Bax (Bcl-2-associated X protein) are down-regulate in livers from TCPOBOP-treated 

CAR+/+ mice (Baskin-Bey et al., 2006). 

Interestingly, human CAR activation by PB in mouse background is able to induce 

only hypertrophy, and RDS-mediated hyperplasia in CAR humanized mice appears after 

stronger CAR stimulation with higher PB systemic exposure (Braeuning et al., 2014; 

Luisier et al., 2014; Ross et al., 2010). 

 Importantly, CAR activation does not stimulate proliferation in primary human 

hepatocytes (Hirose et al., 2009; Parzefall et al., 1991; Soldatow et al., 2016; Yamada et 

al., 2015) and does not up-regulate PCNA, MDM2, GADD45B or MKI67 mRNAs in 

chimeric mice with humanized livers, but still significantly up-regulates CYP2B6 mRNA 

(Yamada et al., 2014). PB rather weakly down-regulated MKI67, PCNA, and GADD45B 

mRNA expression after 500 or 1000 ppm of PB in the latter study (Yamada et al., 2014).  
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Therefore, the data obtained so far with human primary hepatocytes and mice with 

humanized liver demonstrate that liver tumor formation in humans by CAR activation is 

not likely, and that xenobiotic-metabolizing enzymes are regulated by CAR 

independently of genes controlling proliferation  (Lake, 2018).  

 

2.6. Other “xenosensors” 

  

2.6.1. Pregnane X receptor 

Pregnane X receptor (PXR) is a ligand-activated nuclear receptor, a “master” 

transcription factor of xenobiotic inducible expression of the genes that encode some 

important  phase I and phase II metabolic enzymes and transporters. PXR is mainly 

expressed in the liver and intestine, but to a much lesser extent it can be found in the 

stomach, brain, heart, kidney, bone marrow, lung, uterus, adrenal glands or skeletal 

muscle at the mRNA level. PXR not only induces, but also suppresses expression of 

numerous target genes (Pavek, 2016).  

Human PXR (hPXR) is the product of the NR1I2 gene, that comprises 10 exons 

separated by nine intronic regions (di Masi et al., 2009; Pavek, 2016). Twenty-eight 

variants of hPXR have been so far identified. This includes splicing and polymorphic 

variants. Six of these, observed among the Caucasians and Africans, result in missense 

mutations of the hPXR protein. Three polymorphisms are located in exon 1, responsible 

for the amino acid substitutions Glu18Lys, Pro27Ser, and Gly36Arg, respectively), two 

are located in exon 4 responsible for the amino acid substitutions Val140Met and 

Asp163Gly, respectively. One polymorphism in exon 8, responsible for the amino acid 

substitution Ala370Thr. The Glu18Lys, Pro27Ser, and Gly36Arg substitutions are at the 

N-terminus of hPXR, the Val140Met substitution is located in the H region, and the 

Asp163Gly and Ala370Thr substitutions are within the hPXR-LBD. Gly36Arg and 

Val140Met, all the amino acid substitutions affect residues that are conserved in human 

and rodent  PXRs (di Masi et al., 2009; Hustert et al., 2001).  

The most frequent human PXR polymorphism (Pro27Ser) occurs in 14.9% of 

African chromosomes. All the other xenosensor variants have an allelic frequency 

approximately lower than 3% and are specific for either Caucasians or Africans (Hustert 

et al., 2001).  

PXR, like any other member in the NR super-family, is composed of the DBD, 

the H region, and the C-terminal LBD. The ligand-binding pocket of PXR-LBD is flexible 
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and enables binding of a wide range of structurally divergent endogenous and exogenous 

ligands. Harmsen et al. suggested, that PXR might be present in the nucleus, bound to 

chromatin in complex with nuclear receptor corepressor (NcoR) and the silencing 

mediator of retinoid and thyroid receptors (SMRT) and serve as a silencer when not 

activated by an agonist. Binding of an agonist would then cause conformational changes 

that would result in dissociation of NcoR and SMRT and association of co-activators like 

steroid receptor co-regulator-1 (SRC-1) and glucocorticoid receptor interacting protein 

(GRIP), PPAR binding protein (PBP) and PPAR gamma co-activator 1α (PGC1α)(di 

Masi et al., 2009; Pavek, 2016). 

 The in vitro studies, however, showed that PXR, similarly to CAR, is located in 

the cytosol, when inactive (Squires et al. 2004). The translocation to the nucleus seems 

to be regulated by a bipartite nuclear localization sequence (NLS) in the PXR-DBD 

(Kawana et al., 2003).  

PXR is in an inactive, resting state in cytosol in complex with hsp90 and  CAR 

cytoplasmic retention protein (CCRP) and the ligand-induced translocation to the nucleus 

is mediated by the AF2 domain (Squires et al., 2004).  

Upon translocation, PXR forms a heterodimer with RXRα, binds co-activators 

mentioned above and starts the transcription. As mentioned above, PXR can also 

downregulate expression of the target genes. The mechanism is that after recognizing the 

responsive elements in the protomoter of target genes, the PXR-RXRα heterodimer does 

not dissociate the co-repressors and associates the co-activators. On the contrary, it 

associates even more co-repressor such as small heterodimer partner (SHP) and silences 

the expression of the target gene. In addition, competition for common coactivators such 

as SRC-1 or PGC1α between two nuclear receptors or transcritption factors in the process 

reffered as to “NR crostallk” has been reported several times for PXR in regulation of its 

target genes (Pavek, 2016). 

PXR undergoes various post-translational modifications that regulate the function 

of the receptor. It can be phosphorylated, SUMOylated, ubiquitinated or acetylated. It has 

been shown, that  PXR can be phosphorylated by various kinases such as  phosphokinase 

A (PKA), phosphokinase C (PKC), cyclin-dependent kinase 2 (Cdk2) or cyclin-

dependent kinase 5 (Cdk5) (Smutny et al., 2013).   

PXR has a wide spectrum of ligands that belong among drugs (rifampicin, 

tamoxifen, taxol, nifedipine, clotrimazole, or hyperforin), endogenous ligands 

(lithocholic acid) or products of gut microflora. Cytochrome P450 enzymes CYP3A4/5, 
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CYP2B6, CYP2Cs and other isoforms are controlled by the PXR. In addition, PXR 

regulates other genes involved in the metabolism of xenobiotic compounds, 

glutathione S-transferases, sulfotransferases and UDP-glucuronosyltransferases (UGTs) .  

           A.                                    B.  

                                     

 

Figure 2. (A) Structure of rifampicin, model PXR agonist, (B) Structure of tamoxifen, 

PXR agonist and non-steroid antiestrogenic drug. 

 

 

2.6.2. Arylhydrocarbon receptor 

The Aryl hydrocarbon receptor (AHR) belongs to the basic helix–loop–helix–

PER– ARNT–SIM (bHLH–PAS) subgroup of the bHLH superfamily of transcription 

factors. The aryl hydrocarbon receptor mediates the carcinogenic and other toxic effects 

of a variety of environmental pollutants, such as 2,3,7,8-tetrachlorodibenzo-p-dioxin 

(TCDD), and some polycyclic aromatic hydrocarbons (PAHs)(Murray et al., 2014). 

These effects depend upon modulation of gene transcription effected by the 

ligand-bound AHR. AHR remains in the cytoplasm without a ligand, bound to chaperones 

like HSP90 and Ah-associated protein 9 (ARA9). After binding with a ligand such as 

TCDD, AHR is translocated to the nucleus, where it dimerizes with its heterodimer 

partner, another PAS protein named AHR nuclear transloactor (ARNT). The AHR-ARNT 

heterodimer then binds to a DNA sequence termed XRE (xenobiotic response element) 

and starts the activation of  transcription of the target genes. Besides rugulation by XRE, 

AHR also controls gene expression via interaction with transcription factors such as NF-

κB. AHR can therefore control expression of genes involved in metabolism, cell cycle 

control, reproduction and development in a manner that does not rely on XRE. CYP1A1 

and CYP1B1 are the well known and best studied target genes of AHR. These enzymes 
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increase cancerogenity of the pollutants by metabolizing them to electrophilic 

derivatives  that can mutate DNA, thereby activating protooncogenes or 

inactivating tumor suppressor genes (Hankinson, 2005; Murray et al., 2014). 

 For example, CYP1A1 and CYP1B1 metabolizes benzo[a]pyrene form cigarette 

smoke in the lungs and turns it into more reactive, cancerogenic compounds (Stejskalova 

et al., 2011).  

Experiments in Ahr/Arnt null mice showed development abnormities that suggest 

that AHR plays role in the fetus and embryo development (Nguyen and Bradfield, 2008). 

 

A.                                                           B.  

                            

 

Figure 3. (A) Structure of  2,3,7,8-tetrachlorodibenzo[b,e][1,4]-dioxin (TCDD), potent 

AHR activator, (B) Structure of 3-methylcholanthrene, AHR activator, that is present in 

the grilled meat. 
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3. AIMS 

 

The aims of this work are the following: 

1) Identification of new ligands of the nuclear receptors PXR and CAR among herbal 

dietary supplements 

a) Testing of steviol and stevioside as the ligands of selected human nuclear 

receptors 

b) Testing the interaction of steviol and stevioside with selected phase I enzymes 

that are controlled by nuclear receptors on multiple levels 

2) Discovery of new mouse CAR ligands with stilbenoid structure 

a) Identification of 3,4,5’,4’-tetramethoxystilbene (TMS) as a new mouse Car 

ligand 

b) Studying the effect of TMS on Car-controlled genes 

3) Study of teriflunomide as a novel indirect human CAR ligand 

4) Development of novel selective human CAR agonist 

a) Screening of the library of candidate compounds and identification of the most 

potent and selective candidates 

b) Study of the effect of novel CAR agonists on the gene expression in primary 

human hepatocytes or in humanized CAR mice 
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4. LIST OF PUBLICATIONS RELATED TO THE 

DOCTORAL THESIS TOPIC  

 

During my doctoral study, I published my results in several papers in international peer-

reviewed journals with impact factor and I presented the data in several international and 

national scientific congresses and meetings. 

 

My thesis is based on the following papers: 

A.1.   Jan Dusek, Alejandro Carazo, Frantisek Trejtnar, Lucie Hyrsova, Ondřej Holas, 

Tomas Smutny, Stanislav Micuda, Petr Pavek (2017) Steviol, an aglycone of 

steviol glycoside sweeteners, interacts with the pregnane X (PXR) and aryl 

hydrocarbon (AHR) receptors in detoxification regulation, Food and Chemical 

Toxicology, 109:130-142 

 

A.2.  Jan Dusek, Josef Skoda, Ondrej Holas, Alzbeta Horvatova, Tomas Smutny, 

Lenka Linhartova; Petra Hirsova, Otto Kucera, Stanislav Micuda, Albert 

Braeuning, Petr Pávek (2019, in press) Stilbene compound trans-3,4,5,4´-

tetramethoxystilbene, a potential anticancer drug, regulates constitutive 

androstane receptor (Car) target genes, but does not possess proliferative activity 

in mouse liver. Toxicol Letters 

 

A.3.  Alejandro Carazo, Jan Dusek, Ondrej Holas, Josef Skoda, Lucie Hyrsova, Tomas 

Smutny, Tomas Soukup, Martin Dosedel, Petr Pavek (2018) Teriflunomide Is an 

Indirect Human Constitutive Androstane Receptor (CAR) Activator Interacting 

With Epidermal Growth Factor (EGF) Signaling. Front Pharmacol. 2018;9:993.  

 

A.4.     European Patent Application Nr.: EP 19171938.4 
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4.1. AUTHOR’S CONTRIBUTION 

The papers I participated on are listed in the previous section, numbered from A.1. to A.4.  

In this section, I will detail my personal contribution to each paper. 

 

In paper number A.1. my contribution was: 

• Execution of all experiments, except Western blotting (Fig.6.D., 

Fig 7.A., Fig 7.C.)  

• Writing the manuscript and analyzing the results 

 

In paper number A.2. my contribution was: 

• Design of the experiments together with supervisor, professor 

Pávek 

• Execution of all experiments except immunohistochemistry, 

animal dosing and western blotting  

• Analyzing of the results 

• Writing of the manuscript 

 

In paper number A.3. my contribution was: 

• Designing of the reporter gene experiments together with 

supervisor professor Pávek 

• Execution of the reporter gene assays (Fig.3) 

• Writing of a part of the manuscript 

 

In paper number A.4. my contribution was: 

• Proposing candidate structure together with supervisor professor 

Pávek 

• In vitro testing of all candidate compounds in gene reporter assays 

and in MTS assay in several cell lines; testing of best candidates 

with other NRs; retesting of best candidate compounds in TR-

FRET assay 

• All qRT-PCR experiments on the organs from in vivo animal 

experiments; qRT-PCR experiments in HepaRG cells or in primary 
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human hepatocytes; testing of best candidates with recombinant 

cytochrome P450 enzymes; microsomal stability studies 

• Analyzing of the results 
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5. OTHER PUBLICATIONS NOT RELATED TO THE 

DOCTORAL THESIS TOPIC 

 

A.5. Alejandro Carazo, Lucie Hyrsova, Jan Dusek, Hana Chodounska, Alzbeta 

Horvatova, Karel Berka, Vaclav Bazgier, Hongying Gan-Schreier, Waleé 

Chamulitrat, Eva Kudova, Petr Pavek (2017) Acetylated deoxycholic (DCA) and 

cholic (CA) acids are potent ligands of pregnane X (PXR) receptor, Toxicology 

Letters, 265:86-96 

 

A.6. Lucie Hyrsova, Alena Vanduchova, Jan Dusek, Tomas Smutny, Alejandro 

Carazo, Veronika Maresova, Frantisek Trejtnar, Pavel Barta, Pavel Anzenbacher, 

Zdenek Dvorak, Petr Pavek (2019) Trans-resveratrol, but not other natural 

stilbenes occurring in food, carries the risk of drug-food interaction via inhibition 

of cytochrome P450 enzymes or interaction with xenosensor receptors, 

Toxicology Letters, 300:81-91 

 

A.7. Gabriela Dovrtelova, Ondrej Zendulka, Kristyna Noskova, Jan Jurica, Ondrej Pes, 

Jan Dusek, Alejandro Carazo, Iveta Zapletalova, Natasa Hlavacova, Petr Pavek 

(2018) Effect of Endocannabinoid Oleamide on Rat and Human Liver 

Cytochrome P450 Enzymes in In Vitro and In Vivo Models, Drug Metabolism 

and Disposition, 46: 913-923 
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6. COMMENTARY ON THE PUBLISHED PAPERS IN 

INTERNATIONAL JOURNALS WITH IMPACT FACTOR 

RELATED TO THE DOCTORAL THESIS TOPIC 

  

6.1. Steviol, an aglycone of steviol glycoside sweeteners, interacts 

with the pregnane X (PXR) and aryl hydrocarbon (AHR) receptors 

 

Jan Dusek, Alejandro Carazo, Frantisek Trejtnar, Lucie Hyrsova, Ondřej Holas, Tomas 

Smutny, Stanislav Micuda, Petr Pavek (2017) Steviol, an aglycone of steviol glycoside 

sweeteners, interacts with the pregnane X (PXR) and aryl hydrocarbon (AHR) receptors 

in detoxification regulation, Food and Chemical Toxicology, 109:130-142, IF2017: 3,977 

 

 The first project I was working on, studied interactions of the main secondary 

metabolites contained in the Stevia Rebaudiana L. (Asteraceae), stevioside and steviol 

with the nuclear receptors PXR and CAR. We hypothesized that efficient activation of 

xenosensors may cause food-drug interaction (FDI). 

 Stevia Rebaudiana L. is an herb that was empirically used for the treatment of 

diabetes mellitus by the natives in Paraguay. Nowadays, it is commonly used as a non-

caloric sweetener worldwide, because of its sweet taste. Stevioside is glycoside of steviol 

as aglycone with three molecules of D-glucose. There are more glycosides in the plant, 

all of those have steviol as an aglycone and all of them are metabolized by the gut bacteria 

so that only steviol is absorbed. However, stevioside is the most important compound of 

the glycosides. 

 In the project, I first screened interaction of the sweeteners with the most 

important NRs in reporter gene assays. We chose CAR, PXR, AHR, FXR, VDR and GR 

since all these NRs are involved in regulation of some drug-metabolizing enzymes.  

As shown in the publication, we discovered the interaction of steviol with PXR and AHR, 

which we confirmed in different cell lines with different reporter constructs.  

Consequently, we wanted to test the influence of steviol on the PXR and AHR 

target genes involved in xenobiotic metabolism and therefore we performed qRT-PCR, 

Western blotting analysis and enzymatic assays in different models including primary 

human hepatocytes. I found out that the interaction affects the expression of the tested 

target genes on both mRNA and protein levels. 
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 After that, we described interactions of tested compounds with the key 

cytochrome P450 enzymes.  

 Steviol-glycosides are worldwide used sweeteners with only limited data about 

their safety. In my first publication, we brought novel data that suggest steviol and its 

glycosides may have potential of FDIs. We realize that there are many other target genes 

that are controlled by the NRs such as phase II enzymes and transporters. Nevertheless, 

we decided to focus on the interactions with CYP isoforms. We hope that our work 

warrants next researchers to fill the gap regarding potential FDI of stevia sweeteners. I 

can conclude that we were the first reporting an information about Stevia sweeteners in 

terms of interaction with NRs and induction of key drug-metabolizing enzymes regulated 

by PXR and AHR. 
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6.2. Stilbene compound trans-3,4,5,4’-tetramethoxystilbene, a 

potential anticancer drug, regulates constitutive androstane 

receptor (CAR) target genes, but does not posses proliferative 

activity in mouse liver 

 

Jan Dusek, Josef Skoda, Ondrej Holas, Alzbeta Horvatova, Tomas Smutny, Lenka 

Linhartova; Petra Hirsova, Otto Kucera, Stanislav Micuda, Albert Braeuning, Petr Pávek 

 

 In the second project, we aimed to screen a set of stilbene-derived compounds to 

find out if any of these compounds are affecting murine CAR. From the previous reports 

we have known that 3,4,5,4’- tetramethoxystilbene (TMS, DMU-212) has antioxidative 

and antiproliferative activity in the DEN/PB- induced model of rat hepatocarcinogenesis  

(Cichocki et al., 2014; Piotrowska et al., 2017). Therefore, we suppose that TMS might 

interact with murine CAR to suppress the effect of PB in rat hepatocarcinogenesis. 

We have tested a set of 13 stilbene-derived compounds for the interaction with the 

two major murine xenosensors, CAR and PXR. We performed the luciferase reporter 

gene assays in transiently transfected AML12 cells or HepG2 cells and observed that 

TMS is a murine CAR agonist without any effect on the mouse PXR.   

For the next experiments, we used AML12 cells and primary mouse hepatocytes, 

where we aimed to observe the effect of TMS on the murine CAR target genes on the 

levels of mRNA and protein. Finally, for in vivo experiments, we used C57BL/6 mice. 

We found out that TMS regulates major CAR target genes such as Cyp2b10, Cyp2c55 or 

Cyp2c29 in isolated hepatocytes or in the liver after application of TMS into mice. 

Importantly, unlike the model ligand TCPOBOP, TMS lacks the proliferative effect in 

the liver. TMS did not significantly induce genes connected with the proliferation, did not 

increase liver weight and Pcna and Ki-67 proliferation indices in mouse livers. In AML-

12 cells, we observed that TMS stimulates apoptosis independently on CAR. 

We therefore concluded that TMS is novel murine CAR ligand that up-regulated 

“xenobiotic metabolism program”, but at the same time does not promote liver 

hypertrophy and hyperplasia and does not affect CAR target genes stimulating hepatocyte 

proliferation. The latter effect is likely due to the CAR-independent effect of TMS on 

apoptosis promotion. 
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We thus discovered unique murine CAR ligand that can help us in further detailed 

study of the murine CAR function in detoxification and metabolism regulation. 
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6.3.  Teriflunomide Is an Indirect Human Constitutive Androstane 

Receptor (CAR) Activator Interacting With Epidermal Growth 

Factor (EGF) Signaling 

 

Alejandro Carazo, Jan Dusek, Ondrej Holas, Josef Skoda, Lucie Hyrsova, Tomas 

Smutny, Tomas Soukup, Martin Dosedel, Petr Pavek (2018) Teriflunomide Is an Indirect 

Human Constitutive Androstane Receptor (CAR) Activator Interacting With Epidermal 

Growth Factor (EGF) Signaling. Front Pharmacol. 2018;9:993.IF2017 =3,831 

 

 In the third project, we focused on studying the mechanism by which leflunomide 

(LEF) and its metabolite teriflunomide (TER) induce CYP2B6 mRNA, and if these 

disease modifying antirheumatic drugs (DMARDs) used in the treatment of rheumatoid 

arthritis are activators or ligands of human CAR receptor. LEF is an immunosuppresive 

DMARD, that is used in the treatment of patience with intolerance to methotrexate and 

TER is an active metabolite of LEF. 

Firstly, we observed that LEF and TER upregulate CAR target genes in 

differentiated HepaRG cells and primary human hepatocytes. In next experiments, TER 

caused EGFP-tagged CAR+ala mutant translocation to the nucleus in the COS-1 cells 

suggesting CAR+A mutant activation. LEF had no signifficant effect on the translocation. 

In next experiments, we showed that TER and LEF are not direct CAR agonists, because 

both compounds failed to significantly activate human CAR in the human HepG2 cells 

transiently transfected with luciferase reporter gene constructs and did not bind to CAR-

LBD in the very sensitive TR-FRET CAR coactivator assay with recombinant hCAR-

LBD. These findings were also confirmed in in silico molecular docking. 

On the other hand, we found out that LEF and TER interfere with ELK1, the 

transcription factor involved in the EGFR signaling cascade and that both compounds 

also interfere with the EGF phosphorylation in the same manner as phenobarbital.  

Lastly, we discovered that TER and LEF activate GR and affect the GR-target 

genes involved in the gluconeogenesis and fatty acids synthesis.  

We can conclude that in the project, we identified an indirect CAR translocator 

among clinically used drugs other than phenobarbital (Honkakoski et al., 1998) or 

phenytoin (Wang et al., 2004). Taken together, we can conclude, that therapy with LEF 
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and TER can affect both xenobiotic metabolism, due to the potential of CYP2B6 

induction, and intermediary metabolism, due to the activation of GR.  
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6.4. Novel selective ligands of human constitutive androstane 

receptor 

 

European Patent Application Nr.: EP 19171938.4 

In this major project, we aimed to develop selective human CAR agonists. So far, 

CITCO compound represents the prototype human CAR agonist. However, CITCO is not 

strictly selective towards human CAR and activates also other nuclear receptors, for 

example PXR (Maglich et al., 2003). 

Novel selective ligands for human CAR are critically important for the study of 

the role of CAR in physiology and pathology and once these roles of the receptor are 

understood, the receptor might have the potential to serve as a therapeutic target in the 

treatment of many metabolic diseases.  

My part on this project was to screen among the synthetized compounds to identify 

candidates with high efficiency to activate CAR, but without activity towards PXR. To 

verify the interaction with CAR, we used several methods and cell lines, as described in 

the patent application. If a compound was an agonist of CAR and did not activate the 

promiscuous PXR, we tested interactions of the compound with other NRs such as VDR, 

GR, AHR, AR, ER, PPAR, FXR etc. At the same time, cytotoxic effects of tested 

compounds were studied in two cell lines. 

In next experiments, we studied interaction of four candidate compounds with 

various CYP450 enzymes such as CYP3A4, CYP2C9 and CYP1A2 in microsomal 

assays.  

Finally, the two most promising candidates and their potential derivatives or 

metabolites were tested in more advanced models such as in primary human hepatocytes 

and in differentiated HepaRG or HepaRG KO CAR cells. Most importantly, we 

performed in vivo experiments with humanized hCAR/hPXR/hCYP3A4 mouse model 

with two candidate compounds.  

Results of the experiments are matter of the patent application EP 19171938.4. Therefore 

I cannot present any data in the thesis. 
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7. DISCUSSION   

 CAR is nowadays known as a ligand-modulated (xenobiotic-sensing) receptor 

with extensive constitutive activity controlling the expression of human or rodent 

cytochrome P450 (CYP) 2B/2b family genes and some others detoxification enzymes. 

Recent studies also suggest that mouse CAR plays important roles in the metabolism of 

glucose, lipids, fatty acids, bile acids, bilirubin and thyroid hormones (Kobayashi et al., 

2015). Importantly, it has been shown that CAR activation may improve glucose 

homeostasis and insulin sensitivity, inhibit the expression of lipogenic genes, or stimulate 

fatty acid oxidation in animal models of metabolic disease, obesity or steatohepatitis 

suggesting that therapeutic targeting of CAR may bring novel therapeutic approaches in 

these diseases (Baskin-Bey et al., 2007; Kobayashi et al., 2015; Mackowiak et al., 2018; 

Yan et al., 2015).  

CAR has also been extensively studied with respect to hepatic proliferation and 

liver hypertrophy or regeneration. Finally, CAR has been proposed as the molecular target 

in the patients suffering from metabolic disorders, such as non-alcoholic steatohepatitis 

(NASH) or non-alcoholic fatty liver disease (NAFLD). Therefore, CAR could be possibly 

suggested as a therapeutic target in the treatment of those diseases.  

However, all these data have been obtained in animals and effects of activated 

human CAR are unclear and illusive. This is mainly consequence of i) the absence of 

suitable human CAR ligands, ii) similarity of CAR with other NR, mainly PXR and iii) 

difficulty with human CAR receptor models. 

Human CAR (wild-type variant hCAR1, WT, NM_005122.4) displays unique 

properties in comparison with other nuclear receptors or its rodent orthologues including 

high constitutive activity independent of ligand binding, both direct (ligand-binding 

domain (LBD)-dependent) and LBD-independent activation, and spontaneous nuclear 

localization in tumor cell lines. In contrast, murine Car possess low constitutive activity 

and is a highly ligand-activated orthologue (Mackowiak et al., 2018).  

 

CAR and PXR share a highly conserved DNA binding domain and a moderately 

conserved ligand binding-domain (LBD). Although CAR is less promiscuous with 

respect to ligands than PXR, we lack suitable ligands of CAR for the investigation of 

therapeutic potential of CAR activation. The most of in vivo data on the function of 
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murine Car in metabolic disorders have been obtained with TCPOBOP or nonspecific 

activator phenobarbital. We have currently no alternative to these Car ligand/activators. 

Therefore, the results from the studies are difficult to interpret, because we cannot be 

absolutely sure, that the effects are caused by murine CAR activation, or by any other 

mechanisms.  

 Even though several models of humanized CAR mice have been reported in past 

including humanized CAR (Scheer et al., 2008; Zhang et al., 2002), double humanized 

hPXR/hCAR (Scheer et al., 2008) or triple humanized 

huPXR/huCAR/HUCYP3A4/huCYP3A7 mice (Hasegawa et al., 2011), these models are 

expensive for in vivo experiments. In addition, the prototype human CAR ligand CITCO 

is not fully selective to CAR (and activates also PXR) and due to its high lipophilicity 

and inappropriate ADME characteristics, it is not suitable for peroral or repeated dosage 

animal experiments. Models of the metabolic diseases that could be tested for potential 

treatment by CAR ligands should also be improved. So far, the commonly used models 

of NAFLD or NASH involve animals fed with high-fat diet and high fructose diet. But 

without detailed inter-species examinations of differences between rodents and humans, 

the results obtained with these models might be misleading  

From in vitro perspective, primary human hepatocytes are the best available 

model, although the price is high as well and there is a significant variability in the results, 

between the donors. In addition, the phenotype of the plated primary human hepatocytes 

is instable and is fading rapidly during culture. We also used HepaRG KO CAR cell line 

in comparison with its parental HepaRG cell line. However, this is still a cellular model 

based on hepatocyte tumor cells. 

 Several recent studies consistently suggest that ligand-mediated activation of 

murine CAR promotes liver proliferation differently in comparison with hepatic 

metabolism. For example, about 40% of genes regulated by TCPOBOP, mainly involved 

in cell proliferation including DNA replication, mitotic nuclear division, mitotic 

cytokinesis and checkpoint regulation, but not the genes related to xenobiotic metabolism, 

have been reported to be differently expressed in hepatocyte growth factor receptor (Met) 

KO mice treated with the EGFR inhibitor canertinib (Bhushan et al., 2018).  

In other words, CAR activation alone can induce or suppress metabolism genes; 

however, Car-induced hepatomegaly is most likely dependent on cellular signaling 

pathways such as Met and EGFR signaling. This corresponds with findings by Blanco-

Bose et al. (2008), who described that Car-mediated regulation of cytochrome P450 genes 
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such as Cyp2b10, Cyp3a13 or Cyp3a41, transporters such as Abcb1 and Abcc4, as well 

as the phase II enzyme Sult1e1 is independent of functional c-Myc signaling  (Blanco-

Bose et al., 2008).  

Similar differential responses have been reported previously, where repeated 

administration of TCPOBOP did not result in further increase of hepatocyte proliferation 

and liver size, but CAR target genes involved in drug metabolism and detoxification (such 

as Cyp2b10) were remarkably up-regulated (Kowalik et al., 2011). 

TCPOBOP treatment has been reported to significantly down-regulate or inhibit 

phosphorylation of numerous kinases both in male and females including Akt, c-Raf, 

EGFR, Erk2, Jak1, p38, PKCs, but up-regulates cyclin E2,  FAKs, Mek2, PAK2, and 

PTEN kinases. These kinases contribute to PI3K/PDK1 and MAPK/ERK-mediated 

activation of the p90RSK pathway and are involved in cell proliferation (Braeuning et al., 

2011).  

Further experiments should therefore reveal if TCPOBOP has off-target (i.e., not 

CAR-dependent) effects on proliferation/apoptosis programs that are nowadays attributed 

to murine Car activation (Bhushan et al., 2018; Braeuning et al., 2011; Piotrowska et al., 

2017). Novel murine CAR ligands are therefore enormously needed for future studies. 

Hopefully, the novel ligands will not interfere with any of the kinases mentioned above 

and will be truly selective, so that the role of CAR in the proliferation and apoptosis can 

be better studied and understood. 

 In the past, TCBOPOB has been used in mice with high-fat diet (HFD)-induced 

obesity, diabetes type II hyperglycemia and insulin-resistance (Dong et al., 2009; Gao et 

al., 2009), where TCPOBOP suppressed glucose and lipid production, mitigate hepatic 

steatosis, and induced β-oxidation and energy expenditure;  in healthy mice under 

physiological conditions, where TCPOBOP provoked the expression of lipogenic and 

glycolytic genes (Marmugi et al., 2016) or in ob/ob mice under HFD, where TCPOBOP 

suppressed hepatic fatty oxidation via PPAR (Maglich et al., 2009); as potential 

medication to ameliorate maternal glucose intolerance and fetal overgrowth, to prevent 

insulin resistance in offspring from high-fat diet-induced obese pregnant mice  

(Masuyama et al., 2016); in murine model of alcoholic liver disease (ALD)(Wang et al., 

2017),; in the study of  CAR-mediated  compensatory response under caloric restriction 

and fasting via downregulation of serum levels of triiodothyronine (T3) and 

tetraiodothyronine (T4) (Maglich et al., 2004); in animal studies where TCPOBOP 

attenuates steatohepatitis in the methionine choline-deficient diet-fed mouse or Fas-
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induced murine liver injury (Baskin-Bey et al., 2007; Baskin-Bey et al., 2006), in studies 

where TCPOBOP prevented cholesterol gallstone disease in lithogenic diet-fed mice 

(Cheng et al., 2017), in animal studies on the treatment of acute kidney injury (AKI) (Choi 

et al., 2018); in the animal model of dextran sulphate-provoked the inflammatory bowel 

diseases (IBD)(Hudson et al., 2017) or in numerous animal studies of CAR-mediated liver 

proliferation, liver hyperplasia, regeneration or hepatocarcinogenesis (Elcombe et al., 

2014; Ledda-Columbano et al., 2003; Tschuor et al., 2016). 

In the doctoral thesis, I identified i) steviol as a ligand of human PXR and AHR, 

ii) trans-3,4,5,4´-TMS as a novel and potent ligand of murine CAR; iii) leflunomide as a 

novel indirect CAR activator, and iv) we developed novel selective human CAR ligands. 

With respect to future investigation of CAR, two main aspects should be solved. 

This is potential liver carcinogenity of CAR ligands observed in some rodent models, but 

not in humanized animal models. Secondly, we have to prove effect of CAR activation 

observed in animals in more sophisticated humanized models or in humans to reject 

potential species-differences in CAR regulation of its target genes. In both tasks, we need 

novel efficient and highly selective CAR ligands. 

 Therefore, the discovery the new murine Car ligand TMS, new indirect human 

CAR activator teriflunomide or novel selective human CAR ligands should give us new 

tools in these animal model, either wild-type or humanized, to approve CAR activation 

as therapeutic intervention in numerous metabolic diseases. The CAR thus could then 

join other NRs, like PPARα and PPARγ in the group of NRs that are successfully targeted 

in the therapy of metabolic diseases. 
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11.  ABBREVIATIONS 

 

ABC – ATP-binding cassete 

Acaca - Acetyl-CoA carboxylase 1 

AD – Autonomous transactivation domain 

AF – Active transactivation domain 

AhR – Arylhydrocarbon receptor 

APYLT – Five amino acids insertion 

AR – Androgen receptor 

ARA9- Ah-associated protein 9 

ARNT – AHR nuclear translocator 

Bak - Pro-apoptotic protein from the Bcl-2 protein family 

Bax - Bcl-2-associated X protein 

BCRP – Breast cancer resistance protein 

bHLH/PAS – Basic helix/loop/helix per Arnt-sim 

CAR-/- - CAR knockout mice 

CAR - Constitutive androstane receptor 

CCRP – CAR cytoplasmic retention protein 

Cdk2 – Cyclin-dependent kinase 2 

Cdk5 – Cyclin dependent kinase 5 

CoRNR – Corepressor-Nuclear receptor box 

CRM – Chromatin remodeling complex 

CYP1A2 - Cytochrome P450 isoform 1A2 

CYP2B6 - Cytochrome P450 isoform 2B6 

CYP2C19 - Cytochrome P450 isoform 2C19 

CYP2C9 - Cytochrome P450 isoform 2C9 

CYP2D6 - Cytochrome P450 isoform 2D6 

CYP3A4 – Cytochrome P450 isoform 3A4 

DBD –DNA binding domain 

DR-4 – Direct response 

EGF – Epithelial growth factor 

EGFR – Epithelial growth factor receptor 

Elovl6 -  Fatty acid elongase 6 
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ER – Estrogen receptor 

Fasn - Fatty acid synthase 

Foxm1 - Forkhead box protein M1 

FoxO1 – Forkhead box protein O1 

FXR – Farnesoid X receptor 

G6Pase – Glucose-6- phosphatase 

Gadd45β - Growth arrest and DNA-damage-inducible beta 

GR – Glucocorticoid receptor 

GRIP - Glucocorticoid receptor interacting protein 

GST – Glutathione-S-transferase 

H12 – Helix 12 

HAT – Histone acetyltransferase 

hCAR1+1 – Human CAR1 with retention of alanin 

HDACs – Histone deacetylases 

HFD – high fat diet 

HSP90 – Heat shock protein 90 

Insig1 - Insulin induced gene 1 

LBD –Ligand binding domain 

LXR – Liver X receptor 

MRP – Multidrug resistance protein 

NAFLD – non-alcoholic fatty liver disease 

NASH – non-alcoholic steatohepatitis 

NC-IUPHAR – Nomenclature Committee of the International Union of Basic and 

Clinical     Pharmacology 

NCoR1 – Nuclear receptor corepressor 1 

NF-κB – Nuclear factor kappa B 

NLS – Nuclear localization signal 

NR1I3 – Gene of Nuclear receptor family 1, member 3 

NR-Nuclear receptor 

OATP2 – Orgainc anions transporting protein 2 

PAHs – Polyaromatic hydrocarbons 

PB – Phenobarbital 

PBP - PPAR binding protein  

PBREM – Phenobarbital responsive element module 
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PCK – Protein kinase C 

PEPCK – Phosphoenolpyruvate carboxykinase 

PGC1α - PPAR gamma co-activator 1α 

PHREM – Phenytoin responsive element module 

PK11195 - N-butan-2-yl-1-(2-chlorophenyl)-N-methylisoquinoline-3-carboxamide 

PKA – Protein kinase A 

Pnpla3 - Patatin-like phospholipase domain-containing protein 3 

PPA2 – Protein phosphatase A2 

PPAR – Peroxisome proliferator-activated receptor 

PrPXRE – Proximal PXR responsive element 

PXR –Pregnane X receptor 

RACK1 – Receptor for activated C kinase 1 

RXR – Retinoid X receptor 

Scd1 - Stearoyl-CoA desaturase 

SHP – Small heterodimer partner 

SMRT – Silencing mediator for retinoid and thyroid hormone receptor 

SPTV – Four aminoacids of CAR2 

SRC-1 – Steroid receptor coregulator-1 

SRC-1p1 – Steroid  receptor co-regulator-1 peptide-1 

Srebp-1c - Sterol regulatory element-binding transcription factor 1 

SULT – Sulphotransferase 

T4 – Tetraiodothyroxine 

TCPOBOP - 1,4-Bis-[2-(3,5-dichloropyridyloxy)]benzene, 3,3′,5,5′-Tetrachloro-1,4 

          -bis(pyridyloxy)benzene 

TIF2p – Transcription intermediary factor 2 

TR – Thyroid receptor 

TSH – Thyroid stimulating hormone 

TSO – Trans-stilbene oxide 

UGT – UDP-glucuronyltransferase 

VDR – Vitamin D receptor 

XREM – Xenobiotic responsive element module 

 

 

 


