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ABSTRACT IN ENGLISH LANGUAGE 

  

Candidate: Mgr. Alejandro Carazo Fernández 

Supervisor: Prof. PharmDr. Petr Pávek, PhD. 

Title of the doctoral thesis: Nuclear receptors - new ligands study and 

importance of the genetic variability 

 

Nuclear receptors (NRs) constitute a superfamily of transcription factors, which 

regulate the expression of target genes upon the binding of a ligand. These receptors can 

be classified in hormonal receptors, “adopted orphan receptors” and “orphan receptors” 

depending on the affinity to an endogenous ligand. Nuclear receptors play important 

roles in physiological processes and are widely distributed in the human body. Thus, 

adipogenesis, lipolysis, insulin sensitivity, oxidative metabolism, fatty acid homeostasis, 

cholesterol homeostasis, gluconeogenesis, glycogen homeostasis, triglyceride 

metabolism, among other processes, are regulated by nuclear receptors. 

 During my study, we have tested several sets of drugs, endogenous, natural and 

synthetic, in several nuclear receptors, focusing mainly on constitutive androstane 

receptor (CAR) and to a lesser extent on pregnane X receptor (PXR). My main aim was 

to find a new and reliable ligand or activator for human CAR. In addition, I aimed to 

study the mechanism of action by which these compounds interact with the receptor and 

how they trigger downstream pathways and target genes. For this purpose I used ex 

vivo, in vitro and in silico models. 

In the first research project, I described the human CAR activation by several 

flavonoid compounds via inhibition of epidermal growth factor receptor (EGFR). This 

way of indirect CAR activation was described for antiepileptic drug phenobarbital (PB), 

so we proposed that these flavonoids would interact with the receptor similarly. For this 

purpose, we employed several methods including CAR assembly assay in cultured cells 

and LanthaScreen® Time Resolved – Fluorescence Energy Transfer (TR-FRET) cell-

free assay.  



 
 

In the second project, I optimized the TR-FRET method that we used in the 

previous research work. This method is based on the fluorescence resonance energy 

transfer (FRET) between two fluorophores that change the emission spectrum upon 

presence of a ligand interacting with CAR ligand binding domain. In this work, I 

characterized well-known agonists, antagonists and inverse agonists of CAR employing 

the method.  

In the third research project, I studied interactions of a set of rationally 

developed acetylated and oxidized derivates of parent bile acids with several nuclear 

receptors in HepG2 hepatic cells. In this work, I established that derivate 3,12-diacetate 

DCA is able to strongly activate PXR and its target genes. However, we were not able 

to find traces of this derivate in human or mice bile samples with HPLC method 

suggesting that the compound is not an endogenous ligand of PXR. 

In the last research project, I am working on the mechanism, which is involved 

in interaction of leflunomide, a drug for the treatment of rheumatoid arthritis, with 

human CAR. To date, no drug used in human therapy has been reported to directly 

activate this receptor with high affinity and only CITCO (a toxic oxime) is able to stably 

activate human CAR. The importance of finding a CAR ligand among current 

medication is critical for the study of CAR activation in human beings. 

I believe our results will help us understand how CAR, PXR and other nuclear 

receptors work. In addition, our research sheds some light on the understanding of the 

molecular mechanisms by which nuclear receptors exert their activity and how they are 

involved in metabolic and physiological processes. Moreover, our work aimed to apply 

this knowledge in the development of new ligands for the potential applications in 

therapy of metabolic diseases. 

          

 

 

 

 



 
 

ABSTRAKT V ČESKÉM JAZYCE  

  

Kandidát: Mgr. Alejandro Carazo Fernández 

Školitel: Prof. Petr Pávek, PhD. 

Název dizertační práce: Nukleární receptory – studium nových ligandů a 

význam genové variability 

  

 Nukleární receptory (NR) náleží do superrodiny transkripčních faktorů, které 

regulují expresi cílových genů. Nukleární receptory se dělí na hormonální receptory, 

tzv. “osvojené sirotčí receptory” (z angl. Adopted orphan receptors) a „sirotčí 

receptory“. Receptory, které nemají žádný identifikovaný endogenní ligand, jsou 

nazývány jako „sirotčí receptory“. Nukleární receptory hrají důležitou roli ve 

fyziologických procesech a jsou široce distribuovány po celém lidském těle. Jejich role 

je důležitá například při regulaci adipogeneze, glukoneogeneze, lipolýze, odpovědi na 

inzulín, oxidativním metabolismu, homeostáze mastných kyselin, homeostáze 

cholesterolu, homeostáze glykogenu a triglyceridů. 

 Během své doktorské práce jsem testoval několik sad látek endogenní, přírodní a 

syntetické povahy na interakce s několika jadernými receptory se zaměřením zejména 

na konstitutivní androstanový receptor (CAR) a v menší míře na pregnanový X receptor 

(PXR). Mým hlavním cílem bylo najít nové a spolehlivé ligandy nebo aktivátory 

lidského CAR. Kromě toho, cílem bylo studovat mechanismus účinku, kterým tyto 

sloučeniny interagují s CAR receptorem a jakým způsobem regulují jeho cílové geny. 

Pro tento účel jsem použil ex vivo, in vitro a in silico modely. 

 V první výzkumném projektu, který jsem prvoautorky publikoval, jsem popsal 

aktivaci lidského CAR několika flavonoidními látkami prostřednictvím inhibice 

receptoru epidermálního růstového faktoru (EGFR). Tento způsob nepřímé aktivace 

CAR receptoru byl popsán pro antiepileptikum fenobarbital (PB). Pro tento účel jsme 

použili několik metod, včetně tzv. CAR assembly assay a LanthaScreen® TR-FRET 

CAR coactivator metody. 



 
 

 Ve druhém projektu jsem dále optimalizoval metodou TR-FRET, kterou jsem 

použil v předchozí výzkumné práci. Tato metoda je založena na přenosu fluorescenční 

rezonanční energie (FRET) mezi dvěma fluorofory, který mění emisního spektra v 

přítomnosti ligandu interagujícího s vazebnou doménou CAR receptoru. Touto 

nebuněčnou metodou jsem detailně popsal interakce známých agonistů, antagonistů a 

inverzních agonistů s lidským CARem. 

 Ve třetím výzkumném projektu jsem studoval interakce několika nově 

vyvinutých acetylovaných a oxidovaných derivátů žlučových kyselin s několika 

jadernými receptory v HepG2 buňkách. Ukázal jsem, že 3,12-diacetát deoxycholové 

kyseliny (DCA) je schopen silně aktivovat PXR a regulovat jeho cílové geny. Nicméně 

jsme nebyli schopni identifikovat tuto látku v lidské nebo myší žluči metodou HPLC, 

což naznačuje, že sloučenina není endogenní ligand PXR. 

 V posledním výzkumného projektu jsem pracoval na mechanismu, který se 

podílí na interakci leflunomidu s lidským CAR. K dnešnímu dni žádné léčivo používané 

v humánní terapii nebylo identifikováno jako přímý aktivátor CAR receptoru s vysokou 

afinitou a jen látka CITCO vycházející strukturálně z oximu, je schopna stabilně 

aktivovat lidský CAR. Význam nalezení ligandů CAR receptoru je rozhodující pro 

studium aktivace CAR u lidí, jelikož zvířecí ortholog se značně od lidského liší. 

 Věřím, že naše výsledky nám pomůžou pochopit, jak CAR, PXR a jiné jaderné 

receptory vykonávají své fyziologické a detoxifikační funkce v lidském organizmu. 

Kromě toho, náš výzkum vrhá trochu světla na pochopení molekulárních mechanismů, 

kterými jaderné receptory vykonávají svůj účinek a jak se podílejí na metabolismu a 

fyziologických procesech. Konečně, naše práce se pokusila aplikovat tyto znalosti při 

vývoji nových ligandů CAR receptoru i jiných nukleárních receptorů pro potenciální 

aplikaci v léčbě metabolických poruch. 
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1. INTRODUCTION  

 

1.1. Genetic regulation 

  

 The concept of gene regulation includes all biological processes and 

mechanisms by which cells regulate the transcription of genetic material from DNA to 

mRNA and finally to proteins. The importance of gene regulation rely on that cells are 

able to, upon requirement or necessity, synthesize the needed proteins. Almost all cells 

in the body contain the same genetic information, and due to genetic regulation, each 

cell expresses a set of genes depending on the localization. This specific genetic 

expression is how cells specialize in a specific function in a given tissue or organ. The 

differential expression of genes is established by extracellular and intracellular signals 

(growth factors, ligand binding, phosphorylation, chemical messengers, etc.).  

 Regulation of gene expression takes place in two different locations in the cell, 

the nucleus and the cytoplasm. In the nucleus, the transcription machinery accesses the 

DNA and transcribes the information of a gene to an mRNA molecule. Later, the newly 

synthesized mRNA leaves the nucleus and translocates to the cytoplasm were, after 

several steps, a new protein is synthesized. 

In the basal state, DNA is found as a compact chromatin structure which needs 

to be uncondensed to allow the transcriptional machinery to reach the DNA. This 

compacted structure is possible thanks to proteins called histones. Histones can be post-

transcriptionally modified by different enzymes, which allow the compaction of the 

chromatin but also the opening of the structure so the transcriptional complex can reach 

to the DNA helix. This compact structure is itself a regulatory point. In this same step, 

regulation is also exerted by transcription factors and enhancers. Transcription factors 

are proteins that selectively bind to DNA and regulate the expression of a given target 

gene. As the topic of this doctoral work is the family of nuclear receptors belonging to 

transcription factors, they are described in detail in the following sections.  

 In this process, several steps control and regulate the genetic expression. These 

steps involve transcriptional control (the process by which DNA is transcribed to 

mRNA, the most common regulation point), RNA processing control, RNA transport 



2 
 

control, translational control (the process of translation from mRNA to protein) and 

protein stability or degradation control (Fig. 1).  

 

 

Figure 1. Gene expression regulation in eukaryotic cells. 

 

The main regulatory step is the transcriptional control point, before the DNA 

gets transcribed to RNA. This regulatory process is exerted by several factors and 

molecules, which enable the access to the genetic material. From the biological point of 

view, it is logic to have the main regulatory step as soon as possible in the transcription 

chain, to avoid synthesis of useless genetic material which would not be used later on 

by the cell. 

The RNA processing control step includes all the modifications that take part in 

the newly synthesized mRNA. This includes the splicing and editing of the molecule to 

the mature mRNA which will be transported to cytoplasm and its interaction with 

regulatory RNAs. 

Another key regulatory steps are the translational control from mature mRNA to 

protein, which takes place in the cytoplasm, and the protein activity control, which 

determines if the synthesized protein will be active or not. Finally, in the mRNA 

degradation control point, the mRNA not transcribed into protein is inactivated due to 

interaction with regulatory nucleic acids such as miRNAs. 
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1.2. Transcription factors 

  

 Transcription factors (TFs) are proteins that control the expression of genetic 

information that is transcribed from DNA to mRNA. Mechanistically, transcription 

factors exert their function via forming dimers with other transcription factors, forming 

homo or heterodimers via forming transcription complexes, or without association to 

other regulatory factors.  

  A characteristic of these transcription factors is that they possess structures that 

specifically recognize the promoter regions of genomic DNA. These structures are 

called DNA-binding domain (DBD). Transcription factors can bind to DNA in the 

promoter sequence or to distal regulatory sequences, which may be upstream or 

downstream from the target gene. In addition, these factors can associate to other 

proteins that enhance or repress the genetic expression, called activators and repressors, 

respectively. Besides genetic transcription, TFs self-regulate themselves through other 

TFs. This self-regulation can take place upon activation, through feedback regulation or 

upon access to the DNA chain. 

 TFs are involved in different functions and processes such as cell cycle control, 

response to environmental and intracellular signals. There is growing interest on 

focusing transcription factors as therapeutic targets, since they can actively regulate 

gene expression and influence many physiologic pathways. 

 It is not clear how many transcription factors exist in the human being, however, 

a study reported about 2 600 transcription factors for humans (Babu et al 2004).  
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1.3. Nuclear receptors 

 

Nuclear receptors are ligand activated transcription factors which play key roles 

in the organism such as metabolism, cell differentiation and proliferation. Importantly, 

these receptors are linked with health conditions and unbalanced physiological 

processes, among others, cardiovascular diseases, energy metabolism, inflammation and 

cancer.  

 Initially, the human genome was reported to encode 48 nuclear receptors 

(Mangelsdorf et al 1995). At present, different sources report a higher number of NRs. 

Thus, an online nuclear receptor database collects 58 nuclear receptors (Nuclear 

Receptor Signaling Atlas  - www.nursa.org), whereas the International Human Genome 

Sequencing Consortium reports 60 nuclear receptors contained in the human genome 

(Lander et al 2001).  

Interestingly, in the fly Drosophila melanogaster only 21 nuclear receptors were 

reported (Adams et al 2000), and more than 270 genes have been identified in the 

nematode Caenorhabditis elegans (Sluder & Maina 2001). 

The first nuclear receptors described were GR and ERα in the 1980’s (Green et 

al 1986, Hollenberg et al 1985, Weinberger et al 1985). Interestingly, a same nuclear 

receptor is able to regulate a different set of genes depending on where it is found, or 

develop different functions in organs depending on its localization. For example, 

estrogen receptor (ER) is widely present in the human being (breast, brain, uterus, etc.) 

and is known to code different genes depending on the organ were is present (Enmark et 

al 1997). This is due to a differential binding of the nuclear receptors to DNA, which is 

determined by the characteristics of each cell, which allows specific chromatin portions 

to be transcribed. 

Nuclear receptors are key transcription factors which control many physiological 

processes and are involved in the good functioning of the organism. Dysfunction in the 

processes regulated by the NRs can lead to highly relevant diseases and pathological 

conditions such as obesity, diabetes mellitus type II, atherosclerosis, cancer or 

hyperlipidemia (di Masi et al 2009, Ma et al 2008). 

http://www.nursa.org/
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1.3.1. Structure of nuclear receptors 

  

 Since the first nuclear receptors were described in the late decades of last 

century, many other receptors have been identified, and all of them proved to have a 

significant structural similarity. These transcription factors form a superfamily, which is 

composed of many different receptors, sharing a highly conserved structure, since they 

all evolved from a common ancestor (Escriva et al 1997). The phylogenetic study (the 

study of the evolutionary relationships between, organisms, genes or other biological 

entities), demonstrates a common origin for all NRs, shown in Figure 2. 

 

  

Figure 2. Phylogenetic scheme of human nuclear receptors (The numbers represent the 

length of units/amino acids of the NR). 
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The common structure of the nuclear receptors can be divided into 5 parts    

(Figure 3.):  

 N-terminal domain: contains activation function-1 (AF-1) which is a 

transactivation domain able to be induced even in absence of a ligand, present in 

most of the NRs.  

 DNA binding domain (DBD): is a well conserved structure that comprehends 

two zinc fingers which specifically interact with DNA response elements.  

 Hinge region: a flexible domain connecting DBD and LBD. 

 Ligand binding domain (LBD): is the responsible of the species specificity, and 

for the dimerization with other transcription factors. It is formed by several 

alpha helixes arranged forming a hydrophobic pocket, determined by the amino 

acid residues from the alpha helixes. This LBD varies in size, being the largest 

more than 1500 Å3 (Li et al 2003). It also contains the activation function-2 (AF-

2) which, unlike AF-1, requires the presence of a ligand. AF-2 consists of an 

open conformation in absence of a ligand, but in its presence, this conformation 

changes and allows interaction with coactivators (Nolte et al 1998).  

 C-terminal domain or Hinge region: the most variable domain between nuclear 

receptors, as it is not present in all receptors. 

 

   

Figure 3. Structure of nuclear receptors. 
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 Ligands are able to control the interactions of the NRs with coactivators or 

corepressors through the modification of the conformation of AF-2, located in the LBD 

(Glass & Rosenfeld 2000). Although all nuclear receptors share a similar structure, the 

mechanisms of action and functions of these receptors are very diverse. To exert their 

function, these receptors need to bind to DNA and the binding can happen as 

homodimers, heterodimers or monomers (unassociated with another NR). Interestingly, 

several studies reported that the transcription of the target genes starts in positions that 

can be quite far from the binding place were the transcriptional machinery binds into the 

promoter DNA (Carroll et al 2006). 

 

1.3.2. Classification of nuclear receptors 

 

 

 Nuclear receptors can be classified according to different criteria: mechanism of 

action, sequence composition or regarding their ligand affinity. Here I present a 

classification into subfamilies according to its sequence homology (Nuclear Receptors 

Nomenclature 1999): 

 Thyroid hormone receptor-like (NR1) 

 Retinoid X receptor like (NR2) 

 Estrogen receptor like (NR3) 

 Nerve growth factor IB like (NR4) 

 Steroidogenic factor like (NR5) 

 Germ cell nuclear factor like (NR6) 

 Miscellaneous (NR0): DAX1 and SHP (The receptors from this group lack of 

DBD and LBD) 

 Nuclear receptors are also typically classified according to the existence of 

known endogenous ligands. Thus, nuclear receptors can be classified into: hormonal/ 

endocrine NRs (high-affinity endogenous ligands), adopted orphan NRs (low-affinity 

endogenous ligands) and orphan NRs (with evidence of some ligands or without 

evidence of affinity for some ligand) (Table 1.). It should be kept in mind that some 

receptors can be activated even in absence of a ligand (CAR, HNF4α, etc.). 
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Table 1. List of human nuclear receptors (NRs) and its ligands. 

NRNC* Classification NR name Abbreviation 
Endogenous 

ligand 

NR0B1 Orphan NR Dosage-sensitive sex reversal DAX1 - 

NR0B2 Orphan NR Small heterodimer partner SHP - 

NR1A1 Hormone NR Thyroid hormone receptor α TR α Thyroid hormone 

NR1A2 Hormone NR Thyroid hormone receptor β TR β Thyroid hormone 

NR1B1 Hormone NR Retinoic acid receptor α RAR α Retinoic acid 

NR1B2 Hormone NR Retinoic acid receptor β RAR β Retinoic acid 

NR1B3 Hormone NR Retinoic acid receptor γ RAR γ Retinoic acid 

NR1C1 
Adopted 

orphan NR 

Peroxisome proliferator-

activated receptor α 
PPAR α Fatty acids 

NR1C2 
Adopted 

orphan NR 

Peroxisome proliferator-

activated receptor β/δ 
PPAR β/δ Fatty acids 

NR1C3 
Adopted 

orphan NR 

Peroxisome proliferator-

activated receptor γ 
PPAR γ 

Fatty acids 

metabolites 

NR1D1 Orphan NR Rev-ErbAα Rev-ErbA α Heme 

NR1D2 Orphan NR Rev-ErbAβ Rev-ErbA β Heme 

NR1F1 Orphan NR RAR-related orphan receptor α ROR α Melatonin 

NR1F2 Orphan NR RAR-related orphan receptor β ROR β Melatonin 

NR1F3 Orphan NR RAR-related orphan receptor γ ROR γ Melatonin 

NR1H2 
Adopted 

orphan NR 
Liver X receptor β LXR β Oxysterols 

NR1H3 
Adopted 

orphan NR 
Liver X receptor α LXR α Oxysterols 

NR1H4 
Adopted 

orphan NR 
Farnesoid X receptor FXR Find 

NR1I1 Hormone NR Vitamin D receptor VDR Vitamin D3 

NR1I2 
Adopted 

orphan NR 
Pregnane X receptor PXR Pregnane 

NR1I3 
Adopted 

orphan NR 
Constitutive androstane receptor CAR Androstane 

NR2A1 
Adopted 

orphan NR 
Hepatocyte Nuclear Factor 4α HNF4 α Fatty acids 

NR2A2 
Adopted 

orphan NR 
Hepatocyte Nuclear Factor 4β HNF4 β Fatty acids 
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NR2B1 
Adopted 

orphan NR 
Retinoid X receptor α RXR α Rexinoids 

NR2B2 
Adopted 

orphan NR 
Retinoid X receptor β RXR β Rexinoids 

NR2B3 
Adopted 

orphan NR 
Retinoid X receptor γ RXR γ Rexinoids 

NR2C1 Orphan NR Testicular receptor 2 TR2 - 

NR2C2 Orphan NR Testicular receptor 4 TR4 - 

NR2E1 Orphan NR 
Homologue Drosophila tailless 

gene 
TLX - 

NR2E3 Orphan NR Photoreceptor cell-specific NR PNR - 

NR2F1 Orphan NR 
Chicken ovalbumin upstream 

promoter – transcription factor I 
COUP-TF I - 

NR2F2 Orphan NR 

Chicken ovalbumin upstream 

promoter – transcription factor 

II 

COUP-TF II - 

NR2F6 Orphan NR V – erbA - related EAR-2 - 

NR3A1 Hormone NR Estrogen receptor α ER α Estrogen 

NR3A2 Hormone NR Estrogen receptor β ER β Estrogen 

NR3B1 Orphan NR Estrogen-related receptor-α ERR α - 

NR3B2 Orphan NR Estrogen-related receptor-β ERR β - 

NR3B3 Orphan NR Estrogen-related receptor-γ ERR γ - 

NR3C1 Hormone NR Glucocorticoid receptor GR Cortisol 

NR3C2 Hormone NR Mineralcorticoid receptor MR Aldosterone 

NR3C3 Hormone NR Progesterone receptor PR Progesterone 

NR3C4 Hormone NR Androgen receptor AR Testosterone 

NR4A1 Orphan NR Neuron-derived clone 77 NUR77 - 

NR4A2 Orphan NR Nuclear receptor related 1 NURR1 - 

NR4A3 Orphan NR 
Neuron-derived orphan   

receptor 1 
NOR1 - 

NR5A1 
Adopted 

Orphan NR 
Steroidogenic factor 1 SF1 25-OH cholestrol 

NR5A2 
Adopted 

Orphan NR 
Liver receptor homolog-1 LRH-1 - 

NR6A1 Orphan NR Germ cell nuclear factor GCF - 

*Nuclear Receptor Nomenclature Committee names 
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1.3.3. Mechanism of action of nuclear receptors 

 The triggering effect for a nuclear receptor to be activated is the binding of a 

ligand, however, not every nuclear receptor requires a ligand to be activated. Upon 

binding of a ligand, the nuclear receptors experience a conformational change, release 

corepressors, if they are bind to them, and recruit coactivators through their AF-2 sites. 

After the recruitment of these, the cascade of activation is started, leading to the 

transcription of a given gene. Alternatively, a ligand can lead to a repressing effect, 

which would promote the binding of corepressors instead of coactivators and restrain 

the genetic transcription. The effect depends on the nature of the ligand, which enhances 

or inhibits the nuclear receptor and starts the expression of target genes (Gronemeyer et 

al 2004).  

 When NRs bind corepressors in the gene promoter regions, gene expression is 

prevented by stabilization of the chromatin, the transcription complex cannot reach the 

DNA helix and transcription does not start (Moehren et al 2004). The effect of 

coactivators is just the opposite, destabilizing the chromatin and allowing the 

transcription complex to reach the DNA and start the transcription process (Harmsen et 

al 2007). 

According to the mechanism of action, nuclear receptors can be classified into 

two groups:  

 Type I: in this group we can find ER (estrogen receptor), PR 

(progesterone receptor), GR (glucocorticoid receptor) and AR (androgen 

receptor) among others. The receptors are initially found in the 

cytoplasm, associated to other proteins such as Hsp90 (Heat Shock 

Protein 90), which are chaperones (Echeverria et al 2010). After the 

binding of a ligand, the nuclear receptor unbinds the Hsp90, translocates 

to the nucleus and homodimerizes. Once in the nucleus, the complex 

recruits coactivators or corepressors (depending on the nature of the 

ligand) (Bulynko & O'Malley 2011, Glass & Rosenfeld 2000) and this 

transcription complex binds to the DNA through its HRE (Hormone 

Response Elements) (Figure 4. a.).  
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 Type II: the main representants of this group are TR (thyroid hormone 

receptor), PPAR (peroxisome proliferator-activated receptor) and RAR 

(retinoic acid receptor). In basal state, these receptors form a complex 

with another nuclear receptor, typically RXR and corepressors (NCoR 

and/or SMRT) or histone deacetylases (HDACs). After the binding of a 

ligand, which can be endogenous (oxysterols for LXR) or exogenous 

(drugs), corepressors dissociate and the complex binds coactivators, 

triggering the start of gene transcription. However, a ligand can also 

repress the genetic transcription (Figure 4. b.). 

Other orphan nuclear receptors, such as SHP (small heterodimer partner), 

 TR2/4 (testicular receptor 2 and 4) and NURR1 (NUR-related protein 1), 

 are included in this type of activation. For these nuclear receptors, no  

 endogenous ligand is known and thus, activation or repression of their  

 activity does not depend upon binding of a ligand. These receptors bind 

to the DNA as monodimers or as homodimers, however, some orphan 

NRs can also heterodimerize with RXR (NURR1) (Fig 4. c.). 
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Figure 4. (a.) (b.) (c.) Types of NRs activation. 
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1.3.4. Species specificity 

 

Nuclear receptors are only present in animals. Among animals, a same nuclear 

receptor presents different structural composition. These different variants of the 

receptors are called orthologs. For instance, nuclear receptor CAR is found, among 

other animals, in mouse and human being. Due to the species specificity, a potent ligand 

in the mouse receptor (Car) such as compound TCPOBOP (1,4-Bis-[2-(3,5-

dichloropyridyloxy)]benzene, 3,3′,5,5′-Tetrachloro-1,4-bis(pyridyloxy)benzene), is 

inactive in human CAR. At the same time, the human CAR ligand CITCO (6-(4-

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

oxime), is inactive in mice Car. Pregnane X receptor (PXR) is also differently activated 

regarding the species where is found. Thus, in human being, the reference activator 

rifampicin remains inactive in the mouse ortholog (Pxr). Consequently, the mouse Pxr 

reference activator PCN (Pregnenolone 16α-carbonitrile) lacks of activator effect in 

human PXR. This phenomenon is common for many NRs. 

It should be kept in mind that some of the ligands that bind to these receptors 

can also bind to other NRs LBD, representing a dual activity. Such a function has been 

described for several CAR and PXR ligands, such as CITCO (Maglich et al 2003), 

clotrimazole (Moore et al 2000), TCPOBOP (Moore et al 2000), (5β)-Pregnane-3,20-

dione (Lehmann et al 1998, Moore et al 2000), 17β-estradiol (Kawamoto et al 2000) or 

phenobarbital (Moore et al 2000). Nonetheless, also bile acids have been reported to 

have a dual activation of NRs, such as PXR, CAR and FXR (Fiorucci et al 2010). This 

promiscuity is restricted due to the specific characteristics and properties of the LBDs of 

each receptor. In addition, the sharing of a common ligand does not imply that the 

molecule will have the same effects in the receptors to which binds, but can act as an 

agonist in one and as an antagonist or partial agonist in another. 

This specificity is present in all nuclear receptors among different species but 

also, among the same species. For instance, a given nuclear receptor in an individual 

will modulate the expression of different genes according to its localization. Thus, 

estrogen receptor (ER) will code a different set of genes depending if it is localized in 

breast, testis, uterus or central nervous system (Enmark et al 1997, Riggs & Hartmann 

2003). 
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1.3.5. Functions of the nuclear receptors 

  

 Nuclear receptors are ligand-activated transcription factors. Upon binding of a 

ligand, it is reasonable to suppose that not only activation of the receptor can happen, 

but also inhibition. Thus, ligands that bind to the receptors can be agonists, antagonists, 

partial agonists or inverse agonists. The nature of ligands determines the expression of 

target genes, their transcription to mRNA and later on, to proteins. In addition, as 

commented above, a same nuclear receptor can specifically express a gene or set of 

genes depending on its localization, as has been previously found for ER (uterus, breast, 

central nervous system, bone or cardiovascular system) (Enmark et al 1997, Riggs & 

Hartmann 2003).  

 The superfamily of nuclear receptors involves many different receptors, each 

with its own characteristics and localization, and they can determine many physiological 

processes and mediate different functions. There is solid evidence showing that these 

receptors are involved in the following functions: homeostasis (glucose, glycogen, 

cholesterol, fatty acids, triglycerides and hormones), oxidative metabolism, xenobiotic 

detoxification, enhance insulin sensitivity, inflammation and many others. 

 Overlapping functions can happen among nuclear receptors. For instance, CAR 

and PXR are receptors involved in drug metabolism among other functions. Both 

receptors can regulate several common genes (CYP1A2, CYP2C19, CYP3A4, and 

MDR1) (Table 2.) and influence metabolism of glucose and lipids (Banerjee et al 2015, 

Pavek 2016). Many other examples of overlapping functions have been described such 

as the homeostasis of bile acids, which is determined by VDR, CAR, FXR and PXR 

(Fiorucci et al 2010, Lim & Huang 2008).  

 

1.3.6. Potential therapeutic applications of the nuclear receptors 

 

Many ligands of hormonal receptors are used in therapy of immune diseases and 

as hormonal substitution agents (ethinyl estradiol, glucocorticoids) (Coursin & Wood 
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2002, Mallappa & Debono 2016, Norjavaara et al 2016). In addition, nuclear receptors 

are important therapeutic targets in several metabolic diseases, where they influence 

endogenous metabolic pathways and, obviously, the expression of target genes such as 

in obesity, DM II (PPARγ agonists), dyslipidemias (PPARα ligands) or liver cholestatic 

diseases (FXR ligands). However, the signaling cascades and the level of influence of 

these NRs are not fully understood yet, and this presents a limiting factor in the 

potential application of nuclear factors in the treatment of human conditions.  

An important aspect for the discovery of new ligands has been the development 

of in silico methods, in which the structure of the LBD is represented and allows to 

predict the affinity of interaction of a given ligand with the nuclear receptor cavity. 

Through study of the chemical nature of a ligand and the amino acidic composition of 

the ligand pocket, the information obtained is useful to predict if a given molecule 

would interact. This tool can be used in the development of synthetic drugs which 

would fit the pocket. Physical-chemical interactions should be also taken into account, 

as the LBD is often highly hydrophobic.  

 

1.4. Genetic variability   

 

Genetic variation is the naturally occurring genetic differences among organisms 

in the same species. These modifications happen through mutations of the genetic 

material and are the basis of the evolution. These genetic variations can be classified 

according to the size of genetic material modified or by their consequence on the 

organism. Small size variations comprehend changes of 1Kbp (1 000 base pairs) or less, 

and large variations refer to changes bigger than 1 Kbp. Small variations are single 

nucleotide polymorphisms (SNP), a mutation of a single base pair, or indels, insertions 

or deletions of few base pairs. Large size variations can be divided in: copy number 

variation and in chromosomal rearrangement. From the therapeutic point of view, SNP 

are most important mutations with significant clinical consequences that are present in 

each gene. A SNP in coding regions or in regulatory regions have significant impact on 

protein activity or expression. In case of receptors or biotransformation enzymes, SNP 

can cause an altered therapeutic outcome after the application of a drug. Thus, SNPs are 

the scope of study for pharmacogenetics or pharmacogenomics.  
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Each individual may present variations of the genetic material, which leads to a 

unique answer to the environment and obviously to pharmacological treatment. 

Understandably, genetic variation does not happen only among individuals but also 

between races. Thus, different human races will react differently to environmental 

situations or medication (Fujikura et al 2015, Zanger & Schwab 2013, Zimmer et al 

2015). 

Due to the advances in medicine and scientific research, genetic variability is 

revealing as an important factor to take into account in pharmacotherapy. This is leading 

to personalized therapy, in which each patient would be prescribed a drug or set of 

drugs according to their genetic characteristics (Fujikura et al 2015, Mancinelli et al 

2000). 

 Nuclear receptors are also affected by genetic variations, the sequence of these 

proteins can vary from and individual to another. The most common variations 

regarding these receptors are SNPs, which have been also described for the majority of 

the nuclear receptors and also for PXR and CAR (Auerbach et al 2003, Lamba et al 

2004a, Lamba et al 2004b). For PXR, rs3814055 SNP has been found as important in 

pharmacotherapy of tacrolimus, lamotrigin, cyclosporine and   rifampin 

(www.pharmgkb.org/gene/PA378?previousQuery=pxr#tabview=tab1&subtab=31). 

 In the case of CAR, 11 SNPs have been reported and are listed in PharmGKB 

databases (www.pharmgkb.org). Nevertheless, CAR has more than 30 transcription 

variants, and transcription variant hCAR3 is widely studied as highly inducible variant 

in human representing about 20% of all NR1I3 transcripts. This splicing variant of 

human CAR (hCAR3) contains an insertion of five amino acids (APYLT) and exhibits 

low basal but xenobiotic-inducible activities (Chen et al 2010).  

These facts add yet more complications to the study of these particular transcription 

factors. 

 

 

 

 

https://www.pharmgkb.org/chemical/PA451578
https://www.pharmgkb.org/chemical/PA451250
http://www.pharmgkb.org/gene/PA378?previousQuery=pxr#tabview=tab1&subtab=31
http://www.pharmgkb.org/
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2. NUCLEAR RECEPTORS: CHARACTERISTICS, 

LIGANDS,  EXPERIMENTAL APPROACHES AND 

GENETIC VARIATION  

 

 Among all the nuclear receptors described to date, in my doctoral study I 

focused on two members belonging to the “adopted” orphan receptors subgroup: CAR 

and PXR. In addition to these receptors, I also worked on other receptors such as VDR 

(Vitamin D Receptor), FXR (Farnesoid X Receptor) and GR (Glucocorticoid Receptor). 

All these receptors belong to the thyroid-like nuclear receptors subfamily, except VDR, 

which belongs to the endocrine receptors subfamily (Section 1.3.2.).  

 Despite the great advances and information obtained in the last decades since 

nuclear receptors were first cloned, many processes and physiological mechanisms 

regarding their functioning remain to be elucidated. These receptors are involved in 

metabolic and endocrine systems and inflammation among other physiological 

processes. Hence, the attention attracted by these important transcription factors is 

growing exponentially. 

As ligand activated receptors, these transcription factors show different affinities 

to ligands and are able to bind not only endogenous molecules but also synthetic 

compounds. As reported above, drugs used in therapy can modulate the effect of the 

receptors.  Interestingly, a molecule can bind in different positions in a given LBD.  

 In this section, I describe in detail CAR and PXR, focusing on their ligand 

affinity and functions. I also outline the most relevant aspects of FXR, VDR and GR. I 

find necessary to remark that these receptors are found not only in humans but also in 

other animals. In this doctoral work I refer to the human variants of these receptors 

except when specified otherwise.  
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2.1. CAR and PXR: Current state of art 

 

When first described, both CAR and PXR were included in the “orphan nuclear 

receptors” group due to the lack of known endogenous ligands. Eventually, both 

receptors were later reported to bind endogenous molecules but with low affinity (such 

as androstenol and androstanol in case of CAR and 17β-estradiol and 3,20-

pregnanedione in PXR) (di Masi et al 2009). Therefore they were consequently 

relocated to the “adopted orphan receptors” group.  

For several years, these receptors were considered merely xenobiotic sensors 

playing an important role in regulation of the metabolism of drugs and many other 

xenobiotics. Extensive research on these receptors showed that their roles and functions 

are wider and more complex than originally believed. Therefore, they are not only 

involved in xenobiotic metabolism but also in metabolism of glucose, lipids, amino 

acids, in tumor progression, etc. In addition, these two receptors showed to cross-talk 

and regulate common target genes and pathways (Gerbal-Chaloin et al 2001, Pavek 

2016, Tien & Negishi 2006). Not only they regulate a common set of genes but also are 

able to regulate other nuclear receptors (Kodama & Negishi 2013). It is obvious that 

further functions remain to be characterized for these receptors. 

Ligand binding is not the only factor that influences the activity of CAR and 

PXR and nuclear receptors in general. Environmental factors, cellular signaling 

cascades activated by cytokines and growth factors can also determine the activity of 

these receptors. Key steps for the determination of the function of these receptors are 

post-translational regulation and post-transcriptional modifications. Post-translational 

modifications represent are: 

 Phosphorylation: the main regulatory mechanism for “orphan receptors” 

that can regulate the activation even in absence of a ligand (Berrabah et 

al 2011, Rochette-Egly 2003).  

 SUMOylation: promotes repressive activity (Treuter & Venteclef 2011).   

 Ubiquitylation: this process is not deeply studied but probably 

contributes to the termination of hormone signaling and nuclear receptor 

degradation (Lee & Lee 2012).  

https://en.wikipedia.org/wiki/Estradiol
https://en.wikipedia.org/wiki/5%CE%B2-Dihydroprogesterone
https://en.wikipedia.org/wiki/5%CE%B2-Dihydroprogesterone
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 Acetylation: common process for protein post-translational modification 

(Staudinger et al 2011). 

These processes are not completely understood yet and often provide 

confusing data regarding nuclear receptor regulation. For instance, 

phosphorylation is a process that not only happens in NRs, but also in the 

proteins that associate to these receptors and determine  activities of 

coactivators and corepressors (Staudinger & Lichti 2008).  

Regarding post-transcriptional modifications, different processes determine the 

expression and activity of a RNA molecule. Some of these processes are: RNA editing, 

alternative splicing and structural modifications in the sequence. Additionally, 

regulatory RNA molecules can control RNA expression. MicroRNA (miRNA) are 

small, non-coding RNA molecules, that are able to bind to newly synthesized mRNA 

molecules and promote their degradation or repress their translation (Nakajima & Yokoi 

2011). In our group, colleagues recently comprehensively described miRNA regulation 

of both PXR and CAR (Smutny et al., 2015). 

Table 2. Metabolizing enzymes and drug transporters regulated by CAR and PXR. 

 

Nuclear 

receptor 

Metabolizing enzymes 

phase I 

Metabolizing enzymes 

phase II 

Drug 

transporters 

 

CAR 

 

CYP2B6 

CYP3A4 

CYP2A6 

CYP2C8 

CYP2C9 

CYP2C19 

 

 

UGT1A1 

UGT2A1 

 

 

MDR1 

MRP2 

MRP3 

 

PXR CYP3A4 

CYP3A5 

CYP3A7 

CYP2C8 

CYP2C9 

CYP2B6 

CYP1A2 

CYP2A6 

CYP2C19 

AKR1C1 

AKR1C2 

 

SULT2A1 

UGT1A1 

UGT1A3 

UGT1A4 

MDR1 

MRP2 

OATP1B1 
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Many studies have shown an overlap in the regulation of target genes between 

CAR and PXR. The duplicated functions can be found in different processes such as in 

xenobiotic metabolism, regulating a common set of enzymes and drug transporters 

(Gerbal-Chaloin et al 2001, Staudinger et al 2003, Zhou et al 2005) (Table 2.), and lipid 

or glucose metabolism (Guo et al 2003, Kast et al 2002).  

 

 

2.1.1. Constitutive Androstane Receptor (CAR) 

 

 

Human CAR (hCAR, NR1I3) was first described in 1994 (Baes et al 1994) and 

was included in the “orphan nuclear receptors” subgroup. Posterior work reported that 

endogenous steroids androstenol and androstanol bind to the receptor (Forman et al 

1998) and inhibit its activation, shifting the receptor to the “adopted orphan nuclear 

receptors” category. Later, other endogenous ligands, such as estrone and estradiol (E2) 

and even primary bile acid cholic acid (CA) were reported to be low affinity CAR 

ligands and to activate the receptor (Fiorucci et al 2010, Swales & Negishi 2004).   

CAR is mainly expressed in liver but it is also found in other tissues and organs, 

such as small intestine epithelium, brain, skeletal muscle, lungs, kidneys and heart. In 

basal state, CAR is found in the cellular cytoplasm forming a complex with proteins that 

keep the receptor inactivated and phosphorylated. The cytoplasmic complex is formed 

by CCRP (CAR Cytoplasmic Retention Protein), Hsp90 (Heat shock protein 90) and 

GRIP1 (Glutamate Receptor Interactiong Protein 1) (Kobayashi et al 2003, Min et al 

2002b, Timsit & Negishi 2007). In presence of a ligand, CAR releases from the 

complex, dephosphorylates, and translocates to the nucleus, where heterodimerizes with 

RXRα and recruit coactivators (SRC-1, SMC-1, PGC-1α, GRIP1/TIF2, ASC-2 (Choi et 

al 2005, Inoue et al 2006, Muangmoonchai et al 2001, Shiraki et al 2003). All these 

proteins, in combination with RNA polymerase (RNApol) form the transcription 

machinery complex, which binds to the DNA in the responsive elements and triggers 

the transcription. 

Activation of the receptor can happen through different mechanisms: ligand-

dependent, ligand-independent or indirectly. 
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 Ligand-dependent: this activation happens when a ligand interacts 

directly with the receptors LBD and promotes the translocation and the 

formation of the transcription machinery.  

 Ligand-independent or “constitutive activation”: the receptor, without the 

binding of a ligand is able to dephosphorylate, release the associated 

proteins and translocate to the nucleus, triggering the genetic 

transcription (Swales & Negishi 2004).  

 Indirectly: a ligand binds to a different receptor in the cell, this causes the 

activation of a signaling cascade and the receptor is activated. The first 

drug described to trigger this activation was the anti-epileptic agent 

phenobarbital (PB-like activation) (Mutoh et al 2013). Since then, other 

compounds (flavonoids) were reported to act similarly as we recently 

reported in our paper (Carazo Fernandez et al 2015, Mutoh et al 2013). 

 

Interestingly, CAR expression can be regulated by other NRs such as HNFα, GR 

and PPARα (Tamasi et al 2009). This fact and the reported activation of several 

biological processes by two or more of these nuclear receptors is denominated cross-talk 

and is very relevant in their study. 

To date, the most potent and high affinity CAR ligand reported is the synthetic 

compound 6-(4-chlorophenyl)imidazo(2,1-b)(1,3)thiazole-5-carbaldehyde O-(3,4-

dichlorobenzyl)oxime (CITCO) (Huang et al 2003, Maglich et al 2003). Despite its high 

affinity to CAR-LBD, this compound cannot be used in humans due to its toxicity and 

the search for new ligands with better characteristics continues. CAR activation is also 

enhanced upon presence of glucocorticoids and by some other hormones (Pascussi et al 

2001, Pascussi et al 2003). In addition, CAR is suspected to regulate the levels of 

thyroid hormone in mice, but the hormone does not seem to regulate CAR activity 

(Maglich et al 2004, Qatanani et al 2005). Finally, CAR seems to reduce the activation 

of another nuclear receptor, ERα (Ganem et al 1999, Min et al 2002a, Min et al 2002b). 

 CAR possesses a quite small LBD and this determines its ability to bind ligands 

(Moore et al 2000). Nonetheless, CAR-LBD is flexible and is able to bind structurally 

different molecules: endogenous, synthetic and natural (Carazo et al 2017, Carazo 

Fernandez et al 2015, Chang 2009). However, after the binding of a ligand, 
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translocation to the nucleus takes place but this process not necessarily leads to an 

enhancement of gene expression (Swales & Negishi 2004).  

Most of the information and findings regarding CAR physiological functions 

have been obtained using Car -/- knockout mice. As mice express their own ortholog of 

the receptor, humanized mice models have been also developed in which they express 

the human ortholog (Scheer et al 2008). These advantages have enabled a more 

comprehensive study of the effects of human CAR. In addition to the original function 

attributed to CAR, wider roles for the receptor have been described in the humanized 

model. Nevertheless, in CAR humanized mice, CAR still functions in mouse cells with 

mouse transcription machinery proteins and under mouse cellular signaling, which may 

modify true CAR function. Therefore clinical trials with human CAR ligands would 

help us to study real physiological roles of the receptor in humans. However, the lack of 

a CAR ligand used in human therapy is a limiting factor to closely characterize the 

receptor in clinical trials and study the consequences of its activity directly in the human 

organism. In my ongoing project, I am working with leflunomide, a drug used to treat 

rheumatoid arthritis patients which consistently showed to slightly activate the receptor 

and induce its major target gene CYP2B6, however, data points to an indirect 

activation, just as PB. Even though there are yet experiments to be performed and 

hypothesis to be confirmed, to our knowledge this would be the first CAR activator able 

to be used in humans in clinical investigation. This fact would open a new dimension in 

the study of the receptor. The consequences of its activation could be therefore closely 

studied and characterized.     

As a metabolic sensor, CAR regulates the expression of several phase I and II 

enzymes and drug transporters. Among these enzymes and transporters are found 

CYP2C9, CYP3A4, UGT1A1, ABCC2 or MDR1 and especially CYP2B6, which are 

the most important target genes in the liver (di Masi et al 2009, Goodwin et al 2002, 

Kast et al 2002). As reported before, data shows an overlapping regulation between 

CAR and PXR in the regulation of metabolic enzymes and drug transporters (Banerjee 

et al 2015, Chai et al 2016). However, PXR seems to be a more important regulator than 

CAR in case of CYP3A4 and CYP2C9 enzymes and more pronounced upregulation of 

these genes can be seen in comparison with CAR-mediated induction of these genes.   
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Several works point to a beneficial effect of CAR activation in hyperglycemic 

situations after high-fat diet feeding of mice (a metabolic syndrome animal model). The 

regulation of glucose synthesis by CAR happens through repression of target enzymes 

of gluconeogenesis after CAR activation. CAR activation was reported to repress the 

enzyme G6Pase (glucose 6-phosphatase) and and PEPCK1 (phosphoenolpyruvate 

carboxykinase 1) that regulates initial step in gluconeogenesis (Kodama et al 2004, 

Ueda et al 2002, Yarushkin et al 2013). In addition, in mice models, enhanced 

sensitivity to insulin was observed in high-fat diet fed mice (Dong et al 2009b, Gao et al 

2009, Gao & Xie 2012). These facts may be helpful for patients suffering DM type II in 

metabolic syndrome, since mice Car activation prevent weight gain and many of these 

patients suffer also from hyperlipidemia (Dong et al 2009b, Gao & Xie 2012, Roth et al 

2008).  

CAR activation has been reported to reduce the white adipose tissue increase in 

mice fed with high-fat diet (HFD) and to improve the lipid levels and dyslipidemia in 

obese mice (Dong et al 2009a, Gao et al 2009, Gao & Xie 2012, Sberna et al 2011). 

These effects are consequence of the repression of enzymes and proteins involved in the 

synthesis of lipids, such as lipogenic transcription factor SREBP-1 (sterol regulatory 

element-binding protein 1) (Roth et al 2008). In addition to lipid metabolism, CAR was 

reported to play a role also in the homeostasis of bile acids. Despite the important 

physiological functions of bile acids, an accumulation of them can lead to toxic 

situations. So far, studies performed in animal models reported that CAR was able to 

enhance enzymes involved in bile acid elimination and promote a protective effect of 

the receptor upon bilirubin accumulation (Guo et al 2003, Huang et al 2003). In 

addition, CAR was reported to enhance the metabolism of bilirubin to non-toxic 

derivates and to be involved in the metabolism of bile acids in mice (Huang et al 2003, 

Sugatani et al 2001).  

Contradictory conclusions were reported regarding the role of CAR in cancer.                                                   

No influence of CAR activation has been linked with development of cancer in humans 

and even, some reports point to an antineoplastic effect (Elcombe et al 2014, 

Chakraborty et al 2011, Wang et al 2013). However, in mice, several studies reported 

that the receptor activation by PB promoted liver cancer and hepatomegaly (Huang et al 

2005, Yamamoto et al 2010). In additional experiments in mice, directly relationship 

with Car and tumorigenesis has been established as mice not expressing the receptor did 
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not develop liver cancer. In addition, when administered together an antineoplastic 

agent and a CAR agonist, reduction of efficacy against tumor was observed in human 

ovarian cell lines (Wang et al 2014).   

Hormonal homeostasis is also regulated by CAR. Several works reported that 

the activation of CAR in mouse was linked to a reduction of the serum levels of 

thyroxine (T4), with the enhancement of steroid metabolism through activation of the 

target enzymes, and the metabolism of estrogens and androgens (Maglich et al 2004, 

Qatanani et al 2005, Swales & Negishi 2004). 

CAR was also reported to be involved in other physiologic situations. Thus, an 

effect in bone metabolism was proposed for the receptor since CAR activators (PB) are 

involved in vitamin D homeostasis and have been linked with drug-induced 

osteomalacia (Hosseinpour et al 2007, Ma et al 2008). Lastly, a recent paper reported a 

CAR mediated healing role in intestinal damaged epithelium in mice and in human 

intestinal cultured cells (Hudson et al 2017). .  

 

           

Figure 5. CAR functions in the organism. CAR activation has been reported to directly 

enhance xenobiotic metabolism, heme metabolism, decrease the synthesis of glucose 

and lipids, influence the hormonal homeostasis and probably, bone metabolism. The 

role of CAR in cancer remains to be clarified, however, in mice models, the activation 

of the receptor induces liver cancer. 
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2.1.2. Pregnane X Receptor (PXR) 

 

PXR (hPXR, NR1I2) was first described after CAR in 1998 (Bertilsson et al 

1998) and called steroid xenobiotic receptor (SXR). Similarly to CAR, it was reported 

to be a xenosensor but soon attracted bigger interest from the scientific community. 

This receptor is more widely present in the human body than CAR, and it is mainly 

found in liver and intestine but it is also expressed in kidneys, lung, heart, breast, uterus, 

brain, bone marrow, etc. (di Masi et al 2009).  

PXR possesses a large PXR-LBD that makes possible the binding of very 

different ligands including endogenous steroids, synthetic ligands and many natural 

compounds (Moore et al 2003, Willson & Kliewer 2002). Rifampicin (an antibiotic 

used in the treatment of tuberculosis) is the reference activator of PXR (Bertilsson et al 

1998). A variety of natural compounds are able to activate PXR. Importantly St. John’s 

Wort extract, used in the treatment of depression and nervous conditions (bad sleep, 

anxiety) and artemisinin showed intense activation of the receptor (Burk et al 2005, 

Moore et al 2000). Due to species-specificity, human PXR activators do not activate rat 

or mice Pxr and vice versa as reported in section 1.3.4. Endogenous ligands that bind to 

PXR are some bile acids and hormones (Carazo et al 2017, di Masi et al 2009, Fiorucci 

et al 2010). In addition, PXR can also bind molecules which showed affinity to CAR. 

For instance, CAR, prototypical activator CITCO is a weak PXR activator (Maglich et 

al 2003). 

No reliable PXR antagonists are known, however, the antineoplastic agent ET-

743 (ecteinascidin-743 or trabectedin) showed inhibitory effect for the receptor (Synold 

et al 2001). However, the use of ET-743 is not possible due to high toxicity and thus its 

use is restricted. In addition, antifungal ketoconazole and antidiabetic agent metformin 

showed PXR inhibitory effects too (Huang et al 2007, Krausova et al 2011, Shan et al 

2017). Interestingly, leflunomide was reported to also inhibit PXR in vitro (Ekins et al 

2008). 

 PXR has a similar pattern of activation as CAR, however, there are contradictory 

data regarding the cellular localization of the receptor. Whereas some studies report that 

PXR is found mainly in the cytoplasm (Kawana et al 2003, Squires et al 2004), others 

indicate a nuclear localization of the receptor (Koyano et al 2004, Saradhi et al 2005). 

Independently of its localization, the receptor requires the presence of a ligand to trigger 
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its activation. After the ligand binding,  the corepressors are released, the receptor 

heterodimerizes with RXRα (Frank et al 2005), recruits coactivators (SRC-1, PGC-1α) 

and binds to the DNA through its responsive elements (Bhalla et al 2004, Lehmann et al 

1998). Unlike CAR, PXR is activated only by direct ligand binding. Through post-

translational modifications, PXR activation can also be regulated through 

phosphorylation processes (Doricakova et al 2013, Elias et al 2014, Lichti-Kaiser et al 

2009).  

 As a consequence of PXR activation, drug-drug interactions due to drug 

metabolism augmentation, especially in patients treated with multiple medications, can 

occur. This activation can lead to drug toxicity or sometimes to therapeutic failure. 

However, PXR activation does not necessarily induce its target genes. It is logic to think 

that the stimulation of transcription factors not only enhance the expression of target 

genes, but it can also repress them (Hyrsova et al 2016). 

 PXR was originally described as an important metabolic regulator able to 

modify the metabolism of xenobiotics and endogenous products. Target genes involved 

in metabolism involve phase I and phase II enzymes and drug transporters (Kliewer et al 

2002, Maglich et al 2002). PXR is able to regulate a wider range of metabolic enzymes 

than CAR, although there is evidence of significant overlapped regulation of some 

enzymes (CYP1A2, CYP2C9, CYP2B6, CYP3A4 and MDR1) (Banerjee et al 2015, 

Chai et al 2016). 

Bile acids are able to activate PXR, especially the secondary bile acid litocholic 

acid (LCA). Activation of PXR is able to prevent the hepatic damage caused by toxic 

LCA since is able to repress the main enzyme in bile acid production Cyp7a1 in mice 

(Staudinger et al 2001b). This effect is complemented with the enhancement of 

metabolizing pathways of bile acids after PXR activation and induction of intestinal and 

hepatic CYP3A4 (Li & Chiang 2005, Staudinger et al 2001a, Timsit & Negishi 2007). 

In addition, PXR activation induced the expression of key enzymes and transporters 

involved in the detoxification pathway of heme, whose accumulation leads to 

hyperbilirubinemia and toxic syndromes (Saini et al 2005, Wagner et al 2005).   

 

After PXR activation, lipids metabolizing enzymes are repressed and lipogenesis 

is enhanced, which leads to an increased level of lipids in the liver (Bitter et al 2015, 
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Kodama & Negishi 2013). However, there are obvious species-specificities in these 

processes between mice models and humans. In mice, several works reported enhanced 

levels of plasma lipids after PXR activation, but contradictory data has been also 

obtained regarding the regulation of lipogenic genes (Moreau et al 2009, Zhou et al 

2006b). Human studies showed a PXR-mediated effect on the expression of lipogenic 

genes (Bitter et al 2015). Obesity is another health condition believed to be modulated 

by PXR. Some works have linked prevention of weight gain in mice treated with Pxr 

agonists (Ma & Liu 2012), whereas other studies reported the same effect in knockout 

mice (He et al 2013). Doubt remains if the methods employed by these research groups 

decrease the appetite of the mice and thus the net effect is weight loss.  

Interesting effects has been described regarding the effect of PXR activation on 

hepatic glucose homeostasis. Activation of the receptor led to repression of 

gluconeogenic enzymes in mice models and hepatic-derived human cultured cells 

(Bhalla et al 2004, Kodama et al 2004). In human hepatocytes, contradictory effects of 

the activation have been reported (Gotoh & Negishi 2014, Gotoh & Negishi 2015, 

Hakkola et al 2016). It is difficult to assert if this effect is consequence of specific PXR 

activation since many PXR activators are also CAR ligands (phenobarbital, phenytoin, 

etc.) 

 A significant amount of research papers report the protective effect of PXR 

activation in inflammatory processes. Among them, PXR was shown to have protective 

effect in inflammatory bowel disease (IBD) (Shah et al 2007). IBD is a chronic 

inflammation of the digestive tract of unknown origin/etiology. Reports showed that in 

induced IBD in mice, activation of PXR reverts the effects of IBD (Shah et al 2007). 

Similarly, in humanized mice models, hPXR activation lead to improvement in IBD 

(Cheng et al 2010). In addition, the expression of the key regulator of the inflammatory 

response NF-KB was repressed after PXR activation (Zhou et al 2006a). 

 Importantly, PXR has been reported to play a role in the course of cancer. Many 

genes regulated by PXR (MDR1, CYP3A, etc.) are classified as chemoresistance genes, 

as they enhance metabolism and transport of antineoplastic agents and PXR is thought 

to indirectly promote tumorigenesis (Harmsen et al 2007, Chen et al 2007).  

 Other physiological processes were reported to be conditioned by PXR, although 

the implication of the receptor is not fully clarified. In bone, PXR was reported to 
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mediate a protective effect, although also discrepant reports exist regarding drug 

induced osteomalacia (Igarashi et al 2007, Pascussi et al 2005) and to inhibit the 

development of fibrogenesis in hepatic tissue (Haughton et al 2006). PXR activation 

was connected with an imbalance of the steroid homeostasis. In mice, the activation of 

the receptor was reported to enhance the levels of corticosterone and aldosterone (Zhai 

et al 2007). 

Much data on PXR have been obtained in mice or animal models, even though 

many of them were also obtained in PXR humanized mice (Scheer et al 2008). Species-

specificity should be always kept in mind and the effects of rodent Pxr may not be 

extrapolated to the human. In humans, other pathways and interactions take place and 

thus, further research is required for the precise determination of the physiological 

effects of human PXR activation/ inhibition.  

     

Figure 6. PXR functions in the organism. PXR can be activated by multitude of 

different molecules and has been linked with many different physiological processes. 

The activation of the receptor leads to the metabolism of drugs and xenobiotics, 

enhancement of lipid synthesis and the metabolism of bile acids. On the other hand, 
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PXR represses the lipid oxidation, gluconeogenesis and inflammatory processes. 

Importantly, evidence points to a cancer promoting effect for PXR. 

2.1.3. Other nuclear receptors 

 

During my doctoral study, I did not only focus on CAR and PXR, but I also 

worked with some other members of the nuclear receptor superfamily. Since there is 

growing evidence showing the interconnection between receptors in many physiologic 

processes, I briefly studied the potential relationship between CAR/PXR activity and 

other fellow receptors. 

Farnesoid X receptor (FXR, NR1H4) was the first nuclear receptor described 

to be bile acid receptor (Forman et al 1995). Structurally, the receptor is closely related 

to PXR and CAR, and is mainly expressed in intestine, especially in ileum (Bookout et 

al 2006). Endogenous ligands of FXR are bile acids CDCA, CA and LCA (Carazo et al 

2017). Obeticholic acid (OCA) is a high affinity synthetic FXR ligand that has been 

approved for the treatment of primary biliary cholangitis (primary biliary cirrhosis), in 

combination with ursodeoxycholic acid (UDCA) in 2016 (FDA Press release 

www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm503964.htm). In basal state, 

FXR binds to corepressors that are released after the binding of a ligand and recruits 

coactivators. FXR is involved in the bile acid homeostasis, metabolism, lipogenesis, 

gluconeogenesis and cancer (Claudel et al 2005, Deuschle et al 2012, Goodwin et al 

2000, Pircher et al 2003). Importantly, FXR participates in the regeneration of the liver 

and the reversion of its inflammation (Hollman et al 2012, Chen et al 2011). 

Vitamin D receptor (VDR, NR1I1) is expressed in bones, pancreas, intestine, 

kidneys, liver, adipocytes, monocytes and vascular muscles (Han & Chiang 2009, 

Norman 2006). The lack of vitamin D leads to bone diseases (osteomalacia, rickets, 

etc.). The functions of VDR include bone metabolism, cellular growth and mineral 

homeostasis (Norman 2006). The receptor also enhances several phase I metabolizing 

enzymes including CYP3A4 and CYP2C9 (Makishima et al 2002). Endogenous ligands 

calcitriol and bile acid LCA have high affinity for VDR (Adachi et al 2004). Activation 

mechanism is similar to that one of the previously described nuclear receptors, being 

ligand dependent. 

http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm503964.htm
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Glucocorticoid receptor (GR, NR3C1) is another ligand-activated transcription 

factor. This receptor was first described in 1985 (Hollenberg et al 1985, Weinberger et 

al 1985), being the first nuclear receptor to be cloned. GR is mainly found in the 

cytoplasm in combination with proteins (Hsp90 among others) (Vandevyver et al 2012). 

Interestingly, GR was reported to be able to migrate from cytoplasm to nucleus and 

back again (Madan & DeFranco 1993). Upon ligand binding, GR releases the proteins 

that form the complex and translocates to the nucleus (Oakley & Cidlowski 2013). 

However, translocation of the receptor is also possible in absence of a ligand. 

Interestingly and unlike the other nuclear receptors, GR homodimerizes and binds to 

DNA through its GREs (Ratman et al 2013). This receptor, as indicated by his name, 

binds glucocorticoids, both natural and synthetic (cortisone, cortisol), but also non-

steroidal molecules (De Bosscher et al 2010). GR receptor plays a role in inflammation, 

cancer, glucose metabolism and fatty acids metabolism (Oakley & Cidlowski 2011, 

Ratman et al 2013, Wu et al 2013). 

     

2.2. Approach to ligand discovery  

 

The discovery of a high affinity ligand for a given therapeutic target is a 

complicated, time and resources consuming task. In molecular biology, the majority of 

methods used for this purpose are in vivo and in vitro assays but with the advances in 

computational technology, in silico assays are gaining relevance.  

Since nuclear receptors are found mainly in the liver, in our laboratory, we 

focused on in vitro hepatic models using cultured human hepatocyte-derived cells to 

study the activation patterns of PXR, CAR and other NRs. In these cell-based models, 

we used mainly traditional reporter gene assays (Carazo et al 2017), but also innovative 

CAR assembly assay (Carazo Fernandez et al 2015). Despite the information provided 

by these methods, complementary assays are usually required due to intricate 

mechanisms of activation that may not be adequately described through these methods. 

Ideally, the interactions of tested ligands with the target nuclear receptor need to be 

assessed with different methods, both cellular and non-cellular with recombinant 

proteins.  
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Figure 7. Scheme of the CAR Assembly Assay (a.) and scheme of the 

LanthaScreen™ TR-FRET CAR Coactivator Assay (b.). 

 

In vivo models are useful methods to study the behavior of a ligand in a living 

organism. However, due to species differences and the intrinsic characteristics of animal 

models used in research, results should always be interpreted with caution. The 

outcomes from laboratory animals cannot be translated to humans, since each organism 

responds differently to drugs and the drug targets in humans and experimental animals 

are different. 

In the 1990’s, computer programs were developed to rationally develop or design 

molecules (in silico) that will potentially fit the biological target and eventually have a 

pharmacological effect (Danchin et al 1991). In pharmacology, these methods use 

computer software to analyze and interpret data obtained from different sources 

(medical, chemical, biological). These in silico techniques provide useful information 

about the models and the molecules developed. In our research, we used in silico 

methods to rationally develop potential ligands for the receptors we wanted to study and 

to predict the interaction of some ligands to the receptor LBD. These methods simplify 

the process of the search for new ligands. 

 

 

 

 

a. b.

. 
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2.3. Genetic variability in the study of nuclear receptors  

 

Each individual responses differently to administered drugs, xenobiotics or to the 

environment stimuli and can express differently many genes, enzymes and proteins. 

This is called individual variability. The factors that determine this variability are 

genetic, environmental and individual (age, health conditions, and lifestyle). 

Regarding nuclear receptors, genetic variability plays an important role since each 

receptor can present different isoforms and be expressed to a different proportion in 

each individual. For instance, from the receptors described in this doctoral work, all of 

them have been reported to have several transcription variants.  

CAR has been reported to present many SNPs and two main isoforms, namely 

CAR1 and CAR3, which are the most relevant in humans (Auerbach et al 2003, Chen et 

al 2010, Lamba et al 2004a). These receptor isoforms represent around 80% and 20% of 

the total receptor expression. In the current doctoral thesis, I used both isoforms 

indistinctively for the testing of new CAR ligands, however, CAR3 variant is easily 

inducible and sensitive in cellular assays (Chen et al 2010). Interestingly, it has been 

reported that CAR presence in some animals varies between male and female 

individuals (Yoshinari et al 2001), but no studies to my knowledge reveal similar data in 

humans. In addition, several transcription variants and polymorphisms have been also 

reported for human CAR (Chen et al 2010). 

Multiple variants and SNPs have also been stablished for hPXR (Hustert et al 

2001, Lamba et al 2004b). It is logic to think that these variants modulate the expression 

of PXR target genes and determine how an individual will respond to a drug. These 

variants and polymorphisms are not exhaustively studied and are interesting fields of 

study in pharmacogenetics.  

For the other receptors described in this work, the existence of isoforms has also 

been verified. For instance, in the case of FXR, 4 isoforms have been reported (α1, α2, 

β1, β2) (Zhang et al 2003). GR was described to have five isoforms (GRα, GRβ, GRϒ, 

GR-A and GR-P) (Oakley & Cidlowski 2011) of which the main are GRα (active)and 

GRβ(inactive). Lastly, VDR has been reported to have several SNPs but, to my 

knowledge, no isoforms have been described.  
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3. AIMS 

 

The aims of my work are the following: 

1) Discovery of new human CAR or other nuclear receptors ligands. 

a) Testing of steroid compounds related to known CAR ligands such as androstenol 

and androstanol. 

b) Testing of novel bile acid derivatives as new ligands of CAR, PXR, FXR and 

VDR. 

 

2) Introduction of novel methods for studying direct and indirect CAR activation. 

a) Introduction of Time-Resolved Fluorescence Energy Transfer (TR-FRET) CAR 

coactivator method. 

b) Introduction of CAR assembly assay. 

c) Introduction of Elk1 reporter gene assay and ELISA assay with antibody against 

phosphorylated EGFR receptor. 

 

3) Testing the indirect activation of human CAR. 

a) Testing the indirect activation of CAR with natural flavonoids. 

b) Testing the indirect activation of the receptor with leflunomide and 

teriflunomide. 
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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. Carazo Fernandez A, Smutny T, Hyrsova L, Berka K and Pavek P (2015) 

Chrysin, baicalein and galangin are indirect activators of the human constitutive 

androstane receptor (CAR). Toxicol Lett 233:68-77. 

 

A.2. Carazo A and Pavek P (2015) The Use of the LanthaScreen TR-FRET CAR 

 Coactivator Assay in the Characterization of Constitutive Androstane Receptor 

(CAR) Inverse Agonists. Sensors (Basel) 15:9265-9276. 

 

A.3. Carazo A, Hyrsova L, Dusek J, Chodounska H, Horvatova A, Berka K, Bazgier 

V, Gan-Schreier H, Chamulitrat W, Kudova E and Pavek P (2016) Acetylated 

 deoxycholic (DCA) and cholic (CA) acids are potent ligands of pregnane X 

(PXR)  receptor. Toxicol Lett 265:86-96. 

 

A.4. Smutny T, Nova A, Drechslerova M, Carazo A, Hyrsova L, Hruskova ZR, 

Kunes J, Pour M, Spulak M and Pavek P (2016) 2-(3-

Methoxyphenyl)quinazoline Derivatives:  A New Class of Direct Constitutive 

Androstane Receptor (CAR) Agonists. J Med  Chem 59:4601-4610. 

 

A.5. Unpublished observations: Leflunomide and its major metabolite teriflunomide 

are activators of human CAR (hCAR)  
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5. AUTHOR’S CONTRIBUTION 

 

My papers are detailed in the previous section, numbered from A.1. to A.5. In 

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

- In paper number A.1., my contribution was: 

 Design of the experiments together with prof. PharmDr. Petr 

Pávek, PhD. 

 Execution of all experiments except Fig. 5 and Fig. 6.  

 Writing the draft of the paper and its final edition. 

 

- In paper number A.2., my contribution was: 

 Design of the experiments together with prof. PharmDr. Petr 

Pávek, PhD. 

 Performance of all experiments. 

 Writing the draft of the paper and its final edition. 

 

- In paper number A.3., my contribution was: 

 Design of the experiments together with prof. PharmDr. Petr 

Pávek, PhD. 

 Execution of all experiments except for Fig. 5 b) and Fig. 6. 

 Writing the draft of the paper and participating in its final edition. 

 

- In paper number A.4., my contribution was: 

 Participated in the design of some of the experiments together 

with prof. PharmDr. Petr Pávek, PhD. 

 Performed experiments TR-FRET CAR (Fig. 1. e)) and inhibition 

of recombinant human CYPs 3A4, 2B6, 1A2, 2C9 and 2D6 

(Figure 4). 

 Writing the parts of manuscript regarding the experiment I 

performed and analyzing the results. 
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- In paper number A.5., even though it is still under preparation, my 

contribution was: 

 Design of some of the experiments together with prof. PharmDr. 

Petr Pávek, PhD. 

 Performed all the experiments. 

 Writing the parts of manuscript and participating in the final 

version for submission to an international journal with impact 

factor. 

 

 

 

6. OTHER PUBLICATIONS NOT RELATED TO THE 

DOCTORAL THESIS TOPIC 

 

A.6. Karabanovich G, Nemecek J, Valaskova L, Carazo A, Konecna K, Stolarikova J, 

 Hrabalek A, Pavlis O, Pavek P, Vavrova K, Roh J and Klimesova V (2016) S-

 substituted 3,5-dinitrophenyl 1,3,4-oxadiazole-2-thiols and tetrazole-5-thiols as 

highly  efficient antitubercular agents. Eur J Med Chem 126:369-383. 

 

A.7. Hyrsova L, Smutny T, Carazo A, Moravcik S, Mandikova J, Trejtnar F, Gerbal-

 Chaloin S and Pavek P (2016) The pregnane X receptor down-regulates organic 

cation  transporter 1 (SLC22A1) in human hepatocytes by competing for 

("squelching") SRC- 1 coactivator. Br J Pharmacol 173:1703-1715. 

 

A.8. Soukup T, Dosedel M, Pavek P, Nekvindova J, Barvik I, Bubancova I, Bradna P, 

 Kubena AA, Carazo AF, Veleta T and Vlcek J (2015) The impact of C677T and 

 A1298C MTHFR polymorphisms on methotrexate therapeutic response in East 

 Bohemian region rheumatoid arthritis patients. Rheumatol Int 35:1149-1161. 
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7. COMMENTARY ON THE PUBLISHED PAPERS IN 

INTERNATIONAL JOURNALS WITH IMPACT 

FACTOR RELATED TO THE DOCTORAL THESIS 

TOPIC 

 

A1.  Chrysin, baicalein and galangin are indirect activators of the human 

constitutive androstane receptor (CAR) 

 

Carazo Fernandez A, Smutny T, Hyrsova L, Berka K and Pavek P (2015) Chrysin, 

baicalein and galangin are indirect activators of the human constitutive androstane 

receptor (CAR). Toxicol Lett 233:68-77. IF2014: 3,262 

 

 The first project I was working on deals with the testing of several flavonoids 

widely present in plants on interaction with human CAR. 

 Baicalin, baicalein, chrysin and galangin are flavonoids present in Sculletaria 

baicalensis Georgi, Chamomille and Passiflora families and Alpinia officinarum, 

respectively. These plants have been used in traditional Chinese medicine (TCM) for its 

anti-oxidative, anti-inflammatory, anti-proliferative and  anti-hypertensive properties, 

and for the treatment of viral diseases and improvement in diabetes mellitus type II 

(Heo et al 2001, Li et al 2011).  

 In my experiments, I used a novel approach to test direct CAR ligands (CAR 

assembly assay). This assay allows detection of direct CAR activation since the receptor 

is transfected in two parts and only upon presence of a ligand, both receptor parts come 

together forming the receptor and emitting luminescent signal. No significant activation 

of CAR was observed by these flavonoids using this method. As previous laboratories 

reported that these flavonoids enhance the expression of CAR target genes, we raised 

the question whether this activation was other than direct.   

 To confirm/deny this hypothesis, we performed complementary experiments 

using different techniques. With LanthaScreen™ TR-FRET (Time Resolved – 

Fluorescence Energy Transfer) CAR coactivation in silico assay, I clearly demonstrated 

that these compounds do not bind directly to CAR-LBD. This data confirmed our 
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speculation that CAR activation is unlikely direct. As RT-PCR (Real Time – 

Polymerase Chain Reaction) performed in human hepatocytes showed that all four 

flavonoids enhanced CYP2B6 expression, a key target gene of CAR, we raised the 

question whether these flavonoids would act as antiepileptic phenobarbital (PB) via 

phenobarbital-like indirect CAR activation. 

 PB is a well-known CAR indirect ligand. It was shown that PB-mediated CAR 

activation is exerted through inhibition of the epithelial growth factor receptor (EGFR). 

After PB binding to the EGFR, the EGF binding to the receptor is prevented, which 

consequently activates CAR through dephosphorylation (Mutoh et al 2013). Thus, we 

tried to determine if these flavonoids activate CAR receptor in a similar way. 

Experiments performed in A431 cells, elucidated a phenobarbital-like response by these 

flavonoids, being stronger for chrysin and baicalein than for the other two flavonoids. 

Next, we tested whether the signaling cascade was, as it is in phenobarbital, through 

ELK1 activation or inhibition. ELK1 is a downstream target transcription factor for 

ERK pathway and of EGFR receptor activation. In three different cell lines, I got similar 

results confirming that these flavonoids indirectly activates CAR via this mechanism.  

 In in silico assays (docking study), fitting of the flavonoids in the EGF receptor 

was studied. Our results show that especially baicalin, but also galangin and chrysin, 

significantly interact with the receptor. 

 This is the first research work confirming indirect (phenobarbital-like) CAR 

activation mechanism of a compound via inhibition of EGFR receptor. 
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A.2. The use of the LanthaScreen TR-FRET CAR coactivator assay in the 

 characterization of constitutive androstane receptor (CAR) inverse agonists 

 

Carazo A and Pavek P (2015) The Use of the LanthaScreen TR-FRET CAR Coactivator 

Assay in the Characterization of Constitutive Androstane Receptor (CAR) Inverse 

Agonists. Sensors (Basel) 15:9265-9276. IF2014: 2,245 

 

 The purpose of this work was to validate the LanthaScreen™ TR-FRET CAR 

coactivator assay and to optimize its use for the testing of direct activation of CAR 

receptor by selected compounds in a highly sensitive cell-free based mode. The 

advantage of this assay lies in that it is a quick and efficient method to measure the 

direct interaction between CAR-LBD and a given ligand. Therefore, agonists, 

antagonists and inverse agonists are able to bind to the CAR LBD providing valuable 

information about affinity without regards to potential interfering effects as it may 

happen in cell-based experiments.  

   

 TR-FRET is a cell-free based method that uses a fluorophore bind to human 

CAR-LBD. Upon the presence of a ligand, the CAR-LBD changes its conformation and 

binds the fluorescent labeled peptide derived from PGC-1α coactivator. After the 

addition of an appropriate buffer and ligands, compounds interact and generate the 

signal. The quantification of the results is calculated after the incubation time, 

measuring the plate with two different emission wavelengths (490 nm and 520 nm), 

after being excited with the same wavelength (340 nm).  

 

 First, I optimized the protocol of the assay. For this purpose, we performed 

several experiments with reference ligands to determine the optimal conditions for the 

assay. Based on the available protocol, we performed several modifications and 

optimization. I found that incubation time could be shorten from initial 4 hours to only 1 

hour reducing the time requirement of the assay. Next, we studied the affinity for well 

stablished CAR ligands (agonists, inverse agonists and antagonists). In all experiments, 

remarkable sensibility was achieved and our modifications from the original protocol 

proved valid.  
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A.3. Acetylated deoxycholic (DCA) and cholic (CA) acids are potent ligands of 

 pregnane X (PXR) receptor 

 

Carazo A, Hyrsova L, Dusek J, Chodounska H, Horvatova A, Berka K, Bazgier V, Gan-

Schreier H, Chamulitrat W, Kudova E and Pavek P (2016) Acetylated  deoxycholic 

(DCA) and cholic (CA) acids are potent ligands of pregnane X (PXR)  receptor. 

Toxicol Lett 265:86-96. IF2015:3,522 

 

 In this paper, we aimed to study the effect of a set of newly synthetized bile 

acids on several nuclear receptors. Based on parent bile acids cholic acid (CA), 

deoxycholic acid (DCA), chenodeoxycholic acid (CDCA) and lithocholic acid (LCA), 

and knowing that bile acids are metabolized in the organism through acetylation and 

oxidation processes by liver or gut microflora metabolism, we synthesized a set of bile 

acids derivates and tested them for activity in PXR, FXR and VDR assays. Previously, 

LCA was shown to be a strong PXR and VDR ligand, whereas CDCA specifically 

activates FXR (Fiorucci et al 2010). 

 

 In HepG2 cells, we performed luciferase gene reporter assays to study the 

activity of these derivates on the receptors. Our results showed that derivates 3,7,12-

triacetate CA and  3,12-diacetate DCA are strong PXR activators. For 3,12-diacetate 

DCA, the activation was stronger than PXR ligand LCA and similar to reference 

activator rifampicin. This activation showed to be dose-dependent with a EC50 of 32.1 

µM for 3,12-diacetate DCA. No other derivate showed significant activity for any of the 

receptors studied including CAR.  

 

 In TR-FRET PXR assays, 3,12-diacetate DCA showed high affinity for the 

PXR-LBD. In HepaRG cells, the compound was able to enhance the expression of PXR 

target genes (MDR1, CYP3A4, CYP2B6). Next, in molecular docking, 3,12-diacetate 

DCA strongly interacted with PXR-LBD, showing a higher affinity than DCA itself.  

 

 Next, we wanted to study the eventual presence of these derivates in human and 

mice bile samples. HPLC/MS-MS method was used to study the presence of these 

compounds in the samples, but no evidence was obtained. This could be either due to 
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the low physiological concentration of the compounds in the samples below detection 

limit or due to the fact that these compounds are not present in liver or bile. 

 

 All of the bile acids (parent and derivates) were tested also in CAR assays, but 

no activation was reported (unpublished observations).  

 

 In conclusion, we establish that rationally developed bile acid derivates may 

activate several nuclear receptors, and that the presence of these derivates in the 

organism remains to be assessed. Whether intestinal microflora is able to produce these 

derivates is yet to be confirmed. 
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A.4. 2-(3-Methoxyphenyl)quinazoline Derivatives: A New Class of Direct 

Constitutive  Androstane Receptor (CAR) Agonists 

 

Smutny T, Nova A, Drechslerova M, Carazo A, Hyrsova L, Hruskova ZR, Kunes J, 

Pour M, Spulak M and Pavek P (2016) 2-(3-Methoxyphenyl)quinazoline Derivatives: A 

New Class of Direct Constitutive Androstane Receptor (CAR) Agonists. J Med  Chem 

59:4601-4610. IF2015:5,589 

 

 In this research work, we tested interaction of several potential antituberculotics 

compounds with several nuclear receptors. Some derivates of the 2-(3-

methoxyphenyl)quinazoline structure showed activator effect for VDR, AhR, PXR and 

importantly, CAR. Three of these compounds (3a, 7 and 7a) showed strong CAR 

activation, and their activities on other nuclear receptors make of them promising 

molecules in the study of drug metabolizing enzymes (DME) and physiological 

processes regulated by these transcription factors.  

 

 In gene reporter assays, compounds 3a, 7 and 7a proved to be strong CAR 

activators. Complementary experiments were performed to study their effect in different 

recombinant human CYP isoforms and their interaction with CAR-LBD. The effect of 

the compounds on CAR target genes expression (CYP3A4, CYP2B6, CYP1A2, 

CYP2C9 and CYP2D6) were studied using RT-PCR. All these genes were significantly 

upregulated in primary human hepatocytes treated with these compounds. In enzymatic 

experiments, a significant inhibitory effect for CYP2C9 was observed. For all the other 

tested enzymes, the compounds showed weak or no inhibition at all.  

 

 Next, in TR-FRET CAR assay, the three compounds showed direct binding into 

CAR-LBD with EC50 2.07, 0.69 and 5.12 µM for compounds 3a, 7 and 7a, respectively, 

while CITCO had a EC50 of 0.02 µM. 

 Taken together, these data prove that these compounds are promising CAR 

ligands. However, these compounds did not show specificity for CAR since they also 

activate other receptors. These effects make these molecules promising tools for the 

study of different detoxification functions. 
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A.5. Unpublished observations: Leflunomide and its major metabolite 

teriflunomide are activators of human CAR (hCAR)  

 

 In this project, I discovered that DMARD leflunomide and its metabolite 

teriflunomide induce CYP2B6 mRNA expression, among other CAR target genes, in 

HepaRG cells and in primary human hepatocytes. CYP2B6 is the key CYP enzyme 

regulated by CAR (Figure 8a).  

 

 Therefore, I studied if leflunomide and teriflunomide are direct or indirect 

activators of human CAR. I found that the drugs inhibit EGFR, which leads to 

inhibition ofits downstream transcription factor Elk1. In addition, leflunomide and 

teriflunomide significantly did not interact with CAR ligand binding domain as I have 

shown in CAR TR-FRET assay (Figure 8b).These data and other data I am not 

presenting here suggest that leflunomide and teriflunomide are indirect activators of 

CAR and inducers of CAR target genes via unique indirect mechanism. 

 

 Thus, I found and describe the first indirect CAR activator after phenobarbital, 

currently used in pharmacotherapy. The discovery can help us understand the clinical 

consequences of CAR indirect activation in humans. 
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Figure 8. Leflunomide and teriflunomide activity on CAR target genes and CAR-LBD. 

Both DMARDs enhance the expression on CAR target genes (a), and do not directly 

bind to the CAR-LBD (b) pointing to an indirect activation mechanism of the receptor. 
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8. DISCUSSION  

  

Important discoveries have been done and many outstanding studies have been 

reported in the last years in the field of nuclear receptors. Consequently, we have 

learned a lot about NRs since their first discovery (Hollenberg et al 1985). This 

superfamily of transcription factors have revealed as key components of the proper 

physiologic processes and this has raised them as attractive therapeutic targets.  

 A growing number of patients are being diagnosed with metabolic diseases, 

especially in the developed occidental world, due to changing ways of life (alimentation 

habits, smoking, alcohol, and decrease in exercise) (World Health Organization - 

www.who.int). This is intriguing due to the growing information and knowledge of the 

society with regards to correct dietary habits and the benefits of regular sport practice. 

NRs and namely CAR and PXR have been revealed as relevant factors, which can 

regulate and modify the homeostasis and metabolism of glucose, lipids, bile acids, 

hormones, etc. (Bitter et al 2015, Dong et al 2009b, Fiorucci et al 2010, Gao et al 2009, 

Hakkola et al 2016, Ma & Liu 2012).  

In my thesis, I focused on improving the knowledge about CAR and PXR, and 

eventually, find new high-affinity ligands for these receptors. The case of CAR is quite 

special, since no safe, non-toxic ligand has been reported to date to activate the human 

orthologue of the receptor. For this aim, I employed well-established methods in 

molecular biology and introduced new methods such as CAR assembly assay or TR-

FRET CAR coactivator assay, which improve sensibility and specificity in the study of 

CAR ligands. All evidence seems to point to a wider function of CAR than was 

originally believed. The metabolic implication of CAR is a fact, although its effect is 

not as extensive as for PXR. However, accumulating data from several research groups 

shows evidence in characterizing CAR as a key player in glucose and lipid metabolism. 

In the case of PXR, many drugs and xenobiotics have been identified as ligands. 

However, similarly to CAR, an endogenous high-affinity PXR ligand with clear 

physiological function is still enigma.  

 Great relevance has the cross-talk and overlapped functions of these nuclear 

factors (Konno et al 2008, Staudinger et al 2003, Willson & Kliewer 2002). Together, 

they form a complex network that keeps the correct functioning of physiological 

http://www.who.int/
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processes and adaptation to the environment. As the activity of these receptors can be 

modified by drugs, the therapeutic potential of these targets is great and yet little 

exploited. 

Animal models are a useful tool for the evaluation and testing of potential drugs 

targeting these receptors. However, species specificity is another barrier for the study of 

the physiological consequences of the regulation by these receptors. In both CAR and 

PXR receptors, rodent orthologues have different prototype ligands than their human 

variants. Therefore, only human cellular models and humanized mice models can be 

used for the study of cellular and in vivo effects of the human nuclear receptors. Thus, 

the development of animal models with incorporated humanized receptor helped to 

predict to some extent the in vivo outcomes after ligand treatment, but it should be kept 

in mind the species specificity differences. 

 In our first paper, we aimed to determine the mechanism of action of several 

flavonoids with human CAR receptor. Flavonoids are found in vegetables that are used 

as dietary complements and its use is increasing in the late decades. These flavonoids 

(galangin, baicalein, baicalin and chrysin), and several others, were reported to activate 

CAR (Yao et al 2010). At the same time, evidence showed that some of them interfere 

with EGFR receptor signaling (Gao et al 2013). However, in our laboratory, we found 

that these flavonoids did not activate CAR receptor directly. Therefore, we raised the 

question whether the reported activation of CAR could be exerted in a PB-like way 

through inhibition of EGFR receptor signaling (Mutoh et al 2013). Employing 

innovative CAR assembly assay, cell-free TR-FRET CAR assay and RT-PCR among 

other assays, we confirmed our initial suggestion that these flavonoids were indirect 

CAR activators (Carazo Fernandez et al 2015). Thus, we described for the first time a 

PB-like indirect CAR activation for other compounds than PB itself. These results show 

the complexity of the study of CAR and open the question of the exact mechanism of 

reported CAR activators. Due to the fact that CAR possesses extremely restricted LBD, 

it makes sense to think that many recently described CAR activators are in fact able to 

activate the receptor indirectly. In my paper, however, I indicate a clear methodology 

how to distinguish direct and indirect human CAR activators employing TR-FRET and 

CAR assembly assays.  

 In our next paper, we wanted to study in depth the TR-FRET CAR coactivator 

method. The TR-FRET assay was first used in 2001 (Navon et al 2001). In the study of 
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CAR, this method is extremely important since it eliminates confounding effects of 

cellular signaling on CAR activation. Thus, this is an ideal methodology to study direct 

CAR activation by ligands in nanomolar concentrations. In addition, we clearly describe 

in our paper that this method can be also used for identification of CAR agonists, partial 

agonists, antagonist or inverse agonist (Carazo Fernandez et al 2015). Finally, we 

showed for the first time that employing the method we can study interaction and 

competition of two ligands in CAR LBD. 

 It is well known that microflora from the intestine metabolizes some compounds 

and modifies them in order to facilitate absorption or their detoxification (Ridlon et al 

2014). Bile acids secreted to the intestine aim to digest the fatty acids ingested with the 

diet and process them for absorption. Several nuclear receptors, are activated by 

endogenous bile acids and are nowadays believed to function as intestinal bile acid 

receptors, influencing their homeostasis and metabolism. 

 Our search for new endogenous ligands of nuclear receptors was not only 

focused on CAR. Knowing that PXR binds with high affinity bile acids (Staudinger et al 

2001b), we aimed to study the activation of the receptor by potential derivates of parent 

bile acids. Bile acids are mainly metabolized through oxidation and acetylation 

processes in the liver or by bacterial enzymes of gut microflora (Staley et al 2017). 

Thus, we rationally developed several derivates or synthetized known products of 

intestinal microflora and studied their effects not only on PXR but also on other bile 

acid-binding nuclear receptors such as FXR and VDR.  We reported that derivates 3,12-

diacetyl DCA and 3,7,12-triacetate CA strongly activate PXR, but lack activity on the 

other two receptors. Strong PXR activation was showed in particular for 3,12-diacetate 

DCA, being able to trans-activate PXR target genes in primary human hepatocytes and 

showing great affinity for the PXR LBD. However, using HPLC/MS-MS techniques we 

were unable to report the presence of any of the derivates in human bile samples. 

Whether these two derivates exist in the human organism should be further studied, 

since their physiological concentration can be under the sensitivity of the method we 

used. 

In my ongoing project, I discovered that leflunomide and its metabolite 

teriflunomide, compounds used for the treatment of rheumatoid arthritis, upregulate 

significantly CAR target gene CYP2B6 and induce CAR mRNA in HepaRG 

differentiated hepatic cells. Therefore, I investigated if the drugs are direct or indirect 
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activators of CAR. Employing the introduced methods from previous projects, I found 

that both leflunomide and teriflunomide do not bind directly to CAR LBD, but they 

interfere with EGFR signaling. Further experiments confirmed that these molecules may 

downregulate key enzymes in gluconeogenesis including PEPCK1 and G6Pase. 

Although these experiments are in progress, I can postulate that I discovered and 

described in detail first moderate affinity indirect CAR ligand used in clinical therapy. 

In the light of the reports published in expert literature and taking into account 

our results and observations, we believe that CAR is a “second line” transcription factor 

that remains almost unnoticed under healthy circumstances. However, upon stress, 

imbalance or compromised physiological processes, CAR takes a step forward and gets 

involved in trying to reestablish the equilibrium and level the physiological state.  

 This field of study has greatly grown in the last years and decades. For instance, 

in the decade between 1980 and 1990, 14 000 papers were published regarding this 

research topic, whereas this number has grown decade to decade and from the year 2010 

to this year, already 56 000 works have focused on this field. These data highlights the 

importance of these receptors, revealing nuclear receptors as important, yet quite 

unknown players in many physiological processes. Our results show solidly that nuclear 

receptors are an interesting growing field of study with potential therapeutic 

applications and I believe that my results will help to better understand the way the 

nuclear receptors function.  
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9. FUTURE STEPS  

  

 Nuclear receptors are a still growing field of research with promising 

applications. Recent works increased the interest in these receptors, revealing them as 

interesting therapeutic targets. These transcription factors play a role in multiple 

physiological processes and their modulation can influence the evolution of highly 

prevalent illnesses such as DM II, obesity, hyperlipidemia, cancer and other 

pathologies. For this purpose is key to clarify and precisely describe the mechanisms of 

action by which these receptors are activated or repressed and their posterior modulation 

of target genes. 

  Adopted orphan nuclear receptors, such as CAR and PXR, were initially 

described as xenobiotic sensors and metabolism regulators upregulating many 

cytochrome P450 enzymes, some phase I and phase II enzymes and several drug 

transporters. However, increasing evidence from the last decade points to wider 

functions and a complex mechanism of action, especially for the complicated receptor 

CAR. The close relationship between these receptors leads to overlapping regulatory 

functions and cross-talk with other nuclear receptors such as ER, FXR, GR, etc. This 

field of study has a vast potential of growth, since it is still unclear how these receptors 

specifically work in humans, in different tissues, under some pathological conditions or 

in different populations. This is mainly due to the lack of non-toxic ligands of human 

CAR or antagonists of PXR. In addition, discovery of true endogenous ligands of the 

receptors would help us to consider their physiological functions with therapeutic 

consequences.  

 Thanks to the great amount of research that has been done, our knowledge of the 

nuclear receptors has improved in the late years, but a great deal of work is yet ahead.  
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66. Czechoslovak Pharmacological Days. September 13 – 15, 2016, Brno, 

Czech Republic.  
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Czech Republic. 
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13th European Meeting of the International Society for the study of 

Xenobiotics. June 22 – 25, 2015, Glasgow, United Kingdom. 

 

Alejandro Carazo, Tomáš Soukup, Martin Doseděl, Jana Nekvindová, Petr 

Bradna, Aleš Antonín Kuběna, Tomas Veleta, Jiří Vlček, Petr Pávek.  

„Úloha polymorfismů C677T a A1298C methylentetrahydrofolát reduktázy 
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 XVI. Symposium of Clinical Pharmacy “René Macha”. November 21 – 22, 

2014 Mikulov, Czech Republic. 

 

11. 3. Conferences attended without presentation 

Alejandro Carazo.  

XXI. Biological days. September 4 – 5 2014, Brno, Czech Republic. 

 

Alejandro Carazo. 

20th International Symposium on Microsomes and Drug Oxidations.  

May 18 – 22 2014, Stuttgart, Germany. 
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12. ABBREVIATIONS 

 

Å   Ångström (unit of length) 

ABCC2/MRP2 Multidrug Resistance-Associated Protein 2 

AF-1   Activation function 1 

AF-2   Activation function 2 

AhR   Aryl hydrocarbon Receptor 

AR   Androgen Receptor 

ASC   Nuclear Receptor Coactivator-6 

BCRP/ ABCG2 ATP-Binding Cassette G2  

CA   Cholic acid 

CAR/ Car  Constitutive Androstane Receptor (human/ mice) 

CCRP   Cytoplasmic CAR Retention Protein 

CDCA   Chenodeoxycholic acid 

CITCO   6-(4-chlorophenyl)imidazo(2,1-b)(1,3)thiazole-5-carbaldehyde O-

 (3,4- dichlorobenzyl)oxime  

CYP   Cytochrome P450 

DBD   DNA Binding Domain 

DCA   Deoxycholic acid 

DM II   Diabetes Mellitus type II 

DM II   Diabetes Mellitus type II 

DMARDs   Drug-Modifying Anti-rheumatic Drugs 

DME   Drug Metabolizing Enzymes 

DNA   Desoxyribobucleic acid 
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E2   Estradiol 

EC50   Effective Concentration 50 

EGF   Epidermal Growth Factor 

EGFR    Epithelial growth factor receptor 

ELISA   Enzyme-Linked ImmunoSorbent Assay 

Elk1   ETS domain-containing protein 1 

ERK   Extracellular Signal-Regulated Kinase 

ET-743  Ecteinascidin-743/ Trabectedin 

FDA   Food and Drug Administration 

FXR   Farnesoid X Receptor 

G6P   Glucose 6 phosphatase 

GR    Glucocorticoid Receptor 

GRIP1   Glutamate Receptor-Interacting Protein 1 

HDAC   Hystone Deacetylases  

HFD   High Fat Diet 

HNF4α  Hepatocyte Nuclear Factor 4 alpha  

HPLC/MS-MS High Performance Liquid Chromatography / Tandem Mass  

   Spectrometry 

Hsp90   Heat Shock Protein 90 

IBD   Inflammatory Bowel Disease 

Kbp   Kilo base pairs 

LBD   Ligand Binding Domain 

LCA   Litocholic acid 

LXR   Liver X Receptor 

MDR1/ P-gp  Multidrug Resistance Protein 
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miRNA  micro RNA 

mRNA   messenger RNA 

NCoR   Nuclear Receptor Co-repressor 1 

NF-κB   Nuclear Factor - κB 

NR   Nuclear Receptor 

NRNC   Nuclear Receptor Nomenclature Committee 

NURR1  Nuclear Receptor Related-1 Protein 

NURSA  Nuclear Receptor Signaling Atlas 

OATP   Organic Anion-Transporting Protein 

OCA   Obeticholic acid 

PB   Phenobarbital 

PCN   Pregnenolone 16α-carbonitrile 

PEPCK1  Phosphoenolpyruvate carboxykinase 1 

PGC-1α Peroxysome Proliferator-Activated Receptor Gamma 

Coactivator1α  

PPAR   Peroxisome proliferator-activated receptor 

PR   Progesterone Receptor  

PXR/ Pxr  Pregnane X Receptor (human/ mice) 

RAR   Retinoid Acid Receptor 

RNA   Ribonucleic acid 

RXR   Retinoid X Receptor 

SHP   Small Heterodimer Partner  

SMC-1  Structural Maintenance Chromosome Protein 1 

SMRT   Nuclear Receptor Co-repressor 2 

SNP   Single Nucleotide Polymorphism 
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SRC-1   Steroid Receptor Coactivator 

SREBP-1  Sterol Regulatory Element Binding Protein 1 

SULT   Sulfotransferase 

SXR   Steroid X Receptor 

T4    Thyroxine 

TCM   Traditional Chinese Medicine 

TCPOBOP 1,4-Bis-[2-(3,5-dichloropyridyloxy)]benzene,3,3′,5,5′-

Tetrachloro-1,4-bis(pyridyloxy)benzene 

TF   Transcription Factor 

TIF   Transcriptional Intermediary Factor 

TR   Thyroid hormone Receptor 

TR-FRET  Time Resolved – Fluorescence Energy Transfer 

UDCA   Ursodeoxycholic acid 

UGT   UDP-Glucuronosyltransferase 

VDR   Vitamin D Receptor  

WHO   World Health Organization 
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NOTES 

All figures and tables are of my authorship, except for figures 2. and 3., that were taken 

from https://en.wikipedia.org/wiki/Nuclear_receptor  
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