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ABSTRACT IN ENGLISH LANGUAGE

Candidate: Mgr. Alejandro Carazo Fernandez
Supervisor: Prof. PharmDr. Petr Pavek, 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 CESKEM JAZYCE

Kandidat:  Mgr. Alejandro Carazo Fernandez
Skolitel: Prof. Petr Pavek, PhD.

Nazev dizertaéni prace:  Nuklearni receptory — studium novych ligandli a

vyznam genové variability

Nuklearni receptory (NR) nélezi do superrodiny transkripénich faktort, které
reguluji expresi cilovych gent. Nuklearni receptory se déli na hormonalni receptory,
tzv. “osvojené sirotéi receptory” (z angl. Adopted orphan receptors) a ,,sirotci
receptory®. Receptory, které nemaji zadny identifikovany endogenni ligand, jsou
nazyvany jako ,sirotéi receptory”. Nukledrni receptory hraji dilezitou roli ve
fyziologickych procesech a jsou Siroce distribuovany po celém lidském téle. Jejich role
je dulezita naptiklad pii regulaci adipogeneze, glukoneogeneze, lipolyze, odpovédi na
inzulin, oxidativnim metabolismu, homeostdze mastnych kyselin, homeostaze

cholesterolu, homeostaze glykogenu a triglycerida.

Béhem své doktorské prace jsem testoval nékolik sad latek endogenni, pfirodni a
syntetické povahy na interakce s né€kolika jadernymi receptory se zaméfenim zejména
na konstitutivni androstanovy receptor (CAR) a v mensi mife na pregnanovy X receptor
(PXR). Mym hlavnim cilem bylo najit nové a spolehlivé ligandy nebo aktivatory
lidského CAR. Kromé¢ toho, cilem bylo studovat mechanismus Uc¢inku, kterym tyto
slouceniny interaguji s CAR receptorem a jakym zptsobem reguluji jeho cilové geny.

Pro tento ucel jsem pouzil ex vivo, in vitro a in silico modely.

V prvni vyzkumném projektu, ktery jsem prvoautorky publikoval, jsem popsal
aktivaci lidského CAR nékolika flavonoidnimi latkami prostiednictvim inhibice
receptoru epidermalniho rastového faktoru (EGFR). Tento zpasob nepiimé aktivace
CAR receptoru byl popsan pro antiepileptikum fenobarbital (PB). Pro tento tcel jsme
pouzili n€kolik metod, v¢etné tzv. CAR assembly assay a LanthaScreen® TR-FRET
CAR coactivator metody.



Ve druhém projektu jsem dale optimalizoval metodou TR-FRET, kterou jsem
pouzil v ptedchozi vyzkumné préaci. Tato metoda je zalozena na ptenosu fluorescencni
rezonan¢ni energie (FRET) mezi dvéma fluorofory, ktery méni emisniho spektra v
pritomnosti ligandu interagujiciho s vazebnou doménou CAR receptoru. Touto
nebunécnou metodou jsem detailné popsal interakce znamych agonistli, antagonistti a

inverznich agonistii s lidskym CARem.

Ve tfetim vyzkumném projektu jsem studoval interakce nékolika nové
vyvinutych acetylovanych a oxidovanych derivati ZzluCovych kyselin s n€kolika
jadernymi receptory v HepG2 bunkach. Ukazal jsem, ze 3,12-diacetat deoxycholové
kyseliny (DCA) je schopen siln¢ aktivovat PXR a regulovat jeho cilové geny. Nicméné
jsme nebyli schopni identifikovat tuto latku v lidské nebo mysi zlu¢i metodou HPLC,

coz naznacuje, ze sloucenina neni endogenni ligand PXR.

V poslednim vyzkumného projektu jsem pracoval na mechanismu, ktery se
podili na interakci leflunomidu s lidskym CAR. K dne$nimu dni Zadné 1é¢ivo pouzivané
v humanni terapii nebylo identifikovano jako ptimy aktivator CAR receptoru s vysokou
afinitou a jen latka CITCO vychazejici strukturdlné z oximu, je schopna stabilné
aktivovat lidsky CAR. Vyznam nalezeni ligandi CAR receptoru je rozhodujici pro

studium aktivace CAR u lidi, jelikoZ zvifeci ortholog se zna¢né od lidského 1isi.

Véiim, Ze nase vysledky nam pomizou pochopit, jak CAR, PXR a jiné jaderné
receptory vykonavaji své fyziologické a detoxifika¢ni funkce v lidském organizmu.
Kromé toho, na§ vyzkum vrha trochu svétla na pochopeni molekularnich mechanismi,
kterymi jaderné receptory vykonavaji svij Uc¢inek a jak se podileji na metabolismu a
fyziologickych procesech. Konecné, nase prace se pokusila aplikovat tyto znalosti pii
vyvoji novych ligandi CAR receptoru i jinych nuklearnich receptori pro potencidlni

aplikaci v 1é¢be metabolickych 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



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

protein stability or degradation control (Fig. 1).
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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.



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 1s 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).



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 ERa 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/

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

length of units/amino acids of the NR).



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 A* (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.

M-terminal Hinge
domain region
b} AB C D E
DNA binding Ligand binding
L domain (DBD) doman (LDB)

Ligand

Figure 3. Structure of nuclear receptors.



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):

e Thyroid hormone receptor-like (NR1)

e Retinoid X receptor like (NR2)

e Estrogen receptor like (NR3)

e Nerve growth factor IB like (NR4)

e Steroidogenic factor like (NRS)

e Germ cell nuclear factor like (NR6)

e Miscellaneous (NRO): 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, HNF4aq, etc.).



Table 1. List of human nuclear receptors (NRs) and its ligands.

Endogenous
NRNC*  Classification NR name Abbreviation
ligand
NROB1 Orphan NR Dosage-sensitive sex reversal DAXI1 -
NROB2 Orphan NR Small heterodimer partner SHP -
NR1A1 Hormone NR Thyroid hormone receptor o TR a Thyroid hormone
NR1A2 Hormone NR Thyroid hormone receptor f3 TR B Thyroid hormone
NRI1B1 Hormone NR Retinoic acid receptor o RAR a Retinoic acid
NR1B2  Hormone NR Retinoic acid receptor 3 RAR B Retinoic acid
NR1B3  Hormone NR Retinoic acid receptor y RAR Yy Retinoic acid
Adopted Peroxisome proliferator-
NR1C1 . PPAR o Fatty acids
orphan NR activated receptor o
Adopted Peroxisome proliferator- _
NR1C2 . PPAR B/3 Fatty acids
orphan NR activated receptor /0
Adopted Peroxisome proliferator- Fatty acids
NR1C3 . PPAR y )
orphan NR activated receptor y metabolites
NR1D1 Orphan NR Rev-ErbAa Rev-ErbA o Heme
NR1D2 Orphan NR Rev-ErbAp Rev-ErbA f Heme
NRI1F1 Orphan NR RAR-related orphan receptor o ROR a Melatonin
NRI1F2 Orphan NR RAR-related orphan receptor f3 ROR Melatonin
NRI1F3 Orphan NR RAR-related orphan receptor y ROR vy Melatonin
Adopted )
NR1H2 Liver X receptor 3 LXR B Oxysterols
orphan NR
Adopted .
NR1H3 Liver X receptor o LXR a Oxysterols
orphan NR
Adopted
NR1H4 Farnesoid X receptor FXR Find
orphan NR
NRI1I1 Hormone NR Vitamin D receptor VDR Vitamin D3
Adopted
NR112 Pregnane X receptor PXR Pregnane
orphan NR
Adopted o
NR113 Constitutive androstane receptor CAR Androstane
orphan NR
Adopted _
NR2A1 Hepatocyte Nuclear Factor 4a HNF4 o Fatty acids
orphan NR
Adopted
NR2A2 Hepatocyte Nuclear Factor 43 HNF4 Fatty acids
orphan NR




NR2B1

NR2B2

NR2B3

NR2C1
NR2C2

NR2E1

NR2E3

NR2F1

NR2F2

NR2F6
NR3A1
NR3A2
NR3B1
NR3B2
NR3B3
NR3C1
NR3C2
NR3C3
NR3C4
NR4A1
NR4A2

NR4A3

NR5A1

NR5A2

NR6A1

Adopted
orphan NR
Adopted
orphan NR
Adopted
orphan NR
Orphan NR
Orphan NR

Orphan NR
Orphan NR

Orphan NR

Orphan NR

Orphan NR
Hormone NR
Hormone NR

Orphan NR

Orphan NR

Orphan NR
Hormone NR
Hormone NR
Hormone NR
Hormone NR

Orphan NR

Orphan NR

Orphan NR

Adopted
Orphan NR
Adopted
Orphan NR
Orphan NR

Retinoid X receptor a

Retinoid X receptor 3

Retinoid X receptor y

Testicular receptor 2

Testicular receptor 4

Homologue Drosophila tailless

gene

Photoreceptor cell-specific NR

Chicken ovalbumin upstream

promoter — transcription factor [

Chicken ovalbumin upstream

promoter — transcription factor

I
V —erbA - related
Estrogen receptor a
Estrogen receptor f3
Estrogen-related receptor-a
Estrogen-related receptor-f3
Estrogen-related receptor-y
Glucocorticoid receptor
Mineralcorticoid receptor
Progesterone receptor
Androgen receptor
Neuron-derived clone 77
Nuclear receptor related 1
Neuron-derived orphan

receptor 1

Steroidogenic factor 1

Liver receptor homolog-1

Germ cell nuclear factor

RXR y

TR2
TR4

TLX
PNR

COUP-TF I

COUP-TF I

EAR-2
ER a
ER p

ERR «

ERR B

ERR y

GR
MR
PR
AR
NUR77
NURRI1

NORI1

SF1

LRH-1

GCF

Rexinoids

Rexinoids

Rexinoids

Estrogen

Estrogen

Cortisol
Aldosterone
Progesterone

Testosterone

25-OH cholestrol

*Nuclear Receptor Nomenclature Committee names



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:

e 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'alley 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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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 0-(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 16a-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), (5p)-Pregnane-3,20-
dione (Lehmann et al 1998, Moore et al 2000), 17p-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 (PPARY agonists), dyslipidemias (PPARa 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/eene/PA378?previousQuery=pxr#tabview=tabl &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 NR113 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.
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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 17f-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:

e 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).

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

e Ubiquitylation: this process is not deeply studied but probably
contributes to the termination of hormone signaling and nuclear receptor

degradation (Lee & Lee 2012).

18


https://en.wikipedia.org/wiki/Estradiol
https://en.wikipedia.org/wiki/5%CE%B2-Dihydroprogesterone
https://en.wikipedia.org/wiki/5%CE%B2-Dihydroprogesterone

e 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 & Y okoi

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 Metabolizing enzymes

receptor phase I

Metabolizing enzymes

phase II

Drug

transporters

CAR CYP2B6
CYP3A4
CYP2A6
CYP2C8
CYP2C9
CYP2C19

PXR CYP3A4
CYP3AS
CYP3A7
CYP2C8
CYP2C9
CYP2B6
CYPIA2
CYP2A6
CYP2C19
AKRI1Cl1
AKRIC2

UGTI1Al
UGT2A1

SULT2A1
UGTI1Al
UGTI1A3
UGTI1A4

MDR1
MRP2
MRP3

MDRI1
MRP2
OATP1BI1
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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, NR11I3) 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
RXRa and recruit coactivators (SRC-1, SMC-1, PGC-1a, 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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e 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.

e 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).

e 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 HNFa, GR
and PPARa (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 1is 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, ERa (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, UGTI1A1, ABCC2 or MDRI1 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 PEPCKI1 (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). .
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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 RXRa (Frank et al 2005), recruits coactivators (SRC-1, PGC-1a)
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 Il 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 Cyp7al 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.
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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 1is 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, NRI1I1) 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.
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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.
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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
CARI1 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 (al, a2,
B1, B2) (Zhang et al 2003). GR was described to have five isoforms (GRa, GRf, GRy,
GR-A and GR-P) (Oakley & Cidlowski 2011) of which the main are GRa (active)and
GRp(inactive). Lastly, VDR has been reported to have several SNPs but, to my

knowledge, no isoforms have been described.
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3.

1)

2)

3)

AIMS

The aims of my work are the following:

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.

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.

¢) Introduction of Elk1 reporter gene assay and ELISA assay with antibody against
phosphorylated EGFR receptor.

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 Ileflunomide 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 1 presented the data in several

international and national scientific congresses and meetings.
My thesis is based on the following papers:

A.l. 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:
e Design of the experiments together with prof. PharmDr. Petr
Pavek, PhD.
e Execution of all experiments except Fig. 5 and Fig. 6.

e Writing the draft of the paper and its final edition.

- In paper number A.2., my contribution was:
e Design of the experiments together with prof. PharmDr. Petr
Pavek, PhD.
e Performance of all experiments.

e Writing the draft of the paper and its final edition.

- In paper number A.3., my contribution was:
e Design of the experiments together with prof. PharmDr. Petr
Pavek, PhD.
e Execution of all experiments except for Fig. 5 b) and Fig. 6.

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

- In paper number A.4., my contribution was:
e Participated in the design of some of the experiments together
with prof. PharmDr. Petr Pavek, PhD.
e Performed experiments TR-FRET CAR (Fig. 1. e)) and inhibition
of recombinant human CYPs 3A4, 2B6, 1A2, 2C9 and 2D6
(Figure 4).
e 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:
e Design of some of the experiments together with prof. PharmDr.
Petr Pavek, PhD.
e Performed all the experiments.
e 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

A.6.

A7

A8.

DOCTORAL THESIS TOPIC

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.

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.

Soukup T, Dosedel M, Pavek P, Nekvindova J, Barvik I, Bubancova I, Bradna P,
Kubena AA, Carazo AF, Veleta T and Vicek 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

Al. 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. 1F2014: 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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1. Introdu ction

The constitutive androstane receptor (CAR, NR113) is a ligand-
activated transcription factor belonging to the nuclear receptor
group MR1L CAR has been extensively investigated in terms of
controlling the geneexpressionof abroad spectrum of target genes
which encode key phase | and phase [I xenobiotic-metabolizing
emzymes (DMEs)} and drug transporters such as cytochrome
P450 CYP3A4 and CYP2ZBG enzymes, ABC efflx transporter
MDR1 and UGT1A1 conjugation enzyme (Chai et al., 2013).

Recent studies suggest that CAR also plays important roles in
the metabolism of gluoose, lipids, fatty adds; in the endobiotic
metabolism of bile adds, bilirubin and thyroid hormones; as well
asin cellcyde regulation, apoptosis and cell-cellinteraction (Jiang
and Xie, 2013; Wada et al., 2009). It has been proposed in several
independent animal studies that CAR adtivation may ameliorate
glucose homenstasis and insulin sensibility in the treatment of
type 2 diabetes {Dong et al., 2009; Gao et al., 2009). In addition,
CAR activation reduces levels of lipoproteins and inhibits the
expression of lipogenic gepes in what might be a promising
therapeutic intervention in the treatment of obesity [ Dong et al,
2009; Gao and Xie, 2012 Jiang and Xie, 2013 ; Molnar et al, 2013 )

Baicalein (5, 6. 7-0H flavone) and baicalin (baicalein 7-0-
glucuronide) have been found to be among the most significant
flavones present in the root of Suletario boicalensis Georgl The
therapeutic potential of these compounds in the treatment of
inflammation, cancer and virus-related diseases as well as to
enhance neuroprotection and cardioprotection has been proposed
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(L et al, 2011} Chrysin (5,7-0H flavone) is a flavone present
naturally in the Chamomile and Passiflorz families and in propolis;
it has been reported to facilitate antioxidant activity and potential
therapeutic activities in the treatment of diseases such as diabetes,
hy pertension and cancer. The flavonol galangin (3.5 7-0H flavone),
abundant in Alpinia affidnozrum Hance and in propaolis, has been
shown to exert anti-oxidative, free radical scavenging, anti-
inflammatory and anti-proliferative activities (Heo et al., 2001).

Baicalein, chrysin, galangin, but not baicalin (Fg. 1), have been
recently proposed as CARligands. Baicaleinwas found to induce the
expression of CAR target genes CYP3A4 and MOR1 (P-glycoprotein)
as well as CYP2B6 tmansactivation in a gene reporter assay (Li et al.,
2000; Yao et al, 2010). Chrysin was shown to up-regulate
UGT1A1 expression and the CAR-mediated transactivation of
CYP2B6 (Sugatani et al., 2004). In addition, chrysin induced the
Car target gene Cyp2b10 only in wild-type, but notin Car knockout
mice (Yao et al, 2010). Similarly, galangin was found to strongly
activate both wild-type or splidng variant S¥25 of human CAR and
mouse Car in vitro (Lau and Chang, 2013 ; Yao et al., 2010).

CAR was originally identified asa xenosensor in the binding of
many environmental, natural, dietary and synthetic ligands.
Mumerous compounds have been proposed as agonists, antago-
nists as well as inverse agonists for human CAR (Hermandez et al.,
2009; Maolnar et al., 2013). In contrast to other nudear or steroid
hormone receptors, CAR can be activated in both ligand binding
domain (LBD }-dependent and independent (indirect) intemctions
{Moore et al, 2000). However, litte effort has been devoted
to distinguish between indirect CAR activators (such as

Carazo-Fernandéz et al.
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acetaminophen, bilirubin and phenobarbital}) and the ligands
which interact within its ligand binding domain (Molnar et al.,
2013; Moore et al., 2000 ). Currently the only high-affinity agonist
for human CAR is 6-{4-chlorophenyl) imidazo| 2.1-b]thiazole-5-
carbaldehyde O-3,4-dichlorobenzyl) oxime (CITCO)} (Maglich
et al, 2003} Recently, the indirect activation of CAR by
phenobarbital has been explained based on the inhibiton of the
epidermal growth factor receptor (EGFR) binding of EGF, a process
which prevents the activation of EGFR signaling and thus promotes
the dephasphorylation of CAR at Thr™®. Dephosphorylated CAR
then translocates to the nuclens, where it stimulates the
transcription of target genes (Mutoh et al., 2013 ). Several studies
in the past have shown that balcalein, baicalin, chrysin and
galangin affect the ERK signaling cascade (see Section 4).

In the mechanistic study the goal was to imvestigate whether
the flavonoids chrysin, baicalein, baicalin and galangin are direct or
indirect activators of human CAR receptor. For this purpaose, a
TR-FRET hased coactivator competitive assay and a CAR LBD
assembly assay was used and validated. Stimulation of CAR nuclear
translocation was studied in primary human hepatocytes. In
additon, an EGFR phosphorylation EUSA  along with an
ELK1 activation luciferase gene reporter assay served to monitor
the effects of the compounds on EGF-induced EGFR autophos-
phaorylation and on BGFR signaling inhibition. Finally, chrysin and
baicalin were also docked to EGFR to corroborate the interactions.

2. Materials and methods
2.1. Chemicals

Chrysin, baicalein, baicalin and galangin as well as phenobar
bital and phenytoin (indirect activators of CAR), androstanol

A, B.

Lanthafress TREFRET
CAR Coactivalor Asamy

radative activationfinhibition (%]
(-]

(3B-hydroxy-5c-androstane),  clotrimazole, PK11195  (CAR
antagonists), erlotinib, U026, cell culture media, and fetal bovine
serum (FBS) were purchased from Sigma-Aldrich (5t Louis, MO}
CITCo (64 4-chlorophenyl }-imidazo|2.1-b]thiazole-5-carbalde-
hyde-0-{3 4-dichlorobenzyl ) mdme) was purchased from BIOMOL
Research, Germany. Phenol red-free media was purchased from
Life Technologies/ GIBCO { Carlsbad, CA). The final concentration of
DMED in the culture media was 01% (v/v] in all experiments.

22, Cell lines

The A431 sguamous carcinoma cell line which express
epidermal growth factor (EGF) and display functional BEGFR/Ras|
Raf/MEK [ERK signaling was purchased from the European Collec-
tion of Cell Cultures (ECACC, Salisbury, UK} and was maintained in
an antibiotic-free DMEM medium supplemented with 10% FBS
supplemented with 1% nonessential amino acids (Sigma-Aldrich )
The human hepatocellular carcinoma Huh-7{ D12} and HepG2 cell
lines were purchased from the ECACC and was maintained in an
antibiotic-free BMEM medium supplemented with 10% FBS and 1%
non-essential amino acids (in case of HepG2).

23. TR-FRET (AR coactwator binding assay

The LanthaScreen™ TR-FRET CAR Coactivator Binding Assay
(Life Technologies, now Thermao ) was used with slight modifica-
tons of the manufacturer’s protocol. The assay uses two
fAuorophores: a terbium-labeled anti-GST antibody interacting
with glutathione -S-transferase tagged human CAR ligand-binding
domain ([BD} and a fuorescein-labeled PGCloa coactivator
peptide. The interaction of a ligand stimulates intermctions of
the components, resulting ina FRET emission shift from 495 nm to
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520nm (Fig. 2A). The assay was performed in a 384-well plate
format in 20 pl of reaction mixture. Incubation lasted 1h at room
temperture protected from light After an incubation period,
TR-FRET fluorescence was measured with a Synergy Biotek plate
reader (Bio-tek, Winooski, VT) using an excitation wavelength of
340nm with a filter detecting the fluorescent emission signals of
terbium at 495 nm and fluoresceinat 520 nm Delay time was set at
100 s and integration time 200 s The 520 nm 495 nm TR-FRET
mtio was caloulated. Data are presented as relative activation or
inhibition to control (DMS0 vehicle-containing sample), which
was set at 1. TR-FRET assay was validated in the presence of 2%
DRS00, Maximum activation with CITCOwas set to 100% adtivation.
We were able to reproductively detect activity of 5nM CITCO. The
520nm /495 nm TR-FRET ratio of samples without CAR LBD was
taken as backgmound and was subtracted. Values below 1 represent
the inhibition of CAR-PGCla interaction and suppression of CAR
constitutive activity with antagonists/inverse agonists of CAR The
experiments were performed at least three times in triplicates.
Cata are presented as the means and 5.0. from three independent
experiments (n=3)

24 CAR LBD assembly assay

The CAR [BD assembly assay was performed with the
afore-mentioned desoibed constructs (Kobayashi et al, 2000)
The LBD' assembly assay is hased on two hybrid expression
constructs encoding C(151-349 aa, helices 3-12, pCAR-C/VP6 ) and
M (103-150 aa, belix 1, pCAR-N/GAL4) terminal parts of human
CAR LBD that are co-transfected together with the pGLS-luc
liciferase reporter plasmid (Promega) containing UAS binding

sites, A& ligand promotes connection of the helix 1 to CAR LBD
helices 3-12 resulting in luciferase transactivation (Fg. 3AL
Transient transfection assays were @rried out inthe Hoh-7 cells
using TransFectin™ tmansfection reagent (Bio-Rad Heroules, CA).
Cells were seeded into 48-well plates (7 = 10° cells per well) and
transfected with a pGLS-lue luciferase reporter construct (80 ng/
well), expression constructs pCAR-CVPIG and pCAR-MIGALS
(W60ng/well) and the Renillz reniformis lucferase transfection
control plasmid (pRL-TK] (30ngfwell}] 24h later. Cells were
maintained in a phenol red-free medium (200 pl} and treated with
the tested compounds (in a range from 5 up to 30 pM); eference
compounds OTO0 (1 or 10 M), phenytoin (100 M), phenobarhi-
tal (500 and 1000 pM), dotrimazole (10 and 30 wM), PE111195
(20 pM}and androstanol | 10 M) For 24 h. Luminescence activity in
the cell lysate was measured wsing a commermrcially available
ludferase detection system (Dual Ludferase Reporter Assay,
Promega, Madison, W1, USA). The data are presented as means
and 50. and expressed as the fold-change of firefly lciferase
activity normalized to Renilla luciferase activity in each sampleand
relativeto the vehicle | DMS0 0.1% -treated controls, which wene set
at 1. Statistical analyses were performed using at least three
independent assays (n=3) performed in triplicates. Experiments
with the empty expression construct were perform to analyze the
effect of tested compounds on the luciferase reporter construct.

25 EGFR binding assay
The phosphorylated EGFR at Tyr1068 was measured by the

ELISA method with a phosphorylation-spedfic antibody according
to manufacturer’s protocol (RD Systems, Inc Minneapolis, MM).
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Ad31 cells were seeded (2 = 10°cells per well) in 96-well plates
and stabilized for 24 b After this time, cells were pretreated for 1h
with serum-free Opti MEM™ medium, after which cells wer
treated with the tested compounds chrysin, baicalin, baicalein and
galangin (at concentrations of 30 pM) and reference compounds
CITC0 (1 kM and 10 M), erlotinib (10 wM, an EGFR inhibitor), as
well as phenobarbital (an indirect CAR activator, 1 mM) for 30 min.
After this cells were treated with BGF (50ng/ml} added into each
media for 10 min. The cells were then fixed with 4% formaldehyde
and inubated simultaneously with two primary antibodies
{a phosphor-specific antibody and a normalization antibody for
the recognition of the EGFR. protein regardless of phosphorylaton
status ). Two secondary antibodies and two spectrally different
fluorogenic substmtes were used in the recognition of the primary
antibodies. The fluorescence of the phosphorylated protein was
nomalized with that of the pan-EGFR protein. After background
subtraction, the data were expressed as a relative activation and
related to the EGF-treated cells, which weme set at 100%. Statistical
analysis was performed using at least three independent assays
performed in triplicates.

2.6 EIK1 trans-reporting assay

The activation of the EGFR/Ras| Raf{MEK| ERK mitogen-activated
protein kinase { MAPK [ERK) signaling cascade was monitored using
the FathDetect ELK1 mons-Reporting System (Agilent Technolo-
gies, Inc, Santa Clara, CA) In the assay. the phosphorylation of
ELK1 transcription factor via ERK kinases, downstream kinases in
the EGFR-induced ERK mitogen-activated protein kinase [ MAPK)
signaling pathway, was analyzed using a luciferase gene reporter
construct. The ELK 1 transcription factor assay was used, as it is a
highly specific downstream factor activated by the ERK mitogen-
activated protein kinase { MAPK) signaling pathway, although also
p38 and JMK kinases hawve been reported to phosphaorylate the
factor (Besnard et al, 2011).

Huh-7, HepG2 or A4321 cells were seeded into 48-well plates
(1 10° cells per well} and were maintained to stabilize for 24h.
Thenthe cells were trans fected with a pGLS-luc luciferase reporter
construct (150 ng/well), an expression pFA2-ELK1 trans-Reporter
Activator Plasmid (100 ngiwell}, and the Renilla reniformis lucifer-
ase transfection control plasmid (pRL-TK) (30 ngfwell) 24 h later.
After 24 h, the media were emoved and the cells were washed
with PBS and treated with EGF (50 ng/mL)}in combinationwith the
tested compounds chrysin, baicalein, baicalin, and galangin (at a
concentration of 30 wM) or with the reference compounds U026
(10 M, a MEK1 and 2 inhibitor of the ERK MAPK pathway
erlotinib (10, an EGFR inhibitor), phenobarbital (an indirect
CAR activator, 1mM) and CITCO (10 pM, direct CAR activator) for
24 h. Luminescence adtivity in the cell lysate was measured using
the Dual Ludferase Reporter Assay (Promega). The activity of the
cells transfected with an empty expression vector was subtacted.
The data are expressed as a relative activation of firefly ludferase
activity normalized to Renillz ludferase activity in each sample
relative to the EGF-treated controls, which were set at 100%.
Statistical analyses were performed using at least three
independent assays (n=3) performed in triplicates.

2 7. Molecular modeling

3D structures of compounds were prepared and all hydrogens
wemre added with Marvin and MarvinSketch 477 progmam
{ChemAxon, http:] fwww.chemaoonoom). 30 structures of ligands
wemre optimized and all hydrogens wemr added within the
MarvinSketch 14.7.7 program. All nonaromatic and nonring bonds
wene set as rotatable within AutoDock Tools 16.6 program (Sanner,
19949 . The crystal structume for BGFR with erlotinib (PDB 1D: 1M17)

was used as the protein docking template with a docking grid of
14 Aaround the center of the ligand in the crystal structure, which
was deleted prior to docking. Polar hydrogens were added to
receptor or selected for all ligands with the AutoDock Tools
pmgram prior to docking with the Autodock Vina program
(Trott and Olson, 2010).

28 CAR mansdocotion assay m primary human hepatocytes and
induction of CYP2BG mRNA

Induction gqualified plateable cryopreserved human hepato-
oytes (Cat. Code HMCPIS, Life Technologies) or Cryopreserved
Plateable Human Hepatocytes for Induction Cell Spedfication
(Cat. Code CHHP-I1 Lot 140-130614-2, Male, 54 years] were
obtained from Life Technologies (Durham, MC) or Primacyt
(Swerin, Germany], respectively. Hepatocytes were seeded at
1 10%cells/well in the 12-well collagen coated plates, respec-
tively. Hepatooytes were cultured for 24h at 37°C before
transfection with pEGFP-hCAR construct (Kanno et al, 2007)
with Transfectin™ (Biorad, Hercules, CA). After 24h, the
hepatocytes were treated with the wehicle control (0.1% DMS0),
phenobarbital {1 mM}, or selected compounds (30 pM) for 16 b
Then hepatocytes were washed twice with phosphate-buffered
saline, and fluorescent microscopy analysis was employed for the
cellular localization of ECFP-tagged CAR using Mikon Eclipse
micoscope. Quantitative distribution of CAR was dassified as
dominanty cytosolic, dominantly nuclear, or mixed (nuclear+
cytosolic). One hundred fluorescent EGFP-hCAR  expressing
hepatocytes were counted from each experiment and then
averaged. Total RMA isolation and semi-gquantitative real-time
RT-PCR (gRT-PCR) analyses of CYP2ZBE6 mRMA expression in
primary human hepatocytes were performed after 16 h treatment
by  employing commerdal assays (hCYP2B6 (2 and
hHPRT_Q3 for HPRT housekeeping gen) from Generi-Biotech
(Hradec Kralove, Czech Republic) as described elsewhere
(Krausova et al., 20011} All experiments (treatment and PCR)
were performed in triplicate.

29_ Stotisticol analysis

Aone-wayanalysis of varance followed by a Dunnett’s multiple
comparison post hoc; 2 Bonferroni post hoc test or Student’s t-test
was used for the statistical analysis of differences between two or
mare experimental groups using GraphPad Prism software ver. &
(GraphPad Software Inc,, San Diego, CA ). BCoo/IC5; the concentra-
ton required to achieve half-maximum activation/inhibition was
determined according to Hill's equation by nonlinear regression
analysis from at least 4-point curves performed in triplicate.

3. Results

3.1 Galongin, baicalein, chrysin and phenobarbital simuls te nuclear
manslocation of EGFP-CAR

Innormal hepatocytes, CAR is mainly localized in thecytoplasm
and translocates to the nudeus only after exposume to CAR
activators. In opposite, CAR is spontanecusly accumulated in
nucleus in tumor immortalized cell ines.

In first series of experiments, we studied nuclear tmanslocation
of EGFP-tagped CAR in primary human hepatocytes. As expected,
approximately B5% CAR was dominantly expressed in the
oytoplasm in contmol vehide-treated hepatocytes, while more
than 85% CAR translocated to the nucleus after being treated with
phenobarbital (1mM]}, a prototypical CAR activator, for 16h
(Fig. 1B). Galangin, baicalein. and chrysin treatment resulted in
maoderate stimulation of EGFP-hCAR nudear tmnslocation (contml
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10%) (Fig. 1B). These data confirm published data that galangin,
haicalein and chrysin are human CAR activators,

In RT-PCR experiments, baicalein, chrysin and galangin induced
CYP2BE mRMNA gene expression, a target gene mainly regulated by
CAR, in primary human hepatocytes after 16 h treatment (Fig. 1C).
Mevertheless, since CYP2B6 is also regulated by FXR receptor and
chysin and baicalein interact with PXR, we cannot eccdude an effect
of PXR activation in the experiments.

32 (hrysin, balcalein, boicalin and galangin do not activate CAR
through its ligand binding domain

Firstly we analyzed if the tested flavonoids interact with CAR
[BDY in a TR-FRET-hased coactivator assay (schematic diagram in
Ag. 2A).

In the validation experiments, we observed nodiredt activation
of CAR by phenobarbital or phenytoin (Fg. 2B), a result which
oomesponds with previous reports (Molnar et al, 2013; Moo
et al, 2000). On the other hand some inhibition of CAR by
phenobarbital was observed at 1000 oM concentration Known
inhibitors or inverse agonists androstanol, PK11195 and dotrima-
aole significantly inhibited CAR in a dose-dependent manner
(Fig. 2B). OTO0, a prototype agonist igand, significantdy stimulat-
ed the interaction of CAR LBD with the coactivator peptide in a
dose-dependent manner with the value ECgy=0.03 pM (Fig. 2C)

In testing the favonoids, it was found that none of them
activated CAR in the assay. Rather, some slight inhibition was
observed, with the finding being statistically significant in the case
of baicalein (p- 005, Fg 2C). Erlotinib had no effect on CAR
activation.

To confimm this data, a CAR LBD assembly assay was used in the
next experiments (Fig. 3). CITCO, but not phenobarbital and
phenytoin, interacted withthe assembly of CAR LBD ( Fig. 3A){ Burk
et al., 2005; Kobayashi et al,, 2010; Maglich et al,, 2003; Moo
et al, 2000). Importantly, PK11195 and dotrimazole, supposed to
be inhibitors or imverse agonists of CAR (Li et al., 2008; Maglich
et al, 2003) significantly (p < 005 ) simulated intemactions of CAR
LBD fusion proteins. Androstanol also activated the gene reporter
mnstruct in the experiments, although the effect was not
statistically significant (Fig. 3A). Tested flavonoid had no effect
on the ludferase reporter construct ifthe cells were co-trans fected
with the empty GAL4 expression construct. Erlotinib had no effect
on CAR activation. We observed no significant effect on Huh-7 cells
viahility as determined withthe CellTiter 96% AQ,,.... One Solution
Cell Proliferation assay (Promega) with MTS tetmzolium salt
{unpublished data). These data indicate that the CAR assembly
assay does not discriminate between agonists and antagonists, but
detects all ligands of the CAR ligand binding domain formed

Consistent with the data in Fig. 2C it was found that baicalein,
haicalin and chrysin do not actvate CAR in the assay, again
sugresting no direct interactions of the compounds with CAR LBD
(Fig. 3B-D). Slightly { 1.4-fold), but significantly (p - 0.05), galangin
stimulated CAR LBD formation inthe assay at 30 pM concentration
(Fig. 3E . Howewver, such similar activationwas notseen in TR-FRET
hased assay ( Fig. 2C). Mo effect of either the tested flavonoids ar the
known ligands in control experiments with empty expression
constructs was observed.

These data demanstrate the validity of the methods used and
sugrest no interactions of baicalein, baicalin, galangin and chrysin
with human CAR in two independent assays.

3.3 Chrysininkibits EGFR receptor auto phosphorylotion stimulated by
EGF in A431 cells

In the next series of experiments, we examined whether the
tested flavonoids inhibit EGFR autophos phorylation at Tyri068.

After EGF binding, the GRB2 adaptor protein binds activated EGFR
at phosphosite Tyr1068, and triggers mitogen-activated protein
kinase ( MAPK ) pathway activation (Rojas etal., 1996 ). It was found
that phenoharbital, baicalin, chrysin, galangin and baicalein
suppressed the EGFR phosphorylation by about 20-45% at a
concentration of 30pM or 1mM, respectively (Fig. 4). The
inhibition of EGFR phosphorylation by phenobarbital was modest
but reproducible in all the experiments (n=5) (Fig. 4] in
comparison with reported data (Mutoh et al., 2003 ). Interestngly,
we also observed that CITCO significantly attenuated EGFR
Tyrl06E  autophosphoryladon in the ecperiments if the
A431 cells were treated with a ¥ pM concentration. Edotinib, a
model EBEGFR receptor  antagonist, abolished the EGFR
Tyrl068 phospharylation in the experiments (Fig. 4).

These data indicate significant interactions of baicalin, chrysin
and galangin with the BEGFR receptor resulting in partial EGFR
Tyrl06E autophosphorylaton decrease after treatment with EGF.

34. Flovonoids suppress ELK1 phosphorylaton by EGF in Huh-7 and
Hep G2 cells

Mext, it was analyzed whether the effedts of the tested
Aavonoids on EGFR is reproducible at the level of a down-steam
tmnscription factor ELK1 phosphorylation. Consistently with data
in Fig. 4, we observed that baicalein, galangin, chrysin and baicalin
as well as phenobarhital, erlotinib and MEK inhibitor
U026 significantly inhibit ELK1 phosphorylation after EGF
treatment in Huh-7 and HepG2 cells (Fig. 5A and B). In contrast,

Carazo Ferndndez et al.
EGFR Tyr1068 phosphorylation A431 cells

1504
3 1
,E [T T, [P m PR, e L ............
=
5 *
ﬁ Tk
£ s
[:]
'

S

ECF (80 naiml

Fig 4 Interaction of tested flavonaids with the EGPR recepiot. The phaos phaonylaesd
ECPR 2t Tyr1068 and total BOFR sxpression wens mezsured using the ELSA methad
with a phosphorylation-specfic and nonspecific antibodies amording to
manufacurers protocal in A431 cells. Gells were pretreated with chrysin, baicalin,
bhaiclein and galangin (at concentrations of 30pM) CITOO {10 pM). erdotinib
{10y M_ an BCPR inhibitar), and phenoharbital (an indinsct CAR activaior 1 mM) for
30 min and then treated with EGF {50 ng fmil ) for 10 min. Two sscondary antibodies
amd tweo s pectrally different fluorogenic subsrates were used for the recognition of
the primary antibodies. The fluorsscencee of the phosphorylated probsin was
narmalizd with that of the pan-EGPR protein_ Following badground subtraction,
the data are expressed as 2 relabive adivation and related io the ECP-treated cells,
which wene set a 100 Statistical analysis (ANOVA with a Dunnetf's post hoc ) wene
periormed from three independent assays (n= 3L %p < 005, *p « LA, **p - L0071 =
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in non-he patic A4 31 cellline, phenobarbital, baicalein, baicalin and
chrysin had no significant effect on ELK1 activation (Fig. 5C) A
direct CAR agonist CITCO did not significantly suppress
ELK1 activation in the experiments although we observed
inhibition of EFGR autophosphorylation (Figs. 4 and 5]

These data indicate that tested flavonoids interfere with the
EGFR-induced MAPK signaling pathway in hepatocyte-derived cell
lines.

3.5 Docking of galangin, baicelin, edotinib and phenobarbital into
EGFR binding pocket

Maolecular docking showed the potential interactions of all
tested molecules within the binding pocket of EGFR receptor.
Crystal structure (PDBID: 1M17) reveals that the binding groove is
formed by two planar hydrophobic pockets. These planar pockets
are formed between triangle of nonpolar amino adds - L7 18,
M766 and M793. Redodking of erlotinib backinto the EGFR crystal
structure shows three interaction patterns: (i} the fulfilment of
the hydrophobic pocket between M766 and L718 by a dlted
m-ethynylphemyl ring; (ii} hydmgen bonding of quinazolin M1
hydrogen-bond acceptor with M793 mainchain; and (iii} two
2-methooyethoxy chains exposed to the solvent (Fig. GA)
Fulfilment of only one interaction pattern as in phenobarhbital
(Fig. 6B} transmits into its low affinity towards EGFR receptor.
Better affinity can be achieved by the fulfilment of two patterns as
in the case of chrysin (Fig. 6C), baicalin (Fig. 60} and galangin
{unpublished observations . And the strongest affinity was found
in the case of baicalin (Fig. 6D, whe re all three interaction patterns
can be identified.

4. Discussion

CAR is emerging as a promising new therapeutic target for
metabolic diseases such as type 2 diabetes mellitus, dyslipidemia
and obesity. Both ligand binding domain (LBDdependent and
indirect activation of human CAR has been described as releasing
CAR from its cytoplasmic complex and translocating the receptor
into the nucleus to transactivate target genes. Unlike other nuclear
receptors, CAR exerts LBD-independent mechanisms of activation

and false nuclear localization in tumaor cell lines, an effect which
hinders the discovery of new therapeutic ligands either of natural
or synthetic origin. In addition to endobiotic metabolism, CAR is a
mediator of clinically significant drug-drug interactions which
modulate the efficacy of co-administered drugs through the
induction of xenobioic metabolizing enzymes (Chal et al, 2013 ).
Thus knowledge of interactions of CAR with drugs, natural
compounds and dietary supplements may also help us to avoid
failures in pharmacotherapy due to the induction of drog
metabaolism.

At present, matural compounds such as artemisinin and its
derivatives arteether and artemether; pyrethroids (eg., permeth-
rin, cypermethrin); flavonoids such as chrysin, baicalein and
galangin, and diallyl sulfide derived from garlicc have been
reported as activators of CAR (Burk et al, 2005, 2012; Molnar
et al., 2013; Sueyoshi et al, 2011; Yao et al, 2011). In addition,
numerous synthetic compounds have been demonstrated to
activate CAR such as carbamate benfuracarb, organochlorines
(e.g, methooychlor), CITCO, FIE1, odidzer, thiazolidin-4-ones,
G-arylpyrrolo] 2,1-d]| 1,5 |benzothiazepine derivatives, and sulfona-
mides; and drugs (eg. artemisinin derivatives, nevirapine,
nicardipine, efavirenz, carbamazepine} (Anderson et al, 2011;
Burk et al, 2012; Faucette et al, 2007; Kublbeck et al, 2011ab;
Lynch et al, 2013; Maolnar et al., 2013; Yao et al., 2011).

Howeewer, only marginal attention has been paid to the
malecular mechanism of CAR activation by these compounds
(Burk et al, 2012). Baicalein, chrysin and galangin have been
reported to be strong actisators of human CAR (Li et al., 2010; Yao
et al, 2010). However, direct interaction of the flavonoids with the
CAR LBD domain has yet not been systematically studied.

In this study it was demonstrated using recombinant human
CAR that baicalein, baicalin, galangin and chrysin do not interact
with the CAR ligand binding pocket although some of them may
promote nudear translocation of CAR in primary human hep-
atocytes (Figs. 1B, 2B and 3A). The known human CAR agonist
CITCD significanty activated CAR in a dose-dependent manner,
validating the used assays (Figs. 2B and 3A). The established
antagonists/imerse agonists of human CAR receptor consistenthy
displayed significant dose-dependent interactions with CAR in the
assays (Figs. 2B and 3A). Importantly, phenobarbital and

ELK1 activation Carazo Fernandez af al.
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Fig. 5 Activation of ELK1 tramsaription factor by tested flavonoids in A431 cell line

The activation of the BG FR-induced mitogen-activated probein kinase | MAPKERK) signaling cascad e was monitored using the PathDetet ELK1 trans-Repaorting System. Huh=7
(AL HepG2 (B) and nan-hepatic A431 (0 ozl ks were trans fected with 2 pGLS-luc luciferase reporier construc (150ng wel 1L an expresion pFA2 <ELK1 tramns -Reparter Activator
Plemid (100 ngfwell | ax well 2 the Fenills reniformis hcilerase transfection control plesmid (pRLATK) (30 ngfwell | After 24 h, media were remeoved, cells were ineated
with EGF (50 ngfml) in comibi nation with the tested compounds chrysin, baicalsin, bai@lin, and galangin(at a oncentration of 30 M jor the reference compounds U 26
(10 M, 2 MEK1 and 2 inhibitor of the ERK MAPK pathway | erlotinid (10M, an BECFR inhibitor), phenobarbital (an indirect CAR activator, 1mM) for 24h. Luminesaence
activity in the o=l 1] ysate was measured using a Dual Luciferase Reporter Assay The dataane presenbed a5 2 relative activation of firefly hiciferase 2o vity normalized to Remi lls

Iuciferame adivityin each sam ple and relative to the EGP-treated antrols, which weresetat 1008 *p = 005, **p = (L1 = stat stically =igni ficant di fenence am paned

o il

(wehicle- and EGF-treated treated) cells; Ppe i - statistically significant difference compared to vehicle-treated o=lls without BGF treatment (=EGF) {ANOVA with a

Dunnetf's past hoc)
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Fig-&. Molscular dockinginto the ECFR recepior{ PDHD: 1M17L{A) Strudture of the docked binding poses of el otinib | gresn) comipaned to the crystal strucune{white) showe
sumess ful overlap betwesn dodoed pase and experimental one with lydrogen banding to the main chain of M793 hackbone. (B) Phenobarbital {orange) have the kowest
affinityam it fills only the hydrophobic pocket; (O chrysin { magenta ) form stwa hyd rogen bonds with M793 - ane 25 an aoepior and sscond asa donor; and (D i c@lin { oam )
hawe the strongest affinity ioward sthe BECFR recepioras it has in addition ta chrysin's hy drogen bonding pattern also sohwent exposed ghiouronic maisty. Por interprettion of
tthe references 1o color in this figure legend, the reader is refemed to the web version of this article )

phenytoin, prototype indirect activators of human and rodent
CARjCer (Moore et al, 2000; Wang et al, 2004) did not
significantly activate CAR in our experiments even in high
milimaolar concentrations (Figs. 2B and 3A). Another interesting
finding was that phenobarhbital in supramicromolar concentration
slightly inhibited CAR in the TR-FRET assay (Fig. 2B). To our
knowledge this is the first report that hasused the TR-FRET-based
ooactivator assay and CAR LBD assembly assay to characterize
direct CAR ligands or to distinguish them from indirect CAR
activators. In addition, thisis the first report on the interactions of
CAR ligands with human EGFR and its signaling.

Since, both CAR and EGFR signaling have numerous cellular and
tissue functions under both normal and pathalogical conditions,
knowing the precise molecular nature of CAR activation of known
CAR activators is aritical in the evaluation of their pharmacological
potential. Atpresent, most of current knowledge about CAR comes
from animal studies using the rodent spedfic Gar ligand 1,4-bis| 2-
(3.5-dichloropyridylogy jJbenzene  (TCPOBOP) or using Car
knockout or tmnsgenic mice (Chai et al, 2013; Molnar et al,
2013} There is thus an urgent need for a nontoecic and specific

high-affinity human CAR agonist that does not affect other nuclear
receptors or additional signaling pathways.

In our study we aso ecamined whether chrysin, baicalin,
baicalein, or flavonol galangin  inhibit human EGFR
Tyrl068 autophosphorylation and ERK/MAPK cascade down-
stream transription factor ELKL Several studies in the past have
shown that chrysin exerts an inhibition effect on the ERK signaling
cascade in different cells and thus suppresses the levels of active
phosphorylated ELK1 {Gao et al, 2013; Pichichero et al, 2011).
Similarly, baicalein has been reported to have an inhibitory effect
on ERK1 2 phosphorylation in both in vive and in vitre (Agarwal
et al, 2009; Gao et al, 2013; Chen et al, 2013; Liang et al, 2012;
Zhou et al, 2013). On the other hand opposite effects have also
been reported for baicalein, baicalin and galangin, suggesting cell-
ar tissue-spedfic effects {Chen et al., 2006; Lei etal, 2012; Linet al.,
2013; Zhou et al, 2009} These data together with the recent
findings of the research group of Dr. Masahiko Megishi defining the
indirect activation of CAR via EGFR inhibition { Mutoh et al, 2013 )
urge for a comprehensive study of the molecular mechanism of

their interactions with CAR. a5
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Finally, we smdied if tested flavonoids inhibit human EGFR
receptor autophos phory Btion at Tyr 1068 imvolved in ERK signaling
and the activation of the ELK1 transcriptional factor, a down-
stream effector protein of the EGFR/Ras/Raff MEK/ERK pathway in
the nucleus. We found that the tested flavonoids inhibit human
EGFR receptor autophosphorylationat Tyr 1068, Weconfirmed that
phenobarbital interferes with human EGFR in A431 cells, although
the effect was weak even at a 1mM concentration (Fig. 4). When
we analyzed the effects of tested compounds on ELK1 activation in
hepatic Huh-7 and HepG2 cells, we found that galangin, chrysin
(Huh-7, HepG2), and baicalein and baicalin (Huh-7) significantly
inhibited ELK1 activation (Fig. 5A and B). Phenobarbital displayed
significant inhibitory effect comparable with U0126 or erlotinib in
the experiments suggesting significant inhibition of the signaling
after 24 h treatment (Fig. 5A and B). Molecular docking showed
hypothetical interactions of all tested flavonoids within the
binding pocket of EGFR receptor.

These results suggest that in hepaticcells haicalein, chrysin and
galangin interact with BGFR signaling to indirectly activate CAR
translocation into nudeus. We also confimned that indirect CAR
activator phenobarbital affects ERK signaling although we found
only weak interaction with human EGFR in model non-hepatic
A431 cells. These observations contradict the data presented by
Mutoh et al (2013) who showed a strong inhibition of EGF binding
to GST-tagged mouse Egfr with a phenoharbital concentraton of
100 wM. Further experiments should address whether other
phosphorylation sites of EGFR (such as Tyr&45, 992, 1148 and
1173, Ser1046 and Ser1i47 phosphosites) that interact with other
adaptor proteins are responsive to human EGFR  signaling
inhibition with phenoharbital.

5. Conclusions

Taken together, these facts suggest that these flavonoids do not
directly activate the CAR nudear receptor and that they interact
with the EGFR signaling. This study also demonstrates new
approach how to test the direct CAR interaction with its ligands
using TR-FRET CAR coactivator assay and CAR assembly assay. CAR
activation is assodated with many bereficial effects on the
metabolism of glucose and lipids. Baicalin, baicalein galangin
and chrysin have been reported to ameliorate high gluoose and
lipids levels in warious experimental models, with wvarious
maolecular mechanisms having been proposed for the activites
{El-Bassossy et al., 2013; Guo et al, 20089; Kumar and Alagawadi,
2013; Sivakumar et al, 2010; Waisundara et al, 2009} A maore
detailed characterization of the molecular effects of the studied
flavonoids would help us consider their clinical applications in
the treatment of highly prevalent illnesses such as obesity,
hypercholesterolemia and type 2 diabetes. In addition, knowledge
of CAR activaton may avoid drug-drug intemctions due to
xenobiotic-metabolizing enzymes induction.
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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. [F2014: 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-la 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.

49



Sensors 2015, 15, 9265-9276: doi:10.3390/5150400265
| OPEN ACCESS |

Sensors
ISSN 1424-8220
www.mdpi.comjournal/sensors

Article

The Use of the LanthaScreen TR-FRET CAR Coactivator Assay
in the Characterization of Constitutive Androstane Receptor
(CAR) Inverse Agonists

Alejandro Carazo and Petr Pavek *

Department of Pharmacology and Toxicology, Faculty of Pharmacy, Charles University in Prague,
Heyrovského 1203, Hradec Kralove CZ500 05, Czech Republic; E-Mail: carazo@faf cuni.cz

* Author to whom correspondence should be addressed; E-Mail: petr pavek@faf coni cz;
Tel: +420-495-067-334.

Academic Editor: Niko Hildebrandt

Received: 27 February 2015 / Accepted: 14 April 2015 / Published: 21 April 2015

Abstract: The constitutive androstane receptor (CAR) is a cntical nuclear receptor in the
gene regulation of xenobiotic and endobiotic metabolism. The LanthaScreen™ TR-FRET
CAR coactivator assay provides a simple and reliable method to analyze the affinity of a
ligand to the human CAR ligand-binding domain (LBD) with no need to use cellular models.
This in silico assay thus enables the study of direct CAR ligands and the ability to distinguish
them from the indirect CAR. activators that affect the receptor wia the cell signaling-dependent
phosphorylation of CAR in cells. For the current paper we characterized the pharmacodynamic
inferactions of three known CAR. inverse agonists/antagonists—PE 11195, clotrimazole and
androstenol—with the prototype agonist CITCO (6-(4-chlorophenvljimidazo[2, 1-5][1,3]
thiazole-5-carbaldehyde-O-(3 4-dichlorobenzyljoxime) using the TR-FRET LanthaScreen™
assay. We have confirmed that all three compounds are inverse agonists of human CAR_
with ICsp 0.51, 0.005, and 0.35 pM., respectively. All the compounds also antagonize the
CITCO-mediated activation of CAR, but only clotrimazole was capable to completely
reverse the effect of CITCO in the tested concentrations. Thus this method allows identifying
not only agonists, but also antagonists and inverse agomists for mman CAR as well as to
investigate the nature of the pharmacodynamic interactions of CAR ligands.

Kevwords: TR-FRET: terbium: constitutive androstane receptor; pharmacodynamics interactions
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1. Introduction

The LanthaScreen™ Nuclear Receptor Assay is commercially provided by Invitrogen (now a division
of Thermo) for several nuclear receptors, including FXR. LXRa. PPARo and PXR. The LanthaScreen™
Constitutive Androstane Receptor Coactivator Assay is a TR-FRET based assay with terbium and
fluorescein fluorophores to detect ligands of the Constitutive Androstane Receptor (CAR) nuclear
receptor. In contrast to other nuclear receptor LanthaScreen™ assays. which are frequently reported in
literature, to our knowledge no paper has been published on the characterization validation or use of the
TR-FRET CAR. Coactivator Assay until quite recently, when we published the first article demonstrating
the value of the assay in the characterization of indirect CAR. ligands [1].

The constitutive androstane receptor (CAER. NR1I3) is a ligand-activated transcription factor with
high constitutive activity belonging to the nuclear receptor group NRI1I CAR has been demonstrated to
regulate the gene expression of major phase I and phase II xenobiotic-metabolizing enzymes {DMEs)
and drug transporters such as cytochrome P450 CYP3A4 and CYPIB6 enzymes, the ABC efflux
transporter MEP2 and the conjugation enzvme UGT1AL [2].

CAR has also recently been shown to play important roles in the metabolism of glucose, lipids, and
fatty acids as well as in the endobiotic metabolism of bile acids, bilimwbin and thyroid hormones.
In addition, CAR has been studied as an important factor controlling cell-cycle regulation, apoptosis and
cell-cell interaction [3.4]. Human CAR displays unique properties in comparison with other nuclear
receptors including high constitutive activity, both direct (ligand-binding domain (LBD)-dependent) and
LBD-independent activation, and spontaneous nuclear localization in fumor cell lines. For these reasons,
there are currently only few specific and nontoxic ligands of human CAR that can be considered for
clinical investigation or for further characterization of human CAR [1.4].

CAR is formed from three domains: a highly conserved DINA-binding domain, a hinge region and a
divergent ligand binding/dimerization/transcriptional activation domain [5]. Both the ligand-binding
domain (LBD)-dependent and the independent activation of human CAR have been shown to release
CAR from its cytoplasmic tethering complex into the nucleus. Dephosphorylation-induced translocation
of CAR to the mucleus has been recently found as the key step toward indirect activation wia
EGFR-dependent signaling inhibition with phenobarbital [6-8].

As indicated earlier. we have recently shown the LanthaScreen™ TR-FRET CAR Coactivator Assay
as a suitable method to distinguish indirect CAR activators [1]. The procedure is based on the detection
of the energy transfer between terbium bound to the recombinant GSH-tagged human CAR ligand
binding domain (LBD) and fluorescein-labeled PGCla coactivator interacting with CAR 1LBD.
The interaction between CAR LBD and its coactivator PGCla is triggered by an agonist or released by
an inverse agonist or antagonist [1]. The assay provides a simple and reliable method to analyze the
affinity to the CAR-LBD with no need fo use cell lines, thus eliminating cell signaling [8], cellular
transport and metabolism as confounding factors.

For the current paper we analyzed the pharmacodynamic interactions of the known CAR agonist
CITCO (6-{4-chlorophenyljimidazo[2.1-5][ 1.3]thiazole-3-carbaldelryde-O0-(3 4-dichlorobenzyl)ooume) [9]
with three antagonists/inverse agonists—clotrimazole [10], PE11195 [11] and androstenol [12]—using
the LanthaScreen™ CAR Coactivator TR-FRET Assay. Our main goals were to (i) further optimize the
protocol of the assay; (i) apply the method in the study of agonistantagonist/inverse agomist
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pharmacodynamic interactions; and (1ii) characterize and compare three known inverse agonists/antagonists
in the cell-free assav.

2. Experimental Section
2.1, Chemicals

CITCO (6-(4-Chlorophenyljmudazo[2, 1-b][1.3 Jtuazole-5-carbaldehyde O-(3.4-dichlorobenzyljoxime)
was purchased from BIOMOL Research Germany. Clotrimazole (1-(o-Chlorotrityl)imidazole,
1-{o-Chloro-o,a-diphenylbenzyljimidazole, 1-[(2-Chlorophenyl)diphenylmethyl]- 1 H-imidazole),
androstenol (So-androst-16-en-3o-ol) and PE11195 (1-(2-Chloropheny - N-methyl-N-( 1-methylpropyl)-
J-isoquinolinecarboxamide) were purchased from Sigma-Aldrich (St. Louis, MO_ USA).

2.2 LanthaScreen TR-FRET Coactivator Assay

The LanthaScreen™TR-FRET CAR Coactivator Binding Assay (Cat. No. PV4836, now produced
by Thermo) was used with slight modifications of the manufacturer’s protocol. The assay uses
two fluorophores: a terbium-labeled anti-GST antibody interacting with glutathione-S-transferase (GST)
tagged human CAR ligand-binding domain (LB} and a fluorescein-labeled PGC 1o coactivator peptide
{Figure 1). The interaction of an agonist ligand stimulates the interactions of the components, resulting
in energy transfer to the acceptor fluorophore and a FRET (Fluorescence or Forster Resonance Energy
Transfer) emission shift from 495 nm to 520 num when fluorophores are within close proximity to one
another. Thus, this energy transfer is detected by an increase in the fluorescence emission of the acceptor
(fluorescein) and a decrease in the fluorescence emission of the donor (terbium). To quantify the process,
TR-FRET is expressed as a ratio of the intensities of the acceptor and donor fluorophores.

Since the CAR nuclear receptor has high constitutive activity independent of a ligand, CAR LBD
partly interact with the fluorescein-labeled PGClo coactivator peptide in the absence of ligands. When
an inverse agonist or antagonist is bound to CAR LBD. helix 12 of CAR LBD adopts a conformation
that precludes fluorescein-labeled PGCla coactivator peptide binding, and a decrease in TR-FRET
15 observed.

The assay was performed in a 384-well plate (black round-bottom plates purchased from Corning™?)
format in 20 pL of reaction mixture. Incubation time was optimized from 1 to 4 h at room temperature and
protected from light. The reaction mixture was composed according to the manufacturer’s recommended
final concentrations (fluorescein-labeled PGC1 o coactivator 125 oM, Th-labeled GST antibody 5 oM,
CAFR LBD GST-tagged protein 5 nM) [13].

According to the recommended protocol of the manufacturer, CAR-LBD is added to the solution of
test compounds, followed by the addition of a mixture of the fluorescein-coactivator peptide and
terbium-labeled anti-GST antibody. In the study we also tested to determuine if the order of adding the
constituents in the mixture may have an influence on the sensifivity and reproducibility of the assay.
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Figure 1. Principle of the TR-FRET (Time-Fesolved Fluorescence Resonance Energy
Transfer) LanthaSceen™ CAR Coactivator Assay.

After an incubation period of from 1 to 4 b, TR-FRET fluorescence was measured with a Synergy 2
Biotek plate reader (Bio-tek, Winooski, VT) using an excitation wavelength of 340 nm with filters
detecting the fluorescent emission signals of terbium at 495 nm (10 nm bandwidth) and fluorescein at
520 nm (20 nm bandwidth). The terbium was excited using a 340-nm excitation filter with a 30-nm
bandwidth and fluorescein was excited with the first emission peak of terbium centered at 495 nm
Energy transfer to fluorescein emission (520 nm) is then measured in the silent region between the first
fwo ferbium emission peaks centered at 490 and 545 nm (see Graphical Abstract). In this way, less than
1% of the total Th"™ emission is detected as bleed-through [14]. Delay time was set at 100 ps and
integration time 200 ps. Gains set to 100 were the use constant in all the experiments. The 520 nm/495 nm
TE-FEET ratio was then calculated. TR-FRET data are presented as 520 nm/495 nm TR-FRET ratio
(Figure 2) or as relative activation or inhibition of CAR to control (DMSO vehicle-containing sample)
without CAR LBD (set to zero, background) and to CITCO (10 pMM)-treated samples (sef at 100%
activation) (Figures 3—5). Values below the baseline value of the sample with CAR LBD and treated
with vehicle (0.1% DMSO) represent the inhibition of CAR-PGClo interaction and suppression of CAR
constitutive activity with CAR anfagonists/inverse agonists. The values above the baseline represent
activation of CAR LED-PGClu interaction and agonistic acfivity of the tested ligand. The experiments
were performed at least three times in quadmiplicates. Data are presented as the means and 5D. from
three independent experiments (1= 3). The Z-factor was always higher than 0.5 in our experiments.

In the agonist assay (upper panel), a ligand binds the Constitutive Androstane Receptor (CAR) ligand
binding domain (LB labeled with the terbium bound anti-G5T antibody. Binding of the agonist causes
conformational changes of CAR LBD around helix 12 resulting in an increased affinity of the
fluorescein-labeled PGClo coactivator peptide. The close proximity of terbium (donor) and fluorescein
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(acceptor) causes energy transfer to the fluorescein and TE-FRET in emission at 520 nm after excitation
at 340 nm.

In the case of the inverse agonist mode (lower panel), CAR LBD labeled with terbium through the
anfi-GST antibody partly interacts with the fluorescein-labeled PGCla coactivator peptide causing
constitutive ligand-independent activity of CAR. Binding of an inverse agonist to the CAR LBD
produces conformational changes decreasing the affinity of the PGClo coactivator. The close proximity
of the terbium (donor) and fluorescein (acceptor) and the resultant energy transfer TR-FRET is tlms
disrupted; enussion decreases at 520 nm.

2.3 CAR LBD Assembly Assay

The CAR LBD assembly assay was performed according to the protocol we described in our latest
report [1]. The CAR LBD assembly assay is based on two hybrid expression constructs encoding C
{151-349 aa, helices 3-12, pCAR-C/VP16) and N (103-150 aa, helix 1, pCAR-N/GAL4) terminal parts
of mman CAR LED that are co-transfected together with the pGL3-luc luciferase gene reporter plasmid
(Promega) containing GAL4 binding sites. When the CAR. LBD interacts with a ligand (both agomnist
and antagomist), connection of the helix 1 to CAR LBD helices 3-12 promotes firefly Iuciferase
activation. Thus, the assav monitor inferaction of CAR. LBD with ligands rather than its activation or
deactivation Experiments have been done in HepG2 cells with CITCO (1 pM) as an agonist and with
serial dilutions (range 0.1-30 pM) of CAR antagomists clotrimazole, PE11195 and androstenol,
respectively. ICsp has been calculated for each compound from at least five data points.

2.4. Data Analysis

Dose-response curves were generated by plotting the emission TR-FRET ratio vs. the log of a ligand
{in pM). To determine the half maximal inhibitory concentration (ICsg) value, the data were fitted vsing
an equation for a sigmoidal dose response inhibition (with a varying slope) using the software
GraphPad™ PRISM version 6.05. Z-factors were calculated using the method of Zhang ef al. [13].

3. Results and Discussion
3.1. Results
3.1.1. Optimization of TR-FRET Mixture Composition and Incubation Times

In the first experiments, we determined whether modifications in the procedure provided by the
mamifacturer would have an influence on the sensitivity of the assay for an agonist as well as on the
reduction of non-specific background. We altered the order in which the reagents were added to the
reaction mixture and compared the results with the signals obtained with the standard procedure. One of
the modifications was to add the ligand (CITCO), then a fluorescein-labeled PGCla coactivator and
terbium-labeled anti GSH antibody and finally the CAR-T.BD solution. Another modification consisted
of adding CAR-LBD and fluorescein-/terbium-labeled reagents solutions before the agonist. As shown
in Figure 2, both modifications proved to be effective (high fold-activation by the ligand) but the results
showed less sensitivity than the signals obtained by the standard procedure (the fold activation by CITCO
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10 pM was 2.26; 1.94; and 2 36, respectively, compared to vehicle confrol). We also found that the
standard protocol recommended by manufacturer results in a relatively lower background (the sample
without CAR IL.BD, 2 5-fold lower) in comparison with the control sample with vehicle (DMSO 0.1%),
CAR 1BD, Tb-labeled anti-G5SH antibody and fluorescein-labeled PGCla coactivator (Figure 2C).
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Figure 2. Optimization of the TR-FRET (Time-Resolved Fluorescence Resonance Energy
Transfer) LanthaSceen™ Assay. Our TR-FRET (Time-Resolved Fluorescence Resonance
Energy Transfer) experiments were slightly modified to study whether a protocol alteration
influenced the response to the CAR agonist. In (A), the reaction mixfure was composed in
the following order: CITCO, the fluorescein-labeled anti-PGCla coactivator, Th-labeled
GST antibody and CAR. LED; in (B), the reaction mixture was composed in the following
order: CAR. LBD. the fluorescein-labeled anti-PGC1a coactivator, Tb-labeled GST antibody
and CITCO; and in (C), the standard protocol was followed (the order of CITCO, CAR LED.
the fluorescein-labeled anti-PGCla coactivator and Th-labeled GST antibody). The dotted
line represents background nonspecific fluorescence in the absence of CAR LED.

Secondly, we tested to see if incubation time had an effect on the outcomes of the experiments.
We observed no significant effect of incubation time in all three experimental sefups (Figure 2), although
a slightly higher FEFET ratio was observed for the incubation time of 1-h. These data confirm published
results [13].

Thms these results confirm that the recommended experimental protocol and 1-h incubation time are
optimal for further experiments.

3.1.2 PK11195 Shows Competitive Inhibition for CAR

PE1195 (1-(2-chlorophenyl)-N-methyl-N-{ 1-methylpropyl)-3-isoquinolinecarboxamide) 15 a known
antagonist for human CAR_ acting as a direct ligand for the receptor [11]. PE11195 has been shown to
act as an antagonist of CITCO as well as an inverse agonist of constitutive activity in vehicle-treated
samples in gene reporter assays and in RT-PCR. experiments [11,16]. In our experiments, we confirmed
that PE11195 is an inverse agonist with ICsp 0.51 pM (Table 1) to reduce CAR constitutive activity
(Figure 3). We also observed concentration-dependent antagonistic competition of PK11195 with
CITCO for the CAR 1BD. as shown in Figure 3. Significantly, PK 11195 at the concentration of 20 pM
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almost completely abolished the comstitutive (CITCO-independent) interaction of CAR LBD with
PGCla (Figure 3).
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Figure 3. Effect of PK11195 on CAR LBD activity in the TR-FRET LanthaScreen™ CAR
Coactivator Assay. PE11195 in a serial dilution was tested in inverse agonistic or
antagonistic modes together with the prototype CAR agonist CITCO (1 pM concentration)
using the TR-FRET assay. Data are presented as the relative activation to background
activity (no CAFR LBD in the reaction nixture, set to 0%) and to the effect of CITCO
(1 pM) set as 100% activation. The dotted line represents the constitutive activity of CAR
LBD (vehicle-treated samples). Data are presented as the means and 5D, from three
independent experiments (17 = 3). Dose response curves were fitted using a sigmoidal dose
response equation with a variable slope emploving the software GraphPad PRISM ver. 6.06.

In the experiments agonist CITCO was always added into TE-FRET reaction mixture before
PE11195. But no significant difference was observed in the TR-FRET fluorescence signals when
PE11195 was added before CITCO (unpublished data).

3.1.3. Androstenol does not Show Significant Competitive Inhibition for CAR 1LBD

Unlike PK11195, androstane metabolites are weak inverse agonists of human CAR [12]. Androstenol
(So-androst-16-en-3a-ol) did not show any significant mhibition for CITCO-mediated CAE LBD
interaction with PGCla in our TR-FRET assays (Figure 4). The consistent antagonistic effect of
androstenol on CITCO was only observed at the 30-uM concentration (Figure 4). In agreement with
previous reports, androstenol decreased constitutive activity of CAR with ICsg 0.345 pM (Table 1) in
our TR-FEET experiments, a result which is in accordance with published data [13]. Again_ as in the
case of PE11195, no statistical difference was observed between the protocols when CITCO was added
before androstenol or the other way round.
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Figure 4. Effact of androstenol on CAR LBD activity in the TR-FRET LanthaScreen™ CAR
Coactivator Assay. Androstenol in a serial dilution was fested in inverse agonistic or
antagonistic modes together with the prototype CAR agonist CITCO (1 pM concentration)
using the TR-FRET assay. Data are presented as the relative activation to background
activity (set to 0%) and to the effect of CITCO (1 pM) set as 100% activation. The dotted
line represents constitutive activity of CAR LBD (vehicle-treated samples). Data are

presented as the means and 5.D. from three independent experiments (n = 3).

3.14 Clotrimazole is a Potent Antagonist of Human CAR.

Clotrimazole, an antifungal azole drug. has been reported as a human CAR antagonist [10]. In our
work a significant inhibition of the CAR ILBD constitutive activity was demonstrated already in
concentrations of 0.01 pM and 10 uM clotrimazole almost completely inhibited the interaction of CAR
IBD with the PGCla coactivator in the TR-FRET assay (Figure 5). The ICso for clotrimazole was
0.005 pM (Table 1), which indicates high affinity to CAR LBD at low concentrations of clotrimazole.
When combined with CITCO (either 1 or 10 pM), both concentration-dependent curves show the same
profile (Figure 3) (umpublished data jor 10 pM CITCO). Notably, at the 30-uM concentration
we observed that clotrimazole completely abrogated the effect of CITCO on CAR 1LBD interaction
with PGCla as well as further decreased the interaction below the baseline of CAR constitutive
activity (Figure 5). These data demonstrate that clotrimazole is a highly potent antagonist and inverse
agomist of human CAR that is able to completely inhibit CAR coactivation with PGCla in low
micromolar concentrations.

These data indicate that the tested inverse agonists/antagonists inhibit CAR coactivation with PGCla
in the TR-FRET assay in the following order: clotrimazole = PE11195 = androstenol. Clotrimazole was
the only compound to reverse the effect of CITCO in the tested concentrations. Clotnimazole and
PE111195 at the concentrations of 20 and 30 pM abolished constitutive activity of CAR and completely
dismupted the interaction of CAR LBD with PGCla (Figures 3 and 5), yielding background FRET
ratio activities.
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Figure 5. Effect of clotrimazole on CAR LBD activity in the TR-FRET LanthaScreen™ CAR
Coactivator Assqy. Clotrimazole in a serial dilution was tested in inverse agonistic or
antagonistic modes together with the prototype CAR. agonist CITCO (1 pM concentration)
using the TR-FRET assay. Data are presented as the relative activation to background
activity (set to 0%) and to the effect of CITCO (1 pM) set as 100% activation. The
dotted line represents constitutive activity of CAR LBD (vehicle-treated samples). Data are
presented as the means and 5.D. from three independent expenments (7 = 3).

3.1.5. Clotrimazole is a Potent Antagonist of Human CAR.

To confirm our TR-FRET CAR Coactivator assay data, CAR LBD assembly assay has

0273

been

employed/performed. The assay directly monitors interaction of a ligand with the CAR LBD producing
a firefly luciferase gene reporter vector activation. We observed similar IC50s for clotrimazole and
PE11195 antagonist in the assay in comparson with TR-FRET CAR coactivation assay (Table 1).
On the other hand, androstenol exerted a weaker inhibition of the activity of CITCO and the data we

obtained were not reliable to obtain kinetic data of the curve.

Table 1. Parameters of tested compounds to interact with mman CAR I.BD.

ICs0 (pM)(95% Conf. Interv.)'R Sguare

TE-FRET CAR Assay CAR LED Assembly Assay
Compound No CITCO CITCO 1 pM CITCO 1 pM
7Y 2 737
PK11105 0.31 {é];gﬁs—(} 2) 93.63 (3.5;48—943.3} 56.61 [?]69:3]!;—8 37)
i 2867
Androstencl 0345 {é];};;é 0.8) 3126 {:}53._138—6 6.8) NA
212 T2 7
Lot e 0.005 {0{.}{.];;]:—0.{]39} 6.15 (30.;;21._.413 11.37 (6..;‘?;49.. 1)

M_A —not available, not relizble fitting m the concentration range.
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3.2. Discussion

The use of the TR-FRET assav to analyze the ligands of a muclear receptor was first reported by
Parks af al_ [17], who developed an europium-based assay with biotinylated Famesoid X receptor (FXR)
1BD labeled with streptavidin-conjugated allophycocyanin (APC) dye and the 5-biotinyled SEC1
coactivator peptide fragment (AA 676 to 700) labeled with streptavidin-conjugated europium chelate.
The first TR-FRET europium-based assay to detect mice and human CAR nuclear receptor ligands was
described by Moore ef al. In this assay, biotinylated mouse and human CAR I.BEDs labeled with the
steptavidin-conjugated fluorophore APC dve interacted with the peptide LYXLL motif of SRC-1
coactivator (A A 676-700) labeled with europium chelate [9,10]; this process was patented in 2011 [18].

In contrast to standard FEET assays, TE-FRET assays use a long-lifetime lanthanide chelate as the
donor fluorophores [14]. Lanthanide chelates have extremely-long excited-state lifetime, on the order of
a millisecond when the molecule spends in the excited state after accepfing a photon [14]. The delay
time of TR-FRET measurement is usually 30 to 100 microseconds after a flashlamp excitation. Therefore,
TR-FRET eliminates interference from autofluorescent compounds as well as from scattered light, since
the interference is in the nanosecond timescale. The most common lanthanides used in TR-FRET assays
are terbium (Tb*") and europium (Ev’™). Terbium-based TR-FRET assays can be conducted with common.
cheap and easy-to-work fluorophores, such as fluorescein, as the acceptor in fluorescein-labeled
molecules; this is in stark contrast fo europium-based systems, which employ APC as the acceptor in
biotinylated molecules. Thus the main advantage of the TE-FRET assay is overcoming interference from
compound autofluorescence and light scatter from precipitated compounds. In addition considering
FRET as a ratio of the intensities of the acceptor and donor fluorophores, differences in assay volumes
between wells can be eliminated and quenching effects due to colored compounds can be corrected using
this approach.

The LanthaScreen™ time-resolved Forster resonance energy transfer (TR-FEET) technology was
introduced by Invitrogen (now a division of Thermo) in 2007. The assay facilitates the discovery and
evaluation of compounds that bind to human CAR I BD based on the recruitment or displacement of the
coactivator-based fluorescein-labeled peptide PGCla. The inferaction of CAR LBD with PGCla is
controlled by a conformational change in the CAR receptor LBD around helix 12 that takes place
upon ligand binding. Either the constitutive association of CAR LBD with a fluorescein-labeled
coactivator peptide may be disrupted by inverse agonists. or the inferaction between the receptor and
fluorescein-labeled PGCla coactivator peptide is augmented by agonists. This interaction is detected by
monitoring the FRET signal between a terbium-labeled anti-GST antibody bound to CAR. LBD and the
fluorescein-labeled peptide PGCla.

As far as we know, ours is the only research group reporting on the LanthaSceen™ CAR Coactivator
Aszgay at the present fime. In another recent publication. we demonstrated the applicability of the assay
for distinguishing indirect CAR activators among the natural flavonoids, which activate CAR wia
posttranslational modification [1]. For the current work, using the TR-FRET LanthaSceen™ assay we
studied three well-known inverse agonists/antagonists of human CAR. We found that clotrimazole is the
most potent antagonist and inverse agonist of human CAR followed by PK11195 and androstenol
(Table 1). Clotrimazole was the only compound to reverse the effect of CITCO in the tested
concentrations. Another interesting finding of the study is that at the concentration of 30 pM clotrimazole
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and PE111195 abolish the constitutive activity of CAR and completely distupt the interaction of CAR
LBD with PGCla (Figures 3 and 3).

The assembly assay method provides reliable information about the affinity of a studied substance to
bind to CAR-LBD. In this regard, clotrimazole showed the most significant activity to revert the CAR
activation by CITCO 1uM in a dose-dependent manner (ICs0 =11.4= 1.7 uM), while PK11195 showed
less potent inhibitory effect (ICs = 56.6 = 1.2 pM). Androstenol displayed the weakest inhibition even
in the highest studied concentration (30 pM) against CITCO 1 pM. These data are in accordance to the
data obtained by the TR-FRET technology. Thus, both assays prove to be sensible, reliable and
interchangeable methods to study ligand interaction and competition for CAR-LED.

4. Conclusions

In this article, we communicate our results demonstrating that the TE-FRET CAR coactivator assay
is a suitable, rapid (2 h), and convenient (mix-and-measure mode) tool for the interaction testing of
human CAR and its ligands without the confounding effect of cellular signaling and cell-dependent
postiranslational modification of CAR. Further, the assay can be adapted for a high-throughput screening
format (384-well plate). Our current studies also show for the first time the pharmacodynamic
interactions of a CAR agonist and an inverse agonist/antagonist in silico.
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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. 1F2015:3,522

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 ECso of 32.1
uM 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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Mudear recepiors
BiR hepatic HepaRi cells

keto bile acids on the nuclear recepiors activation amnd their target gene expression in differentiated

We demonstrate that the DCA 3,1 2-diacetate and CA 3.7, 12-triacetate dervathves are ligand s of PXR and
DCA 3 2-diacetate indieces PR target genes such as OfP3A4 OYP2ZEE and ABCE1/MDEL

In conclusion, we found that acetylated DCAand CA are potent ligands of PXR Whether the acetylated
bile acid derivatives are novel endoge nows ligands of PR with detood fication or physolegical functions
should be further studied in ongoing experime nts.

& 2016 Elsevier lreland Lrd. All nghis reserved.

1 Introdu dion

Three nuclear receptors of the nudear receptor superfamily -
the Pregnane X receptor (PXR, MR112), Farnesoid X (FXR MR1H4)
and Vitamin D receptor (VDR, NR1I1}) - have been recently
established as bile acid receptors in the liver and in the intestine
and their role in bile acid { BA ) synthesis regulation or detoifica-
tion has been dearly dooumented (Ishizawa et al, 2008;
Makishima et al, 2002, 1999; Ridlon and Bajaj, 2015; Staudinger
et al, 2001b; Wang et al, 1999; Xie et al., 2001). 3-Keto LCA has
been found as a potent ligand for the VDR, FXR and FXR (Adachi
et al, 2005; Makishima et al., 1999; Staudinger et al., 2001 b}, and
the LCA acetate and LCA acetate methyl ester as highly potent VDR
ligands {Adachi et al., 2005; Makishima et al, 1999; Staudinger
et al, 2001b) It was also proposed that gut microbiome may
produce endocrine molecules from stemnids to adtivate nuclear
receptors and several oxidized bile acid derivatives such as 7-oxo
CA, 7-meo DCA and 7-oom CDCA have been identified as products of
prokaryotic hydroxysteroid dehydrogenases (Ridlon and Bajaj,
2015).

We hypothesized that dehydrogenation (oidaton) or acetyla-
tion of bile acids may increase affinity to these nudear receptors
and that liver biotransformation enzymes or intestinal microflora
may modify bile acids at positon 3, Tocand 120 of DCA, LCA, CA
and COCA to derivatives more avidly interacting with the bile acid
receptors (Ridlon and Bajaj, 2015). Therefore, to study structure-
activity relationships (SAR) of dehydrogenated and acetylated bile
adds with PXR, VDR and FXR receptors, we synthetized a series of
dehydmogenated (keto) and acetylated derivatives of DCA, LCA, CA,
and (A (Fig. 1). Some of these compounds are known products
of gut microbiome bile salt 3n-, 7o, 120 -hydrogesteroid deby-
drogenases or deconjugation enzymes as well as potential
products of cytochrome P450-mediated biotransformation (com-
pounds underlined in Fig. 1} {Deo and Bandiera, 2009; Ridlon and
Hajaj, 2015; Ridlon et al., 2006).

The PXR has been identified as a *master” xenobiotic sensor
regulating the expression of a wide variety of gepes imvolved in the
transport, metabaolism and elimination of xenobiotics along with a
number of endogenous substances. In addition, PXR hasa function
in regulating seweral cellular signaling pathways melated to
physiologial processes (Banerjee et al., 20015} In the case of
PER, mainly lithocholic acid and its 3-keto derivative have been
found to activate both human and mouse FXR (Krasowski et al,
2005; Staudinger et al., 2001b; Xie et al, 2001). 3-Keto LCA was
found to be an even more potent ligand of PXR than LCA; whereas
MCA, DCA and CA only mildly activate PXR (Krasowski et al, 2005;
Staudinger et al., 2001 b). Therefore, PXR has been established as
the receptor of LCA responsible for the detoxification of the highly
hepatotoic and a potentially enteric carcinogenic bile add via
induction of its metabolism (Staudinger et al., 2001b; Xie et al.,
2001)

The FXR is localized mainly in the liver, intestine (ileum) and
kidneys. FXR regulates the enterohepatic cirmulation and metabo-
lism of hile adds, and it also modulates liver regeneration,
inflammation and growth (Al et al, 2015 ). Chenodeoxycholic acid

(CA), and to a lesser extent lithochaolic (LCA) and deoxycholic
acid (DCA), are maturml ligands of human FXR and able to
tmansactvate the receptor, whereas cholic acid (CA) has weak
effect on FXR activation {(Makishima et al., 1999; Parks et al., 1999;
Wang etal, 1999 ) Among keto-bile acids, 7-keto and 3,7-keto LCA
are known to activate FXR, although with lower potency (Wang
et al, 1999 ). Conjugates of COCA, LCA, and DCA with taurine and
glydne and to a lesser extent CA conjugates can also activate FXR
when tmnsported into cells by a conjugate transporter such as
ABST (IBAT, SLC10A2) (Makishima et al, 1999; Parks et al,, 19949).
Ligands of FXR are considered therapeutically useful for the
treatment of liver disorders induding various forms of cholestasis
and fatty liver (steatosis) disease (Ali et al, 20015}

The VDR mediates the effect of the vitamin D active form 1,25-
dihydmecyvitamin Dy ( L25- OHvitDy ). VDR is primarily assodated
with calcium and phosphate homeostasis, but itis also an important
regulatorofoell growth and differentiation, cell death and immunity
(Dusso et al, 2005) It has been shown that VDR also fundtions as a
receptor for the secondary bileacidlithocholic acid (LCAL VDR is the
mast sensitive receptor to activation by LCA and its metabaolites in
comparison with other nuclear receptors. Activation o FVDR by LCA ar
by witamin D induces expression of CYP3A4, a gitochrome P450
enzyme that detoxifies LCA in the liver and intestine (Makishima
et al, 2002). Interestingly, dervatives of LCA such as 3-keto LCA
(Makishima et al, 2002}, LCA propionate and methylester LCA
acetate display significantly higher affinity and potency to activate
VDR (Adachi et al., 2005; Ishizawa et al., 2008).

In the current work, we attempted to determine if dehydmoge-
nationor acetylation at position 3, 7 and 12 of unconjugated DCA,
LCA, CA and (DCA has effects on interactions with the bile add
receptors FXR, FXR and VDR We investigated interactions of
synthetized acetylated, diacetylated, tracetylated and dehydm-
genated bile acids COCA, LCA, DCA and CAat positions 3 (o, [3), T
and 12« (Fig. 1) with PXR, FXR, and VDR nudear receptors in a
cellular assay as well as with recombinant nudear receptor
proteins in coactivator TR-FRET assays. Employing RT-PCR and in
sifice docking, we confirmed interactions of acetylate d DCA and CA
bile acids with FXR ligand binding domain (LBDY) and PR target
genes regulation in HepaRG cells by DCA 3,12-diacetate. We further
analyzed lipid ectracts of mouse liver and human bile samples
using HPLC/MS-ME.

2. Material and methods
21 (hemicals

The bile add derivatives (Fig. 1) wemr synthesized at the
Institute of Organic Chemistry and Biochemistry Czech Academy
of Sciences. Synthesis procedures and NMR spedtra are available
upon request and will be published elsewhens,
22, Plasmids

The F{R response elements (FXRE}-driven luciferase reporter
plasmid (pFXRE-luc2P}) was constructed by inserting
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Systematic Names (Lipid Maps™ database):
Sficholan-24-clc Acid, Lithooholic acid: lso LEA, 3B-Hydroxy-5f-cholan-24-

LEA, 3aH

aia ficid, lsalhocholia Adid; |sa LCA 5{B)jen S-acataie, 38-Hydroog.S-cholan-S-ar.24.a0ia fcd
J-acetate; S-hydrooy LOA, 3a,Ga-Diydroxy-5[-chalan-24-aia Acid, Hycdecxychalio Acid; CA,
SuTo. 1 20 Trihydromy-5f-cholan-24-cic acid, Cholio Acld; T.axe CA 301 Zo-Dibydnoxy-T-ono-
Si-cholan-2-cic Aok, 3,7 1% ows CA, 3,7,12-Tricwo-Sp-cholan-24-oic Acld; CA 3713
Triacatate, 3a,7e.12a-Trihydrooy-B-cholan-24-pic Acid 3,7.12-Iriacatate; -l
307w, 120 Trihydrony-B-cholan-24-cle. Ack 3,7-Gacelste; DCA, 301 do-Dihydomy-58-
mmm Fcid, Decxychaolc Ackd; o DCA, 38,12e-Dihydromy-5E-cholar-24-oic Acid,
deaxycholic Acid: DCA J-acalate, 3a,126-Dihydroay-58-cholan-24-oic Acid J-acalate; DCA
FAg-dipcatate. Ja,i2a-Ditydroxy-Sf-chalan-24-aic Acid 3 12-diacetale; 312-diggn DCA,
:312~Dm-5|3-¢hdm-24-m. Acid; 12-ax0 DCA, Jo-Hydraxy-12-0m0-50-chalan- 2d-aic Md.
12-a%0_0[11jen: DCA, Ja-Hydrooy-12-axe-55-chal-8[11)-en-2-ale Acid;
acalale, anﬁm1ma&mkmm Acid J-acetsle: COCA, 3a.7a-D rwmp-sa

cholan-24-aic Acid, Chenodeaxychalic Acid;
24-pic Acid 3,7 -dincetate;
Tuciwn COCA, Ja-Hydnooy.

Fig. 1. Commaon namess of tested bile acids

, 30, 7a-Dibydrory-58-chokan-

, 3a ?u-Dd'ljdmw-ﬁﬂ-l:hdath-mM J-acetale;
?anmu-ﬁﬂ-:ldnrh?d-un

Underined bile adds are formed by mut microbiota (Ridlon and Bajaj, 2015; Ridlon =t al, 2006, 2014

complementary oligonudeotides containing two copies of FXRE,
an inverted repeat inw hich consensus receptor-binding hexamers
are separated by one nudeotide (IR-1} from the phospholipid
transfer protein (PLTP} promoter (5-aaactgaGGGTCAgTGACC-
Caagtgaa-3') and one FXRE (IR-1) of the SHP gene promoter
(=29 CGAGTTAATGACCT—279) into Kpni-Xho! cloning sites of
pGL427 (Promega, Hecules, CA, USA) upstream of the minimal
promater. Theexperiments with pCMX-GAL-h FXR, PXR-responsive

p3fd-luc and pM-GAL4-PXR LBDmut (5247W C284W ) constructs
were performed as we have previously described (Hirsova et al.,
2013; Krausova et al, 2011; Rulcova et al., 2010} pDRs-luc plasmid
containing four repeats of consensus VDR response element
[AGGTCAMMMMM]s was used (DR3 ds-Reporting System, Strata-
gene). The pGLS-luc, pGl423 and pRL-TK constructs were
purchased from Promega (Madison, W1, USA) pSGS5-hFXR and
pSG-hPYR expression construdts wene kindly provided by Dr &
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Eliewer (Uniwersity of Texas, Dallas, TX, USA). The expression
plasmids pSG5-hRXRoe and pSG5-hV DR were a generous gift from
Or. C. Carlberg (University of Kuopio, Kuopio, Finland ).

23, Reporter gene assay and mammalign two-hybrid assays

All transient transfection reporter gene assays wenre performed
with Lipofectamine™ 2000 transfection reagent (Life Technologies,
Carlsbad, CA, USA, now part of Thermo Fisher] in the HepG2 cells
(between passages 15 to 25). Cells were seeded at the density of
40,000 cellsjcm® onto 48-wel Plates 24h before transfection.
HepG2 cells were transfected with ludferase reporter gene
constructs (150 ng fwell) together with NREs expression vectors
(100 ng/well) and pRL-TK Renillz construct (30 ng fwell) 24 h after
seeding, according to the manufacturers protoool. For pilot
sreening of bile adds interactions with FXE, VDR and FXR
receptors, 30 pM concentration has been used. In the concentra-
tion, tested bile adds have no effect on HepG2 viability (data not
shown).

Mammalian two-hybrid assays weme carried out with the pM-
GAL4-P¥Rwt fusion expression plasmid for wild-type PXR and the
double mutant pM-GAL4-PXRmut (S247W[C284W) expression
plasmid. The double PXRE mutant (5247 W/C284W) has replaced the
serine at position 247 with the larger tryptophan, which effectively
fills the ligand binding pocket of PXR. This replacement blocks the
ligand binding pocket-dependent activity of FXR rendering the
oonstruct constitutively active independently of a ligand HepG2
cells were transiently transfected with the pGLS-luc reporter
plasmid( 150 ng per wellin 48-well plates } together witheither the
pM-GAL4-FXR LBOwt or pM-GAL4-FXR LBDmut [S247W, 2 48W)
(100 ng per well) fusion expression plasmid, the VP 15-5RC1 fusion
expression plasmid or the VP16 empty vector { 100 ng per well), as
wellas the pRL-TK control plasmid { 30 ng per well} for transfection
normalization After 24h of stabilization, the cells were treated
with the DCA 312-diacetate and CA 3.712-tracetate (30pM),
rfampicin (RIF, 10 pM} or wehice (DMS0; 01%, wjv) for an
additional 24 h The VP16-5RCI-RID fusion expression construct
for SRC1 coactivator 1 has been described previously (Krausova
et al, 2011). During the length of the experiments, cells wemr kept
in an incubator at temperature 37°C and 5% 00z After treatment,
the cells were lysed and assayed for both firefly and Renillz
luciferase activities with the use of the Dual-luciferase Reporter
Assay kit (Promega, Hercules, CA USA) All test values wem
normalized to the mean value of the experimental control group
(empty expression constructs with wehicle) and the data ame
presented as fold of the control group’s mean value (n=3or more).
More detailed protocols can be found in our previous papers
(Krausova et al., 2011; Smutny et al., 2014).

24, PXR lipand binding assay

The LanthaScreen™ TR-FRET PXR Competitive Binding Assay
(Invitrogen/Life Technologies, Carlsbad, CA) was performed
according tothe protoool desaribed in our previous paper (Smutmy
et al., 2014).

25 HepaRG cell cultivaton

Cryopreserved HepaRG™ (GIBODO®) cells and media wemr
obtained from Life Technologies (Carlsbad, CA, USA)L The
H.epaRGm cell line is an immortalized and terminally differentiat-
ed hepatic cell line that retains many liver-specific characteristics
of primary human hepatocytes including high endogenous
activities of nuclear receptors and biotmnsformaton enzymes.
The HepaRG cells were initially isolated from a liver tumaor of a
female patient suffering from hepatocardnoma (Gripon et al,

2002). The HepaRG cell line was cultivated and differentiated for
gQRT-PMR expression experiment as previously described (Gripon
etal, 2002; Hysova et al, 2016 ). On the contrary, HepG2 cells have
been preferred to HepaRG cells in transient transfection experi-
ments, since majority of transfection reagents display low
transfection efficiency or toxicity in HepaRG cells.

26. gRT-PCR asszy

Total RMA isolation, cDMAs synthesis and RT-PCR experiments
weere performed as described previously (Smutny et al., 2014).

2.7 CYP3A4 enzymatic activity asay

Human recombinant CYP3A4 (P450-Glo™ CYPIA4 Screening
System with Ludferin-PPXE) was used to evaluate the interaction
of the DCA 3.12-diacetate with human CYP3A4 (Smutny et al..
2014).

2.8. HPLC/MS-MS analyses of the DCA 3,12-ocetote and CA 3,7, 12-
friecetate

Three mouse liver samples and human bile samples (collected
acoording to the Declaration of Helsinki of 1964 and approved by
the local ethics committee) have been used for the analyzed.
Patients with a diagnosis of biliary complications were admitted at
the Endoscopy unit, Gastroenterology department of the Univer-
sity of Heidelberg Hospital. Samples have been prepared as
described in Supplementary dato protocol.

For HPLC-MS/MS analyses, the sepamtion of bile adds was
achieved uwsing a Luna C18 column (Fhenomenex, CA; 100 mm
= 20mm, Ipm particle size) fitted on a separation module
(Waters 2695, Milford, MA). Binary solvents used for the analysis
were B0E HxO/methanol with 8 mM ammonium acetate, pH =80
(=solvent A} and 95% methanol (HxOwith 8 mM ammonium acetate,
pH=8.0 (solvent B). The flow rate was maintained at 0.2 mL/min,
and the gradient started with 100% salvent A for 2.5min, changed
to 100% solvent Bin 1min, held for 6.5 min, and finally switched
back to the initial condition within 3 min. The HPLC column was
maintained at 40°C and coupled with an electros pray ionization
source of the tandem mass spedrometer (Quattm mico APL
Micromass Waters, Manchester, UK). The mass spectrometer was
operated with the source, with desolvation temperatures set at
130 =C and 300°C, respectively. The bile acids in free add form and
their taurine- glydne —oonjugates were detected in a negative
mode. The capillary, cone, extractor, and RF voltages wen used at
4100, 70, 10, and 06V, respectively. The source and desohation
gases (nitrogen) were set at a flow rate of 800 and 90L'h,
respectively. Collision energies were 60, 48, and 30 eV for glyoo-,
taurc-, and unconjugated BAs, respectively. The DCA 3,7 -diacetate
and CA 3 712-tdacetate were detected by the multiple reaction
manitoring (MRM) transitions at 475.1>4333 and 5332>4912,
respectively. Peak assignment was achieved by direct comparison
with the retention times at 919min and &16min of authentc
standards of the DCA 3, 7-diacetate and CA 3 712-triacetate,
respectively. The concentrations of bile acids were determined
by the peak area ratio between the bile acid and the internal
standard.

29_Stotistical and bisinformatic analyses

All data are presented as the mean + standard deviations (SDs).
A one-way analysis of variance (AMOVA ) with a Dunnett’s post hoc
test was applied. ECsq (BAs concentration required to achieve half-
maximum promoter activation), 10sq (BAs concentration required
to achieve 50% inhibition in TR-FRET assay or CYP3A4 enzymatic
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Fig. Z Interaction of the bile add derivaess with PXR, FXR and VDR in luciferass
reporier gene xsays. Transient transfection repornier gene experiments with NEs
respansive ludferase constructs (p3Ad-lug, pFXRE-hc2P and pDR3-he) were
performed in Hepll cells ooamsfeced with appropriate NRs expression
constructs to esthlich the interadtions of the testsd compounds with PR, PR
and VDR The data are presenied as the means=3D from three independent
experiments (n=3) and are expresed a5 the fold-changs of normalimed luciferases
activities relative to the wehide-treated samiple (contral) group mean value (st to
1L

*pec 005, **p 000 —statistically significant difference compared to wehicle-
treated cells (ANOWA with Dunnett’s post-hoc testl

assay) and |, (representing the owerall maximal calculated
induction produced by the tested compound; maximal responding
capadty; maximal efficacy) values were determined according to
Hill's eguation by nonlinear regression analysis. All of the
statistical analyses were performed using GraphPad Prism 6
Software(GraphPad Software, Inc., San Diego, CA) based on at least

three independent experiments (n=3) A p value of <0.05 was
considered to be statistically significant.

291, Moleculor modeling

30 structures of the compounds were prepared and all
hydrogens wer added with the Marvin 1498 program (Chem-
fxon, hitp:/fwww.chemaxon.com). The crystal structure of FXR
with ethinyl estradiol and trans-nonachlor (PDB ID: 4 « 1G] was
used as final docking template with a docking grid of 14 A around
the center of the ligand in the oystal structure (Delfosse et al.,
2015}, which was deleted prior to docking. Polar hydrogens were
added to the receptor and all ligands with the Auto Dock Tools 1.5.4
program (Maorris et al., 2009 prior to docking with the AutoDock
Vina program (Trott and Olson, 2010}, whereas side-chains of the
flexible residues identified within available PXR crystal structures
{amino acids H407 and R410) were set flexible.

3. Results

3.1 Interaction of the tested bile acid derivatives with PXR, FXR and
VDR in reporter gene assays

In the first set of experiments, we tested a series of interactions
between bile acids derivatives with PXR, FXR and VDR by using
reporter gene assays in HepG2 cells. Validated prototypeligands of
the receptors such as rifampidn, 6ECDCA and 125(0H)vitDs,
respectively, have been used as comparators (black columns)
(Fig. 2A—C). We found that the DCA 3,12-diacetate and CA 3,712-
triacetate derivatives significantly (p< 0,001} activated human
¥R ata concentrationof 30 pM (Fig. 24). We alsoobserved a mild
but significant (p < 0.05) PXR activation by the DCA 3-acetate and
CDCA 3-acetate, and with LCA, DCA and CA, which are known to
interact with FAR.

In the experiments, known FXR ligands 6-ECDCA, COCA, LCA,
and DCA significantly activated FXR-responsive luciferase con-
struct (Fig. 2BL. We alo observed a weak but statistically
significant (p < 0.05) activation of FXR by the (DCA 3 7-diacetate
(Fig. 2B).

Finally, in the experiments with the VDR-responsive luciferase
reporter gene construct, we did not observe any significant
activaton of VDR by any of the tested compounds except for the
known ligands LCA and 6-hydrogy LCA (Fig. 2C). Furthermore, the
3B epimers lso LCA and kso LCA 5(6)en 3-acetate did not have any
signifiant effects on any of the nuclear receptors examined
(Fig. 2).

Thus our results showed that the acety lation of CA and DCAwas
ahle to increase the activation of FXR, and the acetylation of CDCA
may inease the activaton of FXR

32. The DCA 3,12-digcetate mteracts with the PXR Egand binding
domain ([BD) in a dose-dependent manner

Mext we performed dose-response studies wsing the gene
reporter assays in HepG2 cells with the p3A4-luc construct to
measure the affinity of the DCA 312-diacetate to PXR LED. We
found that the DCA 312-diacetate had lower affinity, but higher
efficacy to activate PXR (Fg. 3A). ECgy of the DCA 3.12-diacetate
and rifampidn was 321+ 113 and 9.1 + 165 pM, respectively.

In the next experiments, we aimed to determine the affinity of
the DCA 312-diacetate to FXR-LBD in an i vitro TR-FRET PXR
onactivation assay using recombinant PXR-LBD protein. In this
assay, the affinity of the tested compounds to PXR was evaluated
hased oncompetition with a fluorescent PXR ligand. We found that
the DCA 3,12-diacetate had similarly low ICsq in comparison with
prototype non-fluorescent PXR ligand SR12813 (ICsq 368 + 1LBO
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Fig_ 3_ Interaction of the DCA 312 disostate and CA 3 312 -triscetate with the PR ligand binding domain_

(A) Duse =respanse activation of FXK by the DCA 3,12-diacetate in reporer gene assays. Reponter gene experiments were peformed with a pd Ad=luc ucilerase mmstruct in
HepG2 cell s treated with the indicated range of concentrations of PXR ligands for 24 h Thedata are pressnted 2s the means < S0 fromithres ind spend ent sxperiments (n= 3)
amd are expressed a5 the fold-change in activation relative to the wehicle-treated samples (contral) meams. EC., is the concentration required to achiewe half-m admum
promater sctivation;; b represents the overall maximal @laltsd induction (in ML

(B} Interaction of the DCA 312-dismtate with FXE in a LanthaSoesn® TR-FRET Pregmane X Rempior mmpetitive binding assay. The TR-FRET asmay was performed to
determine the affinity of the DOA 11 2-discetate torasmmbinant PXR SR12813, amiade] non-flunrescent FER agonist, was used as a pasitive cntrol Dataare presented as the
melative binding of fluoresaent PR substrate to PXR LBD versus the DCA 312 <discetate or SR12813 coneentrations. The masdm um value was st as 1004 in the alsence of 2
mmpetitor K (2 esied cmmpound coneentration required to achi eve SEE inhibition in FXR=5RC-1 interaction measured by TR=FRET fluoresence ) was alailated. The data
ane presented 2 the mean =50 from three ind=pendent experiments (n=3) performed in triplicate mezsurem ents.

) The mammalian two-hybnid assay in HeplG 2 cells transiently transfected with the pGLS=luc reporter plasmid o gether with either the phi-GALS-FXR LBD wior pM=GAL4-
PR B0 madt (S247W, CMEW) fusion e pression plasmid, the VPIESRO fusion expression plesmid or the VP16 emipty veotor, as well 25 the pRL-TXK contral plasmid. After
24 hof sahbiliztion, the o=l were treated with the DCA 3,12 -diacetateand CA 3712 -trizcetate [ 30 M), riGmipicin (RIF, 10 oM or vehide] DMS0; 0.1%, vjv) for an additional
24h The dats are pressnted 2 the means =50 from thres independent experiments (n= 31

*p= L =statistically sgnificant difference ompaned to wehicle-treated o=l transfected with wild-type FXR LBD (ANOVA with Dunnetts post-hoc test).

and 6.12 + 105 pM, respectively) (Fig. 3B} These data indicated a
high affinity of the DCA 3 12-diacetate to PXR

interaction between the wild-type PXR LBD and SRC1 coactivator.
Mutated PXR was not stimulated by any of the compounds tested.

Finally, we analyzed whether the DCA 3,12-diacetylate could
affect the recruitment of the SRC1 coactivator in mammalian two
hybrid assay to either the wild-type (wt] FXRE LBD or the
mnsttutively active mutant of PXR (5247W/CZE4HN) with an
obstructed ligand-binding pocket. We observed that the DCA 3,12-
diacetylate at 30pM significantly (p<005) augmented the
interaction between the wt PXR LBD and SRC1, as detected by
an increase of pGLS-luc reporter vector activity (Fg. 3C). On the
other hand, the CA 3712-tdacetate did not stimulate an

These mresults indeed demaonstrated that the DCA 312 -diacety ate
was a direct agonist in the 1BD of PXRE

33. The DA 3,12-digcetnte nduces PXR-target genes mAMNAs in
differentizted HepaRG cells

The HepaRG cells were cultivated under differentiated con-
ditons and treated with rifampicin (10 M) and DCA 312-
diacetate (30 pwM). As shown in Fig. 4A, the expression of CYP3A4
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Fig 4 The DCA 31 2-discetate signifiamtly induces PXR targst genes mENA sxpression and inhibits CYF3A4 @talytic activity.

[ A) KT=PCR e peri ments were performed in diferentiaesd HepaRG cells with TagMan primers fprobes after 2 24 h treatment with rifam picin 10 j2M (Rif) and the DCA 372-
discetate (30 pM) which significantly induced CYF3 A4 CYFZBG MDR1 mRNA s pression in differentiated HepaRC cellx The dataare presented as the means = 5D from thres
experiments (n=3) and are expresssd as the fol d-change in indudtion relative to wehicle-treated @ntrols (normalizsd to 1) *p . Q05 represents a statistially signifiant
difference compared to mntral (wehiclke-treated) aells (ANOVA with a Dunnett’s post hoc test]

() The P450510™ CYP3A4 Screening System with Luciferin-FPXE wa used o evahate the ineraction of the DCA 11 2-acetate with human CYF3A4 in CYP 344 e pres sed
migasomes. Ketooonamle was used a5 a prototype CYP3A4 mhibitor. CYP3AL neactions were performed acmrding to mamufadurer's protocol in three independent
experiments (n=3) in tri plictes. Luminescena was recorded wsing a plate-reader, with values displayed as relative light units related to contral vehide-treated samples.
Data are presented as the means =50 of CYP3A4 inhibition related to wehicle- reated membranes (contral mean was set to be 100E). Iy s the tested compound

concentration required to achieve S04 inhibition of CYP3AS activity (in ML

mRMA, a major PXR target gene, was induced by the DCA 3,12-
diacetate to ~7 folds in comparison with wehide ( DMS0 -treated
controls whiletheactivation by rifampicinwas -.10 folds (Fig. 5} In
addition, the DCA 3,12-diacetate significantly induced other PXR
target genes induding CYF2B6 and ABCE1 /MDR1.

3.4 The DCA 3,12-diocetate and CA 3,7, 12-triocetote are weak
inhibitors of CYP3A4 enzymatic acivity

Mext, we examined whether the DCA 312-diacetylate could
inhibit the catalytic activity of CYP3A4, which is an important
cytochmme P450 enzyme involved in BA metabolism and is a
major target gene induced by PHR activation. We observed an
inhihition with ICsq - 10 M for both the DCA 3 7-diacetate and CA

3,7124riacetate (Fig. 4B). These data indicate that the DCA 312-
diacetate up-regulates CYP3A4 expression and at the same time
inhibits CYP3A4 enzymatic activity.

341, Docking of DNCA derfvatives to PXR structure

Recently, a PER structure with the stemid ligand inside -
ethinylestradiol - { PDB1D: 4X1G) has been released{Delfosse et al.,
2015) and this was used as a docking template (Fig. S5AL
Furthermore, as some side-chain conformations have been shown
to differ among individual published PXR-IBD crystal structures,
we set two polar residues as flexible—H407 and R410. With this
approach, the molecular docking of DCA derivatives showed a
mmmon binding pose for all moleoules (Fig. 5.
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[Fig. 5. Binding poses within FXR structure.

Besthinding poses of derivatives of demoychalic acid in omparison with oy stal strudune with bound =thinylestradiol and trans -nonachlor (PDEID: 4 = 16" )with annotaied
pasitions of hots pots (see main bext for definition ). Derivatives of DCA share the same binding pose, wheneas actyl ation affects hyd rogen bonds fromnesidues H307and R410,

which are knowm for their role in FXR adtivation.

DCA oocupies several of hots pots, the regions of protein surface
that are major contributors to the binding energy (Mgan et al,
2009 ). The hydrophobic part of the steroid tail occupies hotspot R,
whemas @rboogylic group is ecposed towands water inside of the
cavity center. The hydrophobic groove in hotspot U is filled with
methyls between the A/B and /D rings and the steroid edge
interacts with hotspot C as well through hydmophobic interactions.
Nevertheless, nonpaolar interactions with hotspot D were too far, as
interactions with hotspot L are important for its influence on the
activation function helix(Fig. 5B). On the other hand, this hotspat
was fulfilled with the DCA 3-acetate, which had one hydrogen
bond acceptor inteacting with R410, with the DCA 3,12-diacetate,
which had two hydrogen bonds with both flexible residues R410,
and maore impaortantly with H207 (Fig. 5C and D). As a result of this
docking, the DCA 3,12-diacetate as a PXR ligand exhibited the
strongest interacion energy.

35 Analysis of the DCA 3,12-acetate and CA 3,712 -triocetate in
human bile and mowse liver samples

We further determined the presence of the DCA 312-acetate
and CA 3.7,12-triacetate in biological samples to provide evidence
as towhether these bile adds could be endogenous ligands in vivo.
We had previously set-up bile add profiling by HPLC/MS-MS (Jiao
etal, 2015}, whichwas implemented fordetecionof the DCA 3,12-
acetate and CA 3,7 12-triacetate. By using pure standards, the mass
for a precursor scan (Fig. 6A and &) and corresponding daughter

scan (Supplemental material Ag. 51) was detected for the DCA
3 12-acetate and CA 3,712 -triacetate at retenton time 919 minand
.16 min, respectively

We further analyzed lipid extracts of mouse liver and sewveral
human hile samples. However, none of these two acetyl bile acids
was detected in these samples (Fig. 6B-D and GB-6D') We
therefore concluded that these acetylated bile acids may not be
endogenous bile add PXR ligandsin bile or in the liver or that their
concentrations may be lower than of the detection limit of HPLC
MS-M5.

4. Discussion

Three nudear receptors of the nuclear receptor superfamily
have been recently established as bile add receptors, and their role
in bile acid synthesis regulation or detoxification has been dearly
documented (Ishizawa et al., 2008; Makishima et al., 2002, 1999;
Staudinger et al., 2001b; Wang et al, 1999; Xie et al., 2001). Bile
acids have thus been established as endogenous regulatory ligands
of nudear receptors in the regulation of numerous target genes.
Recently, 3-keto LCA has been found as a potent ligand for the VDR,
FXR and PXR (Adachi et al. 2005; Makishima et al. 1999;
Staudinger et al, 2001b), and the LCA acetate methyl ester as a
highly potent VDR ligand (Adachi et al, 2005; Makishima et al..
1999; Staudinger et al., 2001b). Therefore, we hypothesized that
oxidized or acetylated bile acds DCA, LCA, CA, and CDCA at
paosition 3,7 and 12 may havean effect onthe interactions with hile

Tl
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Fig & HPLCMS- MS analyses of aostylated hile acids.

In the keftpanel, HPLC-MEME analysis of the DCA 37 -discetate by MREM of 4751 > 4332 in an authentic standand detected at 919 min (A)as well & ina representative lipid
extract frommouse liver homogenate (B, and human bile samples collscted in 2000 (C)and in 19595 (D) from arepresentative donot in the right panel, HPLC- MSMES analy sis
of CA 3,712 triscetate by MREM of 533 2 >4912 in an authentic standard deteced at 816 min (A”) aswell 25 in a repressntative lipid extract frommouse ver homogenate (87
and human bile samiples collsdted in 200 (C7) and in 1995 (IF) from a representative donor

acid nuclear receptors. For this purpose, we synthetized a series of
dehydrogenated (keto ) and acetylated derivatives of DCA, LCA, CA,
and COMCA, and, to our knowledge for the first ime, we tested their
intemctions with human PXR, VDR, and FXR in cellular and invitre
EL1=100

We demonstrated that the DCA 3,1 2-diacetate was an efficient
and high-affinity PXR ligand with greater potency than the parent
secondary bile add DCA (ECsq =321 pM versus 1502 pM, respec-
tively) (Krasowski et al., 2005). We showed consistently that the
DCA S 1 2-diacetate was able to upregulate the mBMNA expression of
P¥R target genes CYP3A4, CYP2BE, and MDR1 in a differentiated
HepaRG cells, a superior human hepatogyte model with endoge-
nous expression of fundional FXR Dehydrogenationor acetylation
ofthe 3, 7 and 12 hydmxyl groups of COCA, LCA, DCA and CA did
not result in any significant increase of VDR or FXR activities.

We could only observe, respectively, 2 weak activation of FXR
with the CDCA 3.7-diacetate and of FXR with the DCA 3-acetate
and (MMCA 3-acetate. Oxidation of 3, 7 and 12 hydroxyl groups did
notresultin any augmented activity of the tested compounds to all

the nuclear receptors studied. Although Iso LCA has been reported
as a weak activator of VDR (Adachi et al., 2005), our data did not
confimm the results. Cotransfection of ASBT bile acid transparter
into HepG2 cells in a parallel experiment did not significantly
improve interaction of the tested bile acids with any of the nuclear
receptors examined (A.C., PP unpubliished observations).

Based on docking experiments, we proposed that the acetyla-
ton of DCA may improve interactions with PXR ligand-binding
domain residues, even though we should alsotake into account the
easier entry of the acetylated bile add into cells due to their high
lipophilidty.

P¥R was found to be efficiently activated by lithocholic acid, a
hydrophobic bile add formed by 7a-dehydrogylation of COCA by
intestina anaercbic bacteria. COCA, DCA and CA hawve only a mild
effect to activate PXR in high micromolar concentrations
(Kmsowski et al., 2005; Staudinger et al., 2001b}

Activation of PXR induces genes encoding enzymes involved in
the metabaolism and detoxification of secondary bile acds (mainly
CYP3A4 cytochrome P450 enzyme) and down-regulates CYF7A1L
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(cholestemn] 7alpha-hydrogylase), a rate imiting enzyme of BA
synthesis {Banerjee et al., 2015; Staudinger et al, 2001 a; Xie et al.,
2001} DCA is metabolized by CYP3A4, 2 main target enzyme of
PXR and VDRin the liverand in the intestine, into 1 3-hyd rocy-DCA
and 3-dehydro-DCA (3-moo DCA) (Chen et al, 2014) By this
mechanism, PXR has been documented as a key factor conferring
resistance to LOA toxicty in varnous transgenic or knockout animal
models (Staudinger et al, 2000b; Xie et al., 2001). In addition,
activation of PXR has been proposed beneficial inthe elevation and
potential treatment of inflammatory liver and bowel diseases
(Cheng et al, 2012; Wallace et al., 2010). Recently, it was shown
that symbiotic bacteria regulate gastrointestinal barrier function
and inflammation via the xenobiotic sensor PXR and Tollklike
eceptor 4 by production of indole 3-propionic add (IPA)
(Venkatesh et al, 2014) Therefore, discowery of a potent
endogenous bile add ligand of PXR receptor, produced by either
gut micoflora or liver metabolism, may help us to uncover
additional regulatory functions of microflora or other regulatory
pathways of hile acid synthesis and detoxification In addition, the
potent endogenous PXR ligands could be considered as a safe
therapy in inflammatory and cholesteric liver diseases (Ridlon and
Bajaj, 2015).

In our study, we presented the novel finding that the acetylation
of DCA and CA led to a significant increase in binding to PXR, and
the DICA 3.7 -diacetate was identified as a potent PXR ligand which
was able to induce the PXR target genes CYP3A4 and CYP2BG as
well as the P-glyooprmoteinMDR1 transporter in a HepaRG
hepatocyte model. Since there have been no reports of the
existence of acetylated BAs in biological samples, we analyzed the
presence of these BAs in mouse liver and human bile samples.
Howeever, we observed neither the DCA 312-diacetate nor CA
37 12+triacetace in these samples. It is possible that these
acetylated BAs do not exist in free form but in conjugated forms
with glycine, taurine, sulfates, and glucumonide. At this time, it is
unlikely that the DCA 312-diacetate can be considered as an
important endogenous PXR ligand. Whether the conjugates of the
DCA 3,12-diacetate exist in vive and whether they are capable of
activating PXR awaits further imvestigation in our laboratories.
Another possibility is that intestinal microflora may produce the
DCA 312-diacetate, which may in turn activate intestinal FXR.
Further studies are needed to examine the presence of the DCA
3 12-diacetate and its conjugates within enterohepatic circulation
employing HPLC/MS-MS.

5. Conclusions

Taken together, the majority of the newhy-synthesized acety-
lated derivatives of LCA, CA, DCA, and CDCA did not show any
improvement in their activity towards the nuclearreceptors tested,
the two eweptions being the DCA 3] 2-diacetate and CA 3,712-
triacetate, which were found to be powerful agonists of PR
Dehydrogenation of position 3, 7 and 12 did not stimulate
interactions with the PXR, FXR and VDR Since we did not observe
the DCA 3 12-diacetate or CA 3.7, 12-triacetate in mouse liver and
human bile samples, these bile acds may not be natural ligands for
PRR. Our next experiments are focused on analysis of acety lated
bile add dervatives or their conjugates in the intestine and on
their putative physiological function in the intestinal barrier.

Acknowledgem ents

This work was funded by GACR3I03/12/G163 (to PPR)
DFGCH2EE/6-3 (toW.C) project LO1305 (wokB.), IGA
FrF2016028 (toV.B), the Charles University grant SVV 260203
(toAC, AH. LH.) TAMRTE01020028 and EVO61388963 (to EK.and
H.C.)L We thank Dr. A Gauss of University Heidelberg Hospital in

providing us with buman bile samples. A Carazo gratefully
acknowledges Zentiva for funding of his work in Albert Einstein
Caollege of Medicine in Mew York.

Appendix A. Supple mentary data

Supplementary data assodated withthis articde can befound, in
the online version, at http:/| dedoiog 101016/j toedet 2006.11.013.

Referenoes

Adachi B Honma, ¥ Masuno, H. Kawama, K. Shimomura, L Yamada, 5
Makishima, ML, 2005, S=lactive sctivation of vitamin D receptor by lithocholic
add state, 3 bile acid derivative. | Lipid Res. 46, 46-57.

Ali, AH, Carey, E]. Lindor, KD, 2015, Recent advances in the development of
Errnesnid X receptor agonists. Ann_ Trans] Mad_ 3.5

Bamerjes, M, Robbins, D, Chen, T, 215 Tar geting xenobi otic receptor s PXR and CAR
in human diseases. Drug Discov. Today 20, G18-628

Chen, | Zhan, KN, Then, O 3004, The rale of CYP3A4 in the biotrans formation of
hile acids and therapeutic impliction for cholestass. Ann. Trans]l Med_ 2.7

Cheng, | Shah, ¥.M., Gonzalez, P, 212, Pregrane X recepbor as a target for
treatment of inflammatnry bowel disorders. Trends Pharmaml 5o 33, 323
el

Deloxse, V., Dendele, B Huet, T, Grimakdi, M, Boulahtouf, A, Gerbal-Chalain, 5.
Beucher, B Roecklin, [, Muller, C, Rahmani, B, Canai ll=s, V., Danjat-Chavanisu,
ML Vivat, V. Pasoussi, | M Balaguer P, Bourgust, W, AR5 Synergistic
actisation of human pregnane X receptorby binary cocktails of pharmaesutical
and environmental mmpounds. Nat. Commun. §, 8089,

Dea, A K, Bandisra, S0, 2008 3-kendchalanoic 20d is the major in vitro human
hepatic miosamal metabolite of lithochaolic add. Drug Meth_ Dispos_ 37,
19381947,

Dussa, AS, Brown, A, Slampolsky, B, 2005 Vitamin L Am. |. Physiol Rena
Physiol 289, F8-28

Cripon, B, Rumin, £, Urhan, £ L= S=yec, |, Claise, [, Cannie, L Cuyomard, O, lucas,
JTrepa, O Guguens Guillowsn, O 2002 Infection of 2 human hepatomacell line
by hepatitis B vinus. Proc. Natl. Acad_ Sci LS A 99, 15655-15660L

Hirsowa, P, Karlwsova, G Dolerelova, B, Cermanava, | Zaxgorova, M, Kadova, 2
Hrach, M, Sispera, L, Tomsik, B, lenicek, ML, Vitek, L, Pavek, P, Kucera, O,
Cervinkova, £ Micuda, 8, 21 3. Chales iti cefiect of epigal locatechin gallate in
rats is msdiated via decreased expresion of Mrp2 Toxicology 308, 9=15

Hymsova, L, Smatny T, Cxraza, A, Morawcik, &, Mandikow, |, Trejtnar, B, Gerhal
Chakoin, 5, Fawek, E, 2014 The pregnane X recepior dowrnenegulates arganic
@tion transporter 1 (SLCZ2A1 ) in human hepatocytes by mmpeting for
(squelching) SRG1 cosctivainr Br | Pharmacal 173, 1708-1715_

bhizawa, M., Matsunawa, M., Adachi, K, Una, 5 lkeda, K, Masuno, H., Shimizuw, M,
hwazmaki, K Yamada, S Makishima, M, 2004 Lithocholic aod derivatives actas
selsctive vitamin [ receptor miodulators without inducing hyperaloemia |
Lipid Res. 49, %63-772.

Jiaa, L, Gan-3chreier, H, Tuma-Kellneg 5, Stremmel, W, Chamulitrat, W, 2005
Semsitization o autoimmune hepatitis in group V1A calcium- ind spend =nt
phas phaolipase A2-mull mice l=d to duodenal willous atrophy with apoptosis,
goblet cell hyperplasiaandleaked bileacids Biochim. Biophys Adta 1852, 1646
1657

Krasowski MUD_ Yasuda, K. Hagey LR Schuste, EG. 2005 Evalution of the
pregnanex neceptor: sdaption to o ass-spedes differences in biliany bile sdts
Mal. Endocrinol 19, 17 20-1739.

Krausova, . Sbejskalova, L Wang, H_. Vrzal R Dvorak, 2. Mani, 5. Passk, B 2071
Me=tiormin suppresses pregnane X receptor (PR} regul atsd transsctivation of
OYF3A4 gene Biochem. Pharmaml 82 177 <1780

Makishima, M., Okamowm, AY, Repa, || Tu, H, Leamad, B8 Luk, A Hull, MV,
Lustizg. KD Mangelsdorf, ] Shan, B 19949 entification of anud earrecpior
forbile sdds. Soience 284, 1362-1365.

Makishima, M Lu, TT, Xie, W Whitfiekl G K Domata, H_, Evans, RM., Haussler, b
K. Mangekdorf ). 2002 Vitarmin D reepior a5 an intestinal bile acid s=nsor.
Soence 296, 13131316,

Marris, GM, Huey R, Lindstrom, W_, Sanner, MF_ Belew, R Goodsell DS, Olson,
A, 2008, AutoDockd and Autolock Toals4: automated docking with selactive
receptor flexibility. | Comput. Chem 30, 27852791

Ngan, CH., Beglow, D Rudnitskaya, AN, Karakow, [, Wasmam, D) Vajda, 5, 2004
The structural basis of pregnane X receptar binding promiscuity. Biochemistry
48 11572-11581

Parks, D | Blanchard, 85 Blsdsos, B K. Chandra, G, Consler, TG Kliewer, 54
Stimmeel, B, Willson, TMW, Zavacki, AM. Moare, LD, Lehmamn, | M 1999 Bile
adds: natural ligands for an orphan mudear receptor. Scienoe 284, 1365 1364

Ridlon, | M Bajaj, |5 ANS_ The human gut steraThiame: bile 20 d-mioobioms
endacrine aspects and therapeutics. Ada Pharme Sin. B 5, 99-105

Ridlon, | M., Kamg, [v] Hylemaon, PB, 20046 Bile salt biotrans formations by human
intestinal baderia | Lipid Res_ 47, 241 <259

Ridlon, | M Kang. D] Hylermon, FB_ Baja, |5, 2004 Bile scids and the gut
microbiome. Curr. Opin. Gastroentenol 30, 332-338

Rulamwva, A, Prokopova, |, Krausova, L, Bitman, M., Vrzal B Dvorak, £, Blahos, |
Pavek, P 2011 Stereasslsctive interactions of warknin enantiomers with the

T3



96 A Carmzo et al § Todenlogy Letiers 265 (2077 ) 85-96

pregnane X nudear receptor in gene regulation of major drug-mstabaolizing
cytochrome PA50 enzymes. | Thromb. Haemost 8, 27082717,

Sy, T Bitmam, M., Urban, M., Dubecka, 8., Vrzl, B, Dvorak, 2 Pavek, P, 204
IR 26, 3 mitogen-sotivted protein kinze kinass 1 and 2 (MEK1 and 2}
inhibitar, s=lectively upe regul at=s. main soforms of CYPIA sublfamily via a
pregname X recepior (FCR] in Hepl2 el Arch. Toximl 88, 22432359

Staudinger. |. Liw Y. Madan, A, Habesbu, £ Klamsen, 0L 2000 2 Coordinate
regulation of xenobioticand bile acid homeostasis by pregnane X necsptor. Drug
Mdetab. Dispos. 29, 1467-1472

Staudinger. | L Coodwin B Jones, SA . Hawlkins-Brown [ MacKenze, KL LaTour
A Lin ¥, Klaxssen, C0L Brown, KK, Reinhard, | Willon, TM., Kaller, BH,
Kliewer, £ A Ni{b._ The nuclear respior B(Ris 3 ithocholic acid s=nsor that
protects against lver boddty. Proc Natl Acad 5410 5 A 98 3369-3974

Trott, &, Olson, A), 2000 AutaDodk Vina: improving the spesd and acouracy of
docking with a new smring function, efficent optim ation, and
multithreading. | Comput. Chem. 31, 455361,

Wenkatesh, ML, Mukherjee, £ Wang, H. L H. Sun, i, Benechet, AP, (iw 2, Maher,
L. Redinba. MUR_ Phillips. RS Fleet. |.C. Kontagere 5 Mukherjee P Faano, A
1= 'V\cn._l HNichalsan, | K, Dwmas, H.Lﬂmnqx_ﬂ..ﬂma.s,mdn.ﬁjwhou:

ial mstahal ites regul e gastroinbestinal barmier function vis the
:mnnllnu: sensor PXR and wll-like receptor 4 mmunity 41, 296- 3100

Wil lsce, K, Cowie, DUE, Konstantinow, DUC HILS ], Tielle, TE Axon, A, Koruth, B,
White, S A_ Carlsen, H, Mann, [LA Wright M.C. 2070 The PXRixz 2 drug target
for chronic inflammatory ver disease. ). Seroid Bochem Mol Biol 1240, 137=
148

‘Wang H. Chen | Hollister, K Sowers, LC Formam, BM. 1999 Endogenous bile
adds are ligands for the nuclear reeptor PAXR/BAR Mal G113, 543-553

Mie, W Radominska-Pandya, A Shi, ¥. Simon, CM. Nelon, MC, Ong. ES,
‘Wdaocrmam, [0 Evams, M 2000 An essentia rolefor nuclzar reeptors SRR
in detoxcification of chal estatic bile adds. Proc. Natl Acad. S4.U.5 A 94, 3375-
3380

T4



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, CYPIA2,
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 ECso 2.07, 0.69 and 5.12 uM for compounds 3a, 7 and 7a, respectively,
while CITCO had a ECso of 0.02 pM.

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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ABSTRACT: Constitufive androstane receptor (CAR) is a
key regulator of xenobiotic and endobiotic metabolism
Together with pregnane X (PXR) and aryl hydmcarbon
(AHR) receptors, it s referred to as “zenobiotic receptor”. The
unique properties of human CAR, such as its high constitutive
activity, both direct (ligand-binding domain-dependent) and
indirect activation have hindered the discovery of direat
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selective human CAR ligands. Herein, we report a novel dass of dired human CAR agonits in a group of 2-(3-

methooyphenyl

Jquinazoline derivatives. The compounds are even more

potent activators of human CAR than i prototype & (4-

chlorophenyl Jimidaeo[ 2, 1-b][ 1,3] thizzole-5-carbaldebyde  0-( 34-dichlorobenzyl)oxime (CITCO). The three most potent
ligands are at the same time extremely potent activators of the other xenobiotic or hommonal receptors, namely FXF, AHR, and
vitamin I receptor, which regulate major zenobiotic-metabolizing ereymes and efflux transporters. Thus, the novel CAR ligands
can be also comsidered as constituting the firgt cliss of potent pan-zenobiotic receptor ligands that can serve as potential antidotes
boosting overall metabolic eiminaion of zenobiotic or toxdc compounds.

B INTRODUCTION

Constitutive androstane receptor ( CAR, NRI13 ), together with
pregrane X receptor (PXE, NRIIZ) and aryl hydrocarbon
receptor (AHR), are ligand-activated transcription factors that
play pivotal roles in xenobiotc clearance. These transcription
factors control gene expression across a broad spectrum of
target genes that encode key phase T and phase T dr
metabolizing enzymes (DMEs) and some drug transporters,
They are activated by a variety of exogenous ligands that
include drugs, environmental toxicants, industrial chemicals,
and herbal compounds. They are therefore sometimes referred
to 3 “wenosensos” or “xenobiotic receptos.”

Although CAR was originally identified as a “senosensor” of
emvimnmental, dietary, natural, and synthetic ligands, ™ recent
findings suggest that CAR also plays important roles in enengy
metabolism of fatty adds, bile adds, lipids, and glucose, in
thyroid hormone metabolism, in cell-opde regulition, and in
cell—cell interaction ™ CAR is composed of three domains: a
highly conserved DNA-binding domain, a hinge region, and a
divergent ]lg;md binding/dimerzation/ tramcdpional  activa-
tion domain’ In contrst to other nudear receptors, activation
of this receptor is complex Both ligand-binding domain
(LBED }-dependent and independent activation of human CAR
have been shown. These release CAR from its cytoplamic
tethering complex and tramslocate the receptor into the nudeus,
where CAR transactivates CAR-inducible genes as a hetero-
dimer with retinoid X receptor a (RXFa) nudear receptor.

7 ACS Publications e smedcn Cremica sacsy
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Dephosphoryhtion-induced translocation of CAR to the
mudeus is a key step for indirect activation ®

Mumerous ligands, agonists, antagonists, as well as inverse
agonists have been reported for human CAR. There is
discrepancy in assigning a CAR-interacting compound beciuse
validated methods are not widely used for direct human CAR
ligand identification or distinguishing between indirect
activators (such as acetaminophben, bilimbin and phennba:b]—
tal) and ligands interacting within its ligand-binding dosain **
Moreover, CAR is constitutively active and it & localized in the
nudens in model tumor cell lines as opposed to its optoplasmic
localization in normal hepatooytes CAR activation by ligands is
determined by their effect on the position of the C-terminal
helixl2 that binds coactivators of corepressors. In addition,
there are significant spedes differences in the ligand spedficity
of CAR ligands® Currently, there k& no specific high-affinity
agonig for human CAR that would help decipher the diverse
physiological functiors of CAR. Enown to date & 6-(4
chlorophenyl Jimidazo[2,1-b] thizzole-5-carbaldelyde-0-( 3,4
dichlomobersyl Joxdme (CITCO, lg, which is a potent human,
but not mouse, CAR agm:dst. However, this unstable
compound also activates FXR” The potent mouse CAR ligand
14- b.ls[(,},&-«:]kh]amp‘g.rr]d]ne?.—].r]}nnl.r]bemem (TCPOBOP,
2) does not activate human or rat CAR'" Reported activators
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of human CAR identified to date indude pestiddes auch a
pyrethroids (permethrin, cypermethrin), the carbamate benfur-
acarh, and organochlorines (e, methorychlor), synthetic
compounds such a CITCO, FLEL, odicker, thiazolidin-4-
ones, G-arylpyrrolo[2, 1-d][ 1,5] bermothinzepine derivatives, and
sulfonamides, and matural Bavonoids such as chrydn and drugs
(g, artemisinin derivatives, nevirapine, nicardipine, efavirers,
carbamazepine) ** 17

In this work, a library of compounds previously prepared as
potential antituberculotics was sulbjected to random screening.
The screening revealed that 2-(3-methoxyphenyl }-3 4-dilydro-
quirceolin4-one (3) displiyed promising activation of the
CAR receptor comparable to that of CITCO in reporter gene
amay. We therefore synthesired other derivatives of 2-(3-
methomypheny dquinazoline and amalyzed their interaction with
the human CAR receptor. Interaction of the compounds with
the additional “renoreceptors” PXR and AHR a5 well as with
other nudear receptors controlling expresdon of certain drug
metabolism genes, such a mjmn D receptor (VDER) and
glucocorticoid receptors { GR),'® was analyzed simultaneously.

Herein we report that three 2-( 3-methoxypbeny jquinazoline
derivatives are mbust ligands of CAR 2 well as of the other
“zenobiotc receptos” PR and AHR and even exceed their
prototype ligands in their potendes to activate the receptors in

-

cellbased reporter gene assys
<l
a
i
¢

P

+ N
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B RESULTS

In a mndom screening of a library previowsly prepared as
potential antituberculotics, we identified a hit compound 2-(3-
methoxyphenyl }- 34-dihydroquinazolin-d-one (3] that dis-
plived promising activation of the CAR receptor comparable
to that of CITCO. Quinasolinone 3 (Scheme 1) was therefore
prepared™ in order to confirm its activity in relationship to the
CAR receptor. Thus, 3-methoxyberzoic acid (4) was converted

Scheme 1 Synthesis of 2-{3-Methoxyphenyl )-3,4

dibydroquinszolia-4-one
= i@

Al o

SDEb Wit e

=l pyrun: [I’C

H? x

to its chloride 5 which was subsequently treated with 2-
aminobenzonitile to yield amide 6 Compound 6 was then
oydized to afford the title quinazoline 3 in 55% overall yield
The repeated evaluation of 2-(3-methooyphenyl)- 3 4-dihydro-
quinazolin-4-one (3) in reporter gene assays fally confirmed
the ahility to activate the CAR receptor.

A library of six 2-(3-methoxyphenyl)quinazolines was
subsequently prepared via simple alldation conditions udng
BX/MNal/K,CO, at reflux in acetone | Scheme 2 ). In contrast to

Scheme L Alcybtion of Quinazoline 3 with Various Primary

-CHy, b -CHyCH; 6 -CH3CHoCH,
d-CHCH{CH ;. & -CHACH=CH, T -CHoPh

Mal. K0
l.'la;cu raflux

the allylation of 34 dilydroquirazolin-4-one, ™ we observed

no Ni-aloylated products. The reations afforded only O-

k{f].\teﬂ species, the structures of which were deady a:u:h:med
C MMR. shifts of —=0—CH,— carbon atom (Table 1)

Table 1. Isolated Yields and “*C NMR Chemical Shifts in
CDCL of C1°) Group of Compounds 3a—f

yield (%)
a5
41
EH]
74
EH
74

mmpd 5C (ppm)

BmydEwee

Quinazoline derivative Ta bearing methybulfanyl molety in
posiion 4 was further synthesized. The starting 2-(3-
methoxyphenyl)-34-dilydroquirazolin4-one 3 was firt con-
verted into its sulfur amlogue 7, followed by the same
allodation protocol [ Scheme 3 ).

Scheme 3 Preparation of #Me&ykul&.n}l Drerivative Ta
-~
CHy. K500 i
@”
NW&
Ta

Mﬁ. refus
™%

Library Screening and Ligands Identificaion. We
randomly screened a library of compounds previously prepared
a5 potential antituberculotics for activation of the human CAR
receptor using a reporter gene assay with p(ERG) luc construct
tramsfected together with human CAR expression vector into
HepG2 cells. This assay showed itself to be a sensitive test for
selecting several potentis] acivators of CAR. 2-(3-Methos-

FaSs
takiera, maflux
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Figure 1. Compounds 7, 3a, and Ta activate human wildtype CAR and its CAR variant 3 in transient transfection reporter gene asays and in TR-

FRET CAR coactivation assays

yphenyl)-34-ditydroguinazolin-d-one (3) digpliyed the most
promigng activation of CAR in the asay and was used a5 the
“lead” compound

In the next series of experiments, we tested the interactions
of the newly synthesized compounds 3a—£ 7, and Ta with CAR
using the same assay (Figure LA). Interestingly, we found even
more robust activation of the CAR-respondve assmy with
derivatives 3a, 7, and Ta The activation was even more potent
than that produced by the prototype CAR activator/ligand
CITCO in equimolar concentrations | Figure 1A).

Mest, the compounds 3, 3a, 7, and Ta were tested using
ludferase gene reporter vedors with promoter respormsive
sequences of CAR target genes CYPIA4 and CYPIBA We
found that 7, 3a, and Ta compounds significantly activated
CYPAAH e and CYP2B6-luc reporter constructs in a dose-
dependent manner through both wildtype CAR (CAR)
characterized by high constitutive activity as well a5 its variant
3 (CAR3) with low constitutive activity” (Figure 1B,C) Al
tested compounds appeared as lower affinity but high potency
activators of human CAR and CARI receptors in the asays, a
indicated by the EC;y and L., parameters (Figue 1C). No

effects of compounds 7, 3a and Ta on HepG2 cell viability have
been observed (Figure 1, Supporting Information).

In nest set of experiments we employed mammalian two
hybrid assy with GAL4-CAR LBD and VPL6-SRCI fusion
comtructs. All tested compounds 7, 3a, and Ta dgnificantly
imulated interacion of CAR bgand binding domain with
gerold receptor coativator 1 (SRC1)-VPLG fusion protein
(Figure 1D

Finally, we used the in vitro LanthaScreen time-resolved
(TR)-FRET constitutive androstane receptor (CAR) coactiva-
tor asay that monitors lgand-dependent, but not indirect
phenobarbital activator-dependent, interaction with CAR ligand
b.lm:]h:g\dcumh: (LED}) as we have shown in our previous
report.” We observed that the tested compounds 7, 3a, and Ta
all activated the assay, thus suggesting direct interaction with
human CAR LBD (Figure IE). These activations were,
however, weaker than that of CITCO, therefore indicating
potential indirect cellular signaling-dependent effects of the
quinazoline compounds on CAR activation or a ligand spedfic
interacions of CAR with its coactivators SRC-1 (Fgure 1)
and PGCla (Figure 1E) or corepressors based on position of
helix 12 determined by the ligands. ™
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Figure 3. Compounds 7 and 3a induce target genes expresion in CAR-expressing Hep(G2, HepaRiG cells, or in primary human hepatocytes.

Compounds 7, 3a, and 7a Activate PXR, AHR, and
VDR Receptors. In the next set of experiments, we analyzed
whether 7, 3a and Ta compounds activate other xenobiotic
receptoss, such as PXR. AHR, and VDR, which control
expression of many xenobiotic metaboliing enzymes in the
liver and intestine ™ We found that compounds 7, and, to a
lesser extent 3a and Ta, significantly activated both PXR and
AHR receptors, s indicated by low micromolar ECgy and high
I_. (Figure 2AR). In addifon, compound 7 significantly
activated the vitamin D' receptor (VDR) in transient trans-
fection reporter gene assay in low micromolar concentrations
(EC; = 051 M) (Figure 2C). Glucocorticoid receptor was
not significantly activated by the compounds (data not shown).

Compounds 7, 3a, and 7a Induce Prototype CAR
Target Gene CYP2BG6 mRMA in HepG2 Cels and in

a604

Primary Human Hepatocytes. We analyzed whether
compounds 7, 32, and Ta induce CYP2B6 mBMNA expression
in HepG2 cells expressing exogenows human CAR or in three
primary human hepatocyte preparations. CYP2B6 & the most
responsive  target gene of the CAR receptor. We fbund
aatistically significant induction of CYP2B6 mBMA expression
both in CAR-expressing HepGl cells and in human
hepatocytes after treatrment with compounds 7, 3a, and
CITCO (Figure 3AB). Compound Ta most likely undergnes
fast metabolism in metabolically competent primary human
hepatocytes becanse we did not observe CYP2B6 mBMNA
induction (Figure 3B).

Compounds 7 and 3a Upregulate other Major
Inducible Xenobiotic-Metabolizing Enzymes and P-
Glycoprotein Transporter mAMAs. Compounds 7, 3a, and
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Figure 4. Inhibition of recombinant human CYP3A4, CYP2B6, CYP1A2, CYP2C9, and CYP2D6 enrymes with compounds 7, 3a, and Ta.

Ta aso significnty induced CYPIA4, CYPIAS, CYP2C9,
MDRL/P-glycoprotein genes controlled by CAR, PXE, and
VDR as well as AHR genes CYPLAL, CYPLAD (also
regulated by CAR), CYFIBL, and UGTLAL (also regulated by
PXR) (Figure 3C).

Compounds 7, 3a, and 7a Do Mot Significantly Inhibit
Major Cytochrome P450 Enzymes CYP3A4 and CYP209.
Firally, we amalyzed if compounds 7, 3a, and Ta interfere
emzymatic activities of the most abundamt liver CYP enzymes
induced by CAR, PXR, VDR, and AHR receptors. We found
that tested compound do not significantly affea CYP3A4 and
CYPIB6 enzyme activities (Figure 448 ). On the other kand,
compounds 7, 3a, and Ta inhdbit ereymatic activity of CYPLAZ
emeyme, which activates numeroms procardnogens to active
cardnogens in the liver (Fgure 4C). In the case of CYP209,
the IC g were at concentrations leading to CAR, PXE, or VDR
nudear receptors activation (Figure 4D0). We observed no
significant interaction of tested compounds with CYP2D
emzyme (Fgure 4E L

These data thus indicate that ermymatic activities of the
major induced CYP liver enzymes via CAR, FXR, and VDR are
not significantly affected with the compounds and that
compound 7 least interferes with the ereymes.

B DISCUSSION

CAR is one of the key regulators of xenobiotic and endobiotic
metabolism Recently, the therapeutic potential for treatrment of

such metabolic disorders as obesity, type 2 diabetes mellitus,
insulin resistance, dyslipidemis, and atherosclerosis has been
indicated in animal models using a ligand of mdent CAR™
However, there exists no potent, specific, and nontoxde agonist
of human CAR receptor that can serve a5 a chemical tool to
address various biological functions of CAR or to consider CAR
a5 a therapeutic target. The unique properties of human CAR,
such as its high comstitutive activity and the complexity of the
related dgnaling, make discovery of specific ligands difficult. In
addition, the lack of robust and validated cellbased assmys to
sudy direct interactions of compounds with the CAR lgand-
hinding pocket (LEF) hinders the discovery of selective human
CAR ligands. Therefore, the ligand spedfidty of human CAR as
well as of high-affinity endogenous ligands remans obscure '

Our aim was to discover novel compounds that would
interact with the human CAR receptor = a direct agonist with
high potency. We randomly screened a library comprisng
about 400 compounds for the activation of human CAR
receptor using a reporter gene assyy with pERG-luc construct
tramsfected together with human CAR expression vector into
Hepii2 cellk. This asay provided to be a sensitive test for
selecting the lead compound based on 2-( 3-methoxyp beoyl -
I4-dihydroquiresolin-+-one (3) structure (Figure LA). The
synthesized compounds 7, 3a, and Ta displayed even more
potent activation of CAR in transient transfection reporter gene
wsays (Figure LAB), in two hybdd CAR LBD/SRC-1
interaction assay (Figure 1DY), and in induction experiments
in HepG2 cells trandected with exogenous CAR (Figure 3A)
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At the same time, we observed activation of variant 3 of the
human CAR gene with compounds 7, 3a, and Ta (Figure 1C),
which was found to be a ligand-activated low-constitutive
activity receptor vadant. CARY differs from CARI bya 5 amino
add insemion owside of the lgand binding pockec'™
Interestingly, in TR-FRET-based coactivator LBDY competitive
asay, CITCO activated the system more significantly at
equimolar concentrations than did compounds 7, 3a, and Ta
(Fgure 1E). This phenomenon might reflect addiional cellular
or epigenetic effects of compounds 7, 3a, and Ta that stimulate
CAR transmctivation™ or indicate ligand dependent coactiva-
tion with PGCla.

Unlike other NRs that have evolved as receptors for specific
high-affinity endogenows ligands, CAR and PXR are highly
promiscuous. Only two human CAR orystal structures with
agonist bound have been reported to date.™ The CAR LED
sequence creates i ]iamﬂ-bdmﬂh:g pocket with volume ranging
from 525 to 675 A The LED cavity has Hexible and
hydrophobic character, which correlates with the structural
promiscuity of CAR ligands®™™ The apo-PXR binding cavity
volume is even double { approdmately1 150 AY) and can extend
in the presence of lgands to 1290-1540 A%, Cavity of VDR &
larger but mamower than that of CAR (870 A') (Figue 1,
Supporting Information). A single residue (T350M ) difference
in the C-terminal region of the mouse versus human CAR
might account for the extensive species selectivity for some
agonists.” The coactivator recruitment appears to play a central
role in fixing ligands in the coredt arangement in large CAR
and PXR cavities. In addiion, it was dearly shown that ligands
determine helix]2 position, which & critical for coactivator or
corepressor binding and subsequent CAR activation ™

The ligand pockets of CAR, FXR, & well as VDR are lined
by mostly hydrophobic residues. The 27 resdues of the murine
CAR pocket create a highly hydrophobic environment, with
only a quarter of them being polar. Similarly, the cavity of FXR
iz lined by 28 amino adds, of which eight have polar or charged
side chains™ Thereiore, van der Waals forces phy crudal
roles in the interactions of the ligand with CAR and hydmogen
bonding & rare For emmple, CITCO form no hydrogen bonds
and makes weak electrostatic interactions with His203, Asn 165,
and Ty3l6 Another CAR agonist Sf-pregnanedione forms a
single hydrogen bond with His 203" but digplay hydrophobic
interactions with Phelél, Heléd, Leudds, Fhell7, Twlld,
Phe2 3, and Lewd4 in human CAR cavity.™® In our docking
study, we found that compounds 7 and 3a form hydrophobic
bonding with three amino adds, Phel6l, Phel34, and Leu242,
that abso interact with CITCO and 5f-pregranedione (Figure
1, Supporting Information ).

CAR appears to cross-talk with other two members of
subfamily NRII PXR (NRIE) and VDR (NRII1) because
these receptoms recognize similar response elements, coactiva-
tors, and corepressors and share a number of similar tanget
genes involved in xenobiotic detoxification ™ CAR, PXR, and
VDR manly control indudble expression of such major
zenobiotic-metabolizing ereymes of cytochrome P450 as
CYPiA4, CYP2C9, CYPIBS, or Pglycoprotein effho trans-
porter in the hepatocytes or in enterocytes.™

Aryl hydrocarbon receptor (AHR) is another key ligand-
activated “zenosensor”, although it belongs to the basic heliz—
loop—helix/Per-Sim-ARNT (bBHLH/PAS) family of transcrip-
tion factors It controls another set of genes involved in the
metabolism and trangport of zenobiotics induding CYPLAL,
CYPIA2, CYPIBI, GST1, UGTIAL, UGTLAS NQOI,

ALDH3AL, and BCRP tramsporter™™ The AHR ligands
comprise 3 wide variety of known toxic and highly hydrophobic
environmental contaminants sach a2 lalogenated aromatic
hydrocarbons  including  2,3,7,8-tetrachlorodibenzo-p-diosdn
(TCDDY), polychlorinated biphenyls (PCBs), and the poly
oydic ammatic hydrocarbons (PAHs) benzopyrene and 3-
methyldiolanthrene (MO )L™ Many AHR agonists represent
planar aromatic chemicals; however, the SAR analysis showed
that absolute planarity is not necesary for ligand binding of
polychlorinated biphenys. It was estimated that an AhR ligand
are hydrophobic, eledronegative compounds with hydro-
genbonding properties between 12—14’? in length, less than
12 A in width, and no more than 5 A deep ™

Because of enormous substrate ligand variabiity of
senosensors FXE, CAR, and AHR, the receptoms are sometimes
aupposed not to strictly discriminate between molecules on the
basis of size or chemical structure. The mﬂy one 3D QSAR
model has been published for human CAR™ Considering our
tested compounds structural features, we can see that
methylation of oxygen or sulfur in position 4 of the quinaoline
ng significantly increases activation of CAR (Figure LA). On
the contrary, alkyltion of quinsecline 3 employing longer-
chain  alkyl halides (b—f) abolish activity toward CAR
activation. This correlates with our docking experdment
dhowing reasonable positioning of compounds 7 and 3a in
CAR LBD (Figure 2, Supporting Information ).

B CONCLUSION

In summary, we have shown that compounds 7, 3a, and Ta are
potent ligands of human CAR receptor. We also observed in
the study that compounds 7, 3a, and Ta are at the same time
highly potent ligands of the senobiotic receptors PXR and
AHR. We can therefore suppose that the compounds boost
overall zenobiotic metabolism via induction of their target
genes. To our knowledge, this is the first group of such
senobiotic metabolizm “boosters” and pan-zenobictic receptor
agonists with potential application 2 antidotes to toxc
compounds domimantly cleared from the body through
metabolism We asume that such antidotes could be seriously
comsidered for treatment of intodcation by some natural
compounds (such a8 mycotoxing) or synthetic tode com-
pounds, or, in cases of drug-induced liver injury (DILI}, ™
under the asumption that the toxicants are mainly eliminated
by biotmnsformation and are not significantly bicactivated to
reactive intermediates by the xenobiotic detoxfication systerm
Second, the new chss of metabolism activators might be
comsidered in some cases for controlled and stimulited
activation of prodrugs.

Additional experiments should further claracterize the
toxicological properties of the compounds and consider their
applications as antidotes in several intomications or 2 prodmug
activators In addition, the compound could help ws to more
precisely chamcerze the lmits of senobiotic metabolism in
different Hsues or in the organism as a whole. We are currently
gynthesizing further set of quinazoline derivatives with a view to
identify either more potent human CAR ligands or more
selective buman CAR agonists.

B EXPERIMENTAL SECTION

Biology. Activation of Human CAR in Transient Transfection
Reporter Gene Asays (Agure 1). HepG2 [AB) or COS8-1 (C) odks
were tansently tansfected with either p(ERS ) cluc (A), CYPIA4uc
(B}, or CYP2B&luc (C) huciferase gene reporter constructs together
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with wild-type CAR expression vector [(AB) or its Jow-constitutive
activity variant CAR3 (C) and pRL-TK control plasmid for
transfedion normalization. After 24 h of stabilization, the cells were
treated with the tested compounds 7, 3a, and 7a, CITCO, and
artemisinin  [(CAR agmists), cdotrimazele (an inverss agonist) in
indicated concentrations or with wehide [DMS0; 0.1%, v/v) for an
additional 48 h (A) or 24 h (B,.C). Hep(G2 ok transiected with
CYP3A4Iuc and wild-type CAR have been in parallel treated with
androstenol (5 pM) to suppress high bawl activity (Figure 1B). In
experiments with CAR3, BEXFa ha been cotrandected into COS1
cells (10 ng/well). After treatment, the cells were ysed and amayed
for both firefly and Renills huciferase activities. The data are presented
a5 the means + 5D from triplicate messurements of 3 representative
experiment (A} or a5 means of three independent experiments (n= 3).
The results are expressed as the fold-change in inducing firefly
luciferase activities relative to vehicle-treated cells (normalized to 1) *p
< (5, statistically significant. (D) Compounds 7, 3a, and 7a activate
interzction of CAR ligend hinding demain with SRC-1 coactivator in a
two-hybrid assay. Hep(G2 cells have been trandected with GAL4-CAR
LB} construct together with the VP16-5RC1 onstruct and the pGLS-
luc reporter vector. After 24 h of stabilization, cells were treated with
tested compoamds, CTTCO), and dotrimazole (known ligands of CAR,
10 M) or wehide [(L1%, control) for 24 h Celk were lysed and
analyzed for firefly and Remilla hciferse activities The resuls are
expressed as the fold-change in inducing firefly lucierase activities
relative to vehide-treated celk (normalized to 1). (E) Efect of
compounds 7, 3a, and Ta on CAR actimtion in the TR-FRET
LanthaSceen CAR cmctivetor sssry. Compounds were tested in 2
serial dilution together with the prototype CAR agonist CITCO. Data
are presented s the reltive sctivation to background activity (ne CAR
LBLY in the reaction micture, set to 0% ) and to the effect of CITCOO (1
M) set as 100% activation. The dotted line represents the constitutive
activity of CAR LBD (vehicle-treated smp]u]. Data are ]n'uﬂ'l.'bﬂ[ as
the means and S0 fom three independent experiments (n = 3} ECy
indicates the renohbiotic concentration required to achieve half-
maximum activation and relative I, represents the overall maximal
calculated activation produced by the tested compound (ie, maximal
efficacy).

Activation of PXR, AHR, and VDR Receptors in Transient
Transfection Reporter Gene Assays (Figure 2). HepGGl (AB) or
Huh-7 (C) cells were trangently tansfected with either p3Ad-luc (A),
PXRE-luc (B), or pDRyhuc (C) luciferase gene T constructs
together with appropriate expression vectors pSGS-FXR (A) or pSGS-
VDR (C)and pRL-TE control phemid for transfection nomalization.
After 24 h of stabilization, the cellk were treated with the tested
compounds 7, 3a, and Ta, 3-methylchodantrene (an AHR ligand),
rifampicin (a2 PXR ligand), and la2S5-dihydroxyvitamin Dy
(1,250Hwit D3, a VDR ligand) at the concentration mnge indicated
foran additional 24 h. After treatment, the cells were hued and amayed
for both firefly and Remills luciferase activities The results are
expressed as the relative change in induction of firefly hiciferase
activities versus vehicle-treated cells {nommalized to 1) when activation
with maximal tested concentration of 3-methylcholantrene (10 uM),
rifimpicin (25 M), and 1,250 HitD3 (100 nM) was set to 100%.
The data are ]nuen'bﬂ{uﬂt:daﬁwmuiﬂﬂﬁm‘n 'I:'Jp]:ute
mezwements of three independent experiments (n = 3} EC,,
(zenvhiotic concentration required to achieve half-maximum promoeter
activation) and relative I, (representing the overall maximal
calculated induction produced by the tested compound, i, maximal
efficacy) values were determined ming fﬂ:])]i?at{ Prism Software.

Induction of Target Genes mANA Expression in CAR-Expressing
Hep(2 Cells HepaRG Cells or in Primary Human Hepatogytes
(Figure 31 (A) HepG2 cels were transiected with CAR expresion
plesmid and 24 h bter treated with the tested com T, Ja, and
Ta (1,5, 0r 10 M) or CITCO (1 gM) or vehidle [DMS0; 0.1%, v/v)
for 24 h. (B) Three primary human hepatocyte preparation have been
treate d with tested 7, 3a, and Ta (10 gM) or CITCO (10
M) or vehicle [DMSO; 0L1%, w'v) for 24 b (C) Primary human

(letch no. 2220000, Biopredic) or HepaRG cells (for
CYPLAL and CYP1B1) have been treated with 3methylcholanthrene

(¥MC, an AHR prototype ligand, 10 @M ), ibmpicn (of, 2 prototype
PXR ligand 10 pM), CITCO (CAR Lgnd, 10 M), and tested
compounds 7, Ja, and Ta (10 pM). Total RNA was isolated and
CYP2B6 (the gene dominantly cntrdled by CAR) o CYPLAL
CYPLAZ, CYPLBL CYP2CS, CYP3A4, CYPIAS, MDR1/ABCEL, ond
UGT1AL genes mBEMAs were amemed via vlfl'l'-PCEL The dat in
Figure 3A are presented as the means + S0 from three experiments (n
=3) pedarmed in triplicates and are expressed a5 the fold-change in
CYP2Bé mENA induction relative to vehicle-treated cells (nommalived
to 1). [n Figure 3B,C, experiments were pedformed with three smples
for each treatment. The valies were nomalived to HPRT mBRMNA as a
reference gene. *p < (05 indicates statistically significant difference
from vehicle-treated cells transfected with appropriate reporter
construct (ANOVA with Dunnetts post hoc test).

Inhibition of Recombinant Human CYP3A4, OYF2BS, CYP1AZ,
CYP2C9, and CYP2DW Enzymes with Compounds 7, 3a, and 7a
(Figure 4). Asmays with recombinant human enmymes CYP3A4,
CYP2B8, CYP1A2, (YP2CY, and CYP2D6 have been pedformed
according to manufachrer’s protocols (Promega). ICy (xenobiotic
was determined wing GraphPad Prism Software fitting for each

Transient Transfection and Luciferase Reporter Gene
Assays. All tmnsent tansfection asays were camied ot using
TransFectin transfecion reagent d from Bio-Rad [Heroules,
CA, USA) in HepG2 HuH7, or COS1 cdk, as described
previously”” DMA constructs are described in the Supporting
Information.  Briefly, cells were seeded into 48-well plates and
trandected with 2 luciferase reporter construct (150 ng/well), an
expression plesmid (1K) ng/well ), and the Renills rendformis ludierase
transfection control plsmid (pRL-TE) (30 ng/well) 24 hlaer. In the
case of the mammalian twohylrid asay, HepG2 =l have been
transfected with GAL4-CAR LBD (100 ng/well ), VP-16-5RC-1 (104
ng/well), and pGLSAuc (150 ng/wel) constructs in 48-well plate
format. Cells were maintained in a phenol-red-free medium (220 ul)
supplemented with 10% charcoal/dextranstripped FBS and treated
with the tested compounds (at indicated concentrations in a rnge
from 0.1 te 30 uM) or reference compounds CITCO,
artemisinin,” and cdotrimazele (CAR bgands and agonists, 10 uM),
L250kHD, (10 oM, 2 VDR recepter ligand), ffampicin (10 uM,
PXR ligand)), and 3-methylcholntrene (10 M, an AHR bgand} for 24
h Reference compound have been purchased fom Sigma-Aldrich
Luminescence  activity in the cell hsate was measured using a
commercially available hciferase detection system ([ual Luciferase
Reporter Amay Kit, Promega). The data are expressed as the fold-
change of firefly luciferase activity nomalized to Bamilla ludierase
activity in each mample and rebtive to the vehide (DMSO 0.1%)-
treated controls, which were set equal to 1. Activity of a reference
agonist at the maximum tested concentration has been set equal to
1% activation.

Primary Cultures of Human Hepatocytes and HepaRiG Cells,
Preparafion of primary human hepatocytes and information about
dimors is described in the Stp]:-m'ﬁn% Information. HepaRG cells were
cultivated as we described recenthy.

TR-FRET Constitutive Androstane Receptor (CAR) Coadtiva-
tor Assay. LanthaScreen timeresolved (TR}ERET constitutive
androstane receptor (CAR ) coactivator asay was performed according
to the recently published protocel.™ Dat are presented s means and
S from three independent experiments, and the curve fitting was
performed using a sigmoidal dose response (varizhle slope) algorithm
in GraphPad software version & Activity of CITCO at the maximum
tested concentration has been set equal to 1006 activation.

gRT-PCR Analysis. Total RNA wes solaed from HepGl or
HepaBG cells, and primary human were treated with the
tested compoamds or with CITCO (1 wM), rfampicin (10 gM), ad
FMC (10 pM) for 24 b gRT-PCR expression analyses were
performed as previeusly described™ In expression experiments with
CAR-expresing HepG2 elks, 2 % 107 cells were sesded into 12-well
plates and transiently trandected with the pCRIRCAR expression
construct. After 24 h of stabilization, the cells were treated with the
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tested compounds for 24 b in the indicated concentrations. The data
are presented as the fold-changes in gene expression relative to the
vehide-treated control (DMSO 0.1%) smmples (et equal to 1)
Statistical analyses were perfrmed using the means of at Jeast three
independent experiments (n = 3) performed in triplicate.

Chemistry. General The structural identities of the prepared
compounds were confirmed by 'H NME and "“C NMR spectroscopy
(Varian Mercury-Vx BB 300 and Varian VNME 5500 spectrometers ).
Each of the reported com had =95% purity, as determined by
combustion anabmis (CHNS-OCE FISOMNS EALNMCE automatic
microanalyzer instrument ).

Experimental Procedure for the Preparation of Compound 3. A
mixture of 3-methoxybenzoic acid 4 (97060 g, 3.8 mmol) and thiony]
chloride (30 mL) was heated under reflux for 3 b The resultant
carboaylic acid chloride § was purified by distillation with 95% yiekd
and immediately used for the next reaction step.

Chloride 5 (7.185 g, 420 mmol) was s]n-'uﬂ}- added to a coded (0
*C) sdution of 2eminobenzonitrile (4962 g 42.0 mmol) and dry
pyridine (17 mL). The reaction mixture was stired at 0 °C for 4 b,
then pyridine was removed under reduced pressure and crude product
was recrystalliwed from an ethanol-water (2:1) micture with

A mixture of the resultant amide 6 (7.291 g 28.9 mmol), sodium
hydroxide (32 g), and aqueous hydrogen percadde solution (30%, 48
mL) in water (200 mL} was heated at 100 “C for 1 h. Afier cooling to
room  temperature, the reaction mixture was acidified with
concentrated }q.-drnF'l. chloride solution [m]mpﬂil
The product msta]hzec[ out of the sdution, after which it was filkered,
wahed with water, and dried to afford 2-(3methoxyphenyl }-34-
dihydrmoquinazolin-4-one (3} i 58% yiell White optaline
com mp 24 °C, mp 5 09-210 *C. 'H NME: (300
MHz, DMSO-d,) & 1252 (1H, bs, OH), 8.14—&18 (1H, m, Ar),
TH5~T.71 (4H, m Ar), 754—721 (3H, m, Ar), T15-7.11 (1H, m,
Ar), 383 (3H, s, OCH,). “C NMR: (75 MHz, DMSO-d) & 1625,
1585, 1523, 1488 1348, 142, 1299, 1277, 1248 1261, 12132,
1203, 1178, 1127, 556. [B: 1047, 1148, 1223, 1251, 1267, 1286,
1310, 1445, 1471, 1482, 1586, 1612, 1670, 3038 cm™ ", LEMS [APCI):
m/z (relative intensity) 2536 [M + H]* (100), 130u6 (3), 886 (1L5),
876 (6], 736 (). Anal Caled for CpHgNoOy C, T1AZ H 4.7 N,
111 Found: C, 7138 H 500; N, 1121

General Experimental Procedure for the Preparation of
Compounds 3a—f. A mixture of 2-(3methoxyphenyl)-3,4-dihydro-
quinazolin-4one (3, 05 mmel), sedium iodide (L05 mmol),
potasium carbonate (25 mmol), and an appropriate alkylating
agm'l.tl:?_Smrrn]]:inaDem (5 mL} was heated under reflux for 24 b
The resultant mivture was diluted with ethyl acetate {10 mL), washed
with brine (10 mL ), and the crgmic phase dried with sedium sulfate
Crude products were parified by olumn chromatography (heane—
ethyl acetate 1),

4-Methoxy-2-(3-methoxyphenyiquinazolne [3a). Yield: B5%.
Yellowish crystalline compound, mp 92-94 “C 'H NMR: (500
MHz, CDCL) § 822-815 (3H, m, Ar), 803799 (1H, m, Ar),
786—T.8 (1H, m, Ar), T55—T.AL {2H, m, Ar}, T08—7.03 { 1H, m, Ar},
430 (3H, s, OCH,), 196 (3H, 5, OCH,). "C MMR: (125 MHz,
CDCL) & 1670, 1598, 159.8, 1508, 1397, 1334, 129.4, 1280, 1264,
1234, 1211, 1166, 1153 1134, 55.4, 5400 [R: 1047, 1108, 1184,
1195, 1282, 1327, 1355, 1380, 1443, 1453, 1509, 1561, 1574, 1620,
2966 cm . LEMS (APCI) m/z (rebtive intensity ) 2676 [M + H]*
(100}, 2526 (75), 2245 (7], 2236 (25), 1486 (7). Anal Caled for
ol M0 C, 7217 H, 530 N, 1052 Found C, T2.26 H, 537
N, 1043,

4-Ethoxy-2-{3-methoxyphenyllquinazaline (3b). Yield: 91%.
Yellowish crystalline com 93 °C, mp lit*" not mentioned.
'H MMR: (300 MHs, CDCL,) & 8.24—8.14 (3H, m, Ar), B.02—797
(1H, m, Ar), 7.84=7.77 (1H, m, Ar}, 75—741 (2H, m, Ar}, T08—T03
(1H, m, Ar), 48—472 (2H, q, | = 72 Hz OCH,), 194 (3H, s,
OCH,), 1.56—151 (3K t, | = 72 He, CH). "C NMR: (75 MEE,
CDCL) & 1665, 150.7, 1597, 1506, 1394 1312, 1293, 127.8 1262,
1234, 120.9, 1164, 1153, 1133, 627, 553, 143, [ 1023, 1060,
1106, 1161, 1282 1322, 1346, 1356 1380, 1426, 1458 1507, 1561,

1575, 2982 cm ™. LEMS [APCI): m/z (relative intensity) 2815 [M +
H]* (24), 2555 (2), 254.4 (13), 253.6 (100), 2385 (4), 2105 (&),
915 (5). Anal Calad for G H,M0,: C, 7284 H, 575; N, 999
Found: C, 72.81; H, 564 N, 1008

2-{3-Methoxyphenyll-4-propoxyquinazoline (3d). Yield: 88%.
Yellowish 'H NMR: (300 MH:, CDCL) &
B24—R17 (3H, m, Ar), BO2—798 [1H m, Ar), 783-778 (1H m,
Ar), 753-741 (2H, m, Ar), TO7-703 (1H, m, Ar), 465 (2H, t, | =
70 He, OCH. ), 393 (3H, 5, OCH,), 206-193 (2H, m, CH_), 1.15
(3H, t, J= 70 Hz, CH,). “C NMR: (75 MHz=, CDDCL, )} 5 1687, 159.7,
1517, 1384, 1333, 1293, 1278 1242, 1234, 1210, 1164, 1153
1133 683, 553, 22.1, 106 [R: 1046, 1105, 1162, 1252, 1279, 1344
1363 1421, 1499, 1581, 1575, 1965 an ' LMES [APCI): m/z
(relative intensity) 2956 [M + H]" (18), 254.4 (12.5), 253.6 (100},
2386 (3), 2106 (3). Anal Calod for CgH N0y C, 345 H, ala;
M, 952 Found: C, 73.12; H, 6.0 N, 931.

4-Inobutyloxy-2-{3-methoxyphenylquingzoline 3d). Yield: 7H%.
Yellowish "H NME: (300 Mbe, CICL) 5§
R23—R15 (3H, m, Ar), 801797 [1H m, Ar), 782-777 (1L m,
Ar), 752741 (2H, m, Ar), 707703 (1H, m, Ar), 449 (2H. d, | =
&8 He, OCH.), 395 (3H, s, OCH,), 235-222 (1H, m, CH], 1.14
(6, d, | = &8 Hz, CH, ) "C NMR: (75 MHz, CDCL) § 1667, 1598,
1597, 1517, 1397, 1333, 1283 1279, 1262, 1234, 1214, 1164,
115.4, 1133, 728, 553, 279, 193 [R: 1047, 1107, 1152, 1253, 1280,
1344, 1385, 1421, 1481, 1499, 1561, 1575, 1820, 2959 om™ ' LRMS
(APCL): m/z (rebtive intensity) 3096 [M + H]® (7.5} 2555 (2},
254.4 (16), 253.6 (100), 2386 (2.5), 2106 (3} Anal Caled for
CipHpN,Oy: G 7400 H, 654 N, 2.08. Found: C, 73.87, H, &d44; N,
221

4-Allyloxy-2-(3-methaxyp henyliquinazoline (3e). Yield: 58%.
Yellowish crystalline mp S0-52 *C. 'H NMER: (300
MHz, CDCL) 5 822 (3H, m, Ar), 802—7.98 (1H, m, Ar), 782777
(1H, m, Ar), 752—74 [2H, m, Ar), 707—703 (1H, m, Ar), 631618
(1H, m, CH}, 5.56 (1H, d, | = 172 Hz, =CH, A), 537 (1H 4 | =
14 He, =CH, B), 521 (2H, d, ] = 55 Hz OCH,}, 395 (3H, =,
OCH,). "C NMR: (75 MHz CDCL) & 1861, 1527, 1585, 151.7,
1395, 1334, 13206, 1293, 1278, 1263, 1234, 1209, 1183, 1185
1152 1133, 673, 553 [R: 1001, 1052 1109, 1217, 1280, 1317, 1335,
1355, 1408, 1457, 1500, 1561, 1574, 1619, 2939 cm~ " LEMS [APCL):
m/z (relative intensity) 293.6 [M + H]* (100), 201.7 (2.5), 2656 (3),
44 (11), 2536 (50), 2507 (9), 2106 (2). Anal Caled foar
CogHigMo0p C 73.95; H, 5.5 N, 958 Found: C, 74.16 H, 265 N,
242

4-Benzyloxy-2-{3-methoxyphenyliguinazoline 3l Yield: 7H%.
White crystalline com mp 108-111 *C 'H NME: (300
MHz CDCL) & 832-8.17 (3H. m, Ar), BO7-8.03 (1H m, Ar),
TR4—T778 (1H, m, Ar), 76476 (2H, m, Ar), 752-737 (5H, m, Ar),
713708 (1H, m, Ar), 5.76 (2H, 5, OCH,), 3.97 (3H, 5, OCH,L "'C
NME: (75 MHz, CINCL) & 18482, 1587, 1595, 1517, 1394, 136.4,
1333 1283, 1284, 1281, 1280, 1278, 1263, 1213, 1209, 1145
115.1, 113.2, 682, 552 [R: 1041, 1091, 1222, 1255, 1280, 1331, 1342
1356 1415, 1459, 1500, 1563, 1575, 1800, 1819, 2940 cm™ ' LRMS
(APCL): m/z (relative intensity ) 3436 [M + H]" (85), 2535 (1),92.5
(75}, 915 (100). Anal Caled for CpH g N0, C, 77.17; H, 530 N,
R18. Found: C, 7701; H, 532; N, 834

Experimental Procedure for the Preparation of Compound 7. A
mixture of 2-(3-methoxyphenyl}-3 4-dihydmoquinazolin-4-one (3,
LK} g 4.0 mmel) and phosphorus pentasulfide (0880 g, 40
mmuol) in toluene (10 ml) was heated under reflux for 4 b The
rezction mixture was poared onto ice and washed with chloroform (3
® 20 mL). Collegted crganic bhyens were dried with sodium sulfite.
Crude product was parified by cohimn chromatogrphy | hewme—
ethyl acetate 1:1) to afford thiol 7 in 83% yield Yellow crystalline

mp 222-225 *C, mp it** not mentioned. 'H NME: (500

MHz, DMSOd,) & 1384 (1H bs, $H), 8.54—857 [1H m, Ar), 792—
786 [1H, m, Ar), 78—763 [3H, m, Ar), T6-755 [1H, m, Ar), T48—
743 (1H, m, Ar), 7.16-7.12 (1H, m Ar), 387 (3H s, OCH,). "’C
NME: (125 MHz DMSO-d) § 18739, 1584, 1514, 1445, 1354
1335 1298 1295, 1285, 1282, 1278, 1210, 1180, 1133, 556 [R:
1029, 1040, 1154, 1189, 1222 1252, 1263, 1339, 1492, 1508, 1570,
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2985 cm 'L LRMS (APCLE m/z (relative intensity ) 2699 [M + H]”
(100), 2536 (9), 2355 (19), 2365 (6), 2006 (3); Anal Caled for
o H oML08: C, 67.04; H, 4.51; N, 1044; §, 11.95. Found: C, 6700
H, 4.42; M, 1028 §, 1190

Experimental Procedure for the Preparation of Compound 7a. A
mixture of 24 3-methoryphenyl}-3 4 dihydroquinazdin-4-thime (7,
0.5 mmol), potassium carbonate (2.5 mmol), and an methyl iodide
(25 mmol) in acetone (5 mL) was heated under reflux for 24 b The
resultant mixture was dilubed with ethyl acetate [ 100mL), washed with
brine (10 mL}), and the OTgRNiC p]'tue dried with sodium sulfite. The
crude product was purified by column chromatography I:]'l.nau'l.c—et]w]
acetate 9:1) to afford 2-(3-methoayphenyl}-4-methylsulfan
line (Ta}in 7% yield Yellowish crystalline compound, mp 8991 *C.
'H NME: (300 MHz, CDCL) § 828—821 (2H, m, Ar), 8.11—801
(ZH, m, Ar}, T86—78 (1H, m. Ar), 7.56—7.41 (2H, m, Ar), T09—74
(1H, m, Ar), 3.95 (3H, 5, OCH,), 283 (3H,s, SCH,). ''C NMR: (75
Mz, CIM,) & 1714, 1598, 158.6, 1486, 1395, 133.6 1295, 1290,
1247, 1237, 1224, 1211, 1167, 113.4, 55.4, 126 [i: 1039, 1217,
1249, 1328, 1348, 1429, 1483, 1494, 1559, 1600, 2024 cm™". LMRS
{APCI): m/z (rehtive intensity) 2836 [M + H|" (100), 2685 (7),
2506 (35), 2365 (55), 256 (38), 1926 (1). Anal Caled for
CogH L MLOS: C, 68,06 H, 500 M, 9.92; §, 11.35. Found: C, 6831 H,
489 N, 1011; § 1117,
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and copies of "H and "'C MMR specira of compounds 3,
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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, 1 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 Elkl. 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.

mRNA expression in Human Hepatocytes b. TR-FRET CAR Coactivator assay
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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
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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
88



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 PEPCKI1 and Go6Pase.
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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12. ABBREVIATIONS

A
ABCC2/MRP2
AF-1

AF-2

AhR

AR

ASC
BCRP/ABCG2
CA

CAR/ Car
CCRP

CDCA

CITCO

CYP
DBD
DCA

DM II
DM II
DMARDs
DME

DNA

Angstrém (unit of length)

Multidrug Resistance-Associated Protein 2
Activation function 1

Activation function 2

Aryl hydrocarbon Receptor

Androgen Receptor

Nuclear Receptor Coactivator-6
ATP-Binding Cassette G2

Cholic acid

Constitutive Androstane Receptor (human/ mice)
Cytoplasmic CAR Retention Protein

Chenodeoxycholic acid

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

(3,4- dichlorobenzyl)oxime
Cytochrome P450

DNA Binding Domain

Deoxycholic acid

Diabetes Mellitus type 11

Diabetes Mellitus type 11
Drug-Modifying Anti-rheumatic Drugs
Drug Metabolizing Enzymes

Desoxyribobucleic acid
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E2

ECso
EGF
EGFR
ELISA
Elk1
ERK
ET-743
FDA
FXR
G6P
GR
GRIP1
HDAC
HFD
HNF4a

HPLC/MS-MS

Hsp90
IBD
Kbp
LBD
LCA
LXR

MDRI1/ P-gp

Estradiol

Effective Concentration 50

Epidermal Growth Factor

Epithelial growth factor receptor
Enzyme-Linked ImmunoSorbent Assay
ETS domain-containing protein 1
Extracellular Signal-Regulated Kinase
Ecteinascidin-743/ Trabectedin

Food and Drug Administration
Farnesoid X Receptor

Glucose 6 phosphatase

Glucocorticoid Receptor

Glutamate Receptor-Interacting Protein 1
Hystone Deacetylases

High Fat Diet

Hepatocyte Nuclear Factor 4 alpha

High Performance Liquid Chromatography / Tandem Mass

Spectrometry

Heat Shock Protein 90
Inflammatory Bowel Disease
Kilo base pairs

Ligand Binding Domain
Litocholic acid

Liver X Receptor

Multidrug Resistance Protein
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miRNA

mRNA

NCoR

NF-xB

NR

NRNC

NURRI1

NURSA

OATP

OCA

PB

PCN

PEPCK1

PGC-1la

PPAR

PR

PXR/ Pxr

RAR

RNA

RXR

SHP

SMC-1

SMRT

SNP

micro RNA

messenger RNA

Nuclear Receptor Co-repressor 1
Nuclear Factor - kB

Nuclear Receptor

Nuclear Receptor Nomenclature Committee
Nuclear Receptor Related-1 Protein
Nuclear Receptor Signaling Atlas
Organic Anion-Transporting Protein
Obeticholic acid

Phenobarbital

Pregnenolone 16a-carbonitrile
Phosphoenolpyruvate carboxykinase 1

Peroxysome Proliferator-Activated Receptor

Coactivatorla

Peroxisome proliferator-activated receptor
Progesterone Receptor

Pregnane X Receptor (human/ mice)

Retinoid Acid Receptor

Ribonucleic acid

Retinoid X Receptor

Small Heterodimer Partner

Structural Maintenance Chromosome Protein 1
Nuclear Receptor Co-repressor 2

Single Nucleotide Polymorphism

Gamma
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SRC-1

SREBP-1

SULT

SXR

T4

TCM

TCPOBOP

TF

TIF

TR

TR-FRET

UDCA

UGT

VDR

WHO

Steroid Receptor Coactivator

Sterol Regulatory Element Binding Protein 1
Sulfotransferase

Steroid X Receptor

Thyroxine

Traditional Chinese Medicine

1,4-Bis-[2-(3,5-dichloropyridyloxy)]benzene,3,3',5,5'-
Tetrachloro-1,4-bis(pyridyloxy)benzene

Transcription Factor

Transcriptional Intermediary Factor

Thyroid hormone Receptor

Time Resolved — Fluorescence Energy Transfer
Ursodeoxycholic acid
UDP-Glucuronosyltransferase

Vitamin D Receptor

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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