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Abstract: Structural and functional studies have provided numerous insights over the past years
on how members of the nuclear hormone receptor superfamily tightly regulate the expression of
drug-metabolizing enzymes and transporters. Besides the role of the farnesoid X receptor (FXR) in
the transcriptional control of bile acid transport and metabolism, this review provides an overview on
how this metabolic sensor prevents the accumulation of toxic byproducts derived from endogenous
metabolites, as well as of exogenous chemicals, in coordination with the pregnane X receptor (PXR)
and the constitutive androstane receptor (CAR). Decrypting this network should provide cues to
better understand how these metabolic nuclear receptors participate in physiologic and pathologic
processes with potential validation as therapeutic targets in human disabilities and cancers.
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1. Introduction

Nuclear receptors (NRs) are ligand-dependent transcription factors that regulate a variety of
physiological processes by inducing the transcription of target genes. Among the members of this
large NRs superfamily, the metabolic receptors farnesoid X receptor α (FXRα, also known as NR1H4),
pregnane X receptor (PXR, called steroid X receptor SXR or NR1I2), and constitutive androstane
receptor (CAR, also named NR1I3) have been intensively studied for their ability to regulate energy
metabolism by affecting fatty acid, lipid, and glucose homeostasis (for recent reviews, see [1–3]).
As sensors of endogenous and exogenous chemicals, these three NRs have also been largely explored
for their capacity to regulate the expression of transporters and drug-metabolizing enzymes as adaptive
responses to prevent the accumulation of toxic chemicals in the body. Like most others NRs, these
receptors have a characteristic modular structure which includes a C-terminal ligand-binding domain
(LBD) and a N-terminal highly conserved DNA-binding domain (DBD) that allows them to bind to
specific nucleotide consensus sequences, hereafter referred to as DNA response elements (Figure 1A).
As common (non)permissive heterodomeric partners, retinoid X receptors (RXRα/β/γ, also known as
NR2B1/NR2B2/NR2B3) are required for high affinity binding to DNA, and despite the fact that RXRα
remains the predominant isotype in many tissues, all three RXR subtypes generally make these NRs
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competent for chromatin binding and transcriptional regulation of target gene expression in concert
with corepressor complexes or recruited co-activator proteins (Figure 1B and [4,5]).
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Figure 1. Structural organization and mechanism of action of nuclear receptors. (A) Structural
organization of hormone nuclear receptors. AF-1, activation function 1; DBD, DNA binding domain; H,
hinge region; LBD, ligand binding domain; AF-2, transactivation function 2. (B) A current model of
NR-mediated gene regulation. Bile acid-activated NRs (FXRα, PXR, CAR) act mainly as heterodimers
with retinoid X receptor α (RXRα) to regulate gene transcription. FXRE, FXRα response element;
XREM, xenobiotic response element; DR, direct repeat; ER, everted repeat; IR, inverted repeat.

The discovery of bile acids, bilirubin, and xenobiotics, including pharmaceutical drugs and
environmental pollutants, as specific ligands for these NRs and the assignment of their regulatory
function to hepatobiliary transporter genes have given the way to an extensive area of research over
recent decades. Subsequently, a rapidly growing number of publications have dealt with the regulatory
mechanisms of enterohepatic bile acids (BAs) circulation in health and diseases with a clear emphasize
on therapeutical strategies for metabolic disabilities and cancers. The aim of the present review is to
describe the most relevant functions of FXRα, PXR, and CAR, with a focus on convergence points
of crosstalks that orchestrate detoxification pathways of endogenous and exogenous chemicals that
may also adversely affect male reproductive function and increase the risk of developing a testis
tumorigenic phenotype accompanied by drug resistance.

2. Structure-Activity Relationship of Bile Acids and Bile Acid Derivatives in Regards to Sensing
Nuclear Receptors

2.1. Bile Acids as Endogenous Ligands for Metabolic Nuclear Receptors

Actively synthesized from cholesterol in the liver, bile acids (BAs) are amphipathic molecules with
detergent-like properties that are essential for hepatic bile formation, cholesterol elimination, and the
absorption of dietary lipids from the small intestine. In humans, the majority of BA synthesis in the
hepatocytes occurs through a classical pathway that is initiated by the rate-limiting enzyme cholesterol
7α-hydroxylase (CYP7A1). This major classical (neutral) pathway forms the primary BAs, referred
to as cholic acid (CA) and chenodeoxycholic acid (CDCA), following a multistep enzymatic process
involving the key sterol 12α-hydroxylase (CYP8B1) and sterol-27 hydroxylase (CYP27A1) enzymes
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respectively. In complement, CYP27A1 initiates an alternative (acidic) pathway of BA synthesis by
hydroxylation and oxidation of cholesterol that is further hydroxylated by oxysterol 7α-hydroxylase
(CYP7B1) to CDCA. Shortly after their synthesis, BAs are conjugated to amino acids glycine and
taurine to form sodium salts (bile salts), and excreted into the gallbladder, before being released into
the intestinal tract where microbial transformations in the gut convert the primary BAs CA and CDCA
to corresponding secondary BAs deoxycholic acid (DCA) and lithocholic acid (LCA). Most BAs listed
in Table 1, including the CDCA-derived α-muricholic acid (αMCA) and β-muricholic acid (βMCA)
in mice, are reabsorbed in the ileum and transported back to the liver via the portal vein (recently
reviewed in [6]).

Table 1. Chemical structures of the most common bile acids (BAs) and their conjugated forms (with
taurine or glycine). The positions of hydroxyl groups, which are responsible for major physicochemical
differences among the BA species, are indicated. Cholic acid (CA) and chenodeoxycholic acid
(CDCA) are primary BAs. Deoxycholic acid (DCA) and lithocholic acid (LCA) are secondary BAs.
The hydrophobicity increases as follows: MCA, UDCA, CA, CDCA, DCA, LCA.

Chemical Structures of the Most
Common Bile Acids (BAs)

R1
(3-pos)

R2
(6-pos)

R3
(7-pos)

R4
(12-pos)

Bile Acids and
BAs Derivatives

1 
 

 

OH H OH OH Cholic Acid
(CA)

OH H OH H Chenodeoxycholic
Acid (CDCA)

OH H H OH Deoxycholic Acid
(DCA)

OH H H H Lithocholic Acid
(LCA)

OH OH OH H Muricholic Acid
(MCA)

OH H OH H Ursodeoxycholic
Acid (UDCA)

Free BAs: R5 (24-pos) = OH C=O H H H 3-Keto LCA
Tauro-conjugated BAs: R5 = NHCH2CH2SO3H OH C=O H H 6-Keto LCA

Glyco-conjugated BAs: R5 = NHCH2CO2H OH C2H5 OH H 6α-Ethyl CDCA
(6-ECDCA)

Adequate concentrations of BAs in the intestinal lumen for digestion and their efficient
reabsorption in the terminal ileum ensure the maintenance of circulating BA pools within the
enterohepatic circulation. Indeed, BAs undergo enterohepatic circulation, with about 95% being
reabsorbed by active transport in the ileal enterocytes and recycled back to the liver through the
portal vein for further secretion into the biliary system and gallbladder. In each enterohepatic cycle,
hepatocytes must synthesize de novo BAs through a tightly regulated process to replace those that
are eliminated in the feces after escaping the ileum. In addition to the well described physiochemical
characteristics of these natural detergents in the maintenance of cholesterol homeostasis, biliary
excretion of hydrophobic compounds, and intestinal fat absorption, clear evidence also indicates
that high or abnormal BA concentrations may become cytotoxic to cells. This is particularly the case
for both hepatocytes and enterocytes, as well as for cholangiocytes (biliary epithelial cells), with an
increased risk of digestive system diseases including cholestasis and gastrointestinal carcinogenesis
(reviewed in [7–9]). Obviously, it turns out that cells exposed to BAs protect themselves too by
tightly regulating metabolic integrators and biological processes in order to control BA biosynthesis,
metabolism, and transport through ligand activation of NRs including FXRα, and the promiscuous
xenobiotic receptors PXR and CAR that respond to a larger variety of structurally-unrelated exogenous
compounds [10–13]. In short, CDCA is the most efficacious ligand of FXRα, followed by LCA, DCA,
and CA, whereas the secondary BA LCA and its oxidized 3-keto form is the main, if not the only,
potent activator of PXR. As with it closest relative PXR, CAR binds a broad variety of structurally
diverse molecules counting CA and 6-keto-LCA [14]. In complement to the vitamin D receptor (VDR
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also known as NR1I1) and the cell-surface receptor TGR5 (also known as GPBAR1; G-protein coupled
bile acid receptor 1), which are outside of the scope of this review [15,16], these three NRs exert
their functions as sensors of BA levels, and elicit transcriptional alterations in order to regulate BA
homeostasis, as discussed below.

2.2. Molecular Biology of Bile Acid/Xenobiotic Nuclear Receptors

FXRα was the first identified BA-activated nuclear receptor and the most dedicated NR to
BA signaling [10]. Two distinct FXR genes (FXRα, NR1H4; FXRβ, NR1H5) are evolutionarily
conserved between human and rodent; but in contrast to the mouse, FXRβ constitutes a pseudogene
in human [17,18]. Using alternative promoters and splicing, four functional variants have been
described for FXRα (α1–4), with differences in both tissue- and species-specific expression as well
as in ligand-dependent transcriptional activities [19,20]. Largely expressed in tissues engaged in the
human enterohepatic circulation, FXRα variants are all present in the small intestine, in contrast to
the liver and adrenals, which express mainly FXRα1 and α2, while FXRα3 and α4 are predominant
in the colon and kidney. The situation is slightly different in mouse because liver and small intestine
express all variants, whereas kidney and stomach express only FXRα3 and α4 [21]. Yet, all forms
of FXRα, hereafter referred to as FXRα, function as homeotrophic sensors of BAs and regulate the
activity of numerous genes encoding for proteins involved in BA synthesis, transport, conjugation,
and excretion. To do so, FXRα binds to a FXR response element (FXRE) as a heterodimer with RXRα,
or as a monomer to regulate gene expression. As for the other NRs, two zinc finger motifs allow FXRα
to interact with its response element which contains two copies of a consensus AGGTCA-like DNA
sequence reiterated directly (DR), inverted (IR), or everted (ER) with various inter half-site spacing
(Figure 1B). Even though the FXRα/RXRα heterodimer binds to the consensus IR-1 (IR spaced by
1 base pair) sequence with the highest affinity, this complex also binds to and activates a variety of
other FXREs in conjunction with transcriptional co-activators or co-repressors that coordinate either
gene activation or repression following post-translational modifications of histones and non-histone
proteins. Overviews of FXRα structure, activation, interaction with RXRα, and dynamically-controlled
target gene regulation have been published previously [22–25].

In complement, PXR and CAR xenosensors also play important roles in the regulation of BA
metabolism and detoxication by inducing genes involved in BA conjugation and transport in order
to enhance their elimination [26]. Both NRs, best known for their role in phase I (hydroxylation),
phase II (conjugation) and phase III (transport) xenobiotic elimination, are mainly expressed in liver
and intestine, where they likely regulate gene expression of ATP-binding cassette (ABC) transporters
and of drug-metabolizing enzymes within transcriptionally-permissive RXRα heterodimers [27,28].
In human and mouse, several spliced and polymorphic variants have been described for PXR and
CAR, resulting in protein isoforms that could vary in structure-function properties, as well as in either
constitutive or ligand-inducible transcriptional capacities (for a complete review, see [27]). Even if
these xenobiotic receptors are closely related, their moderately conserved LBD allow them to recognize
a wide range of structurally-unrelated endogenous and exogenous ligands [29,30]. This may also
reflect the different species ligand-binding properties of PXR and CAR described so far, although it is
known that both receptors share ligands that act as dual modulators for the expression of a common
set of genes [31–33]. Nevertheless, obligate associations of PXR and CAR with the heterodimeric
partner RXRα activate specific DNA sequences that differ from one another by the number of base
pairs separating the direct or everted DNA repeats. The best described CAR response elements are the
phenobarbital-responsive enhancer module (PBREM) and the xenobiotic responsive enhancer module
(XREM), which are found in the promoter regions of CAR target genes. Because these binding sites are
shared with PXR, both NRs co-regulate a subset of their target genes despite the fact that they also
separately regulate other specific genes. Inspections of these response elements indicate that both
DR-3 and ER-6 type AGGTCA-like binding motifs are typically bound by PXR/RXR heterodimers,
in contrast to CAR/RXR, that binds DR-4, DR-5 or ER-8 repeat elements [34]. Despite a lower affinity
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for the DNA consensus sequences, monomeric CAR is also described to be competent for docking onto
octameric AGAGTTCA DNA motifs and for the interaction with co-activators [35–38]. Owing to their
ligand-binding pocket that accommodates molecules of various shapes and sizes, it is not surprising
that PXR and CAR regulate an overlapping set of target genes in BA metabolism and elimination
following agonistic and antagonistic recruitment of co-activators and co-repressors at XREM regulatory
regions of target genes.

2.3. Bile Acid/Xenobiotic Nuclear Receptors Regulation of Bile Acid Synthesis and Transport

One of the key functions of FXRα is to critically regulate BA synthesis and BA enterohepathic
circulation. Mice lacking Fxrα (Fxrα−/−) were phenotypically normal but showed elevated expression
of Cyp7a1 mRNA and enlarged BA pool sizes [39,40]. By inducing the small heterodimer partner
(SHP also known as NR0B2) in liver, FXRα slows down the classical biosynthetic pathway of BAs
by reducing expression of CYP7A1/Cyp7a1 and CYP8B1/Cyp8b1 gene-encoding enzymes in humans
and mice (Figure 2). This occurs in part through dimerization of SHP with liver receptor homolog-1
(LRH-1) and hepatocyte nuclear factor 4α (HNF4α) transcription factors, and repression of their
binding capacities to CYP7A1 and CYP8B1 gene promoters, with an additional inhibitory feedback loop
on SHP itself [41–44]. In addition, FXRα activation in the intestine stimulates expression and secretion
of the fibroblast growth factor 19 (FGF19, FGF15 in rodent models) which binds FGFR4/β-Klotho
receptor complexes on the cell membrane of hepatocytes after trafficking into the enterohepatic
circulation [45–47]. This functional gut-liver signaling pathway inhibits expression of CYP7A1 and
CYP8B1 gene products through extracellular signal-regulated protein kinase 1/2 (ERK1/2) and c-Jun
N-terminal kinase 1/2 (JNK1/2) activation. In complement, experiments with liver- and ileum-specific
Fxrα-deficient mice (Fxrα−/−) showed that this inhibitory metabolism of BAs dominates over the
hepatic negative feedback pathway [48,49].
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It has also been suggested that PXR and CAR play a role in the regulation of BA synthesis, since 
PXR has been described as a FXRα target gene, and its ligand activation directly regulates SHP 
expression in the HepG2 human liver cancer cell line and indirectly reduces the expression of Cyp7a1 
in mice [36,50,51]. Moreover, deletion of CAR results in a less severe repression of Cyp7a1 and Cyp8b1 

Figure 2. Model of effects of FXRα on bile acid (BA) metabolism. Primary BAs, CA, and CDCA,
are generated from cholesterol by liver enzymes, including CYP7A1 and CYP8B1. CA and CDCA are
metabolized to DCA and LCA secondary BAs in the intestine. BSEP and MRP2 are localized in the
canalicular membrane of hepatocytes and transport BAs into bile. Most BAs are reabsorbed in the
intestine and recirculate to the liver through the portal vein in a mechanism called the enterohepatic
circulation. BAs that escape reabsorption are excreted in the feces. A portion of secondary BAs enters
the enterohepatic circulation from the colon. The transporters ASBT and OSTα/β are involved in BA
absorption in the intestine. At the basolateral membrane of hepatocytes, NTCP and OATPs uptake
BAs from the portal blood. Activated FXRα, PXR, and CAR induce the expression of phases I and II
metabolizing enzymes to stimulate urinary and biliary excretion of BAs.
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It has also been suggested that PXR and CAR play a role in the regulation of BA synthesis,
since PXR has been described as a FXRα target gene, and its ligand activation directly regulates SHP
expression in the HepG2 human liver cancer cell line and indirectly reduces the expression of Cyp7a1
in mice [36,50,51]. Moreover, deletion of CAR results in a less severe repression of Cyp7a1 and Cyp8b1
after bile duct ligation in mice, indicating that CAR is partly responsible for this down-regulation
when BAs accumulate in high concentrations in the liver [52]. Despite the fact that the protective effect
of PXR and CAR can be explained to a certain extent by their capacity to regulate BA synthesis genes
including CYP27A1 [53], the most likely protective effects of these xenobiotic sensing NRs seem to
come from their crosstalks in the management of a large set of genes that coordinately regulate BA
metabolism and transport, as depicted in Figure 2.

Following their synthesis, BAs are secreted into bile, which flows through the bile duct to the
intestine. Then, BAs are efficiently absorbed from the intestine, returned to the liver, and resecreted into
the bile and the gallbladder in many species. In this enterohepatic circulation, BAs can promote their
own biliary elimination by stimulating the hepatic apical bile salt efflux pump (BSEP; ABCB11) and
the multidrug resistant-associated protein 2 (MRP2; ABCC2) expression. These two ABC transporters
are rate limiting in canalicular excretion of BAs and non BA organic ions. In human and rodent, BSEP
gene promoters are transcriptionally activated by FXRα [54,55], and mouse Bsep baseline-expression
largely depends on the presence of this BA-activated NR, since its abundance is reduced in Fxrα

knockout mice [40,56,57]. In contrast to BSEP, transcriptional regulation of MRP2 involves several
overlapping sets of NRs, reflecting the diverse substrate spectrum of MRP2. As a matter of fact,
MRP2 can mediate the excretion of a broad range of conjugated BAs and non-BA organics anions,
mostly with glucuronidate and sulfate formed by phase II conjugation enzymes in hepatocytes [58].
FXRα binds with high affinity to response elements in the human and rodent MRP2/Mrp2 promoters
that are also shared with CAR and PXR [59]. Furthermore, FXRα increases the expression of multidrug
resistance protein 3 (MDR3; ABCB4), which secretes phospholipids into the bile canaliculi, thereby
promoting the formation of mixed micelles and decreasing toxicity of BAs [60]. While BAs are excreted
into canalicular bile under normal conditions, most conjugated BAs are actively reabsorbed in the
ileum by an apical, sodium-dependent bile salt transporter (ASBT, SLC10A2, IBAT) located on the
apical side of enterocytes. In the small intestine, FXRα increases ASBT, which is important for the
reabsorption of BAs from the intestinal lumen, as well as ileal bile acid binding-protein (IBABP) and
organic solute transporter α/β (OSTα/β), which are both important for the transcellular transport
of BAs [61–63]. Absorbed BAs are then transported back into portal blood by the sodium-dependent
bile acid transporter (NTCP; SLC10A1) and a family of multi-specific organic anion transporters
(OATPs; SLC21A) that mediate sodium-independent uptake of conjugated or unconjugated BAs,
as well as bilirubin in the liver [64,65]. Regulation of NTCP by BAs is complex, and differs considerably
among human and rodent [66]. Negative feedback inhibition of mouse and rat Ntcp is mediated by
both FXRα/SHP-dependent and -independent mechanisms and limits hepatocellular BA uptake [67].
Similar to NTCP, FXRα represses OATP1B1 through SHP and HNF4α and inhibits the predominant
sodium-independent BA uptake system in human [68]. In contrast, OATP1B3, a multi-specific uptake
system for organic anions, xenobiotics, and potentially BAs, is positively trans-activated by FXRα [69].
An alternative low level efflux of BAs into the systemic blood through the sinusoidal membrane
also takes place, and is mediated by several transporters including OSTα/β, MRP3/ABCC3 and
MRP4/ABCC4 [70,71]. Induction of both rodent Mrp3 and Mrp4 seems to be independent of FXRα,
while both PXR and CAR are able to induce either MRP3/Mrp3 or MRP4/Mrp4 expression in human and
rodent [56,72–74]. Collectively, a complex picture emerges where FXRα, PXR, and CAR are required to
coordinate synthesis and enterohepatic cycling of BAs.

2.4. Regulation of Bile Acid Metabolism and Elimination by Bile Acid/Xenobiotic Nuclear Receptors

The formation of BA-conjugated metabolites was recognized early as a mechanism of BA
deposition in human and other species. Shortly after their synthesis, BAs are conjugated to amino acids
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glycine and taurine to increase their solubility in water and to reduce their cytotoxicity [75]. Over the
years, FXRα was shown not only as an essential regulator of BA conjugation enzymes such as bile
acid CoA synthase (BACS) and bile acid CoA amino acid N-acetyltransferase (BAAT) [76,77], but also
as an important factor of BA detoxification processes, since BA-activated FXRα induces cytochrome
P4503A4 (CYP3A4) expression and phase I hydroxylation reactions [78]. Other NRs, including PXR
and CAR, have been demonstrated to activate CYP3A4 [79–82]; besides this most characterized
mechanism of gene regulation, these xenobiotic sensors are further involved in the regulation of phase
II enzymes including uridine diphospho-glucuronosyltransferases (UGT), sulfotransferases (SULT) and
glutathione-S-transferases (GST) [83,84]. By conjugating hydrophilic groups, UGTs, SULTs, and GSTs
increase the water solubility of BAs. In human, positive regulation of SULT2A1 gene expression
by FXRα and PXR appears to play a central role in regulating BA sulfation in conjunction with
CAR that is proposed to orchestrate BA sulfation and their ensuing export by the CAR-induced
MRP4 basolateral export pump [56,85–87]. In addition to sulfation, BAs can also be detoxified
through glucuronidation by the UDP-glucuronosyltransferases UGT2B4, UGT2B7, and UGT1A3,
that renders BAs more water soluble and facilitates their renal elimination [88–90]. This combined
hydroxylation/glucuronidation detoxification pathway can also be stimulated by PXR and CAR
in human after UGT1A1 transcriptional activation, while BAs can modulate both UGT2B4 and
UGT2B7 expression through FXRα [88,89,91]. Together with both PXR- and CAR-mediated BA
metabolism, the FXRα-induced repression of basolateral uptake by NTCP and OATP, in combination
with the increased expression of gene encoding proteins involved in BA detoxification (CYP3A4,
UGT2Bs, SULT2A1) and in membrane transport (BSEP, MRP2/3, MRD3, OSTα/β), help to promote
excretion and elimination of conjugated BAs [92,93]. It is now becoming apparent that xenobiotic
receptors crosstalk with FXRα to move the metabolized and conjugated BAs and their potentially toxic
metabolites into the body’s excretory pathways via the kidney or the bile, with impact, in some disease
states, that emphasizes drug targeting of BA and xenobiotic-sensing NRs in precision medicine.

3. Modulation of Bile Acid/Xenobiotic Receptors for Therapeutic Applications

3.1. Modulators of Bile Acid and Xenobiotic-Sensing Nuclear Receptors

Research in the past decades has established that FXRα, along with PXR and CAR, have a crucial
role in regulating all aspects of BA metabolism, and the availability of natural and non-steroidal
synthetic ligands has provided important insights into the mechanisms by which NRs for BAs
and xenobiotics control many diverse metabolic pathways, including glucose homeostasis and lipid
metabolism. Due to broad spectrum activity and synergistic effects of these three NRs, identification of
small molecules selectively targeting these receptors still represents a prolific area of research, with a
large number of ligands being published in the last years and highlighted in recent comprehensive
literature summaries [14,94–97]. Despite the large variety of ligands reported, so far, based on evidence
from cell lines and mouse models, only the most widely-used natural and synthetic BA/xenobiotic NR
ligands will be mentioned here.

Farnesol, which is a metabolite intermediate of the mevalonate biosynthetic pathway, was the
first common natural FXRα ligand identified, but its weak agonist activity impedes its use [98].
Oxysterol-22(R)-hydroxy cholesterol, androsterone as well as 26- or 25-hydroxylated BA metabolites
and poly-unsaturated fatty acids (arachidonic acid and docosahexaenoic acid) were also reported to
act as weak FXRα ligands [24]. As mentioned previously, BAs exhibit distinct potencies to activate
FXRα, with CDCA being the most active natural human FXRα activator, followed by DCA and LCA,
but the poor selectivity of these endogenous BAs encourages the development of new synthetic and
non-synthetic ligands with improved selectivity for FXRα in order to dissociate FXRα-dependent and
-independent pathways. To do so, the CDCA high-affinity FXRα ligand has been subjected to intense
medicinal chemistry modifications, producing several steroidal derivatives in order to generate more
specific FXRα modulators which are devoid off-target effects [99,100]. Among them, the semi-synthetic
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BA analogue 6-ethyl-chenodeoxycholic acid (6-ECDCA, also known as INT-747, obeticholic acid,
or Ocaliva/OCA) was shown to be a very potent and selective agonist in an FXRα transactivating
assay, and it has become an alternative agonist to the most widely-used GW4064 FXRα ligand due to
the cell-toxic effect and poor intestinal absorption of this latest non-steroidal synthetic agonist [101–103].
Although GW4064 has been extensively used as a molecular tool to study FXRα functions in vitro and
in vivo, it was not developed further because of its liabilities, that included poor pharmacokinetic
properties and the presence of the potentially toxic stilbene moiety. Many attempts to overcome these
problems in combination with crystallographic studies and virtual screening campaigns have given
rise to several series of derivatives, and recent progress has been made with high-affinity binding and
agonist activity of structurally-diverse, natural (epigallocatechin-3-gallate, cafestol) or (semi)synthetic
(GSK2324; WAY-36245; AGN29; PX20606) molecules toward FXRα. In contrast, only a limited number
of FXRα antagonists (guggulsterone, stigmasterol, AGN31, AGN34) have been described in the
literature [104,105]. While these latter compounds may be useful pharmacological tools to extend the
understanding of FXRα functions, complementary studies are required to further validate the potency
of these agents as clinic therapeutic modulators of FXRα in human disabilities.

Besides LCA, that is one of a few described natural ligands for PXR, a wide range of
structurally-unrelated, endogenous and exogenous ligands were shown to selectively bind to the
PXR of different species. In fact, the most well-known PXR agonists include the pharmaceutical
drug rifampicin (RIF), which strongly binds to human PXR but not to mouse PXR, and the synthetic
anti-glucocorticoid pregnenolone 16α-carbonitrile (PCN), that activates PXR in rodent (mouse and
rat) but has no effect on human PXR [32]. These species’ selectivity in ligand-induced activation rely
on clear differences into the LBD amino acid sequences of human and mouse PXR, and authorize
a commensurate number of foreign compounds to occupy the large binding pocket of this receptor.
This allows PXR orthologs to be activated not only by a plethora of prescription drugs (rifampicin,
ketoconazole, dexametasone, acetaminophen), chemotherapeutics (cyclophosphamide, paclitaxel,
taxol), steroids (progesterone, ethinylestradiol), and nutritional compounds (flavonoids), but also by a
variety of environmental contaminants such as bisphenol analogs (BPA), polychlorinated biphenyls
(PCBs), diethylhexyl phthalates (DHEP), and organochloride pesticides (trans-nonachlor, chlordane).
Comprehensive lists of compounds affecting the biological activity of human and rodent PXR have
already been presented in references [14,27,95], with an overlap in the endogenous and exogenous
compounds that bind to CAR variants and orthologs.

In contrast to FXRα and PXR, CAR has been initially described as a constitutively-active NR
in the absence of any activating ligand, but it has since been reported to be regulated by many
endobiotics, including steroids (androstanes, estrogens, and progestins) and BA metabolites. Also,
clinical drugs, pesticides, food-derived flavonoids, and alcohol-derived polyphenols are efficient
CAR modulators (reviewed in [106]), establishing CAR as a critical effector of xenobiotic function
and cellular toxicity. Multiple compounds with direct or indirect effects on CAR-dependent gene
regulation have been discovered, but few are selective for CAR specifically, as most also bind to
PXR [27,95]. Still, phenobarbital (PB) is the most potent known indirect activator of CAR that causes
the receptor to undergo nuclear translocation, and exerts transcriptional activity after binding PBREM
without interacting with the ligand binding domain of CAR [107]. This results from inhibition of the
epidermal growth factor (EGF) receptor signaling pathway by PB, and later, CAR dephosphorylation,
that activates nuclear translocation and transcriptional activity of the receptor, as reported for more
recently-investigated diet flavonoids [108]. In addition, CAR activation can also be mediated by
direct activators according to its remarkable species selectivity for ligand binding and activation
profile. The potent ligand activators TCPOBOP (1,4-Bis[2-(3,5-dichloropyridyloxy)])benzene and
CITCO (6-(4-chloropheny)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime)
behave as direct and specific agonists for the mouse and human CAR receptors respectively [109,110].
In both cases, direct ligand-dependent activation of CAR seems to rely on the nuclear translocation
step, whereby once inside the nucleus, ligand-bound CAR adopts a conformation similar to that of
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the constitutively-active CAR, and maintains transcriptional activity. Interestingly, the constitutive
activity of CAR can be reversed, likely by a class of compounds known as inverse agonists which
derive from androstane metabolites. By promoting association of weak corepressor complexes
following displacement of coactivator proteins, androstanol (5α-androstan-3α-ol) and androstenol
(5α-androst-16-en-3α-ol) reverse constitutive ligand-independent activity of mouse CAR [111–113].
A panel of structurally-diverse small molecules has been reported as being human CAR inverse
agonists [114], providing novel insights into the nature of CAR regulation and function under specific
physiologic or pathologic conditions, as briefly addressed in the following section.

3.2. Potential Clinical Use of Bile Acid and Xenobiotic Nuclear Receptor Modulators

Initial studies performed more than fifty years ago revealed that BAs act as key agents for
cholesterol solubilization and removal out of the body, and for maintaining the driving force for
bile flow. On the basis of these observations, oral administration of CDCA was thus used to
dissolve cholesterol-gallstones in disease patients, but was replaced later by its more hydrophilic
7-epimer derivative, ursodeoxycholic acid (UDCA or Ursodiol), in order to reduce biliary cirrhosis and
hepatotoxicity [115–117]. In contrast to CDCA, which is the most active natural human FXRα activator,
UDCA, which is a naturally-occurring secondary BA in human, is devoid of any activity on FXRα in
transactivating assay, even if it is reported to act as a weak PXR agonist [14,118]. Yet, UDCA and its
24-nor-UDCA synthetic analog are used to enhance impaired bile flow and excretion of BAs or others
potentially toxic biliary constituents in patients with cholestatic liver diseases, due to mechanical
obstruction of bile ducts attributable to tumors and gallstones, or even to metabolic disorders in BA
formation and transport consecutive to hereditary genetic defects, pregnancy, or medication [103].
Repression of Cyp7a1 and modification of the BA export pumps Bsep (Abcb11) and Mrp2 (Abcc2) have
been reported in animal models treated with UDCA, and likely explain its choleretic effect that relies
on complex signaling networks (reviewed in [119,120]). Indeed, UDCA was not only demonstrated to
improve cholestasis by reducing BA uptake and synthesis, but also by stimulating hepatocellular and
biliary ductular export and elimination, making it attractive as a first-line treatment for a multitude
of other cholestatic injuries, including primary biliary cirrhosis (PBC), primary sclerosing cholangitis
(PSC), intrahepatic cholestasis of pregnancy (ICP), and progressive familial intrahepatic cholestasis
(PFIC). However, the limited efficacy of UDCA in these cholestatic conditions has given rise to demand
for the development of novel therapeutic approaches, including BA derivatives and other FXRα
agonists. Indeed, experimental studies using animal models mimicking cholestatic liver injuries
(bile duct ligation, genetic engineering, BA feeding) have strongly contributed to highlighting the
complex interplay of BA and bilirubin-activated NRs (mainly FXRα, PXR and CAR) that orchestrates an
adaptive response when intrahepatic and systemic BA levels rise (for reviews, see references [121,122]).

Due to its role in repressing BA uptake transporters (i.e., NTCP and ASBT) and inducing BA
export pumps (i.e., BSEP, MRP2, and OSTα/β) along with suppression of BA synthesis (i.e., CYP7A1),
FXRα activation represents another line of developed anticholestatic strategies, with (semi)synthetic
steroidal (6-ECDCA) and non-steroidal FXRα agonists (fexaramine, GW4064, PX20606) being actually
investigated in (pre)clinical trials. Moreover, induction of CYP3A4, SULT2A1, and UGT2Bs, along with
stimulation of biliary excretion through MDR3 (ABCB4), may also enhance BA detoxification and
counteract cholesterol-gallstone after FXRα activation. Therefore, it has come as no surprise that the
high affinity 6-ECDCA FXRα ligand was able to restore reduced bile flow and improve cholestasis
in several preclinical animal models of cholestasis [102,123], as well as in patients with PBC [124].
According to both animal studies and clinical trials, it was noted that besides cholestasis, the FXRα
agonist 6-ECDCA has also shown promise in treating metabolic disorders such as non-alcoholic fatty
liver disease (NAFLD), non-alcoholic steatohepatitis (NASH), and type 2 diabetes mellitus (T2DM),
which is in agreement with earlier described functions of FXRα in the regulation of lipid metabolism
and glucose homeostasis [125–127].



Int. J. Mol. Sci. 2018, 19, 3630 10 of 24

Additionally, PXR and CAR activators have also been broadly studied, and some of them (e.g., RIF,
PB) are actually tested clinically in liver diseases to activate BA transporters and detoxification
systems [128–130]. The importance of these two NR xenosensors in the adaptive response to toxic
BAs and other compounds that accumulate in the liver has been demonstrated in numerous knockout
rodent models. For example, Pxr knockout mice are more susceptible to liver injuries caused by LCA
treatment or bile duct ligation than wild-type mice and the activation of Pxr by PCN reduced toxic
BA-induced liver injuries in wild-type mice, but not in Pxr knockout mice [51,52,131]. Moreover,
data from studies on Fxr−/−Pxr−/− double knockout mice showed enhanced toxicity in response to
BAs. Of note, CAR activation by PB or TCPOBOP when both Fxrα and Pxr are lost protected mice
from BA-induced cytotoxicity by increasing expression of hepatic genes involved in BA metabolism
and transport [132]. This beneficial role of CAR in the protection against hepatotoxic LCA is likely
attributed to the induction of phase I and II enzymes (Cyp3a4, Ugt1a1), as well as efflux transporters
(Mrp2), in these cholestatic animal models [52,132,133]. Although PXR and CAR were first identified
as xenobiotic receptors, a body of evidence is now surfacing which indicates equally important roles
for these receptors in endobiotic homeostasis [74]. As a whole, PXR and CAR appear to cooperate
with FXRα for protection against endobiotic and xenobiotic toxicity, making these NRs interesting
targets for therapeutical approaches in the treatment of metabolic disorders, although their role
beyond being BA/xenobiotic NRs need to be expanded to include their effects on health and diseases,
while minimizing adverse diet-drug or drug-drug interactions (DDIs) in patients with chronic diseases.

The occurrence of these unwanted DDIs further complicates the modulation of FXRα, PXR,
and CAR in patients affected with cancers, because these NRs are major transcriptional regulators of
drug-metabolizing enzymes with clinical consequences that generally decrease therapeutic efficacy,
and occasionally increase drug toxicity. Early work of De Gottari et al. suggested that FXRα loss
would contribute to tumorigenesis of colorectal cancer in human, and supports the view that BAs
are likely carcinogens in human and rodent [134,135]. In this view, mice lacking Fxrα with impaired
BA homeostasis spontaneously develop hepatocellular carcinomas, and treatment with the bile salts
sequestrant cholestyramine reduces tumor incidence [136]. In addition, target disruption of the
Fxrα in the intestine enhances tumor formation rate in mice, and further supports the existence
of a causative link between high BA concentrations and gastrointestinal cancer [137]. Therefore,
activation of Fxrα by non BA ligands was proposed as an attractive strategy to protect against liver and
intestinal carcinogenesis, but the mechanism by which FXRα suppresses carcinogenesis remains to be
investigated, since FXRα agonists have also been been reported to enhance chemoresistance in colon
and liver cells [138,139]. This mechanism possibly involves increased expression of gene implicated in
drug metabolism and transport to inactivate and export the anticancer drug out of expressing cells
with an impact on chemotherapy outcome. A similar theme plays out for PXR and CAR, and their
crosstalks not only gained increased attention for the treatment of metabolic diseases, but they have
also revealed context-specific effects of PXR and CAR activation in treating cancers [94,95,140–142].
Owing to the roles of PXR in promoting cell growth, chemoresistance, and malignancy, PXR antagonists
are of potential therapeutic interest for malignant diseases [143,144]. Indeed, developing selective
natural (ET-743, sulforaphane, coumestrol) and synthetic (ketoconazole and its derivatives) PXR
antagonists appears to be a reasonable approach for managing PXR-related adverse DDIs and cancer
drug resistance [94]. Regarding CAR, its function is less clear in the maintenance and the development
of chemoresistance. On the one hand, PB and TCPOBOP promote the development of hepatocellular
carcinoma in rodent models, and it is thus accepted that CAR activators may act as cancer promoters
in mice, but not in human, although some reports suggest that chemotherapeutic efficacy may be
increased upon CAR activation [145,146]. On the other hand, CAR regulates the expression of efflux
pump transporters for eliminating anticancer agents, and is thus suspected to play a major role in the
development of chemoresistance [147]. Indeed, before considering human CAR as a therapeutic target
for cancer, extensive investigation into the functioning of the receptor in human needs to be performed.
In light of these studies, the differential effects of these NRs in different cancer tissues might in part
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due to different variants that exhibit differential expression, ligand binding affinity, and transcriptional
activity. It is also possible that polymorphisms and post-translational modifications contribute to the
differential roles of these BA/xenobiotic-activated NRs in human cancers. Therefore, the development
of effective and selective compounds for each receptor, based on the signaling pathway and disease
they are involved in, is crucial for validating FXRα, PXR, or CAR as clinically-relevant, disease-related
therapeutic targets, in order to minimize side-effects and improve efficacy.

4. Bile Acid/Xenobiotic Nuclear Receptors in Testis: Protection from Toxicity or Obstacle
to Chemotherapy?

Pharmalogical modulations of BA transporters and their regulatory NRs have significantly
contributed to the development of novel treatment strategies for several hepatobiliary disorders,
including cholestasis, gallstones, and fatty liver diseases. In addition, clinical and experimental data
indicate that enhanced bile flow by the secondary BA UCDA might produce other beneficial effects
by preventing hypogonadism in patients with long-standing cholestasis and alleviating reproductive
system alterations, as shown in male rat with chronic cholestasis induced by permanent common
bile duct ligation [148,149]. These positive effects of UCDA suggest that unbalanced BA levels
might be deleterious to both endocrine and exocrine functions of the testes, and have warranted
numerous studies that have highlighted a significant link between BA metabolism and male fertility
disorders. Firstly, feeding CA during pubertal age reduces testosterone concentrations and increases
germ cell apoptosis, impairing fertility in adult mice [150,151]. Prevention of germinal cell apoptosis
by testosterone indicates that the steroidogenic function of Leydig cells is likely impaired in these
mice, in agreement with previous studies which reported that agonist activation of Fxrα reduces
testicular steroid metabolism through down-regulation of steroidogenic genes including Star, Cyp11a1,
and 3β-Hsd [152]. Secondly, BA-sensing NRs including FXRα, PXR, and CAR are expressed in
both human and mouse testis [153,154], and a specific panel of conjugated and unconjugated BAs
including the BA intermediates dihydroxycholestanoic acid (DHCA) and trihydroxycholestanoic
acid (THCA) have been reported in this tissue in mice [155]. The physiological relevance of these
BA/xenobiotic, NRs-dependent signaling pathways in the gonadal function and its regulation remain
elusive, but the increased number of undifferentiated germinal cells found in conjunction with the
extended reproductive longevity in male mice lacking Fxrα underscores the need to address the
mechanisms underlying these effects [156]. One would expect that FXRα might also crosstalk with
other NRs such as CAR, since impaired spermatogenesis due to the higher germ cell apoptosis observed
in Fxrα-/- male mice fed CA-supplemented diet is reversed by co-administration of the CAR agonist
TCPOBOP, while the CAR inverse agonist androstanol can reproduce these defects in wild-type mice
after two weeks of treatment [155]. Moreover, the recent demonstration that the FXRα antagonist
stigmasterol can modulate the adverse events of the common environmental chemical bisphenol A
(BPA) on testis development and spermatogenesis is questionable, since natural ligands of FXRα
with antagonist properties might dramatically accelerate germ cell loss by external factors, including
environmental toxicants, leading to reduced fertility (Figure 3 and [157]).
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reproductive functions. In mouse, BA synthesis also takes place in the testis where germ cells develop 
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regulated signaling networks in male fertility outcomes because numerous drug transporters in the 
testis have been described [160]. Although these protein transporters are best studied in cancer cells, 
the cellular distribution of efflux and influx pumps in Sertoli and germ cells confers an exclusive 
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postmeiotic spermatid development upon spermiogenesis, with the renewal of undifferentiated 
spermatogonial stem cells and their mitotic proliferation taking place outside of the BTB at the basal 
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the entry of endogenous and exogenous molecules (into intratubular Sertoli and germ cells) through 
uptake transporters, or their elimination throughout efflux pumps. Moreover, BA-induced down-
regulation of adhesion proteins like N-cadherin and connexin 43 (CX43) was shown to alter the BTB, 
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Figure 3. Overview of reproductive disorders linked to disturbance in BA homeostasis. Disturbance in
BA homeostasis within the enterohepatic cycle results in hypogonadism with reduced androgens
synthesis in the testis. Under normal conditions, BAs that escape the enterohepatic circulation are
excreted in urine and feces, but BA overload due to impaired bile flow or xenobiotic/drug-induced
liver cytotoxicity can cause a variety of fertility disorders. High BA levels reduce steroidogenesis
in Leydig cells and disrupt the BTB, leading to enhanced germ cell degeneration with an impact on
reproductive functions. In mouse, BA synthesis also takes place in the testis where germ cells develop
from the tubule wall toward the central lumen (modified from [158,159]).

Additional aspects should also be considered when evaluating the roles of BA and xenobiotic-
regulated signaling networks in male fertility outcomes because numerous drug transporters in the
testis have been described [160]. Although these protein transporters are best studied in cancer cells,
the cellular distribution of efflux and influx pumps in Sertoli and germ cells confers an exclusive
microenvironment at the apical compartment near the blood-testis barrier (BTB) for meiosis and
postmeiotic spermatid development upon spermiogenesis, with the renewal of undifferentiated
spermatogonial stem cells and their mitotic proliferation taking place outside of the BTB at the
basal compartment. By regulating the expression of drug transporters, all three NRs (FXRα, PXR,
and CAR) can moderate the passage of BAs and BA-derived metabolites, as well as of environmental
chemicals across the seminiferous epithelium to safeguard meiosis and spermiogenesis that occur in
the apical compartment [160,161]. Therefore, FXRα, PXR, or CAR -specific ligands might potentially
modulate the expression of drug transporters, suggesting the direct involvement of these NRs
in controlling the entry of endogenous and exogenous molecules (into intratubular Sertoli and
germ cells) through uptake transporters, or their elimination throughout efflux pumps. Moreover,
BA-induced down-regulation of adhesion proteins like N-cadherin and connexin 43 (CX43) was
shown to alter the BTB, leading to its disruption [162], making way for more BAs to access the apical
compartment and to induce male reproductive dysfunctions by amplifying germ cell degeneration.
As observed for male rat fed high-fat diets [163], it cannot be excluded that BA overload causes
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persistent alteration in the male germ cell epigenome with an impact on offspring, in accordance
with recent studies that have reported generational inheritance of metabolic defects in the offspring
of CA-fed fathers [164,165]. Unbiased whole-genome approaches should help to address how
BAs code transgenerationally-inherited traits, and complementary studies are still needed to tease
out the complex relationship between BAs, their receptors, and male germ cell-derived epigenetic
inheritance. This is a main issue to tackle since it would contribute to determining the mechanisms of
germline-dependent transmission for epigenetic information, as already noted for other environmental
contaminants (bisphenol analogs, phthalates, and organochloride pesticides) that recapitulate some
BA-induced injuries by acting as endocrine-disrupting compounds (EDC) and demonstrate a trend of
increasing testicular germ cell cancer (TGCC) [166].

In this context, the normal function of the BTB is to protect germinal cells against the infiltration
of harmful toxicants that can disrupt spermatogenesis. Also, it can act as an obstacle to chemotherapy
by impeding the delivery of chemotherapeutic drugs to the testis by pumping unwanted drugs out
to avoid harmful effects. From an oncological view, the regulation of ABC transporters (MDR1,
BCRP and MRP1) and OATP membrane transport proteins by BA/xenobiotic-activated NRs at
the human BTB might interfere with the ability of systemic chemotherapy to successfully treat
germ cell cancers within the testis [160,167,168]. The concentration of BAs and their metabolites
should thus be carefully assessed as well in patients undergoing cytotoxic chemotherapy with
cholestasis, since accumulation of BAs resulting from impaired bile flow may activate mechanisms
of tumor cell resistance to chemotherapy through the regulation of drug-metabolizing enzymes and
transporters. Although the increasing incidence of testicular germ cell cancers (TGCC) is, for the
most part, still unexplained, exposure to endogenous toxicants and environmental contaminants has
been suggested as one possibility, albeit with only limited evidence. In addition, other disorders of
male reproductive development such as impaired testosterone production, low spermatozoa count,
and infertility in adulthood are also associated with increased risk of TGCC [169,170]. It is thus
tempting to speculate about the different forms of clinical presentations of drug-induced liver injury in
malignant transformation by prolonged exposure to BAs in the testis with an impact on reproductive
functions and chemotherapy outcome.

5. Conclusions

The studies described herein depict a comprehensive overview that focuses on the organized
actions of BA and xenobiotic sensing NRs in regulating various physiological processes in addition
to drug metabolism and disposition. In this context, examples of crosstalks reveal that signaling
pathways controlling xenobiotic/drug metabolism are closely embedded within regulatory networks
governing BA homeostasis. Understanding the mechanisms that modulate BA synthesis and transport
under (patho)physiologic conditions thus represents a very challenging issue for the improvement of
therapeutic approaches for liver diseases with imbalanced bile flow. Within enterohepatic circulation,
BAs exert numerous functions, like facilitating intestinal lipid absorption, clearance of potentially
toxic molecules, and control of energy metabolism. Moreover, the differential roles of FXRα, PXR,
and CAR in cancers suggest that several mechanisms may be involved in BA/xenobiotic NRs-mediated
tumor growth or chemotherapeutic response. Mechanistic studies will be critical to thoroughly
understanding the role of these NRs in tumor progression or suppression, as well as in chemoresistance
or chemosensitivity. A comprehensive investigation of these BA and xenobiotic NRs is also need
to establish how these three sensing NRs might contribute, in different isoforms and alternative
spliced variants, to the regulation of male germ cell proliferation and differentiation with an impact
on fertility and TGCC incidence. As a first step, a specific pool of BA intermediates has been
characterized in the testis, indicating the possibility that BAs might affect testis development and
spermatogenesis, as supported in mice treated with Fxrα agonists which display testis alterations,
increased spermatogonial germ cells degeneration, and reduced fertility. In addition, an increasing
number of reports indicate that FXRα and both xenosensors PXR and CAR have an extensive presence
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in testes, suggesting a possible role of these receptors in the protection of germ cells against the
adverse effects of toxic BA byproducts or environmental contaminants such as bisphenol analogs,
phthalates, and organochloride pesticides. Discriminating the participation of FXRα, PXR, and CAR in
reproduction requires consideration of their interactions with specific ligands, as well as their crosstalks
in the coordination of endobiotic- and xenobiotic-detoxification systems. Decrypting the contribution
of BA and xenobiotic NRs, and their interactions in health and diseases, will advance the development
and expand the utilization of targeted small molecules to cure human metabolic disabilities. Still,
there are too few studies of this nature on the testis, and more research is needed to better understand
how BAs and xenobiotics can impact their development and function.
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Abbreviations

6-ECDCA 6α-ethyl-chenodeoxycholic acid (obeticholic acid)
ABC ATP-binding cassette transporter
ASBT apical sodium-dependent bile acid transporter
BA bile acid
BAAT bile acid CoA amino acid N-acetyltransferase
BACS bile acid CoA synthase
BPA bisphenol A
BSEP bile salt export pump
BTB blood-testis barrier
CA cholic acid
CAR constitutive androstane receptor
CDCA chenodeoxycholic acid
CITCO 6-(4-chloropheny)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime
Cx43 connexin 43
CYP cytochrome P450
DBD DNA-binding domain
DCA deoxycholic acid
DDI drug-drug interaction
DHCA dihydroxycholestanoic acid
DHEP diethylhexylphthalate
DNA desoxyribonucleic acid
DR direct repeat
ER everted repeat
EGF epidermal growth factor
ERK1/2 extracellular signal-regulated protein kinase 1/2
FGF fibroblast growth factor
FGFR4 fibroblast growth factor receptor 4
FXR farnesoid X receptor
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FXRE FXR response element
GPBAR1 G-protein coupled bile acid receptor 1
GST glutatione S transferase
HNF4α hepatocyte nuclear factor 4 α

IBABP ileal bile acid binding-protein
IBAT ileal bile acid transporter
ICP intrahepatic cholestasis of pregnancy
IR inverted repeat
JNK1/2 c-Jun N-terminal kinase 1/2
LBD ligand-binding domain
LCA lithocholic acid
LRH-1 liver receptor homolog-1
MDR multidrug resistance protein
MRP multidrug resistance-associated protein
NAFLD non-alcoholic fatty liver disease
NASH non-alcoholic steatohepatitis
NR nuclear receptor
NTCP sodium taurocholate cotransporting polypeptide
OATP organic anion transporting polypeptide
OSTα/β organic solute transporter α/β
PB phenobarbital
PBC primary biliary cirrhosis
PBREM phenobarbital-responsive enhancer module
PCN pregnenolone 16α-carbonitrile
PFIC progressive familial intrahepatic cholestasis
PLB polychlorinated biphenyls
PXR pregnane X receptor
RIF rifampicine
RXR retinoid X receptor
SHP small heterodimer partner
SULT2A1 sulfotransferase 2A1
TCPOBOP 1,4-Bis[2-(3,5-dichloropyridyloxy)] benzene
THCA trihydroxycholestanoic acid
TGCC testicular germ cell cancer
UDCA ursodeoxycholic acid
UGT2 uridine diphospho-glucuronosyltransferase family2
XREM xenobiotic responsive enhancer module

References

1. Lefebvre, P.; Cariou, B.; Lien, F.; Kuipers, F.; Staels, B. Role of bile acids and bile acid receptors in metabolic
regulation. Physiol. Rev. 2009, 89, 147–191. [CrossRef] [PubMed]

2. Li, T.; Chiang, J.Y. Bile acid signaling in metabolic disease and drug therapy. Pharmacol. Rev. 2014, 66,
948–983. [CrossRef] [PubMed]

3. Wada, T.; Gao, J.; Xie, W. PXR and CAR in energy metabolism. Trends Endocrinol. Metab. 2009, 20, 273–279.
[CrossRef] [PubMed]

4. De Cosmo, S.; Mazzoccoli, G. Retinoid X Receptors Intersect the Molecular Clockwork in the Regulation of
Liver Metabolism. Front. Endocrinol. 2017, 8, 24. [CrossRef] [PubMed]

5. Lefebvre, P.; Benomar, Y.; Staels, B. Retinoid X receptors: Common heterodimerization partners with distinct
functions. Trends Endocrinol. Metab. 2010, 21, 676–683. [CrossRef] [PubMed]

6. Chiang, J.Y.L. Bile acid metabolism and signaling in liver disease and therapy. Liver Res. 2017, 1, 3–9.
[CrossRef] [PubMed]

7. Bernstein, H.; Bernstein, C.; Payne, C.M.; Dvorakova, K.; Garewal, H. Bile acids as carcinogens in human
gastrointestinal cancers. Mutat. Res. 2005, 589, 47–65. [CrossRef] [PubMed]

http://dx.doi.org/10.1152/physrev.00010.2008
http://www.ncbi.nlm.nih.gov/pubmed/19126757
http://dx.doi.org/10.1124/pr.113.008201
http://www.ncbi.nlm.nih.gov/pubmed/25073467
http://dx.doi.org/10.1016/j.tem.2009.03.003
http://www.ncbi.nlm.nih.gov/pubmed/19595610
http://dx.doi.org/10.3389/fendo.2017.00024
http://www.ncbi.nlm.nih.gov/pubmed/28243223
http://dx.doi.org/10.1016/j.tem.2010.06.009
http://www.ncbi.nlm.nih.gov/pubmed/20674387
http://dx.doi.org/10.1016/j.livres.2017.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29104811
http://dx.doi.org/10.1016/j.mrrev.2004.08.001
http://www.ncbi.nlm.nih.gov/pubmed/15652226


Int. J. Mol. Sci. 2018, 19, 3630 16 of 24

8. Claudel, T.; Zollner, G.; Wagner, M.; Trauner, M. Role of nuclear receptors for bile acid metabolism, bile
secretion, cholestasis, and gallstone disease. Biochim. Biophys. Acta 2011, 1812, 867–878. [CrossRef] [PubMed]

9. Wang, X.; Fu, X.; Van Ness, C.; Meng, Z.; Ma, X.; Huang, W. Bile Acid Receptors and Liver Cancer.
Curr. Pathobiol. Rep. 2013, 1, 29–35. [CrossRef] [PubMed]

10. Makishima, M.; Okamoto, A.Y.; Repa, J.J.; Tu, H.; Learned, R.M.; Luk, A.; Hull, M.V.; Lustig, K.D.;
Mangelsdorf, D.J.; Shan, B. Identification of a nuclear receptor for bile acids. Science 1999, 284, 1362–1365.
[CrossRef] [PubMed]

11. Parks, D.J.; Blanchard, S.G.; Bledsoe, R.K.; Chandra, G.; Consler, T.G.; Kliewer, S.A.; Stimmel, J.B.;
Willson, T.M.; Zavacki, A.M.; Moore, D.D.; et al. Bile acids: Natural ligands for an orphan nuclear receptor.
Science 1999, 284, 1365–1368. [CrossRef] [PubMed]

12. Wang, H.; Chen, J.; Hollister, K.; Sowers, L.C.; Forman, B.M. Endogenous bile acids are ligands for the
nuclear receptor FXR/BAR. Mol. Cell 1999, 3, 543–553. [CrossRef]

13. Willson, T.M.; Kliewer, S.A. PXR, CAR and drug metabolism. Nat. Rev. Drug Discov. 2002, 1, 259–266.
[CrossRef] [PubMed]

14. Schaap, F.G.; Trauner, M.; Jansen, P.L. Bile acid receptors as targets for drug development. Nat. Rev.
Gastroenterol. Hepatol. 2014, 11, 55–67. [CrossRef] [PubMed]

15. Kawamata, Y.; Fujii, R.; Hosoya, M.; Harada, M.; Yoshida, H.; Miwa, M.; Fukusumi, S.; Habata, Y.; Itoh, T.;
Shintani, Y.; et al. A G protein-coupled receptor responsive to bile acids. J. Biol. Chem. 2003, 278, 9435–9440.
[CrossRef] [PubMed]

16. Makishima, M.; Lu, T.T.; Xie, W.; Whitfield, G.K.; Domoto, H.; Evans, R.M.; Haussler, M.R.; Mangelsdorf, D.J.
Vitamin D receptor as an intestinal bile acid sensor. Science 2002, 296, 1313–1316. [CrossRef] [PubMed]

17. Cai, S.Y.; Xiong, L.; Wray, C.G.; Ballatori, N.; Boyer, J.L. The farnesoid X receptor FXRalpha/NR1H4 acquired
ligand specificity for bile salts late in vertebrate evolution. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2007,
293, R1400–R1409. [CrossRef] [PubMed]

18. Otte, K.; Kranz, H.; Kober, I.; Thompson, P.; Hoefer, M.; Haubold, B.; Remmel, B.; Voss, H.; Kaiser, C.;
Albers, M.; et al. Identification of farnesoid X receptor beta as a novel mammalian nuclear receptor sensing
lanosterol. Mol Cell. Biol 2003, 23, 864–872. [CrossRef] [PubMed]

19. Vaquero, J.; Monte, M.J.; Dominguez, M.; Muntane, J.; Marin, J.J. Differential activation of the human
farnesoid X receptor depends on the pattern of expressed isoforms and the bile acid pool composition.
Biochem. Pharmacol. 2013, 86, 926–939. [CrossRef] [PubMed]

20. Zhang, Y.; Kast-Woelbern, H.R.; Edwards, P.A. Natural structural variants of the nuclear receptor farnesoid
X receptor affect transcriptional activation. J. Biol. Chem. 2003, 278, 104–110. [CrossRef] [PubMed]

21. Huber, R.M.; Murphy, K.; Miao, B.; Link, J.R.; Cunningham, M.R.; Rupar, M.J.; Gunyuzlu, P.L.; Haws, T.F.;
Kassam, A.; Powell, F.; et al. Generation of multiple farnesoid-X-receptor isoforms through the use of
alternative promoters. Gene 2002, 290, 35–43. [CrossRef]

22. Hollman, D.A.; Milona, A.; van Erpecum, K.J.; van Mil, S.W. Anti-inflammatory and metabolic actions of
FXR: Insights into molecular mechanisms. Biochim. Biophys. Acta 2012, 1821, 1443–1452. [CrossRef] [PubMed]

23. Kemper, J.K. Regulation of FXR transcriptional activity in health and disease: Emerging roles of FXR cofactors
and post-translational modifications. Biochim. Biophys. Acta 2011, 1812, 842–850. [CrossRef] [PubMed]

24. Shaik, F.B.; Prasad, D.V.; Narala, V.R. Role of farnesoid X receptor in inflammation and resolution.
Inflamm. Res. 2015, 64, 9–20. [CrossRef] [PubMed]

25. Zheng, W.; Lu, Y.; Tian, S.; Ma, F.; Wei, Y.; Xu, S.; Li, Y. Structural insights into the heterodimeric complex of
the nuclear receptors FXR and RXR. J. Biol. Chem. 2018, 293, 12535–12541. [CrossRef] [PubMed]

26. Li, T.; Chiang, J.Y. Nuclear receptors in bile acid metabolism. Drug Metab. Rev. 2013, 45, 145–155. [CrossRef]
[PubMed]

27. Di Masi, A.; De Marinis, E.; Ascenzi, P.; Marino, M. Nuclear receptors CAR and PXR: Molecular, functional,
and biomedical aspects. Mol. Aspects Med. 2009, 30, 297–343. [CrossRef] [PubMed]

28. Evans, R.M.; Mangelsdorf, D.J. Nuclear Receptors, RXR, and the Big Bang. Cell 2014, 157, 255–266. [CrossRef]
[PubMed]

29. Ekins, S.; Mirny, L.; Schuetz, E.G. A ligand-based approach to understanding selectivity of nuclear hormone
receptors PXR, CAR, FXR, LXRalpha, and LXRbeta. Pharm. Res. 2002, 19, 1788–1800. [CrossRef] [PubMed]

30. Wallace, B.D.; Redinbo, M.R. Xenobiotic-sensing nuclear receptors involved in drug metabolism: A structural
perspective. Drug Metab. Rev. 2013, 45, 79–100. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bbadis.2010.12.021
http://www.ncbi.nlm.nih.gov/pubmed/21194565
http://dx.doi.org/10.1007/s40139-012-0003-6
http://www.ncbi.nlm.nih.gov/pubmed/23420103
http://dx.doi.org/10.1126/science.284.5418.1362
http://www.ncbi.nlm.nih.gov/pubmed/10334992
http://dx.doi.org/10.1126/science.284.5418.1365
http://www.ncbi.nlm.nih.gov/pubmed/10334993
http://dx.doi.org/10.1016/S1097-2765(00)80348-2
http://dx.doi.org/10.1038/nrd753
http://www.ncbi.nlm.nih.gov/pubmed/12120277
http://dx.doi.org/10.1038/nrgastro.2013.151
http://www.ncbi.nlm.nih.gov/pubmed/23982684
http://dx.doi.org/10.1074/jbc.M209706200
http://www.ncbi.nlm.nih.gov/pubmed/12524422
http://dx.doi.org/10.1126/science.1070477
http://www.ncbi.nlm.nih.gov/pubmed/12016314
http://dx.doi.org/10.1152/ajpregu.00781.2006
http://www.ncbi.nlm.nih.gov/pubmed/17567710
http://dx.doi.org/10.1128/MCB.23.3.864-872.2003
http://www.ncbi.nlm.nih.gov/pubmed/12529392
http://dx.doi.org/10.1016/j.bcp.2013.07.022
http://www.ncbi.nlm.nih.gov/pubmed/23928191
http://dx.doi.org/10.1074/jbc.M209505200
http://www.ncbi.nlm.nih.gov/pubmed/12393883
http://dx.doi.org/10.1016/S0378-1119(02)00557-7
http://dx.doi.org/10.1016/j.bbalip.2012.07.004
http://www.ncbi.nlm.nih.gov/pubmed/22820415
http://dx.doi.org/10.1016/j.bbadis.2010.11.011
http://www.ncbi.nlm.nih.gov/pubmed/21130162
http://dx.doi.org/10.1007/s00011-014-0780-y
http://www.ncbi.nlm.nih.gov/pubmed/25376338
http://dx.doi.org/10.1074/jbc.RA118.004188
http://www.ncbi.nlm.nih.gov/pubmed/29934308
http://dx.doi.org/10.3109/03602532.2012.740048
http://www.ncbi.nlm.nih.gov/pubmed/23330546
http://dx.doi.org/10.1016/j.mam.2009.04.002
http://www.ncbi.nlm.nih.gov/pubmed/19427329
http://dx.doi.org/10.1016/j.cell.2014.03.012
http://www.ncbi.nlm.nih.gov/pubmed/24679540
http://dx.doi.org/10.1023/A:1021429105173
http://www.ncbi.nlm.nih.gov/pubmed/12523656
http://dx.doi.org/10.3109/03602532.2012.740049
http://www.ncbi.nlm.nih.gov/pubmed/23210723


Int. J. Mol. Sci. 2018, 19, 3630 17 of 24

31. Maglich, J.M.; Stoltz, C.M.; Goodwin, B.; Hawkins-Brown, D.; Moore, J.T.; Kliewer, S.A. Nuclear pregnane x
receptor and constitutive androstane receptor regulate overlapping but distinct sets of genes involved in
xenobiotic detoxification. Mol. Pharmacol. 2002, 62, 638–646. [CrossRef] [PubMed]

32. Moore, L.B.; Parks, D.J.; Jones, S.A.; Bledsoe, R.K.; Consler, T.G.; Stimmel, J.B.; Goodwin, B.; Liddle, C.;
Blanchard, S.G.; Willson, T.M.; et al. Orphan nuclear receptors constitutive androstane receptor and pregnane
X receptor share xenobiotic and steroid ligands. J. Biol. Chem. 2000, 275, 15122–15127. [CrossRef] [PubMed]

33. Timsit, Y.E.; Negishi, M. CAR and PXR: The xenobiotic-sensing receptors. Steroids 2007, 72, 231–246.
[CrossRef] [PubMed]

34. Omiecinski, C.J.; Vanden Heuvel, J.P.; Perdew, G.H.; Peters, J.M. Xenobiotic metabolism, disposition,
and regulation by receptors: From biochemical phenomenon to predictors of major toxicities. Toxicol. Sci.
2011, 120 (Suppl. 1), S49–S75. [CrossRef] [PubMed]

35. Frank, C.; Gonzalez, M.M.; Oinonen, C.; Dunlop, T.W.; Carlberg, C. Characterization of DNA complexes
formed by the nuclear receptor constitutive androstane receptor. J. Biol. Chem. 2003, 278, 43299–43310.
[CrossRef] [PubMed]

36. Frank, C.; Makkonen, H.; Dunlop, T.W.; Matilainen, M.; Vaisanen, S.; Carlberg, C. Identification of pregnane
X receptor binding sites in the regulatory regions of genes involved in bile acid homeostasis. J. Mol. Biol.
2005, 346, 505–519. [CrossRef] [PubMed]

37. Suino, K.; Peng, L.; Reynolds, R.; Li, Y.; Cha, J.Y.; Repa, J.J.; Kliewer, S.A.; Xu, H.E. The nuclear xenobiotic
receptor CAR: Structural determinants of constitutive activation and heterodimerization. Mol. Cell 2004, 16,
893–905. [PubMed]

38. Watkins, R.E.; Wisely, G.B.; Moore, L.B.; Collins, J.L.; Lambert, M.H.; Williams, S.P.; Willson, T.M.;
Kliewer, S.A.; Redinbo, M.R. The human nuclear xenobiotic receptor PXR: Structural determinants of
directed promiscuity. Science 2001, 292, 2329–2333. [CrossRef] [PubMed]

39. Kok, T.; Hulzebos, C.V.; Wolters, H.; Havinga, R.; Agellon, L.B.; Stellaard, F.; Shan, B.; Schwarz, M.; Kuipers, F.
Enterohepatic circulation of bile salts in farnesoid X receptor-deficient mice: Efficient intestinal bile salt
absorption in the absence of ileal bile acid-binding protein. J. Biol. Chem. 2003, 278, 41930–41937. [CrossRef]
[PubMed]

40. Sinal, C.J.; Tohkin, M.; Miyata, M.; Ward, J.M.; Lambert, G.; Gonzalez, F.J. Targeted disruption of the nuclear
receptor FXR/BAR impairs bile acid and lipid homeostasis. Cell 2000, 102, 731–744. [CrossRef]

41. Del Castillo-Olivares, A.; Campos, J.A.; Pandak, W.M.; Gil, G. The role of alpha1-fetoprotein transcription
factor/LRH-1 in bile acid biosynthesis: A known nuclear receptor activator that can act as a suppressor of
bile acid biosynthesis. J. Biol. Chem. 2004, 279, 16813–16821. [CrossRef] [PubMed]

42. Goodwin, B.; Jones, S.A.; Price, R.R.; Watson, M.A.; McKee, D.D.; Moore, L.B.; Galardi, C.; Wilson, J.G.;
Lewis, M.C.; Roth, M.E.; et al. A regulatory cascade of the nuclear receptors FXR, SHP-1, and LRH-1 represses
bile acid biosynthesis. Mol. Cell 2000, 6, 517–526. [CrossRef]

43. Lu, T.T.; Makishima, M.; Repa, J.J.; Schoonjans, K.; Kerr, T.A.; Auwerx, J.; Mangelsdorf, D.J. Molecular basis
for feedback regulation of bile acid synthesis by nuclear receptors. Mol. Cell 2000, 6, 507–515. [CrossRef]

44. Zhang, M.; Chiang, J.Y. Transcriptional regulation of the human sterol 12alpha-hydroxylase gene (CYP8B1):
Roles of heaptocyte nuclear factor 4alpha in mediating bile acid repression. J. Biol. Chem. 2001, 276,
41690–41699. [CrossRef] [PubMed]

45. Holt, J.A.; Luo, G.; Billin, A.N.; Bisi, J.; McNeill, Y.Y.; Kozarsky, K.F.; Donahee, M.; Wang, D.Y.; Mansfield, T.A.;
Kliewer, S.A.; et al. Definition of a novel growth factor-dependent signal cascade for the suppression of bile
acid biosynthesis. Genes Dev. 2003, 17, 1581–1591. [CrossRef] [PubMed]

46. Kong, B.; Wang, L.; Chiang, J.Y.; Zhang, Y.; Klaassen, C.D.; Guo, G.L. Mechanism of tissue-specific farnesoid X
receptor in suppressing the expression of genes in bile-acid synthesis in mice. Hepatology 2012, 56, 1034–1043.
[CrossRef] [PubMed]

47. Song, K.H.; Li, T.; Owsley, E.; Strom, S.; Chiang, J.Y. Bile acids activate fibroblast growth factor 19 signaling in
human hepatocytes to inhibit cholesterol 7alpha-hydroxylase gene expression. Hepatology 2009, 49, 297–305.
[CrossRef] [PubMed]

48. Inagaki, T.; Choi, M.; Moschetta, A.; Peng, L.; Cummins, C.L.; McDonald, J.G.; Luo, G.; Jones, S.A.;
Goodwin, B.; Richardson, J.A.; et al. Fibroblast growth factor 15 functions as an enterohepatic signal
to regulate bile acid homeostasis. Cell Metab. 2005, 2, 217–225. [CrossRef] [PubMed]

http://dx.doi.org/10.1124/mol.62.3.638
http://www.ncbi.nlm.nih.gov/pubmed/12181440
http://dx.doi.org/10.1074/jbc.M001215200
http://www.ncbi.nlm.nih.gov/pubmed/10748001
http://dx.doi.org/10.1016/j.steroids.2006.12.006
http://www.ncbi.nlm.nih.gov/pubmed/17284330
http://dx.doi.org/10.1093/toxsci/kfq338
http://www.ncbi.nlm.nih.gov/pubmed/21059794
http://dx.doi.org/10.1074/jbc.M305186200
http://www.ncbi.nlm.nih.gov/pubmed/12896978
http://dx.doi.org/10.1016/j.jmb.2004.12.003
http://www.ncbi.nlm.nih.gov/pubmed/15670600
http://www.ncbi.nlm.nih.gov/pubmed/15610733
http://dx.doi.org/10.1126/science.1060762
http://www.ncbi.nlm.nih.gov/pubmed/11408620
http://dx.doi.org/10.1074/jbc.M306309200
http://www.ncbi.nlm.nih.gov/pubmed/12917447
http://dx.doi.org/10.1016/S0092-8674(00)00062-3
http://dx.doi.org/10.1074/jbc.M400646200
http://www.ncbi.nlm.nih.gov/pubmed/14766742
http://dx.doi.org/10.1016/S1097-2765(00)00051-4
http://dx.doi.org/10.1016/S1097-2765(00)00050-2
http://dx.doi.org/10.1074/jbc.M105117200
http://www.ncbi.nlm.nih.gov/pubmed/11535594
http://dx.doi.org/10.1101/gad.1083503
http://www.ncbi.nlm.nih.gov/pubmed/12815072
http://dx.doi.org/10.1002/hep.25740
http://www.ncbi.nlm.nih.gov/pubmed/22467244
http://dx.doi.org/10.1002/hep.22627
http://www.ncbi.nlm.nih.gov/pubmed/19085950
http://dx.doi.org/10.1016/j.cmet.2005.09.001
http://www.ncbi.nlm.nih.gov/pubmed/16213224


Int. J. Mol. Sci. 2018, 19, 3630 18 of 24

49. Kim, I.; Ahn, S.H.; Inagaki, T.; Choi, M.; Ito, S.; Guo, G.L.; Kliewer, S.A.; Gonzalez, F.J. Differential regulation
of bile acid homeostasis by the farnesoid X receptor in liver and intestine. J. Lipid Res. 2007, 48, 2664–2672.
[CrossRef] [PubMed]

50. Jung, D.; Mangelsdorf, D.J.; Meyer, U.A. Pregnane X receptor is a target of farnesoid X. receptor. J. Biol. Chem.
2006, 281, 19081–19091. [CrossRef] [PubMed]

51. Staudinger, J.L.; Goodwin, B.; Jones, S.A.; Hawkins-Brown, D.; MacKenzie, K.I.; LaTour, A.; Liu, Y.;
Klaassen, C.D.; Brown, K.K.; Reinhard, J.; et al. The nuclear receptor PXR is a lithocholic acid sensor
that protects against liver toxicity. Proc. Natl. Acad. Sci. USA 2001, 98, 3369–3374. [CrossRef] [PubMed]

52. Stedman, C.A.; Liddle, C.; Coulter, S.A.; Sonoda, J.; Alvarez, J.G.; Moore, D.D.; Evans, R.M.; Downes, M.
Nuclear receptors constitutive androstane receptor and pregnane X receptor ameliorate cholestatic liver
injury. Proc. Natl. Acad. Sci. USA 2005, 102, 2063–2068. [CrossRef] [PubMed]

53. Li, T.; Chen, W.; Chiang, J.Y. PXR induces CYP27A1 and regulates cholesterol metabolism in the intestine.
J. Lipid Res. 2007, 48, 373–384. [CrossRef] [PubMed]

54. Ananthanarayanan, M.; Balasubramanian, N.; Makishima, M.; Mangelsdorf, D.J.; Suchy, F.J. Human bile salt
export pump promoter is transactivated by the farnesoid X receptor/bile acid receptor. J. Biol. Chem. 2001,
276, 28857–28865. [CrossRef] [PubMed]

55. Plass, J.R.; Mol, O.; Heegsma, J.; Geuken, M.; Faber, K.N.; Jansen, P.L.; Muller, M. Farnesoid X receptor and
bile salts are involved in transcriptional regulation of the gene encoding the human bile salt export pump.
Hepatology 2002, 35, 589–596. [CrossRef] [PubMed]

56. Wagner, M.; Fickert, P.; Zollner, G.; Fuchsbichler, A.; Silbert, D.; Tsybrovskyy, O.; Zatloukal, K.; Guo, G.L.;
Schuetz, J.D.; Gonzalez, F.J.; et al. Role of farnesoid X receptor in determining hepatic ABC transporter
expression and liver injury in bile duct-ligated mice. Gastroenterology 2003, 125, 825–838. [CrossRef]

57. Zollner, G.; Fickert, P.; Fuchsbichler, A.; Silbert, D.; Wagner, M.; Arbeiter, S.; Gonzalez, F.J.; Marschall, H.U.;
Zatloukal, K.; Denk, H.; et al. Role of nuclear bile acid receptor, FXR, in adaptive ABC transporter regulation
by cholic and ursodeoxycholic acid in mouse liver, kidney and intestine. J. Hepatol. 2003, 39, 480–488.
[CrossRef]

58. Keppler, D.; Konig, J. Hepatic secretion of conjugated drugs and endogenous substances. Semin. Liver Dis.
2000, 20, 265–272. [CrossRef] [PubMed]

59. Kast, H.R.; Goodwin, B.; Tarr, P.T.; Jones, S.A.; Anisfeld, A.M.; Stoltz, C.M.; Tontonoz, P.; Kliewer, S.;
Willson, T.M.; Edwards, P.A. Regulation of multidrug resistance-associated protein 2 (ABCC2) by the
nuclear receptors pregnane X. receptor, farnesoid X-activated receptor, and constitutive androstane receptor.
J. Biol. Chem. 2002, 277, 2908–2915. [CrossRef] [PubMed]

60. Huang, L.; Zhao, A.; Lew, J.L.; Zhang, T.; Hrywna, Y.; Thompson, J.R.; de Pedro, N.; Royo, I.; Blevins, R.A.;
Pelaez, F.; et al. Farnesoid X receptor activates transcription of the phospholipid pump MDR3. J. Biol. Chem.
2003, 278, 51085–51090. [CrossRef] [PubMed]

61. Calkin, A.C.; Tontonoz, P. Transcriptional integration of metabolism by the nuclear sterol-activated receptors
LXR and FXR. Nat. Rev. Mol. Cell Biol. 2012, 13, 213–224. [CrossRef] [PubMed]

62. Neimark, E.; Chen, F.; Li, X.; Shneider, B.L. Bile acid-induced negative feedback regulation of the human
ileal bile acid transporter. Hepatology 2004, 40, 149–156. [CrossRef] [PubMed]

63. Zollner, G.; Wagner, M.; Moustafa, T.; Fickert, P.; Silbert, D.; Gumhold, J.; Fuchsbichler, A.; Halilbasic, E.;
Denk, H.; Marschall, H.U.; et al. Coordinated induction of bile acid detoxification and alternative elimination
in mice: Role of FXR-regulated organic solute transporter-alpha/beta in the adaptive response to bile acids.
Am. J. Physiol. Gastrointest. Liver Physiol. 2006, 290, G923–G932. [CrossRef] [PubMed]

64. Suchy, F.J.; Ananthanarayanan, M. Bile salt excretory pump: Biology and pathobiology. J. Pediatr.
Gastroenterol. Nutr. 2006, 43 (Suppl. 1), S10–S16. [CrossRef] [PubMed]

65. Trauner, M.; Boyer, J.L. Bile salt transporters: Molecular characterization, function, and regulation.
Physiol. Rev. 2003, 83, 633–671. [CrossRef] [PubMed]

66. Jung, D.; Hagenbuch, B.; Fried, M.; Meier, P.J.; Kullak-Ublick, G.A. Role of liver-enriched transcription factors
and nuclear receptors in regulating the human, mouse, and rat NTCP gene. Am. J. Physiol. Gastrointest.
Liver Physiol. 2004, 286, G752–G761. [CrossRef] [PubMed]

67. Zollner, G.; Fickert, P.; Silbert, D.; Fuchsbichler, A.; Stumptner, C.; Zatloukal, K.; Denk, H.; Trauner, M.
Induction of short heterodimer partner 1 precedes downregulation of Ntcp in bile duct-ligated mice. Am. J.
Physiol. Gastrointest. Liver Physiol. 2002, 282, G184–G191. [CrossRef] [PubMed]

http://dx.doi.org/10.1194/jlr.M700330-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/17720959
http://dx.doi.org/10.1074/jbc.M600116200
http://www.ncbi.nlm.nih.gov/pubmed/16682417
http://dx.doi.org/10.1073/pnas.051551698
http://www.ncbi.nlm.nih.gov/pubmed/11248085
http://dx.doi.org/10.1073/pnas.0409794102
http://www.ncbi.nlm.nih.gov/pubmed/15684063
http://dx.doi.org/10.1194/jlr.M600282-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/17088262
http://dx.doi.org/10.1074/jbc.M011610200
http://www.ncbi.nlm.nih.gov/pubmed/11387316
http://dx.doi.org/10.1053/jhep.2002.31724
http://www.ncbi.nlm.nih.gov/pubmed/11870371
http://dx.doi.org/10.1016/S0016-5085(03)01068-0
http://dx.doi.org/10.1016/S0168-8278(03)00228-9
http://dx.doi.org/10.1055/s-2000-9391
http://www.ncbi.nlm.nih.gov/pubmed/11076395
http://dx.doi.org/10.1074/jbc.M109326200
http://www.ncbi.nlm.nih.gov/pubmed/11706036
http://dx.doi.org/10.1074/jbc.M308321200
http://www.ncbi.nlm.nih.gov/pubmed/14527955
http://dx.doi.org/10.1038/nrm3312
http://www.ncbi.nlm.nih.gov/pubmed/22414897
http://dx.doi.org/10.1002/hep.20295
http://www.ncbi.nlm.nih.gov/pubmed/15239098
http://dx.doi.org/10.1152/ajpgi.00490.2005
http://www.ncbi.nlm.nih.gov/pubmed/16357057
http://dx.doi.org/10.1097/01.mpg.0000226385.71859.5f
http://www.ncbi.nlm.nih.gov/pubmed/16819395
http://dx.doi.org/10.1152/physrev.00027.2002
http://www.ncbi.nlm.nih.gov/pubmed/12663868
http://dx.doi.org/10.1152/ajpgi.00456.2003
http://www.ncbi.nlm.nih.gov/pubmed/14701722
http://dx.doi.org/10.1152/ajpgi.00215.2001
http://www.ncbi.nlm.nih.gov/pubmed/11751172


Int. J. Mol. Sci. 2018, 19, 3630 19 of 24

68. Zollner, G.; Marschall, H.U.; Wagner, M.; Trauner, M. Role of nuclear receptors in the adaptive response
to bile acids and cholestasis: Pathogenetic and therapeutic considerations. Mol. Pharm. 2006, 3, 231–251.
[CrossRef] [PubMed]

69. Jung, D.; Podvinec, M.; Meyer, U.A.; Mangelsdorf, D.J.; Fried, M.; Meier, P.J.; Kullak-Ublick, G.A. Human
organic anion transporting polypeptide 8 promoter is transactivated by the farnesoid X receptor/bile acid
receptor. Gastroenterology 2002, 122, 1954–1966. [CrossRef] [PubMed]

70. Ballatori, N.; Christian, W.V.; Lee, J.Y.; Dawson, P.A.; Soroka, C.J.; Boyer, J.L.; Madejczyk, M.S.; Li, N.
OSTalpha-OSTbeta: A major basolateral bile acid and steroid transporter in human intestinal, renal,
and biliary epithelia. Hepatology 2005, 42, 1270–1279. [CrossRef] [PubMed]

71. Zelcer, N.; van de Wetering, K.; de Waart, R.; Scheffer, G.L.; Marschall, H.U.; Wielinga, P.R.; Kuil, A.;
Kunne, C.; Smith, A.; van der Valk, M.; et al. Mice lacking Mrp3 (Abcc3) have normal bile salt transport,
but altered hepatic transport of endogenous glucuronides. J. Hepatol. 2006, 44, 768–775. [CrossRef] [PubMed]

72. Maher, J.M.; Cheng, X.; Slitt, A.L.; Dieter, M.Z.; Klaassen, C.D. Induction of the multidrug
resistance-associated protein family of transporters by chemical activators of receptor-mediated pathways in
mouse liver. Drug Metab. Dispos. 2005, 33, 956–962. [CrossRef] [PubMed]

73. Teng, S.; Jekerle, V.; Piquette-Miller, M. Induction of ABCC3 (MRP3) by pregnane X receptor activators.
Drug Metab. Dispos. 2003, 31, 1296–1299. [CrossRef] [PubMed]

74. Zhang, J.; Huang, W.; Qatanani, M.; Evans, R.M.; Moore, D.D. The constitutive androstane receptor and
pregnane X receptor function coordinately to prevent bile acid-induced hepatotoxicity. J. Biol. Chem. 2004,
279, 49517–49522. [CrossRef] [PubMed]

75. Falany, C.N.; Johnson, M.R.; Barnes, S.; Diasio, R.B. Glycine and taurine conjugation of bile acids by a single
enzyme. Molecular cloning and expression of human liver bile acid CoA:amino acid N-acyltransferase.
J. Biol. Chem. 1994, 269, 19375–19379. [PubMed]

76. Pircher, P.C.; Kitto, J.L.; Petrowski, M.L.; Tangirala, R.K.; Bischoff, E.D.; Schulman, I.G.; Westin, S.K. Farnesoid
X receptor regulates bile acid-amino acid conjugation. J. Biol. Chem. 2003, 278, 27703–27711. [CrossRef]
[PubMed]

77. Solaas, K.; Ulvestad, A.; Soreide, O.; Kase, B.F. Subcellular organization of bile acid amidation in human
liver: A key issue in regulating the biosynthesis of bile salts. J. Lipid Res. 2000, 41, 1154–1162. [PubMed]

78. Handschin, C.; Meyer, U.A. Induction of drug metabolism: The role of nuclear receptors. Pharmacol. Rev.
2003, 55, 649–673. [CrossRef] [PubMed]

79. Chen, J.; Zhao, K.N.; Chen, C. The role of CYP3A4 in the biotransformation of bile acids and therapeutic
implication for cholestasis. Ann. Transl. Med. 2014, 2, 7. [PubMed]

80. Gnerre, C.; Blattler, S.; Kaufmann, M.R.; Looser, R.; Meyer, U.A. Regulation of CYP3A4 by the bile acid
receptor FXR: Evidence for functional binding sites in the CYP3A4 gene. Pharmacogenetics 2004, 14, 635–645.
[CrossRef] [PubMed]

81. Goodwin, B.; Hodgson, E.; D’Costa, D.J.; Robertson, G.R.; Liddle, C. Transcriptional regulation of the
human CYP3A4 gene by the constitutive androstane receptor. Mol. Pharmacol. 2002, 62, 359–365. [CrossRef]
[PubMed]

82. Xie, W.; Radominska-Pandya, A.; Shi, Y.; Simon, C.M.; Nelson, M.C.; Ong, E.S.; Waxman, D.J.; Evans, R.M.
An essential role for nuclear receptors SXR/PXR in detoxification of cholestatic bile acids. Proc. Natl. Acad.
Sci USA 2001, 98, 3375–3380. [CrossRef] [PubMed]

83. Xu, C.; Li, C.Y.; Kong, A.N. Induction of phase I., II and III drug metabolism/transport by xenobiotics. Arch.
Pharm. Res. 2005, 28, 249–268. [CrossRef] [PubMed]

84. Zhou, J.; Zhang, J.; Xie, W. Xenobiotic nuclear receptor-mediated regulation of UDP-glucuronosyl-
transferases. Curr. Drug Metab. 2005, 6, 289–298. [CrossRef] [PubMed]

85. Assem, M.; Schuetz, E.G.; Leggas, M.; Sun, D.; Yasuda, K.; Reid, G.; Zelcer, N.; Adachi, M.; Strom, S.;
Evans, R.M.; et al. Interactions between hepatic Mrp4 and Sult2a as revealed by the constitutive androstane
receptor and Mrp4 knockout mice. J. Biol. Chem. 2004, 279, 22250–22257. [CrossRef] [PubMed]

86. Makishima, M. Nuclear receptors as targets for drug development: Regulation of cholesterol and bile acid
metabolism by nuclear receptors. J. Pharmacol. Sci. 2005, 97, 177–183. [CrossRef] [PubMed]

87. Sonoda, J.; Xie, W.; Rosenfeld, J.M.; Barwick, J.L.; Guzelian, P.S.; Evans, R.M. Regulation of a xenobiotic
sulfonation cascade by nuclear pregnane X receptor (PXR). Proc. Natl. Acad. Sci. USA 2002, 99, 13801–13816.
[CrossRef] [PubMed]

http://dx.doi.org/10.1021/mp060010s
http://www.ncbi.nlm.nih.gov/pubmed/16749856
http://dx.doi.org/10.1053/gast.2002.33583
http://www.ncbi.nlm.nih.gov/pubmed/12055601
http://dx.doi.org/10.1002/hep.20961
http://www.ncbi.nlm.nih.gov/pubmed/16317684
http://dx.doi.org/10.1016/j.jhep.2005.07.022
http://www.ncbi.nlm.nih.gov/pubmed/16225954
http://dx.doi.org/10.1124/dmd.105.003798
http://www.ncbi.nlm.nih.gov/pubmed/15833929
http://dx.doi.org/10.1124/dmd.31.11.1296
http://www.ncbi.nlm.nih.gov/pubmed/14570758
http://dx.doi.org/10.1074/jbc.M409041200
http://www.ncbi.nlm.nih.gov/pubmed/15358766
http://www.ncbi.nlm.nih.gov/pubmed/8034703
http://dx.doi.org/10.1074/jbc.M302128200
http://www.ncbi.nlm.nih.gov/pubmed/12754200
http://www.ncbi.nlm.nih.gov/pubmed/10884298
http://dx.doi.org/10.1124/pr.55.4.2
http://www.ncbi.nlm.nih.gov/pubmed/14657421
http://www.ncbi.nlm.nih.gov/pubmed/25332983
http://dx.doi.org/10.1097/00008571-200410000-00001
http://www.ncbi.nlm.nih.gov/pubmed/15454728
http://dx.doi.org/10.1124/mol.62.2.359
http://www.ncbi.nlm.nih.gov/pubmed/12130689
http://dx.doi.org/10.1073/pnas.051014398
http://www.ncbi.nlm.nih.gov/pubmed/11248086
http://dx.doi.org/10.1007/BF02977789
http://www.ncbi.nlm.nih.gov/pubmed/15832810
http://dx.doi.org/10.2174/1389200054633853
http://www.ncbi.nlm.nih.gov/pubmed/16101569
http://dx.doi.org/10.1074/jbc.M314111200
http://www.ncbi.nlm.nih.gov/pubmed/15004017
http://dx.doi.org/10.1254/jphs.FMJ04008X4
http://www.ncbi.nlm.nih.gov/pubmed/15725701
http://dx.doi.org/10.1073/pnas.212494599
http://www.ncbi.nlm.nih.gov/pubmed/12370413


Int. J. Mol. Sci. 2018, 19, 3630 20 of 24

88. Barbier, O.; Torra, I.P.; Sirvent, A.; Claudel, T.; Blanquart, C.; Duran-Sandoval, D.; Kuipers, F.; Kosykh, V.;
Fruchart, J.C.; Staels, B. FXR induces the UGT2B4 enzyme in hepatocytes: A potential mechanism of negative
feedback control of FXR activity. Gastroenterology 2003, 124, 1926–1940. [CrossRef]

89. Lu, Y.; Heydel, J.M.; Li, X.; Bratton, S.; Lindblom, T.; Radominska-Pandya, A. Lithocholic acid decreases
expression of UGT2B7 in Caco-2 cells: A potential role for a negative farnesoid X receptor response element.
Drug Metab. Dispos. 2005, 33, 937–946. [CrossRef] [PubMed]

90. Trottier, J.; Verreault, M.; Grepper, S.; Monte, D.; Belanger, J.; Kaeding, J.; Caron, P.; Inaba, T.T.; Barbier, O.
Human UDP-glucuronosyltransferase (UGT)1A3 enzyme conjugates chenodeoxycholic acid in the liver.
Hepatology 2006, 44, 1158–1170. [CrossRef] [PubMed]

91. Sugatani, J.; Nishitani, S.; Yamakawa, K.; Yoshinari, K.; Sueyoshi, T.; Negishi, M.; Miwa, M. Transcriptional
regulation of human UGT1A1 gene expression: Activated glucocorticoid receptor enhances constitutive
androstane receptor/pregnane X receptor-mediated UDP-glucuronosyltransferase 1A1 regulation with
glucocorticoid receptor-interacting protein 1. Mol. Pharmacol. 2005, 67, 845–855. [PubMed]

92. Staudinger, J.L.; Madan, A.; Carol, K.M.; Parkinson, A. Regulation of drug transporter gene expression by
nuclear receptors. Drug Metab. Dispos. 2003, 31, 523–527. [CrossRef] [PubMed]

93. Wagner, M.; Halilbasic, E.; Marschall, H.U.; Zollner, G.; Fickert, P.; Langner, C.; Zatloukal, K.; Denk, H.;
Trauner, M. CAR and PXR agonists stimulate hepatic bile acid and bilirubin detoxification and elimination
pathways in mice. Hepatology 2005, 42, 420–430. [CrossRef] [PubMed]

94. Chai, S.C.; Cherian, M.T.; Wang, Y.M.; Chen, T. Small-molecule modulators of PXR and CAR.
Biochim. Biophys. Acta 2016, 1859, 1141–1154. [CrossRef] [PubMed]

95. Cherian, M.T.; Chai, S.C.; Chen, T. Small-molecule modulators of the constitutive androstane receptor.
Expert Opin. Drug Metab. Toxicol. 2015, 11, 1099–1114. [CrossRef] [PubMed]

96. Diao, Y.; Jiang, J.; Zhang, S.; Li, S.; Shan, L.; Huang, J.; Zhang, W.; Li, H. Discovery of Natural Products as
Novel and Potent FXR Antagonists by Virtual Screening. Front. Chem. 2018, 6, 140. [CrossRef] [PubMed]

97. Hiebl, V.; Ladurner, A.; Latkolik, S.; Dirsch, V.M. Natural products as modulators of the nuclear receptors
and metabolic sensors LXR, FXR and RXR. Biotechnol. Adv. 2018, 36, 1657–1698. [CrossRef] [PubMed]

98. Forman, B.M.; Goode, E.; Chen, J.; Oro, A.E.; Bradley, D.J.; Perlmann, T.; Noonan, D.J.; Burka, L.T.;
McMorris, T.; Lamph, W.W.; et al. Identification of a nuclear receptor that is activated by farnesol metabolites.
Cell 1995, 81, 687–693. [CrossRef]

99. Carotti, A.; Marinozzi, M.; Custodi, C.; Cerra, B.; Pellicciari, R.; Gioiello, A.; Macchiarulo, A. Beyond bile
acids: Targeting Farnesoid X Receptor (FXR) with natural and synthetic ligands. Curr. Top. Med. Chem. 2014,
14, 2129–2142. [CrossRef] [PubMed]

100. Sepe, V.; Festa, C.; Renga, B.; Carino, A.; Cipriani, S.; Finamore, C.; Masullo, D.; Del Gaudio, F.; Monti, M.C.;
Fiorucci, S.; et al. Insights on FXR selective modulation. Speculation on bile acid chemical space in the
discovery of potent and selective agonists. Sci. Rep. 2016, 6, 19008. [CrossRef] [PubMed]

101. Maloney, P.R.; Parks, D.J.; Haffner, C.D.; Fivush, A.M.; Chandra, G.; Plunket, K.D.; Creech, K.L.; Moore, L.B.;
Wilson, J.G.; Lewis, M.C.; et al. Identification of a chemical tool for the orphan nuclear receptor FXR.
J. Med. Chem. 2000, 43, 2971–2974. [CrossRef] [PubMed]

102. Pellicciari, R.; Fiorucci, S.; Camaioni, E.; Clerici, C.; Costantino, G.; Maloney, P.R.; Morelli, A.; Parks, D.J.;
Willson, T.M. 6alpha-ethyl-chenodeoxycholic acid (6-ECDCA), a potent and selective FXR agonist endowed
with anticholestatic activity. J. Med. Chem. 2002, 45, 3569–3572. [CrossRef] [PubMed]

103. Sepe, V.; Distrutti, E.; Fiorucci, S.; Zampella, A. Farnesoid X receptor modulators 2014-present: A patent
review. Expert Opin. Ther. Pat. 2018, 28, 351–364. [CrossRef] [PubMed]

104. Massafra, V.; Pellicciari, R.; Gioiello, A.; van Mil, S.W.C. Progress and challenges of selective Farnesoid X
Receptor modulation. Pharmacol. Ther. 2018, 191, 162–177. [CrossRef] [PubMed]

105. Matsubara, T.; Li, F.; Gonzalez, F.J. FXR signaling in the enterohepatic system. Mol. Cell. Endocrinol. 2013,
368, 17–29. [CrossRef] [PubMed]

106. Molnar, F.; Kublbeck, J.; Jyrkkarinne, J.; Prantner, V.; Honkakoski, P. An update on the constitutive androstane
receptor (CAR). Drug Metabol. Drug Interact. 2015, 28, 79–93. [CrossRef] [PubMed]

107. Mutoh, S.; Sobhany, M.; Moore, R.; Perera, L.; Pedersen, L.; Sueyoshi, T.; Negishi, M. Phenobarbital indirectly
activates the constitutive active androstane receptor (CAR) by inhibition of epidermal growth factor receptor
signaling. Sci. Signal 2013, 6, ra31. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0016-5085(03)00388-3
http://dx.doi.org/10.1124/dmd.104.003061
http://www.ncbi.nlm.nih.gov/pubmed/15821044
http://dx.doi.org/10.1002/hep.21362
http://www.ncbi.nlm.nih.gov/pubmed/17058234
http://www.ncbi.nlm.nih.gov/pubmed/15557560
http://dx.doi.org/10.1124/dmd.31.5.523
http://www.ncbi.nlm.nih.gov/pubmed/12695338
http://dx.doi.org/10.1002/hep.20784
http://www.ncbi.nlm.nih.gov/pubmed/15986414
http://dx.doi.org/10.1016/j.bbagrm.2016.02.013
http://www.ncbi.nlm.nih.gov/pubmed/26921498
http://dx.doi.org/10.1517/17425255.2015.1043887
http://www.ncbi.nlm.nih.gov/pubmed/25979168
http://dx.doi.org/10.3389/fchem.2018.00140
http://www.ncbi.nlm.nih.gov/pubmed/29761098
http://dx.doi.org/10.1016/j.biotechadv.2018.03.003
http://www.ncbi.nlm.nih.gov/pubmed/29548878
http://dx.doi.org/10.1016/0092-8674(95)90530-8
http://dx.doi.org/10.2174/1568026614666141112094058
http://www.ncbi.nlm.nih.gov/pubmed/25388537
http://dx.doi.org/10.1038/srep19008
http://www.ncbi.nlm.nih.gov/pubmed/26740187
http://dx.doi.org/10.1021/jm0002127
http://www.ncbi.nlm.nih.gov/pubmed/10956205
http://dx.doi.org/10.1021/jm025529g
http://www.ncbi.nlm.nih.gov/pubmed/12166927
http://dx.doi.org/10.1080/13543776.2018.1459569
http://www.ncbi.nlm.nih.gov/pubmed/29649907
http://dx.doi.org/10.1016/j.pharmthera.2018.06.009
http://www.ncbi.nlm.nih.gov/pubmed/29933033
http://dx.doi.org/10.1016/j.mce.2012.05.004
http://www.ncbi.nlm.nih.gov/pubmed/22609541
http://dx.doi.org/10.1515/dmdi-2013-0009
http://www.ncbi.nlm.nih.gov/pubmed/23729557
http://dx.doi.org/10.1126/scisignal.2003705
http://www.ncbi.nlm.nih.gov/pubmed/23652203


Int. J. Mol. Sci. 2018, 19, 3630 21 of 24

108. Carazo Fernandez, A.; Smutny, T.; Hyrsova, L.; Berka, K.; Pavek, P. Chrysin, baicalein and galangin are
indirect activators of the human constitutive androstane receptor (CAR). Toxicol. Lett. 2015, 233, 68–77.
[CrossRef] [PubMed]

109. Maglich, J.M.; Parks, D.J.; Moore, L.B.; Collins, J.L.; Goodwin, B.; Billin, A.N.; Stoltz, C.A.; Kliewer, S.A.;
Lambert, M.H.; Willson, T.M.; et al. Identification of a novel human constitutive androstane receptor (CAR)
agonist and its use in the identification of CAR target genes. J. Biol. Chem. 2003, 278, 17277–17283. [CrossRef]
[PubMed]

110. Tzameli, I.; Pissios, P.; Schuetz, E.G.; Moore, D.D. The xenobiotic compound 1,4-bis[2-(3,5-
dichloropyridyloxy)]benzene is an agonist ligand for the nuclear receptor CAR. Mol. Cell. Biol. 2000,
20, 2951–2958. [CrossRef] [PubMed]

111. Dussault, I.; Lin, M.; Hollister, K.; Fan, M.; Termini, J.; Sherman, M.A.; Forman, B.M. A structural model of
the constitutive androstane receptor defines novel interactions that mediate ligand-independent activity.
Mol. Cell. Biol. 2002, 22, 5270–5280. [CrossRef] [PubMed]

112. Forman, B.M.; Tzameli, I.; Choi, H.S.; Chen, J.; Simha, D.; Seol, W.; Evans, R.M.; Moore, D.D. Androstane
metabolites bind to and deactivate the nuclear receptor CAR-beta. Nature 1998, 395, 612–615. [CrossRef]
[PubMed]

113. Shan, L.; Vincent, J.; Brunzelle, J.S.; Dussault, I.; Lin, M.; Ianculescu, I.; Sherman, M.A.; Forman, B.M.;
Fernandez, E.J. Structure of the murine constitutive androstane receptor complexed to androstenol:
A molecular basis for inverse agonism. Mol. Cell 2004, 16, 907–917. [PubMed]

114. Lin, W.; Yang, L.; Chai, S.C.; Lu, Y.; Chen, T. Development of CINPA1 analogs as novel and potent inverse
agonists of constitutive androstane receptor. Eur. J. Med. Chem. 2016, 108, 505–528. [CrossRef] [PubMed]

115. Hofmann, A.F.; Roda, A. Physicochemical properties of bile acids and their relationship to biological
properties: An overview of the problem. J. Lipid Res. 1984, 25, 1477–1489. [PubMed]

116. Lioudaki, E.; Ganotakis, E.S.; Mikhailidis, D.P. Lipid lowering drugs and gallstones: A therapeutic option?
Curr. Pharm. Des. 2011, 17, 3622–3631. [CrossRef] [PubMed]

117. Makino, I.; Shinozaki, K.; Yoshino, K.; Nakagawa, S. [Dissolution of cholesterol gallstones by long-term
administration of ursodeoxycholic acid]. Nihon Shokakibyo Gakkai Zasshi 1975, 72, 690–702. [PubMed]

118. Sepe, V.; Renga, B.; Festa, C.; D’Amore, C.; Masullo, D.; Cipriani, S.; Di Leva, F.S.; Monti, M.C.; Novellino, E.;
Limongelli, V.; et al. Modification on ursodeoxycholic acid (UDCA) scaffold. discovery of bile acid derivatives
as selective agonists of cell-surface G-protein coupled bile acid receptor 1 (GP-BAR1). J. Med. Chem. 2014, 57,
7687–7701. [CrossRef] [PubMed]

119. Beuers, U.; Trauner, M.; Jansen, P.; Poupon, R. New paradigms in the treatment of hepatic cholestasis: From
UDCA to FXR, PXR and beyond. J. Hepatol. 2015, 62 (Suppl. 1), S25–S37. [CrossRef] [PubMed]

120. Reardon, J.; Hussaini, T.; Alsahafi, M.; Azalgara, V.M.; Erb, S.R.; Partovi, N.; Yoshida, E.M. Ursodeoxycholic
Acid in Treatment of Non-cholestatic Liver Diseases: A Systematic Review. J. Clin. Transl. Hepatol. 2016, 4,
192–205. [PubMed]

121. Wagner, M.; Zollner, G.; Trauner, M. Nuclear receptor regulation of the adaptive response of bile acid
transporters in cholestasis. Semin. Liver Dis. 2010, 30, 160–177. [CrossRef] [PubMed]

122. Zollner, G.; Wagner, M.; Trauner, M. Nuclear receptors as drug targets in cholestasis and drug-induced
hepatotoxicity. Pharmacol. Ther. 2010, 126, 228–243. [CrossRef] [PubMed]

123. Fiorucci, S.; Clerici, C.; Antonelli, E.; Orlandi, S.; Goodwin, B.; Sadeghpour, B.M.; Sabatino, G.; Russo, G.;
Castellani, D.; Willson, T.M.; et al. Protective effects of 6-ethyl chenodeoxycholic acid, a farnesoid X receptor
ligand, in estrogen-induced cholestasis. J. Pharmacol. Exp. Ther. 2005, 313, 604–612. [CrossRef] [PubMed]

124. Nevens, F.; Andreone, P.; Mazzella, G.; Strasser, S.I.; Bowlus, C.; Invernizzi, P.; Drenth, J.P.; Pockros, P.J.;
Regula, J.; Beuers, U.; et al. A Placebo-Controlled Trial of Obeticholic Acid in Primary Biliary Cholangitis.
N. Engl. J. Med. 2016, 375, 631–643. [CrossRef] [PubMed]

125. Mudaliar, S.; Henry, R.R.; Sanyal, A.J.; Morrow, L.; Marschall, H.U.; Kipnes, M.; Adorini, L.; Sciacca, C.I.;
Clopton, P.; Castelloe, E.; et al. Efficacy and safety of the farnesoid X receptor agonist obeticholic acid
in patients with type 2 diabetes and nonalcoholic fatty liver disease. Gastroenterology 2013, 145, 574–582.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.toxlet.2015.01.013
http://www.ncbi.nlm.nih.gov/pubmed/25625231
http://dx.doi.org/10.1074/jbc.M300138200
http://www.ncbi.nlm.nih.gov/pubmed/12611900
http://dx.doi.org/10.1128/MCB.20.9.2951-2958.2000
http://www.ncbi.nlm.nih.gov/pubmed/10757780
http://dx.doi.org/10.1128/MCB.22.15.5270-5280.2002
http://www.ncbi.nlm.nih.gov/pubmed/12101224
http://dx.doi.org/10.1038/26996
http://www.ncbi.nlm.nih.gov/pubmed/9783588
http://www.ncbi.nlm.nih.gov/pubmed/15610734
http://dx.doi.org/10.1016/j.ejmech.2015.12.018
http://www.ncbi.nlm.nih.gov/pubmed/26717202
http://www.ncbi.nlm.nih.gov/pubmed/6397555
http://dx.doi.org/10.2174/138161211798220909
http://www.ncbi.nlm.nih.gov/pubmed/22074432
http://www.ncbi.nlm.nih.gov/pubmed/1238741
http://dx.doi.org/10.1021/jm500889f
http://www.ncbi.nlm.nih.gov/pubmed/25162837
http://dx.doi.org/10.1016/j.jhep.2015.02.023
http://www.ncbi.nlm.nih.gov/pubmed/25920087
http://www.ncbi.nlm.nih.gov/pubmed/27777888
http://dx.doi.org/10.1055/s-0030-1253225
http://www.ncbi.nlm.nih.gov/pubmed/20422498
http://dx.doi.org/10.1016/j.pharmthera.2010.03.005
http://www.ncbi.nlm.nih.gov/pubmed/20388526
http://dx.doi.org/10.1124/jpet.104.079665
http://www.ncbi.nlm.nih.gov/pubmed/15644430
http://dx.doi.org/10.1056/NEJMoa1509840
http://www.ncbi.nlm.nih.gov/pubmed/27532829
http://dx.doi.org/10.1053/j.gastro.2013.05.042
http://www.ncbi.nlm.nih.gov/pubmed/23727264


Int. J. Mol. Sci. 2018, 19, 3630 22 of 24

126. Neuschwander-Tetri, B.A.; Loomba, R.; Sanyal, A.J.; Lavine, J.E.; Van Natta, M.L.; Abdelmalek, M.F.;
Chalasani, N.; Dasarathy, S.; Diehl, A.M.; Hameed, B.; et al. Farnesoid X nuclear receptor ligand obeticholic
acid for non-cirrhotic, non-alcoholic steatohepatitis (FLINT): A multicentre, randomised, placebo-controlled
trial. Lancet 2015, 385, 956–965. [CrossRef]

127. Gadaleta, R.M.; Cariello, M.; Sabba, C.; Moschetta, A. Tissue-specific actions of FXR in metabolism and
cancer. Biochim. Biophys. Acta 2015, 1851, 30–39. [CrossRef] [PubMed]

128. Yang, K.; Kock, K.; Sedykh, A.; Tropsha, A.; Brouwer, K.L. An updated review on drug-induced cholestasis:
Mechanisms and investigation of physicochemical properties and pharmacokinetic parameters. J. Pharm. Sci.
2015, 102, 3037–3057. [CrossRef] [PubMed]

129. Gonzalez, R.; Cruz, A.; Ferrin, G.; Lopez-Cillero, P.; Briceno, J.; Gomez, M.A.; Rufian, S.; Padillo, J.;
De la Mata, M.; Marin, J.J.; et al. Cytoprotective properties of rifampicin are related to the regulation
of detoxification system and bile acid transporter expression during hepatocellular injury induced by
hydrophobic bile acids. J. Hepatobiliary Pancreat. Sci. 2011, 18, 740–750. [CrossRef] [PubMed]

130. Lewis, T.; Kuye, S.; Sherman, A. Ursodeoxycholic acid versus phenobarbital for cholestasis in the Neonatal
Intensive Care Unit. BMC Pediatr. 2018, 18, 197. [CrossRef] [PubMed]

131. Teng, S.; Piquette-Miller, M. Hepatoprotective role of PXR activation and MRP3 in cholic acid-induced
cholestasis. Br. J. Pharmacol. 2007, 151, 367–376. [CrossRef] [PubMed]

132. Guo, G.L.; Lambert, G.; Negishi, M.; Ward, J.M.; Brewer, H.B., Jr.; Kliewer, S.A.; Gonzalez, F.J.; Sinal, C.J.
Complementary roles of farnesoid X receptor, pregnane X receptor, and constitutive androstane receptor in
protection against bile acid toxicity. J. Biol. Chem. 2003, 278, 45062–45071. [CrossRef] [PubMed]

133. Beilke, L.D.; Aleksunes, L.M.; Holland, R.D.; Besselsen, D.G.; Beger, R.D.; Klaassen, C.D.; Cherrington, N.J.
Constitutive androstane receptor-mediated changes in bile acid composition contributes to hepatoprotection
from lithocholic acid-induced liver injury in mice. Drug Metab. Dispos. 2009, 37, 1035–1045. [CrossRef]
[PubMed]

134. De Gottardi, A.; Touri, F.; Maurer, C.A.; Perez, A.; Maurhofer, O.; Ventre, G.; Bentzen, C.L.; Niesor, E.J.;
Dufour, J.F. The bile acid nuclear receptor FXR and the bile acid binding protein IBABP are differently
expressed in colon cancer. Dig. Dis. Sci. 2004, 49, 982–989. [CrossRef] [PubMed]

135. Jansen, P.L. Endogenous bile acids as carcinogens. J. Hepatol. 2007, 47, 434–435. [CrossRef] [PubMed]
136. Yang, F.; Huang, X.; Yi, T.; Yen, Y.; Moore, D.D.; Huang, W. Spontaneous development of liver tumors in the

absence of the bile acid receptor farnesoid X receptor. Cancer Res. 2007, 67, 863–867. [CrossRef] [PubMed]
137. Maran, R.R.; Thomas, A.; Roth, M.; Sheng, Z.; Esterly, N.; Pinson, D.; Gao, X.; Zhang, Y.; Ganapathy, V.;

Gonzalez, F.J.; et al. Farnesoid X receptor deficiency in mice leads to increased intestinal epithelial cell
proliferation and tumor development. J. Pharmacol. Exp. Ther. 2009, 328, 469–477. [CrossRef] [PubMed]

138. Herraez, E.; Gonzalez-Sanchez, E.; Vaquero, J.; Romero, M.R.; Serrano, M.A.; Marin, J.J.; Briz, O.
Cisplatin-induced chemoresistance in colon cancer cells involves FXR-dependent and FXR-independent
up-regulation of ABC proteins. Mol. Pharm. 2012, 9, 2565–2576. [CrossRef] [PubMed]

139. Vaquero, J.; Briz, O.; Herraez, E.; Muntane, J.; Marin, J.J. Activation of the nuclear receptor FXR
enhances hepatocyte chemoprotection and liver tumor chemoresistance against genotoxic compounds.
Biochim. Biophys. Acta 2013, 1833, 2212–2219. [CrossRef] [PubMed]

140. Banerjee, M.; Robbins, D.; Chen, T. Targeting xenobiotic receptors PXR and CAR in human diseases.
Drug Discov. Today 2015, 20, 618–1249. [CrossRef] [PubMed]

141. Tolson, A.H.; Wang, H. Regulation of drug-metabolizing enzymes by xenobiotic receptors: PXR and CAR.
Adv. Drug Deliv. Rev. 2010, 62, 1238–1249. [CrossRef] [PubMed]

142. Gao, J.; Xie, W. Targeting xenobiotic receptors PXR and CAR for metabolic diseases. Trends Pharmacol. Sci.
2012, 33, 552–558. [CrossRef] [PubMed]

143. Chen, Y.; Tang, Y.; Guo, C.; Wang, J.; Boral, D.; Nie, D. Nuclear receptors in the multidrug resistance through
the regulation of drug-metabolizing enzymes and drug transporters. Biochem. Pharmacol. 2012, 83, 1112–1126.
[CrossRef] [PubMed]

144. Mani, S.; Dou, W.; Redinbo, M.R. PXR antagonists and implication in drug metabolism. Drug Metab. Rev.
2013, 45, 60–72. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0140-6736(14)61933-4
http://dx.doi.org/10.1016/j.bbalip.2014.08.005
http://www.ncbi.nlm.nih.gov/pubmed/25139561
http://dx.doi.org/10.1002/jps.23584
http://www.ncbi.nlm.nih.gov/pubmed/23653385
http://dx.doi.org/10.1007/s00534-011-0396-3
http://www.ncbi.nlm.nih.gov/pubmed/21526375
http://dx.doi.org/10.1186/s12887-018-1167-y
http://www.ncbi.nlm.nih.gov/pubmed/29925342
http://dx.doi.org/10.1038/sj.bjp.0707235
http://www.ncbi.nlm.nih.gov/pubmed/17435798
http://dx.doi.org/10.1074/jbc.M307145200
http://www.ncbi.nlm.nih.gov/pubmed/12923173
http://dx.doi.org/10.1124/dmd.108.023317
http://www.ncbi.nlm.nih.gov/pubmed/19196849
http://dx.doi.org/10.1023/B:DDAS.0000034558.78747.98
http://www.ncbi.nlm.nih.gov/pubmed/15309887
http://dx.doi.org/10.1016/j.jhep.2007.06.001
http://www.ncbi.nlm.nih.gov/pubmed/17624466
http://dx.doi.org/10.1158/0008-5472.CAN-06-1078
http://www.ncbi.nlm.nih.gov/pubmed/17283114
http://dx.doi.org/10.1124/jpet.108.145409
http://www.ncbi.nlm.nih.gov/pubmed/18981289
http://dx.doi.org/10.1021/mp300178a
http://www.ncbi.nlm.nih.gov/pubmed/22800197
http://dx.doi.org/10.1016/j.bbamcr.2013.05.006
http://www.ncbi.nlm.nih.gov/pubmed/23680185
http://dx.doi.org/10.1016/j.drudis.2014.11.011
http://www.ncbi.nlm.nih.gov/pubmed/25463033
http://dx.doi.org/10.1016/j.addr.2010.08.006
http://www.ncbi.nlm.nih.gov/pubmed/20727377
http://dx.doi.org/10.1016/j.tips.2012.07.003
http://www.ncbi.nlm.nih.gov/pubmed/22889594
http://dx.doi.org/10.1016/j.bcp.2012.01.030
http://www.ncbi.nlm.nih.gov/pubmed/22326308
http://dx.doi.org/10.3109/03602532.2012.746363
http://www.ncbi.nlm.nih.gov/pubmed/23330542


Int. J. Mol. Sci. 2018, 19, 3630 23 of 24

145. Elcombe, C.R.; Peffer, R.C.; Wolf, D.C.; Bailey, J.; Bars, R.; Bell, D.; Cattley, R.C.; Ferguson, S.S.; Geter, D.;
Goetz, A.; et al. Mode of action and human relevance analysis for nuclear receptor-mediated liver
toxicity: A case study with phenobarbital as a model constitutive androstane receptor (CAR) activator.
Crit. Rev. Toxicol. 2014, 44, 64–82. [CrossRef] [PubMed]

146. Wang, D.; Li, L.; Yang, H.; Ferguson, S.S.; Baer, M.R.; Gartenhaus, R.B.; Wang, H. The constitutive androstane
receptor is a novel therapeutic target facilitating cyclophosphamide-based treatment of hematopoietic
malignancies. Blood 2013, 121, 329–338. [CrossRef] [PubMed]

147. Fukumasu, H.; Rochetti, A.L.; Pires, P.R.; Silva, E.R.; Mesquita, L.G.; Strefezzi, R.F.; De Carvalho, D.D.;
Dagli, M.L. Constitutive androstane receptor ligands modulate the anti-tumor efficacy of paclitaxel in
non-small cell lung cancer cells. PLoS ONE 2012, 9, e99484. [CrossRef] [PubMed]

148. Karagiannis, A.; Harsoulis, F. Gonadal dysfunction in systemic diseases. Eur. J. Endocrinol. 2005, 152, 501–513.
[CrossRef] [PubMed]

149. Saad, R.A.; Mahmoud, Y.I. Ursodeoxycholic acid alleviates cholestasis-induced histophysiological alterations
in the male reproductive system of bile duct-ligated rats. Reprod. Toxicol. 2014, 50, 87–97. [CrossRef]
[PubMed]

150. Baptissart, M.; Martinot, E.; Vega, A.; Sedes, L.; Rouaisnel, B.; de Haze, A.; Baron, S.; Schoonjans, K.; Caira, F.;
Volle, D.H. Bile acid-FXRalpha pathways regulate male sexual maturation in mice. Oncotarget 2016, 7,
19468–19482. [CrossRef] [PubMed]

151. Vega, A.; Martinot, E.; Baptissart, M.; De Haze, A.; Vaz, F.; Kulik, W.; Damon-Soubeyrand, C.; Baron, S.;
Caira, F.; Volle, D.H. Bile Acid Alters Male Mouse Fertility in Metabolic Syndrome Context. PLoS ONE 2015,
10, e0139946. [CrossRef] [PubMed]

152. Volle, D.H.; Mouzat, K.; Duggavathi, R.; Siddeek, B.; Dechelotte, P.; Sion, B.; Veyssiere, G.; Benahmed, M.;
Lobaccaro, J.M. Multiple roles of the nuclear receptors for oxysterols liver X receptor to maintain male
fertility. Mol. Endocrinol. 2007, 21, 1014–1027. [CrossRef] [PubMed]

153. Martinot, E.; Sedes, L.; Baptissart, M.; Lobaccaro, J.M.; Caira, F.; Beaudoin, C.; Volle, D.H. Bile acids and their
receptors. Mol. Aspects Med. 2017, 56, 2–9. [CrossRef] [PubMed]

154. Whyte-Allman, S.K.; Hoque, M.T.; Jenabian, M.A.; Routy, J.P.; Bendayan, R. Xenobiotic Nuclear Receptors
Pregnane X Receptor and Constitutive Androstane Receptor Regulate Antiretroviral Drug Efflux Transporters
at the Blood-Testis Barrier. J. Pharmacol. Exp. Ther. 2017, 363, 324–335. [CrossRef] [PubMed]

155. Martinot, E.; Baptissart, M.; Vega, A.; Sedes, L.; Rouaisnel, B.; Vaz, F.; Saru, J.P.; de Haze, A.; Baron, S.;
Caira, F.; et al. Bile acid homeostasis controls CAR signaling pathways in mouse testis through FXRalpha.
Sci. Rep. 2017, 7, 42182. [CrossRef] [PubMed]

156. Martinot, E.; Sedes, L.; Baptissart, M.; Holota, H.; Rouaisnel, B.; Damon-Soubeyrand, C.; De Haze, A.;
Saru, J.P.; Thibault-Carpentier, C.; Keime, C.; et al. The Bile Acid Nuclear Receptor FXRalpha Is a Critical
Regulator of Mouse Germ Cell Fate. Stem Cell Rep. 2017, 9, 315–328. [CrossRef] [PubMed]

157. Sedes, L.; Desdoits-Lethimonier, C.; Rouaisnel, B.; Holota, H.; Thirouard, L.; Lesne, L.; Damon-Soubeyrand, C.;
Martinot, E.; Saru, J.P.; Mazaud-Guittot, S.; et al. Crosstalk between BPA and FXRalpha Signaling Pathways
Lead to Alterations of Undifferentiated Germ Cell Homeostasis and Male Fertility Disorders. Stem Cell Rep.
2018, 11, 944–958. [CrossRef] [PubMed]

158. Maruska, K.P.; Fernald, R.D. Social regulation of gene expression in the hypothalamic-pituitary-gonadal axis.
Physiology 2011, 26, 412–423. [CrossRef] [PubMed]

159. Halilbasic, E.; Claudel, T.; Trauner, M. Bile acid transporters and regulatory nuclear receptors in the liver
and beyond. J. Hepatol. 2013, 155–168. [CrossRef] [PubMed]

160. Cheng, C.Y.; Mruk, D.D. The blood-testis barrier and its implications for male contraception. Pharmacol. Rev.
2012, 64, 16–64. [CrossRef] [PubMed]

161. Svoboda, M.; Riha, J.; Wlcek, K.; Jaeger, W.; Thalhammer, T. Organic anion transporting polypeptides
(OATPs): Regulation of expression and function. Curr. Drug Metab. 2011, 12, 139–153. [CrossRef] [PubMed]

162. Baptissart, M.; Vega, A.; Martinot, E.; Pommier, A.J.; Houten, S.M.; Marceau, G.; de Haze, A.; Baron, S.;
Schoonjans, K.; Lobaccaro, J.M.; et al. Bile acids alter male fertility through G-protein-coupled bile acid
receptor 1 signaling pathways in mice. Hepatology 2014, 60, 1054–1065. [CrossRef] [PubMed]

163. De Castro Barbosa, T.; Ingerslev, L.R.; Alm, P.S.; Versteyhe, S.; Massart, J.; Rasmussen, M.; Donkin, I.;
Sjogren, R.; Mudry, J.M.; Vetterli, L.; et al. High-fat diet reprograms the epigenome of rat spermatozoa and
transgenerationally affects metabolism of the offspring. Mol. Metab. 2016, 5, 184–197. [CrossRef] [PubMed]

http://dx.doi.org/10.3109/10408444.2013.835786
http://www.ncbi.nlm.nih.gov/pubmed/24180433
http://dx.doi.org/10.1182/blood-2012-06-436691
http://www.ncbi.nlm.nih.gov/pubmed/23160467
http://dx.doi.org/10.1371/journal.pone.0099484
http://www.ncbi.nlm.nih.gov/pubmed/24959746
http://dx.doi.org/10.1530/eje.1.01886
http://www.ncbi.nlm.nih.gov/pubmed/15817904
http://dx.doi.org/10.1016/j.reprotox.2014.10.011
http://www.ncbi.nlm.nih.gov/pubmed/25461907
http://dx.doi.org/10.18632/oncotarget.7153
http://www.ncbi.nlm.nih.gov/pubmed/26848619
http://dx.doi.org/10.1371/journal.pone.0139946
http://www.ncbi.nlm.nih.gov/pubmed/26439743
http://dx.doi.org/10.1210/me.2006-0277
http://www.ncbi.nlm.nih.gov/pubmed/17341595
http://dx.doi.org/10.1016/j.mam.2017.01.006
http://www.ncbi.nlm.nih.gov/pubmed/28153453
http://dx.doi.org/10.1124/jpet.117.243584
http://www.ncbi.nlm.nih.gov/pubmed/28970358
http://dx.doi.org/10.1038/srep42182
http://www.ncbi.nlm.nih.gov/pubmed/28181583
http://dx.doi.org/10.1016/j.stemcr.2017.05.036
http://www.ncbi.nlm.nih.gov/pubmed/28669602
http://dx.doi.org/10.1016/j.stemcr.2018.08.018
http://www.ncbi.nlm.nih.gov/pubmed/30245210
http://dx.doi.org/10.1152/physiol.00032.2011
http://www.ncbi.nlm.nih.gov/pubmed/22170959
http://dx.doi.org/10.1016/j.jhep.2012.08.002
http://www.ncbi.nlm.nih.gov/pubmed/22885388
http://dx.doi.org/10.1124/pr.110.002790
http://www.ncbi.nlm.nih.gov/pubmed/22039149
http://dx.doi.org/10.2174/138920011795016863
http://www.ncbi.nlm.nih.gov/pubmed/21395542
http://dx.doi.org/10.1002/hep.27204
http://www.ncbi.nlm.nih.gov/pubmed/24798773
http://dx.doi.org/10.1016/j.molmet.2015.12.002
http://www.ncbi.nlm.nih.gov/pubmed/26977389


Int. J. Mol. Sci. 2018, 19, 3630 24 of 24

164. Baptissart, M.; Sèdes, L.; Holota, H.; Thirouard, L.; Martinot, E.; De Haze, A.; Rouaisnel, B.; Caira, F.;
Beaudoin, C.; Volle, D.H. Multigenerational impacts of bile acid exposure are mediated by TGR5 signaling
pathways. Sci. Rep. 2018. [CrossRef]

165. Pataia, V.; Papacleovoulou, G.; Nikolova, V.; Samuelsson, A.M.; Chambers, S.; Jansen, E.; Taylor, P.D.;
Poston, L.; Williamson, C. Paternal cholestasis exacerbates obesity-associated hypertension in male offspring
but is prevented by paternal ursodeoxycholic acid treatment. Int. J. Obes. 2018. [CrossRef] [PubMed]

166. Rissman, E.F.; Adli, M. Minireview: Transgenerational epigenetic inheritance: Focus on endocrine disrupting
compounds. Endocrinology 2014, 155, 2770–2780. [CrossRef] [PubMed]

167. Bart, J.; Groen, H.J.; van der Graaf, W.T.; Hollema, H.; Hendrikse, N.H.; Vaalburg, W.; Sleijfer, D.T.;
de Vries, E.G. An oncological view on the blood-testis barrier. Lancet Oncol. 2002, 3, 357–363. [CrossRef]

168. Su, L.; Cheng, C.Y.; Mruk, D.D. Drug transporter, P-glycoprotein (MDR1), is an integrated component of the
mammalian blood-testis barrier. Int. J. Biochem. Cell Biol. 2009, 41, 2578–2587. [CrossRef] [PubMed]

169. Sharpe, R.M. Pathways of endocrine disruption during male sexual differentiation and masculinization.
Best Pract. Res. Clin. Endocrinol. Metab. 2006, 20, 91–110. [CrossRef] [PubMed]

170. Skakkebaek, N.E.; Rajpert-De Meyts, E.; Main, K.M. Testicular dysgenesis syndrome: An increasingly
common developmental disorder with environmental aspects. Hum. Reprod 2001, 16, 972–978. [CrossRef]
[PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/s41598-018-34863-0
http://dx.doi.org/10.1038/s41366-018-0095-0
http://www.ncbi.nlm.nih.gov/pubmed/29795465
http://dx.doi.org/10.1210/en.2014-1123
http://www.ncbi.nlm.nih.gov/pubmed/24885575
http://dx.doi.org/10.1016/S1470-2045(02)00776-3
http://dx.doi.org/10.1016/j.biocel.2009.08.015
http://www.ncbi.nlm.nih.gov/pubmed/19720156
http://dx.doi.org/10.1016/j.beem.2005.09.005
http://www.ncbi.nlm.nih.gov/pubmed/16522522
http://dx.doi.org/10.1093/humrep/16.5.972
http://www.ncbi.nlm.nih.gov/pubmed/11331648
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Structure-Activity Relationship of Bile Acids and Bile Acid Derivatives in Regards to Sensing Nuclear Receptors 
	Bile Acids as Endogenous Ligands for Metabolic Nuclear Receptors 
	Molecular Biology of Bile Acid/Xenobiotic Nuclear Receptors 
	Bile Acid/Xenobiotic Nuclear Receptors Regulation of Bile Acid Synthesis and Transport 
	Regulation of Bile Acid Metabolism and Elimination by Bile Acid/Xenobiotic Nuclear Receptors 

	Modulation of Bile Acid/Xenobiotic Receptors for Therapeutic Applications 
	Modulators of Bile Acid and Xenobiotic-Sensing Nuclear Receptors 
	Potential Clinical Use of Bile Acid and Xenobiotic Nuclear Receptor Modulators 

	Bile Acid/Xenobiotic Nuclear Receptors in Testis: Protection from Toxicity or Obstacle to Chemotherapy? 
	Conclusions 
	References

