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Abstract:

Bile acids are an end product of cholesterol catabolism produced in the liver. It comprises of Chenodeoxycholic acid (CDCA),
Deoxycholic acid (DCA), Lithocholic acid (LCA), Cholic Acid (CA) are act as an endogenous ligand by acting on the FXR receptor
belongs to the nuclear receptor family to exert the various biological functions. FXR is considered as a chief regulator of bile acid
metabolism as it is involved in all phases of the bio-synthetic pathway. Activation of these nuclear receptors by their respective
ligands leads to a reduction in bile acid synthesis, promotion of lipid oxidation, drug metabolism and transport, as well as affecting
cholesterol metabolism. Conversely dysregulation of bile acid metabolism has a significant impact on inflammatory and metabolic
disorders, such as Non-alcoholic fatty liver disease, diabetes, and obesity. In this review, we have summarized the regulation of bile

acid synthesis, transport, absorption, different ligands for FXR and their chemical structure in detail.
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INTRODUCTION:

The farnesoid X receptor (FXR) is a associate of the nuclear receptor super family that is expressed in liver,
kidney, intestine and the adrenal gland. [1] These proteins bind to cis-acting elements in the promoters of their
target genes and modulate gene expression in response to metabolites. [2] The FXR were first described in 1995
by Forman and co-workers. [2] FXRs were found to be activated by the farnesol derivative, farnesyl
pyrophosphate, which is a metabolic intermediate and the last precursor common to all branches of the
mevalonic pathway, which leads to the biosynthesis of cholesterol, bile acids (BAs), sterol compounds,
porphyrin, dolichol, ubiquinone, carotenoids, retinoids, vitamin D, steroid hormones, and farnesylated proteins.
[3] FXR is activated by bile acids such as the primary bile acid chenodeoxycholic acid which is the most potent

IJCRT1801159 ] International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org \ 1197



www.ijcrt.org © 2018 IJCRT | Volume 6, Issue 1 January 2018 | ISSN: 2320-2882

bile acid ligand for the human FXR. [4,5] In addition to bile acids synthetic FXR agonists have also been
identified. [6,7] In response to ligand- binding, FXR regulates a variety of genes involved in bile acid,
cholesterol, triglyceride and lipoprotein metabolism. Targeted disruption of the FXR gene in mice confirmed its
critical role in bile acid and lipid metabolism. [8] FXR links cholesterol to bile acid metabolism by inhibiting
transcription of the cyp7al gene [9], which encodes the rate-limiting enzyme catalyzing the conversion of
cholesterol into bile acids. FXR also regulates the expression of various genes involved in the uptake,
intracellular transport and export of bile acids such as intestinal bile acid -binding protein. [10] the bile salt
export pump [11] and the nap-taurocholate co-transporting polypeptide [12]. Furthermore, FXR plays an
important role in lipoprotein and high density lipoprotein metabolism. FXR positively regulates the
phospholipid transfer protein gene [13], which encodes a secreted protein that facilitates the transfer of
phospholipids between lipoproteins and modulates plasma High density lipoprotein metabolism. In addition,
apo ai, the major apolipoprotein component of High density lipoprotein, is down-regulated by FXR. [14] FXR
also controls plasma triglycerides levels by activating the peroxisome proliferator-activated receptor a gene,
another nuclear receptor controlling tg metabolism [15], and the apo cii gene [16], an obligate cofactor for
lipoprotein lipase responsible for the hydrolysis of triglycerides in chylomycrons, and by inhibiting apo ciii
[17], which plays an important role in the control of triglycerides metabolism.

LOCATION: The location of farnesoid X receptor receptor in body-

e Liver,

e Kidney,

e Intestine

e Adrenal Gland

An Overview and Brief History of Bile Acids:

The first description of a bile acid was made in 1848 when cholic acid (CA) was discovered in ox gall.
Subsequent studies in the early 1900s identified additional bile acids that included lithocholic acid (LCA),
chenodeoxycholic acid (CDCA), ursodeoxycholic acid (UDCA), and muricholic acid (MCA) from ox, goose,
bear, and rodents, respectively, as described by Wieland in his 1928 Nobel lecture. [18] More sophisticated
methodologies subsequently led to the identification of multiple additional species of bile acids, including
deoxycholic acid (DCA), that contribute to the “‘bile acid pool’” (2-4 g in humans). The relative concentrations
of individual bile acids within the bile acid pool of different mammals can vary significantly and may affect
bile acid-dependent signaling. Bile acids are known to play a number of roles in lipid metabolism. First, bile
acids are essential for the formation of mixed micelles in the small intestine that facilitate solubilization,
digestion, and absorption of dietary lipids and fat-soluble vitamins. Second, the micelles present in the gall
bladder serve to solubilize cholesterol in bile, thus impairing cholesterol crystallization and gallstone formation.
Third, bile salts induce bile flow from hepatocytes into the bile canaliculi and then gall bladder. Fourth, the
hepatic conversion of cholesterol to bile acids and the subsequent excretion of bile acids in the feces represent
the major route for cholesterol excretion that is important in whole-body sterol homeostasis. Bile is also thought
to have a bacteriostatic function that maintains sterility in the biliary tree. Consistent with these roles, disruption
of normal bile acid synthesis and metabolism is associated with cholestasis, gallstones, inflammation,
malabsorption of lipids and fat-soluble vitamins, bacterial overgrowth in the small intestine, atherosclerosis,
neurological diseases, and various inborn errors such as progressive familial intrahepatic cholestasis types 1111
(PFIC I-111). The discovery that specific bile acids differentially activate three nuclear receptors, namely
farnesoid X receptor (FXR), pregnane X receptor (PXR), and vitamin D receptor (VDR) and one G protein-
coupled receptor (TGRS5), identified bile acids as hormones that alter multiple metabolic pathways in many
tissues. The synthesis and use of specific agonists for FXR or TGR5 in rodents, together with preliminary
clinical findings with FXR agonists, suggest that such agonists may prove useful in the treatment of a number
of diseases. [19-28]
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FXR REGULATION OF BILE ACID SYNTHESIS, TRANSPORT AND ABSORPTION:

FXR plays a central role in regulation of bile acid synthesis and transport. FXR inhibits the CYP7A1 and
CYP8BL1 genes involved in bile acid synthesis. On the other hand, FXR stimulates bile acid conjugation by
inducing BCAS and bile acid CoA: amino acid N-acetyltransferase (BAT). FXR markedly induces bile salt
export pump (BSEP, ABCB11) [29], which is the principle bile acid transporter for excretion of bile acid
conjugates. FXR also induces multidrug resistance associated protein 2 (MRP2, ABCC2) for transport of
sulfate, glutathione or glucuronide conjugated anionic compounds including bile acids. [30] Bile acids facilitate
the biliary excretion of phosphatidylcholine by inducing multi-drug resistant protein 2 (MDR2), [31] and
cholesterol by inducing ABCG5 and G8 half transporters [ Bile acids are quantitatively reabsorbed in the
intestine, mostly in the ileum by an active transport process involving the apical sodium-dependent bile salt
transporter (ASBT). [32] FXR induces ileum bile acid binding protein (IBABP) [33], which binds bile acids
and protects enterocytes for cytotoxic effect of bile acids. Bile acids are excreted into portal circulation,
transported back to the liver, and reabsorbed into hepatocytes by sinusoidal Na2p-dependent taurocholate
cotransport peptide (NTCP). FXR inhibits NTCP and may protect hepatocytes from accumulating high levels of
toxic bile acids during inflammation. [34] FXR also induces organic anion transport protein 2 (OATP2), which
takes up bile acids from the sinusoid. FXR induces DHEA-sulfate transferase (SULT2AL), which transfers a
sulfate group to the secondary bile acids for rapid excretion into bile via MRP2. Guggulsterone, a FXR
antagonist, has been used as a lipid-lowering drug in humans. [35] Guggulsterone inhibits IBABP gene in the
intestine [36], and BSEP and CYP7AL gene expression in the liver. [37-39] Selective FXR modulators may be
useful for lipid-lowering. [40]

Synthesis of bile acid:

Bile-acid synthesis is the primary pathway for cholesterol catabolism. Approximately 500 mg of cholesterol is
converted into bile acids each day in the adult human liver. Bile-acid biosynthesis involves modification of the
ring structure of cholesterol, oxidation and shortening of the side chain, and finally conjugation of the bile acid
with an amino acid.[41] The intermediates and enzymes of the classical (or neutral pathway) and the alternative
(or acidic) bile-acid biosynthetic pathway are displayed in FIG. 1. Cholesterol 7a-hydroxylase, which is
encoded by the gene CYP7AL, is the first and rate-limiting enzyme of the classical pathway that accounts for
the majority of total bile-acid synthesis, as was demonstrated by the ablation of Cyp7al in mice.[42,43] It is
noteworthy that in these animals, the intestinal absorption of lipids and lipophilic vitamins is severely impaired,
resulting in increased perinatal mortality.[43] Some mutations identified in the human CYP7A1l gene are
correlated with an increase in the occurrence of hypercholesterolemia and atherosclerosis.[44,45] The vital
importance of the enzymes that synthesize bile acids is further illustrated by the dramatic consequences
observed in humans who have a sterol 27-hydroxylase (CYP27A1) deficiency. Mutations in CYP27A1, which
encodes the

enzyme responsible for the hydroxylation of the cholesterol side chain (FIG. 1), lead to a rare disease referred
to as cerebrotendinous xanthomatosis, which is characterized by an accumulation of cholestanol in tissues, early
development of atherosclerosis and premature death. [46,47]

The most abundant bile acids in humans include the primary bile acids, cholic acid (CA) and chenodeoxycholic
acid (CDCA), and their respective secondary bile acids, deoxycholic acid (DCA) and lithocholic acid (LCA),
which are formed by deconjugation and 7a-dehydroxylation by microbial enzymes in the colon (FIG. 2). In the
mouse and rat, CDCA is efficiently converted into muricholic acid.[48] Before bile acids are transported out of
the hepatocytes, most of them are conjugated to either taurine (in the mouse) or glycine (in humans). As most
of these bile acids have different chemical properties, they inherently exhibit distinct biological activities (BOX
1). In order to maintain a functional bile-acid pool, bile acids are extensively recycled in the body by an
elaborate transport system that is active in the liver, the intestine and the kidney (detailed in FIG. 3). The
combined and coordinated action of the several bile-acid transporter proteins ensures the formation of mixed
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micelles in bile, as well as efficiently limiting the faecal and urinary loss of bile acids. Under
pathophysiological conditions, such as cholestasis, bile-acid transporters exert crucial adaptive functions to
minimize the deleterious effects of bile-acid accumulation. Important transporters that are typically activated
during bile-acid overload are those located at the basolateral membrane of hepatocytes. These transporters
mediate bile-acid efflux, providing important spillover routes for bile acids and bilirubin. Consequently, bile-
acid transporters the expressions of which are predominantly controlled at the transcriptional level are vital
components in mediating the cycling and homeostasis of bile acids.
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Figure 01: Bile-acid synthesis pathways-

Cholesterol conversion into bile acids (BAs) occurs via two different pathways: the classical (or neutral)
pathway and the alternative (or acidic) pathway. The classical pathway accounts for at least 75% of the total
bile-acid pool. Cholic acid (CA) and chenodeoxycholic acid (CDCA) represent the two main end products of
these pathways. The steps leading to synthesis of primary BAs include initiation (hydroxylation in position 7),
modification of the sterol ring, oxidation and shortening of the side chain, and conjugation.[41] Three enzymes
have major regulatory roles in these two pathways. Cholesterol 7a-hydroxylase (encoded by CYP7AL) is the
rate-limiting enzyme in the classical pathway, whereas sterol-27 hydroxylase (encoded by CYP27A1) is the
first enzyme in the alternative pathway. Sterol 12a-hydroxylase (encoded by CYP8B1) introduces a hydroxyl
group at position 12 of the steroid nucleus, which leads to the generation of CA. Schematically, CYP7Al
determines the BA pool size, whereas CYP8BL1 is crucial for BA pool composition.[49,50] Newly synthesized
free bile acids will be extensively conjugated (98%) in a two-step process, which starts with the generation of
BA-CoA by BA-CoA synthase (BACS).[51,52] The enzyme BA-CoA:amino acid N-acyltransferase (BAT),
then further amidates BA-CoA with either a glycine (human) or a taurine (mouse).[53] In the intestinal lumen,
especially in the colon, gut flora deconjugates, oxidates and dehydroxylates the primary BAs produced in the
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liver to generate secondary BAs. Once transported back to the liver, these secondary BAs can be further
processed to form tertiary BAs, which represent only a marginal BA species under normal conditions. These
synthesis and metabolic pathways allow the generation of more than 18 different BA species, which ensures the
perfect solubilization and absorption of a broad range of lipophilic molecules in the intestine and a multitude of
signalling activities in the body. AKR1D1, aldo-keto reductase family 1, member D1; HSD3B7, hydroxy-o-5-
steroid dehydrogenase, 3p3- and steroid 6-isomerase. [43]
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Figure 02: Overview of the bile-acid transport system

Once hepatic bile acid (BA) biosynthesis is completed, monovalent tauro- and glyco-conjugated (conj.) BAs are
excreted in the bile canaliculi through the canalicular bile-salt export pump (BSEP).[54,55] At the same time,
divalent BAs with two negative charges — that is, sulphated (sulpho-) or glucuronidated (glucurono-) BAs
amidated with a taurine or a glycine, organic anions (OAs), organic cations (OCs) and reduced glutathione
(GSH) — are taken up by the multidrug resistance-associated protein 2 (MRP2, ABCC2) and the multidrug
export pump la (MDR1A, ABCB1A) to be excreted into the bile along with cholesterol and
phospholipids.[54,55] At the basolateral membrane of hepatocytes, BA efflux is an important spillover route for
BA and bilirubin (bili) that has accumulated during BA overload under cholestatic conditions.[56] The most
established basolateral export transport systems are mediated by members of the MRP family including MRP3
(ABCC3) and MRP4 (ABCC4), but the organic anion transporting polypeptide 2 (OATP2, SLCO1A4) and the
recently identified heteromeric organic solute transporter-o/B (OST-o/p) also provide alternative excretion
routes for BAs and other OAs into the systemic circulation.[54,55] Under normal conditions, bile is stored in
the gall bladder and released into the intestinal lumen upon feeding. BAs ensure the digestion and absorption
of ingested lipids and are afterwards extensively reclaimed by the terminal ileum via the apical Na+-dependent
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bile-salt transporter (ASBT, SLC10A2) and effluxed by OST-a/B, MRP3 and a truncated form of ASBT (t-
ASBT).[57] Intracellularly, the ileal bile-acid-binding protein (I-BABP, FABP6) promotes BA flux and
protects ileocytes against the deleterious effect of BAs. MRP2 and MRP4, present at the apical membrane of
enterocytes and the proximal renal tubules, respectively, may ensure apical excretion of BAs. Similar
mechanisms for the reuptake of BAs exist in cholangiocytes (not illustrated on the figure), colonocytes and
proximal convoluted renal tubules, thus limiting the loss of BA via faeces and urine.[54,55] In the ileum, BAS
are recycled to the liver (enterohepatic cycling) where they are mainly taken up by the Na+-taurocholate
cotransporting polypeptide (NTCP) and to a lesser extent by organic anion transporter 1 (OATP1, SLCO1A1)
and OATP4 (SLCO1B2).[54,55] After the first hepatic pass, BAs that have not been cleared (less than 10%) are
filtrated by the renal glomerulus and reabsorbed by epithelial cells of the proximal convoluted tubules of the
kidney. Together, these transport systems minimize faecal and urinary loss of BAs. Although BAs are virtually
absent in the urine of healthy subjects, they become easily detectable upon cholestasis.[56] This is due to the
decreased renal absorption of systemic BAs in order to promote the urinary excretion of toxic BAS
accumulating in the liver, further underscoring the relevance of the adaptive response of BA transporters in
conditions of BA overload.

STRUCTURE AND FUNCTION OF FARNESOID-X- ACTIVATED RECEPTOR:

Farnesoid X Receptor

The farnesoid x receptor protein, whose name is derived from its ability to be activated by supra physiological
Levels of farnesol [58], belongs to a large family (~100 members) of transcription factors called nuclear
receptors. Nuclear receptors share several structural features, including an amino-terminal, highly conserved
DNA binding domain and a cooh-terminal ligand binding domain. [59] DNA-binding domains direct nuclear
receptors to specific DNA sequences [also known as response elements] in the promoters of various target
genes, while Ligand binding domains interact directly with small lipophilic molecules and serve as molecular
switches. Upon ligand binding, the nuclear receptors can recruit transcriptional coactivators or co-repressors
and regulate transcription of the target genes. Because of this intrinsic property of ligand dependency, nuclear
receptors are strong candidates for linking physiological, lipophilic signaling molecules-with transcriptional
responses. Several nuclear receptors have been shown to serve as receptors or sensors of small molecules with
great relevance to physiology and metabolism. Two examples of this phenomenon are: (1) peroxisome
proliferator- activated receptor gamma, which is involved in energy bile acid lance regulation And is activated
by assorted fatty acids and their metabolites [60] and (2) liver x receptor which is activated by oxysterols such
as 24, 25 epoxycholesterol and plays a role in cholesterol metabolism. [61, 62, 63] In the case of FXR, the
cognate ligands are bile acids. [64, 65, 66] Binding of bile acids to FXR has been demonstrated by two
methods.
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Figure 03 : Structure and function of farnesoid X receptor. (a) Farnesoid x receptor contains an n-terminal
DNA binding domain (black box) and a c-terminal ligand binding domain. The percent homologies of both the
DNA binding domain and ligand binding domain of FXR to the two closest members of the nuclear receptor
family, liver x receptor B and the drosophila ecdysone receptor, are shown. (b) two modes of transcriptional
regulation by FXR are shown. Positive regulation: FXR activates intestinal bile acid binding protein by binding
directly to the bile acid BP promoter as a farnesoid x receptor /retinoid x receptor heterodimer. Negative
regulation: FXR inhibits cyp7al (black arrow) gene expression through an as yet unknown mechanism. Bile
acid.

The first was a biochemical approach bile acid based on ligand induced conformational changes, where
fluorescent energy transfer could be demonstrated between FXR and a co-activator peptide upon binding of bile
acids. [67, 68] Such bile acid binding can be confirmed by ELISA [69] and electrophoretic mobility shift
assays. [70] The second approach utilized a cell-bile acid based assay that measured directly the ability of bile
acids to stimulate transcription of a reporter gene in the presence of FXR. [71,72,73] Taken together, these
experiments demonstrated that bile acids are bona fide ligands for FXR with EC50 values of about 10-15 p m,
levels well within the physiological range.

SIGNAL TRANSDUCTION MECHANISM OF FARNESOID X RECEPTOR:

Hepatitis B Virus Infection, FXR, and Hepatocellular Carcinoma (HCC):

It has been established that viral infection is the most important causal factor of HCC. [74-76] From the initial
hepatitis B virus infection and acute hepatitis B to the patients who are already infected and became chronic
hepatitis B and developed into hepatic cirrhosis and /or long latency of HCC, the exact molecular bile acid sis
for hepatitis B virus to cause HCC remains poorly defined. Two mechanisms have been proposed for hepatitis
B virus-induced hepatocarcinogenesis: the theory of chromosomal integration of hepatitis B virus DNA and the
theory of transcriptional activation mediated by HBXx.[77,88] According to the integration theory, the
integration of Hepatitis B Virus DNA can influence cellular gene transcription, disturb immune system, cause
chronic inflammation, and result in fibrosis, cirrhosis, and HCC. HBXx is the central player in the transcriptional
activation theory.[89,80,81] HBX, the smallest of four ORFs of hepatitis B virus genome that encodes al54-
amino acid protein, was considered to be an important etiological factor in hepatitis B virus-associated
HCC.[82-85] HBx can modulate host cell signal transduction and directly or indirectly affect host and viral
gene expression. HBx has been shown to trans activate and upregulate proto- oncogenes Ras, c-Fosand TGF-
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beta; to silence the tumor suppressor gene p53, and to affect the NF-kappa B, PKA, pTEN, and WNT signaling
pathways.[86-99] In HBXx transfected cells, HBXx is located not only in the cytoplasm, but also to some extent, in
the nucleus of transfected cells.[100] Intracellular localization change of HBXx is consistent with stimulation of
transcription by activating nuclear receptor signaling pathways as a co-factor or co-activator. [101-111]

It is known that bile acid metabolism is a critical function of the liver, which is often impaired in chronic
hepatitis B and cirrhosis. Several lines of evidence strongly suggested that endogenous bile acids are both pro-
inflammatory and carcinogenic.[112] Long-term exposure to toxic bile acids may trigger continuous
inflammation, uncontrolled liver cell proliferation or irregular liver regeneration.[113,114-118] Liver
regeneration is an important function to repair injury, and accumulation of bile acids has been shown to
contribute to liver regeneration in hepatocarcinogenesis. [119,120,121] For these reasons, changes in individual
serum bile acids levels have been proposed as early indicators of hepatocarcinogenesis. Normal liver
regeneration is dependent on FXR signaling pathway. [122] reported that treatment of wild type mice with
dietary cholic acid accelerated liver regeneration in the partial hepatectomy model. The effect of cholic acid on
liver regeneration was attenuated in FXR null mice. Inhibition of NF-kappa B is known to have a protective
role in preventing liver injury and promote liver regeneration. Wang and colleagues reported that FXR could
selectively inhibit the NF-kappa B mediated hepatic inflammatory responses, whereas activation of NF-kappa B
suppressed farnesoid x receptor -mediated gene expression. [123] FXR was also found to regulate the activation
of liver natural killer (NK) T cells in acute hepatitis and innate immunity. [124,125] Consistent with the
protective role of FXR , null mice have been reported to have elevated serum and liver bile acid levels,
serious inflammation reactions, fibrosis, apoptosis, and spontaneous liver tumors. [126,127]
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Figure 04 : Model of multiple roles of bile acid-FXR signaling pathway in hepatitis B virus infection
associated HCC. In response to the accumulation of bile acids, bile acid-FXR signaling pathway is involved in
hepatitis B virus DNA replication, inflammation response, liver cell proliferation, and liver regeneration in
hepatocarcinogenesis.

In contrast, activation of FXR Has been found to alleviate age related proliferation in regenerating mouse livers
by interacting with the transcription factor forkhead box mlb. [128] The interaction between FXR and PPAR
was found to play a role in the anti-fibrotic activity of FXR in a rodent model of liver cirrhosis.[129] small
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heterodimer partner (SHP), as a primary FXR target gene, also plays a role in HCC. Huang and colleagues
observed spontaneous liver tumors from adeno carcinomas to carcinomas with massive hepatocyte proliferation
in 55% of 15-month old SHP null mice, suggesting that SHP is an anti-oncoprotein. SHP may suppress
tumorigenesis by modulating cyclin D1 expression and targeting the mitochondria. [130,131]

Table 1: Reported Farnesoid X Receptor Ligands

Year Function  Compounds Structure type Source References
1995 Agonist Farnesol Terpenoid Nature Forman et al. (1995)
Farnesol metabolites
1999 Agonist CDCA Steroids Nature Makishima et al. (1999)
DCA
LCA
TTNPB Aromatic Synthesis Parks et al. (1999)
1999 Agonist CDCA Steroid Nature Wang et al. (1999)
CA
DCA
LCA
2000 Agonist Forskolin Steroid Nature Howard et al. (2000)
2000 Agonist GW4064 Aromatics Synthesis Maloney etal.(2000)
GW9047
2001 Agonist 1,1-Bisphosphonate esters Aromatics Synthesis Niesor et al. (2001)
2002 Agonist 6-ECDCA Steroid Semi-synthesis Pellicciari et al.(2002)
2003 Agonist Fexaramine Aromatics Synthesis Downes et al. (2003)
2003 Antagonist Guggulsterone Steroid Nature Urizar et al(2002)
2003 Agonist Fexaramate Aromatics Synthesis Nicolaou et al.(2003)
Fexarene
Fexaramine
Fexarine
Fexarchloramide
2003 Agonist AGN29 Aromatics Synthesis Dussault et al. (2003)
Antagonist AGN 31
2004 Agonist UDCA Steroid Nature Lew et al. (2004)
2004 Agonist CDCA derivatives Steroid Semi-synthesis Pellicciari et al. (2004)
2004 Antagonist Arachidonic acid Fatty acid Nature Zhao et al. (2004)
Docosahexaenoic acid
Linolenic acid
2005 Agonist Xanthohumol Aromatics Nature Nozawa (2005)
2006 Agonist 22 (R)-hydroxycholesterol Steroid Nature Deng et al. (2006)
2006 Agonist Bile alcohols 5b-cyprinol Steroid Semi-synthesis Nishimaki-Mogami etal.(2006)
Antagonist Bile alcohols 5b-bufol
Bile alcohols 5a-cyprinol
Bile alcohols 5a-bufol
2006 Agonist Androsterone Steroid Nature Wang et al. (2006)
2006 Agonist Diphenylmethane skeleton Steroid Synthesis Kainuma et al. (2006)
2007 Antagonist GW4064 derivatives Aromatics Semi-synthesis Kainuma et al. (2007)
2007 Antagonist Stigmasterol Steroid Nature Carter et al. (2007)
2007 Agonist Cafestol Terpenoid Nature Ricketts et al. (2007)
2008 Agonist GSK8062 Aromatics Semi-synthesis Akwabi-Ameyaw et al. (2008)
2008 Agonist Pyrazolidine-3,5-dione derivatives Aromatics Semi-synthesis Deng et al. (2008)
2008 Agonist Coumestrol Steroid Nature Takahashi et al. (2008)
2008 Agonist Methyl cholate Steroid Semi-synthesis Suzuki et al. (2008)

Methyl deoxycholate
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2009 Agonist
2009 Agonist
2009 Agonist
2009 Agonist
2009 Agonist
2010 Antagonist
2011 Agonist
2011 Antagonist
2011 Agonist
2011 Antagonist

5b-Cholanic acid
5b-Cholanic acid-7a,12a-diol
NIHS700

MarchantinA Aromatics Nature

Marchantin E

Froglitazone Alkaloid
Rosiglitazone

Pioglitazone

WAY-362450 Alkaloid
Pyrrole[2,3-d] azepines Alkaloid
N-oxide pyridine GW4064 Aromatics
Bile alcohols Steroid
Oleanolic acid Terpenoid Nature
GSK2324 Aromatics
Sulfated sterols Steroid
6a-Ethyl-24-norcholanyl-23-amine derivate Steroid
Tuberatolides Terpenoid

Synthesis

Synthesis

Semi-synthesis

Semi-synthesis

Semisynthesis

Semi-synthesis
Semi-synthesis

Nature

Kaimal et al. (2009)

Flatt et al. (2009)
Mehlmann et al. (2009)
Feng et al. (2009)
Iguchi et al. (2010)
Shneider 2001

Bile acid ss et al.
(2011)

Sepe et al. (2011)
Gioiello et al. (2011)

Choi et al. (2011)

[132- 167]
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Chemical Structures of FXR ligands:

A. FXR agonists

<
Cl
HO2C © S ct
Ci

GW4064 (EC,, = 80nM)

Rifampicin (ECgo = 710 nM)

Hyperforin (EC;, = 23nM)

C. PXR agonist / FXR antagonist D. Ursodeoxycholic acid

Guggulsterone

Figure 5 : Structures of ligands that interact with FXR and or PXR. Compounds that are agonists for FXR or
PXR are shown in panels (A) and (B), respectively. The effective agonist concentration that elicits 50% of
maximum activation of the respective human receptor (EC50) is provided, with the exception of PCN, a
selective mouse PXR ligand, where the EC50 for mouse PXR is shown. Guggulsterone, a promiscuous nuclear
receptor ligand that acts as both an FXR antagonist and a PXR agonist, is shown in (C). Ursodeoxycholic acid,
a naturally occurring epimer of chenodeoxycholic acid that is used in the therapy of some cholestatic liver
disorders, but is not thought to significantly interact with nuclear receptors, is shown for comparative purposes
in (D). CDCA, chenodeoxycholic acid; PCN, pregnenolone 16a carbonitrile.[168]
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Table: 2 Main Traditional Chinese Medicine (TCM) plants and their major compounds; [169]

Latin name Plant part Compound Nuclear Receptor
(NR)
Angelica sinensis N-butylidenephthalide (BP) NGFI-B
Root
Ganoderma lucidum Carpophore Ergosterol peroxide, FXR
ganodermanontriol

Ginkgo biloba Seed Quercetin, kaempferol CAR, PXR

Ginkgolides A and B PXR
Glycyrrhizae uralensis Root Liquiritigenin ER
Inula japonica Flower Bigelovin RXR
Magnolia officinalis Bark and flower buds Honokiol PPAR
Momordica charantia Fruit 9c, 11t, 13t-conjugated PPAR
linolenic acid, DMC, 3
beta,7 beta-dihydroxy-25-
methoxycucurbita- 5,23-
diene-19-al)

Panax ginseng Root, leaves Ginsenosides (Rgl, Re, Rb1) ER, GR
Panax notoginseng Root Dammarane-type saponins FXR, LXR
Psoralea corylifolia Seed Bakuchiol ER

Pueraria lobata Root Puerarin ER
Rheum palmatum Root Rhein, LXR, RXR
Danthron RXR
Rhizoma drynariae Root Naringin, naringenin ER
Salvia miltiorrhiza Root Cryptotanshinone AR
Tanshinone 11A PPAR
Rosmarinic acid, salvianolic FXR, LXR
acid B
Schisandra chinensis Fruit seed Schisandrols A and B, PXR
Schisandrins A and B
Tithonia diversifolia Leaves Tirotundin, tagitinin A PPAR
Tripterygium wilfordii Root Celastrol, triptolide AR
Venom Bufalin VDR

Venenum Bufonis
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Table : 3 Traditional Chinese Medicine (TCM) Effects (Activation/Inhibition) On Nuclear Receptor;

Name Pharmacology Activity TCM Active
Component
TR Endocrine/Metabolic -
RAR Endocrine/Metabolic A Buzhong Yigi n-hexadecanoic acid
PPAR Metabolic A Gynostemma Gypenoside XLIX
pentaphyllum
A Citrus aurantium Naringenin
I Danshen Tanshinone 1A
REVERB Orphan -
ROR Metabolic -
LXR Metabolic I Rheum palmatum Rhein
FXR Metabolic A Ganoderma lucidum | lanostanes triterpenes
I Various TCM oleanolic acid
VDR Endocrine/Metabolic A Ch’an Su Bufalin
PXR Metabolic A Danshen Tanshinone I1A
CAR Metabolic A Yin Zhi Huang 6,7-dimethylesculetin
HNF4 Metabolic I Xiao-Chai-Hu-Tang Extract of HD-1S
RXR Metabolic I Rhubarb Danthron
TR2, TR4 Orphan -
TLX, PNR Orphan
COUP-TF Orphan -
ER Endocrine A Rhizoma drynariae Naringenin
A Panax ginseng Ginsenoside Rgl
I Tripterygium Triptolide
wilfordii
ERR Metabolic A Scutellaria Baicalin
baicalensis
GR Endocrine A Panax ginseng Ginsenoside Rg1
| Paeoniae Rubra PGG, NPF
Radix
MR Endocrine =
PR Endocrine -
AR Endocrine | Tripterygium Celastrol, Triptolide
wilfordii Hook
NGFIB Orphan A Antiaris toxicaria Toxicarioside D
NURR1 Orphan A Bushen Huoxue Decoction
Decoction
SF1, LRH1 Orphan R
GCNF1 Orphan -
DAX1, SHP Orphan
Table 4 : Bile Acids and FXR Agonists: Current Clinical Status
Compound Clinical Status | Target Target Disease | Effect
Bile acid (BA) Approved Increased BA Hyperlipidemia Increased hepatic
sequestrant excretion Type 2 diabetes LDLR
Decreased plasma
LDL
Increased insulin
sensitivity
Cholic acid Approved Provide bile acids Inborn errors of BA | Increased lipid
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(BAs) for lipid
absorption

metabolism that
inhibit BA synthesis

absorption

CDCA Approved Replacement BA Cerebrotendinous Improved liver
xanthomatosis function
Reduce endogenous
BA synthesis
UDCA Approved Gallstone dissolution | Gallstones Solubilize
cholesterol
gallstones
UDCA Approved Liver Primary biliary Improved liver
cirrhosis (PBC) function
INT-747 (6- Phase 111 (2011) FXR Type 2 diabetes Improved insulin
ECDCA,; sensitivity
obeticholic
acid/OCA)
OCA Phase | (2011) FXR Nonalcoholic Improved insulin
steatohepatitis sensitivity
(NAFLD) Improved liver
function
OCA Phase 111 (2011) FXR PBC Improved liver
function
PX-102 Phase 1 (2011) FXR Metabolic syndrome | Improved insulin
sensitivity
NAFLD Improved liver
function
nor-UDCA Phase 1 (2011) Liver Sclerosing Improved liver
cholangitis function

Clinically approved treatments that involve bile acid sequestrants, bile acids, or specific FXR agonists are
listed, together with their target disease and real or potential beneficial effect. Where noted, FXR agonists are in
phase I-111 clinical trials. LDL, low-density lipoprotein; LDLR, LDL receptor. [170,171]

Table 5 : Bile acid pool, FXR-a and TGRS modulators in the clinic [172-185]

Compound Primary indication | Status Reported impact | Reference
on metabolism
FXR- @ agonists
CDCA Cholelithiasis, Not marketed in Lowers serum TG | 172,173
cerebrotendinous the United States or | levels*}
xanthomatosis European Union
GW4064 Cholelithiasis Preclinical Improves insulin 174,175
sensitivity*, lowers
serum TG levels*
INT-747 Primary biliary Phase II Reduces 176,177
(6a-ethyl-CDCA) cirrhosis, non-alcoholic hepatosteatosis™
fatty liver
disease
FXR-450 Hypertriglyceridaemia | Phase | Lowers hepatic 178
lipids, LDL-C and
TG levels*
Fexaramine Hypercholesterolaemia | Preclinical Lowers serum | 179,180
cholesterol
FXR-a
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modulators

AGN-34 Hypercholesterolaemia, | Preclinical Lowers serum | 181
colon cancer cholesterol

Guggulsterone Hypercholesterolaemia | Traditional medicine | Lowers serum | 182,183

cholesterol*

Bile-acid pool

modulators
Bile acid-binding Hypercholesterolaemia | Approved Improves insulin 184,185,186
resins (e.g., sensitivity*, body-
cholestyramine) weight loss*
ASBT inhibitors Hypercholesterolaemia | Preclinical Lowers serum | 187,188
(SC-435, S-8921, S- cholesterol
0960)
Ursodeoxycholic Cholelithiasis, primary | Approved Improves insulin | 189
acid biliary cirrhosis sensitivity*
Cholic acid 3p-Hydroxysteroid Not approved in the | Improves insulin 190,191
oxido-reductase European Union sensitivity*,
deficiency increases energy

expenditure*, lowers
serum TG levels*

TGR5 agonists

Oleanolic acid Various cancers Phase Il Improves insulin | 192
(e.g., skin, lung, colon) sensitivity*

6a-ethyl,23(S)- Metabolic diseases Preclinical Not reported 193

methyl-

CDCA

*Study performed in rodents. {Study performed in humans. ASBT, apical sodium bile-salt transporter; CDCA,
chenodeoxycholic acid; FXR-a, farnesoid X receptor-a; HDL-C, high-density lipoprotein cholesterol; LDL-C,
low-density lipoprotein cholesterol; TG, triglyceride; TGR5, also known as G-protein coupled bile acid
receptor 1 (GPBAR1). [186-193]
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