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FXR, A Therapeutic Target for Bile Acid and Lipid Disorders
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Abstract: The farnesoid X receptor (FXR) is a nuclear receptor expressed in tissues exposed to high
concentrations of bile acids such as the liver, kidney and intestine and functions as a bile acid sensor. FXR
regulates the expression of various transport proteins and biosynthetic enzymes crucial to the physiological
maintenance of lipids, cholesterol and bile acid homeostasis. The concept of reverse endocrinology, whereby
the receptor is identified first, followed by the identification of ligands and the sequential elucidation of the
physiological role of the receptor has been widely used for a number of orphan nuclear receptors. The design of
synthetic high affinity ligands acting via these receptors not only helps to decipher the function of the
receptor, but also should lead to the development of novel and highly specific drugs. The bile acid receptor
FXR is a perfect example where this strategy helped with understanding the role of this receptor in cholesterol
and bile acid homeostasis. Regulation of FXR through small-molecule drugs represents a promising therapy
for diseases resulting from lipid, cholesterol and bile acid abnormalities.
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INTRODUCTION

Nuclear hormone receptors belong to a superfamily of
ligand-activated transcription factors that play critical roles
in diverse aspects of development and homeostasis by
activating or repressing the transcription of specific genes in
response to binding small molecular weight ligands [1].
These receptors were first characterized as mediators of
steroid hormone signaling linking transcriptional regulation
to physiological responses. The signature structural motifs
that defines the nuclear receptor family are represented by an
N-terminal region that harbors a ligand-independent
activation function (AF-1), a core DNA binding domain
(DBD), and a ligand binding domain (LBD) that
encompasses ligand binding, dimerization and a ligand-
dependent activation function (AF-2) (Fig. 1A). The
conserved DBDs as well as LBDs enabled the identification
of several novel proteins termed orphan nuclear receptors,
because their ligands are unknown (Fig. 1B).

Characterization of these orphan receptors has led to the
concept of reverse endocrinology in which the receptors have
been used to identify previously unknown hormone
signaling pathways. Several orphan receptors including
receptors for fatty acids (peroxisome proliferator activated
receptor; PPAR), oxysterols (liver X receptor; LXR), and
bile acids (FXR) have recently been shown to constitute a
family of so called lipid sensing receptors (Fig. 2). While
nuclear receptor ligands have been used for many years in the
treatment of inflammation, cancer, and endocrine disorders,
more recently, ligands for several superfamily members have
emerged as drugs for the treatment of metabolic disease. For
instance, the thiazolidinediones that are now widely
prescribed for the treatment of type Il diabetes are ligands
that bind to and increase the transcriptional activity of
PPARg [2].
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The ability of nuclear receptors to regulate lipid
metabolism and glucose utilization suggests that these
receptors have significant potential as drug targets for
treating metabolic disease. Although FXR (NR1H4) was
initially shown to be activated by high concentrations of
farnesol and related metabolites necessary for cholesterol
synthesis [3], bile acids were subsequently identified as the
physiologically relevant ligands for FXR [4-6]. Bile acids
play an integral role in lipid homeostasis by facilitating the
solubilization and absorption of lipids. Additionally, bile
acids are end products of cholesterol catabolism and thus
provide a major pathway by which cholesterol is excreted.

Hyperlipidemia, which includes elevated levels of
cholesterol and triglycerides, is among the leading factors for
the development of cardiovascular disease and
atherosclerosis. According to recent statistics, about 100
million American adults have total blood cholesterol levels
above 200 mg/dl, which puts them at significant risk for
developing atherosclerosis. Elucidation of the cholesterol
biosynthetic pathway has led to the development of 3-
hydroxy-3-methylglutaryl coenzyme A (HMG CoA)
reductase inhibitors (statins), a potent class of cholesterol
lowering drugs proven to significantly reduce cardiovascular
mortality in hypercholesterolemic patients. Nevertheless, the
available statins are not sufficient to fully prevent the
progression of coronary heart disease in many susceptible
individuals. Thus, the development of drugs that target
alternative pathways is greatly needed. The critical role of
FXR in controlling bile acid, cholesterol and lipid
homeostasis makes this receptor a potentially attractive
target for the development of drugs for the treatment of lipid
and liver disorders.

Identification of FXR as a Bile Acid Receptor

FXR was discovered by using nuclear receptor homology
screens and by searching for proteins that interact with the
retinoid X receptor (RXR), a heterodimeric partner for
several nuclear receptors [3, 7]. The close homology of FXR
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Fig. (1). The nuclear receptor superfamily. (A) Schematic structure of a typical nuclear receptor. (B) Nuclear receptors can be divided
into three or four groups depending on the source and type of their ligands. Receptors with known physiological ligand are shown in

color, current orphan receptors are shown in gray.

to the insect nuclear receptor for ecdysone (ECR) helped to
decipher its DNA binding properties and also provided clues
as to the possible ligands for this receptor. Farnesol was
initially shown to activate FXR, hence the name farnesoid X
receptor. However, the concentrations of farnesol needed to
activate  FXR were considered non-physiological. In
addition, evidence for direct binding of farnesol to FXR was
not demonstrated. Also, species differences in activation of
FXR by farnesol suggested that true physiological FXR
ligands remained to be discovered. More recently, three
groups independently reported that bile acids are endogenous
ligands for FXR. In one study, bile extracts was used to
show that the biliary component chenodeoxycholic acid
(CDCA) selectively activates FXR [5]. Another group
speculated that whereas the conversion of cholesterol into
bile acids is regulated through feed-forward activation by
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LXR, the feedback repression by bile acids may be mediated
by FXR. FXR was an ideal candidate for a bile acid receptor
since it is expressed in tissues, such as liver, intestine and
kidney, normally exposed to high concentrations of bile
acids. [6] The third report described a slightly different
approach to directly test whether CDCA activated a group of
orphan receptor chimeric constructs. This group also found
that CDCA selectively activates FXR [4].

Further evidencethat FXR is indeed a bile acid receptor
came from targeted disruption of the FXR gene in mice [8].
FXR- mice are healthy and fertile under normal conditions.
Upon dietary challenge with bile acids, however, FXR”
mice rapidly lose adipose tissue and body weight, and later
develop hepatotoxicity from excess accumulation of bile
salts. Additionally, FXR- mice have significant increases
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Fig. (2). The lipid sensors of the nuclear receptor superfamily. Metabolic pathways for PPAR, LXR and FXR. With the exception of
thyroid hormones and some xenobiotics, all nuclear receptor ligands are derived from acetyl coenzyme A. For simplicity several
intermediary steps have been condensed and are not shown. Receptors are shown next to their ligand.
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Table I.  Structure of Bile Acids
Bile Acid R3 Rg R7 R12 Conjugate X
CDCA OH H OH H Free Acid OH
DCA OH H H OH Glyco NHCH,CO,H
LCA OH H H H Tauro NHCH,CH,COyH
3-deoxyCDCA H H OH
6-EDCA OH Et OH H

in serum triglycerides, cholesterol, and bile acids, the latter
being secondary to impaired bile acid secretion from the
liver and decreased excretion of bile salts into feces.
Associated with these pathological changes are alterations in
the expression of genes involved in the synthesis, secretion
and transport of bile acids.

Bile Acids as FXR Agonists

Bile acids are believed to be the physiological ligands
that activate FXR (Fig. 3 and Table 1) [4]. The most potent
is CDCA (ECgp ~10 niM), a primary bile acid, although
secondary bile acids such as lithocholic acid (LCA) and
deoxycholic acid (DCA) can also activate FXR [4-6]. Bile
acids are synthesized in the liver from cholesterol and
conjugated to glycine or taurine before they are secreted into
bile canaliculi [9, 10]. The primary bile acids in humans,
cholic acid and chenodeoxycholic acid, are synthesized via
the concerted action of enzymes located in the endoplasmic
reticulum, cytosol, mitochondria and peroxisomes [10]. In
humans, conjugated bile acids are the major solutes in bile
whereas unconjugated bile acids are almost nondetectable.
Importantly, conjugated bile acids are less toxic and are
more efficient promoters of intestinal absorption of dietary
lipid than unconjugated bile acids [11]. Despite the
relatively bulky taurine and glycine side chain at the C24
carboxylate, amidated bile acids still bind and activate FXR
without major changes in binding affinity and activation
efficacy [4-6]. The recent FXR structures provided an
explanation for how conjugated bile acids bind and activate
FXR. The structure shows that the carboxylate moiety of
CDCA hydrogen bonds with the guanidine group of Arg328
side chain located at the entry point of the pocket. The
proximity of the carboxylate on the ligand to the solvent
suggests that conjugated amino acids would be positioned
completely out of the pocket and solvent exposed, thus not
impacting bile acid binding affinity and receptor activation
[12, 13].

Raz

Fig. (3). Structures of natural and synthetic bile acids.

A synthetic bile acid derivative6-ethyl-chenodeoxycholic
acid (6-ECDCA, Fig. 3) [14] was shown to be a very potent
(ECsp = 99 nM in fluorescence resonance energy transfer
assay (FRET)) and selective FXR agonist with anticholeretic
activity in a rat model of cholestasis [15]. The X-ray crystal
structure of FXR LBD in the presence of a GRIP-1 co-
activator peptide with 6-ECDCA and 3-deoxyCDCA reveals
that naturally occurring ligands do not entirely fill cavities
in the ligand binding pocket, accounting for their lower
affinity [12]. The structure further shows that bile acids bind
in a very different “reverse” manner than other steroids and
their receptors, and that the 3-hydroxy group is not necessary
for FXR activation. The postulated activation state of the
receptor is through direct contact of the bile acid cis-oriented
A-ring and a p-cation interaction between Trp466 and
His444.

Regulation of Gene Expression by FXR Ligands

Earlier studies clearly established that FXR regulates
target gene expression through a heterodimer with the
retinoid X receptor, a nuclear receptor for 9-cis retinoic acid
and an obligate partner for several nuclear receptors [3, 7].
The high homology (81 %) of FXR and ecdysone receptor
(EcR) within their DNA binding domains suggested that
they bind to similar response elements. In fact, FXR/RXR
heterodimers binds to an EcR/usp (usp; ultraspiracle is a
Drosophila homolog of RXR) response element present in
the Drosophila hsp27 gene. This DNA element consists of
two imperfect core-binding sites of the sequence AGGTCA
arranged as inverted repeats separated by 1 nucleotide (IR-1).
The IR-1 DNA response element has been verified in several
FXR targets genes, although different FXR binding sites
have been identified.

Studies have shown that bile acids repress their own
synthesis by inhibiting transcription of the gene encoding
cholesterol 7a-hydroxylase (CYP7AL), the rate-limiting
enzyme in the conversion of cholesterol to bile acids [16].
The discovery that FXR is a bile acid sensor allowed
identification of the gene encoding a repressor of CYP7AL
transcription, the small heterodimer partner (SHP), as an
FXR target gene. In a recently proposed model (Fig. 4),
increased levels of bile acids activates FXR resulting in an
induction of SHP, which in turn represses CYP7Al [17,
18]. A prediction of this regulatory cascade is that loss of
SHP would result in abrogation of negative feedback. Two
groups directly tested this hypothesis by generating SHP
null mice [19, 20]. The consensus from these two studies
was that while bile acids still repress CYP7ALl in the
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Fig. (4). Schematic representation of FXR action. Unbroken arrows represent activation; bars represent repression and broken arrows

represent flux. Adapted from [57].

absence of SHP, a synthetic FXR agonist does not,
indicating that redundant pathways of negative feedback
regulation of bile acid synthesis exist. Additional pathways
for bile acid repression include activation of the xenobiotic
pregnane X receptor (PXR) and activation of stress kinase
signaling pathways [20]. Furthermore, the recent
identification of a G protein-coupled receptor for bile acids
suggest that at least two independent pathways exist for bile
acids; a membrane mediated signaling cascade and a nuclear
receptor mediated response [21, 22]. This should be kept in
mind when comparing gene expression profiles of natural
versus synthetic FXR ligands. In fact, studies have shown
that distinct genetic networks are regulated by CDCA
compared to synthetic FXR ligands, although some overlap
is evident [13, 23].

Along with SHP, FXR also up-regulates the bile salt
export pump (BSEP, ABCB11) [24], a canalicular bile acid
export protein, and indirectly down-regulates sodium
taurocholate cotransporting polypeptide (NTCP, SLC10A1)
[25], a sinusoidal transport protein involved in bile acid
uptake in the liver. Thus, activation of FXR in the liver
results in an inhibition of bile acid synthesis and a net flux
of bile from the liver to the intestine (Fig. 4). Not
surprisingly, in the intestine, bile acids increases expression
of the intestinal bile acid binding protein (I-BABP), a
cytoplasmic protein implicated in cellular uptake and
trafficking of bile acids [26, 27].

Studies in rodents and humans have shown that FXR
ligands play a role in regulating plasma triglyceride levels.
One suggested mechanism is that FXR induces
apolipoprotein  CIl  (ApoCll), an obligate cofactor for
lipoprotein lipase (LPL), which hydrolyzes triglycerides in
chylomicrons and very low density lipoproteins (VLDL).
The ApoCllI induction is mediated by an IR-1 sequence in
the hepatic control region of the gene [28]. Variants of the
prototypic IR-1 motif were identified as functional
FXR/RXR binding sites in the promoters of SHP, BSEP,
phospholipid  transfer  protein ~ (PLTP),  carnitine
palmitoyltransferase-11(CPT-11) and phenylethanolamine N-

methyltransferase (PNMT) [17, 18, 24, 29]. FXR also
regulates the expression of genes required for bile acid
conjugation to amino acids. Two genes encoding enzymes
involved in conjugation of bile acids to taurine and glycine,
namely bile acid CoA synthetase (BACS) and bile acid-
CoA: amino acid N-acetyltransferase (BAT) are induced by
FXR in rat liver. Analysis of the human BACS and BAT
genes revealed functional response elements in the proximal
promoter of BACS and in the intronic region between exons
1 and 2 of the BAT gene. The response elements resemble
the consensus IR-1 FXR binding site [23].

Atypical FXR binding sites have been identified in the
genes for multidrug resistance associated protein 2 (MRP2),
dehydroepiandrosterone sulfotransferase (STD) encoding a
sulfo-conjugating enzyme, and PPARa [28, 30]. Recently,
syndecan-1 (SDC-1), a transmembrane heparan sulfate
proteoglycan, which participates in the binding and
internalization of extra-cellular ligands, was identified in a
screen to isolate genes that are regulated by FXR [31]. The
increased expression of SDC-1 by FXR ligands may account
in part for the lowering of triglyceride effects observed after
administration of CDCA to humans. Another mechanism for
triglyceride lowering was suggested from a recent study in
which FXR ligands induced the expression of PPARa
MRNA [32]. PPARa ligands, like fatty acid derivatives and
fibrates, are known regulators of lipid metabolism, but also
appears to influence bile acid metabolism, suggesting that
PPARa and FXR may modulate common metabolic
pathways. Molecular cross-talk between FXR and PPARa
pathways was also suggested from a recent report where the
apolipoprotein AV (ApoAV) gene, an important regulator of
plasma triglycerides, was implicated to be a target for both
receptors [33]. Although no increase in ApoAV mRNA by
FXR ligands was demonstrated in this study, a putative
FXR binding site was identified in the human ApoAV
proximal promoter. In conclusion, FXR demonstrates some
degree of promiscuity in terms of DNA binding elements.
This in turn indicates that overlapping functions between
FXR and other nuclear receptors may provide a mechanism
for controlling common genetic pathways.
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FXR Isoforms and ldentification of FXRb

Early studies by Seol et al. indicated the presence of
splice variants of FXR in mice resulting in isoforms that
differ in their N-terminal domains and by an insertion in the
hinge region between the DNA-binding and ligand binding
domains [7]. Cloning of hamster FXR confirmed the
existence of four FXR isoforms derived from a single gene
by the use of an alternative promoter and alternative splice
donor/acceptor sites [34]. These isoforms are present not
only in hamster and mice but also in humans. Distribution
of the various isoforms indicated that the main tissues
expressing FXR were liver, small intestine, kidney and
adrenal gland although stomach, heart, lung and fat
contained measurable levels of each isoform [35]. The
IBABP gene is differentially induced by the FXR isoforms
lacking the four amino acid insertion in the hinge region. On
the other hand, all FXR isoforms activate the SHP and
BSEP genes equally well. Since the ligand binding domain
is identical in all four isoforms, bile acids as well as
synthetic FXR ligands would be expected to bind with equal
affinity to all isoforms. However, since the insertion in the
hinge region affects the ability to bind certain FXRE, the
isoforms are predicted to differentially regulate target genes
in various tissues.

The recent discovery of FXRb [36], by mining human
and mouse genomic sequences, warrants a name change for
FXR into FXRal and the isoforms derived from the same
gene into FXRa2-4. The FXR orthologs recently isolated
from Xenopus laevis, FOR1 and -2 [37], show the highest
homology to mouse FXRb. FXRb is derived from a unique
gene and constitutes a functional nuclear hormone receptor in
all mammalian species investigated except primates and
humans. Therefore, drugs developed towards FXR would
not be expected to be influencing FXRb in humans since it
is a non-functional protein. Nevertheless, the discovery of a
functional FXRb in rodents may have implications for the
interpretation of genetic and pharmacological studies
governing FXR directed endocrine physiology and drug
discovery programs. FXRb does not appear to be activated
by bile acids, but instead by lanosterol, an intermediate
metabolite of cholesterol synthesis. This may not be
surprising since the homology between ligand binding
domains of FXR and FXRDb is less than 30 %. This low
homology also implies that synthetic ligands developed for
FXR may not necessarily cross-react with FXRb.
Nevertheless, GW4064, a synthetic FXR ligand, was shown
to activate FXRb albeit at high concentrations. The fact that
both FXRa and FXRb bind to the same DNA binding
element suggests an overlap in regulation of target genes.
The existence of several FXR iso-types should be kept in
mind when interpreting data from pharmacological studies
and compound testing in nonprimate mammals, which in
part is used to deduce metabolic pathways of lipids and
cholesterol in humans.

FXR X-Ray Crystal Structure

Recently, two X-ray structures of the FXR LBD with
ligands have been reported[12, 13]. One consists of rat FXR
LBD with a glucocorticoid receptor interacting protein-1
(GRIP-1) coactivator peptide and the bile acids 6-ECDCA
and 3-deoxyCDCA at 25 A and 29 A resolutions
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respectively. The other structure consists of human FXR
LBD with the synthetic ligand fexaramine at 1.78 A
resolution. The binding pocket is mostly hydrophobic and
has a volume of 726 A3 which is average for nuclear
receptors. The broad specificity receptors such as the steroid
xenobiotic receptor (SXR) have a bigger binding pocket
(1150 A3) while the more specific hormone signaling
receptors, such as RXRa (439 A3), have a smaller pocket
size [38, 39]. The FXR secondary structure consists of the
typical 12 a-helices of nuclear receptors but lacks the usual
b-turn between a5 and a6. Finally, unlike other receptors,
FXR may be able to bind two of the three LXXLL motifs
present in coactivators [12, 40].

Synthetic FXR Ligands

GW4064 was the first synthetic FXR ligand to be
reported and identified (Fig. 5) [41]. The lead compound
was obtained from a combinatorial library of 9900 stilbene
carboxylic acids and was optimized through the synthesis of
a 600-membered isoxazole focused library. Although this
compound displays poor bioavailability (10%) and a short
half-life (3.5 h), studies in rodents have demonstrated its
utility as a chemical tool for the elucidation of FXR agonist
physiological activities. Oral treatment twice daily for 7
days affords a significant reduction in plasma triglycerides
(~45% at 100 mg/kg) with an EDgy of 20 mg/kg [42]. This
process is believed to be mediated via the up-regulation of
ApoC-1l [28], a necessary cofactor for LPL mediated
hydrolysis of triglycerides to fatty acids and glycerol. The
trans-stiloene moiety of GW4064 is not required for good
activity since the shorter trans-cinnamic acid compound
LN6772 (Fig. 5) displays a 50 nM ECsq in a FRET assay
[43]. A new triaryl motif, as shown in LN7260 (Fig. 5), was
also identified as being a good pharmacophore and several
compounds with 3 different center heterocycles were shown
to have 100-200 nM ECgg in a FRET assay [43].

The structure of human FXR LBD was solved using a
small molecule ligand termed fexaramine (Fig. 5) [13]. This
25 nM compound was optimized through iterative
combinatorial chemistry libraries from an initial 10,000-
membered benzopyran library [44]. The molecule occupies
about 2/3 of the binding pocket volume of 726 A3 and is
tethered by two H-bonds from the Ne2 proton of His298 and
the hydroxyl moiety of Ser336 to the amide oxygen of
fexaramine. The remainder of the binding affinity comes
from hydrophobic and van der Waals contacts. A gene array
study with fexaramine, GW4064 and CDCA was also
reported in this paper and shows significant differences
between the 3 compounds suggesting the possibility that
different compounds displaying different gene selectivities
may become important for the design of selective drugs.

Retinoid and Analog Ligands

Since FXR is a permissive heterodimer partner, RXR
activation leads to the activation of FXR target genes. Fig.
(6) shows some of the RXR ligands that have been used to
study FXR, namely 9-cis-retinoic acid (9-cis-RA) and
LG1069. The retinoic acid receptor (RAR) ligands TTNPB
((E)-4-[2-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-napthalen-
yl)-1-propenyl] benzoic acid) and all-trans-retinoic acid (all-
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Fig. (5). Structures of synthetic FXR ligands GW4064, LN6772, LN7260 and fexaramine.

trans-RA) have been shown to activate FXR at high
concentrations but it is suggested that it may not be direct
binding and that a metabolite is possibly the active ligand
[45]. AGN29 and AGN31 are synthetic analogs with ~2 mM
potency and their efficacy was about half that of CDCA [46].
Although these compounds also show activity on RXR,
they where shown through mutation experiments to act

directly via FXR.
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FXR Antagonists

The resin extract of the guggul tree Commiphora mukul,
called guggulipid, has been used for thousands of years in
traditional Indian medicine for the treatment of obesity and
lipid disorders and was recently approved in India to treat
hyperlipidemia. The naturally occurring plant sterol
guggulsterone (Fig. 7) has been shown to be the active
ingredient. Guggulsterone was shown to be a FXR
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Fig. (6). Structures of retinoid and analog ligands 9-cis-RA, LG1069, all-trans-RA, TTNPB, AGN29 and AGN31.
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Fig. (7). Structures of E/Z-guggulsterone, N-(3,5-di-t-butyl-2,6-dihydroxyphenyl)benzamide and AGN34.

antagonist in vitro, and on promoters and endogenous target
genes in cell based assays [47, 48]. The link to FXR was
also demonstrated through in vivo efficacy at lowering
hepatic cholesterol levels in wild-type mice fed a high
cholesterol diet while no activity was seen in FXR knockout
mice [47]. Recent reports propose that guggulsterone may
act as a selective bile acid receptor modulator [49] and that
this compound may produce some of its efficacy through the
xenobiotic receptor PXR/SXR [50].

More recently, a synthetic benzamide FXR antagonist
shown in Fig. (7) was reported to have an ICgy of about 1
mM in FRET and cell based gene reporter assays [51]. The
compound was also efficacious with regard to repression of
endogenous target genes in vitro and in vivo. Finally, the
benzamide was shown to lower serum cholesterol by 28%
and 32% in hamsters fed a high fat diet with oral
administration of 30 and 100 mg/kg respectively for 14
days. AGN34 is a FXR antagonist in a transient cell-based
reporter assay but acts in a gene selective manner in vivo,
representing yet another supporting evidence for the possible
design of selective drugs [46].

FXR as a Drug Target for Cholestasis

The ability of FXR agonists to promote the flux of bile
from the liver to the intestine suggests that FXR agonists
may be effective in the treatment of cholestasis [42].
Cholestasis is defined as an impairment of bile flow by any
cause that may lie from the biliary canaliculi to the
duodenum [52]. The sources of cholestasis are varied and
include viral and bacterial infections, drug induced
cholestasis (eg: alcohol, steroids and many known drugs),
cirrhosis, mechanical blocks (stones, mucus plugs, tumors)
and other. Cholestasis is also a secondary complication in
other diseases, for example cystic fibrosis. Cholestasis has
been linked to mutations in hepatic transporters. Progressive
familiar intra-hepatic cholestasis (PFIC-1, 2, 3) is a disease
related to hepatic transporter dysfunction. Mutations in
FIC1, a P-type ATPase, are responsible for PFIC-1.
Mutations of the bile salt export pump (BSEP), a liver
specific ATP binding cassette transporter (ABCB11), are
responsible for PFIC-2. Mutations in class Il multidrug
resistance P-glycoprotein (MDR3), an ATP-binding cassette
transporter (ABCB4), are responsible for PFIC-3.

FXR agonists should prevent cholestasis by up-
regulating BSEP, down-regulating NTCP and down-
regulating CYP7AL. Intra-hepatic cholestasis may benefit
from NTCP, CYP7ALl down-regulation and BSEP, Mrp2

up-regulation whereas extra-hepatic cholestasis may benefit
only from NTCP and CYP7Al down-regulation.
Downregulation of CYP7A1 should reduce the hydrophobic
bile acid content thus preventing membrane damage while
NTCP and BSEP will regulate the in and out flow of
hepatic bile acids respectively. Importantly, as mentioned
above, a synthetic CDCA analog (6-ECDCA) improves bile
flow in an animal model of cholestasis [15]. 6-ECDCA
prevented reduction in bile flow and liver necrosis induced
by lithocholic acid (LCA). The secondary bile acid
ursodeoxycholic acid (UDCA) is currently used to treat
cholestasis but its mechanism of action is uncertain. A
current hypothesis is that this more hydrophilic bile acid
effectively reduces the overall hydrophobicity of the bile
thus preventing cellular membrane damage [53].

FXR as a Drug Target for Lipid Disorders and
Metabolic Disease

Abnormal plasma levels of cholesterol and triglycerides
are the major markers of hyperlipidemia. Numerous
population-based studies have documented an association
between elevated cholesterol levels and increase in the risk
and prevalence of coronary artery disease (CAD), including
atherosclerosis.  Recently, conclusive evidence has
established that lowering cholesterol level reduces
cardiovascular disease incidence and mortality. Direct links
have also been established between lipoprotein levels and the
onset of CAD. The key unmet needs in the treatment of
hyperlipidemia are for mixed dyslipidemia, particularly for
cases of triglyceride and HDL cholesterol abnormalities. It is
projected that combination therapies or monotherapies that
both lower LDL cholesterol and triglycerides, concomitant
with a raise in HDL cholesterol, will gain wide acceptance.

Recent epidemiological studies suggest that elevated
triglyceride levels are an independent risk factor for coronary
heart disease. According to the NCEP ATP IIl guidelines
issued by the National Institutes of Health, over 40 million
adults in the U.S. have high triglyceride levels (>250
mg/dL) and are candidates for lipid-lowering therapy. High
triglycerides are an important factor in diabetic dyslipidemia
where the most common pattern in type 2 diabetic patients
is elevated triglyceride levels and decreased HDL cholesterol
levels. Metabolic Syndrome, also known as syndrome X, is
a set of concurrent and interrelated symptoms including
dyslipidemia, insulin  resistance, hypertension, and
abdominal obesity, with increased risk for cardiovascular
disease (CVD) and type 2 diabetes. Current treatments for
the above diseases include statins, cholesterol absorption
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inhibitors, fibrates (PPARa ligands), niacin and bile acid
sequestrants. Although some of these treatments are very
effective, a significantly large patient population does not
reach their lipid goals and new therapies are needed.

Based upon the observations described above it has been
suggested that an FXR antagonist would stimulate the
catabolism of cholesterol by blocking the bile acid-
dependent repression of CYP7AL. Indeed guggulsterone, a
naturally occurring plant sterol with cholesterol lowering
activity, has been shown to be an FXR antagonist [47, 48].
Additionally, bile acid sequestrants act by a similar
mechanism (i.e. blocking the feedback repression of
CYP7A1) and have been used in people to effectively lower
serum cholesterol levels. Nevertheless, the therapeutic
potential of FXR antagonists have been called into question
by the finding that FXR-independent pathways exist for bile
acid mediated repression of CYP7AL.

Although the in vivo activities of FXR antagonists
remain in question, both natural (bile acids) and synthetic
FXR agonists have been studied in various models. In
humans and in rodents supplemented with bile acids a
significant decrease in serum triglyceride levels have been
observed and the use of synthetic FXR agonists have shown,
at least in rodents, that this effect is mediated by FXR [42,
54]. In support of the conclusion that FXR regulates
triglyceride metabolism, serum triglyceride levels are
elevatedin FXR™ mice [8, 55]. The observation that FXR
agonists induce expression of apolipoprotein C-11 (apoC-I1)
which functions as a cofactor for lipoprotein lipase-
dependent hydrolysis of triglycerides in chylomicrons and
very low density lipoprotein suggests one possible
mechanism for the triglyceride lowering activity of FXR
[28]. Furthermore, recent analysis of FXR”~ mice indicating
that this receptor positively regulates genes involved in high
density lipoprotein cholesterol (HDL) transport and
metabolism further highlights an additional beneficial
activity of FXR agonists [55].

Profile of FXR Modulators

Our current understanding of the physiological role of
FXR clearly indicates that this nuclear receptor is an
important regulator of lipid and cholesterol metabolism. As
illustrated in Fig. (8), FXR antagonists are predicted to
lower cholesterol levels via up-regulation of CYP7Al and

5% 100%

¢ Triglycerides

T Cholesterol ?

promoting cholesterol catabolism. On the other hand, FXR
agonists have been shown to significantly lower serum
triglyceride levels. Since there are potential benefits to both
FXR agonists and antagonists, the maximum therapeutic
potential for small molecule FXR ligands may lie with
partial agonists, a concept well established within the
nuclear receptor field. For instance, the estrogen receptor
ligands tamoxifen and raloxifene are partial agonists that
mediate a subset of the activities inherent in full estrogen
agonists such as estradiol [56]. Similarly, activators of
PPARG are effective insulin sensitizers, however, the most
efficacious PPARQ agonists also result in weight gain and
edema [2].

CONCLUSION

FXR can now be added to the constellation of nuclear
receptors that are lipid sensors and involved in the regulation
of metabolism, such as PPAR and LXR, and hence offer a
potential avenue into novel therapeutics. FXR shows great
promise for the treatment of cholestasis and metabolic
diseases such as mixed hyperlipidemia,
hypertriglyceridemia,  hypercholesterolemia,  metabolic
syndrome X and diabetic dislipidemia. All these diseases
have a significant number of patients with key unmet needs.
FXR represents a new avenue to treat different aspects and
risk factors of the above diseases via a new mechanism of
action. There are an increasing number of novel synthetic
FXR modulators emerging from the pharmaceutical industry
and this is just the beginning of this new and exciting area
of research. The success of these new drugs will undoubtedly
be associated with displaying the right receptor profile and
gene selectivities.
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