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Abstract

Enterohepatic circulation is responsible for the capture of bile acids and other steroids produced or
metabolized in the liver and secreted to the intestine, for reabsorption back into the circulation and
transport back to the liver. Bile acids are secreted from the liver in the form of mixed micelles that
also contain phosphatidylcholines and cholesterol that facilitate the uptake of fats and vitamins
from the diet due to the surfactant properties of bile acids and lipids. Bile acids are synthesized in
the liver from cholesterol by a cascade of enzymes that carry out oxidation and conjugation
reactions, and transported to the bile duct and gall bladder where they are stored before being
released into the intestine. Bile flow from the gall bladder to the small intestine is triggered by
food intake in accordance with its role in lipid and vitamin absorption from the diet. Bile acids are
further metabolized by gut bacteria and are transported back to the circulation. Metabolites
produced in the liver are termed primary bile acids or primary conjugated bile salts, while the
metabolites generated by bacterial are called secondary bile acids. About 95% of bile acids are
reabsorbed in the proximal and distal ileum into the hepatic portal vein and then into the liver
sinusoids, where they are efficiently transported into the liver with little remaining in circulation.
Each bile acid is reabsorbed about 20 times on average before being eliminated. Enterohepatic
circulation is under tight regulation by nuclear receptor signaling, notably by the farnesoid X
receptor (FXR).

Enterohepatic Circulation of Bile Acids

Enterohepatic circulation is responsible for the capture of bile acids and other steroids
produced or metabolized in the liver and secreted to the intestine, for reabsorption back into
the circulation and transport back to the liver (Fig. 1). Bile acids are synthesized in the liver
from cholesterol by a series of reactions that include oxidation by cytochromes P450s (CYP)
CYP7AL, CYP6B1, and CYP27AL1, followed by conjugation with taurine or glycine by bile
acid-CoA ligase (BAL) and bile acid-CoA:amino acid A-acyltransferase (BAT) (126). There
are two pathways for bile acid synthesis in the liver, the neutral pathway that proceeds
through CYP7A1 metabolism of cholesterol leading to cholic acid (CA) and
chenodeoxycholic acid (CDCA), and an acidic pathway initiated by CYP27AL1 oxidation of
cholesterol resulting in CDCA (Fig. 2). Both pathways ultimately terminate in amino acid-
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conjugated metabolites destined for secretion into the bile. In mice, BAT uses taurine as a
cofactor for conjugation while human BAT uses taurine or glycine as a substrate. The
resultant metabolites are amphipathic with one hydrophilic face and one hydrophobic face,
thus facilitating their incorporation into mixed micelles containing bile acids,
phosphatidylcholines, and cholesterol (62). The bile acids produced in liver cannot diffuse
across membranes into circulation and thus can only be eliminated by transport out of the
hepatocytes to the bile by transporter proteins. In humans, about 0.5 g/d of bile acids
produced from cholesterol in the liver is excreted in the feces as a route for elimination of
cholesterol. However, most bile acids are reabsorbed in the intestine and transported back to
the liver. Approximately 95% of bile acids are reabsorbed in the ileum with about 3 g being
recycled several times a day. In the intestine, bile acids are transported or diffuse across the
enterocytes lining the intestine to the basolateral membrane and excreted into portal blood
for circulation back to the hepatocytes sinusoids. This pathway was exploited as one of the
first methods to lower cholesterol in humans by administration of positively charged resins
or sequestrants such as cholestyramine (Questran®) that bind to negatively charged bile
acids so that they are not transported back to the body but are eliminated in the feces. As
more bile acids are removed, less are reabsorbed, thus lowering hepatic bile acid levels.
Cholesterol is then converted to bile acids as a mechanism to normalize bile acid levels lost
by use of the sequestrants, thus resulting in lower plasma cholesterol concentrations. Bile
acid production not only serves to eliminate cholesterol but also facilitates the excretion of
lipids and steroids and aids in the absorption of lipids and vitamins from the diet (19, 62).
Bile acid micelles markedly increase the absorption of fatty acids and monoglycerides, as
well as fat-soluble vitamins into the enterocyte and ultimately the circulation for distribution
to the tissues.

Bile acid metabolism not only occurs in the liver, but also in the gut by bacteria in the small
intestine and colon, thus resulting in a very complex array of metabolites. Among the
reactions carried out by anaerobic bacteria such as Staphylococcus and Lactobacillus
species, is dehydroxylation and deconjugation of the taurine and glycine conjugates of bile
acids produced in the liver by various hydrolases leading to the production of secondary bile
acids such as DCA, lithochalic acid (LCA), and ursodeoxycholic acid (124).

The Nuclear Receptor Superfamily

Nuclear receptors are a superfamily of transcription factors that control many aspects of
mammalian development and physiology. They consist of 48 members in humans (49 in
mice), and an early classification system divided them into four groups, Class I1-Class 1V,
based on their ligand-binding capacity, dimerization properties, and cellular localization(99).
Class I receptors that include the steroid hormones such as estrogen receptor (ER; NR3AL),
androgen receptor (AR; NR3C4), and progesterone receptor (PR; NR3C3) bind to DNA as
homodimers, while Class Il receptors, which encompass the retinoic acid receptor -y
(RAR+y; NR1B3), vitamin D receptor (VDR; NR1I1) and others, bind to DNA as
heterodimers, usually with the retinoid X receptor a (RXRa; NR2B1), although there are
receptors in this group that form homodimers (110). Class 111 receptors bind primarily to
direct repeats (DRs) as homodimers, while Class IV receptors typically bind to extended
core sites as monomers. Nuclear receptors that have no identified ligand have been termed
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orphan receptors and usually fall into Class I11 and Class V. In some cases, ligands have
been discovered for orphan receptors while some receptors may activate gene expression in
the absence of ligand binding. A more functional classification of nuclear receptors has been
generated to distinguish those involved in control of (i) endocrine functions,(ii) metabolism,
and (iii) mammalian development, although there is some overlap, particularly between
those receptors involved in metabolism and mammalian development (Table 1) (101). Most
nuclear receptors share a domain structure consisting of a variable N-terminal domain
(AF1), a two zinc finger-containing DNA-binding domain (DBD) that is the most conserved
in the nuclear receptor superfamily, a hinge region, ligand-binding domain (LBD), and a
highly variable C-terminal domain (AF2) (Fig. 3). The N-terminal and C-terminal AF1 and
AF2 domains, respectively, interact with other transcriptional accessory proteins including
coactivators and corepressors, and other components of the transcriptional machinery. The
general mechanism of transcriptional activation by the nuclear receptors is displayed in
Figure 4, showing the metabolic sensor group of receptors that form heterodimers with
RXR, that in the absence of a ligand, either reside in the nucleus bound to DNA and are
transcriptionally inactive as a result of being associated with corepressors, hi-stone
deacetylases (HDAC) and inactive chromatin, or found in the cytoplasm and translocated to
the nucleus upon ligand binding. The nonproductive (transcriptionally inactive) DNA
binding could be to specific regulatory regions of target genes for the receptors, or
nonspecific binding to DNA. For transcriptional activation of target genes, a nuclear receptor
binds to specific DNA recognition elements. In the case of those receptors that form
heterodimers, such as constitutive androstane receptor (CAR; NR113), pregnane X receptor
(PXR; NR112), FXR (NR1H4), and peroxisome proliferator-activated receptor a (PPARa;
NR1C1) (Table 1), these are usually DR elements where one repeat binds the functionally
relevant partner while the other repeat binds RXRa.. The DRs are separated by one or more
nucleotides. For example, a direct repeat-1 (DR-1) is a DR separated by one nucleotide
while a DR-2 is a DR separated by two nucleotides. This binding initiates a cascade of
events that involve reorganization of chromatin through recruitment of coactivators, histone
acetylation and histone methylation and other events (Fig. 4). Among the coactivators for
nuclear receptors in liver are the steroid receptor coactivators 1 (SRC-1), transcription
intermediary factor 2/glucocorticoid receptor interacting protein or TIF/GRIP (SRC-2),
cAMP-response element-binding protein-binding protein (CREB) and peroxisome
proliferator-activated receptor -y coactivator 1a (PGC-1a), among others (161).

Farnesoid X receptor

Bile acid synthesis and enterohepatic circulation is tightly controlled by nuclear receptors,
notably the FXR. FXR was first cloned from mouse based on its interaction with the RXRa
and was designated as an orphan receptor due to the lack of an identified ligand (128).
However, others who cloned the rat homolog found that it was activated by farnesol and
related metabolites, thus establishing the original name of this receptor (41). Later studies
revealed that bile acids were actually the bona fide high-affinity endogenous ligands for
FXR (98, 112, 148). Subsequently, a number of compounds were found to activate FXR
with varying degrees of affinity including not only endogenous bile acids, but also synthetic
ligands, steroids, aromatics, terpenoids, alkaloids, and fatty acids, thus revealing that this
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receptor, like other receptors involved in the control of metabolism, has a rather broad
ligand-binding specificity, although it is not as promiscuous as the drug receptor PXR (67).
Bile acids, including the primary bile acids CA and CDCA and the secondary bile acids
DCA and LCA, are the most important physiologically relevant ligands for FXR with the
potency to activate FXR CDCA>DCA>LCA>CA (112). The chemical structure of bile acids
consists of a concave hydrophilic face and a convex hydrophobic face; bile acids bind with
the hydrophobic pocket of the FXR LBD mainly through the hydrophobic face (104). The
hydroxyl groups in the hydrophilic portion of the compounds affect the affinity of bile acids
with FXR. Semisynthetic bile acid derivatives were developed as FXR ligands, notably 6a.-
ethylchenodeoxycholic acid (6-ECDCA), showing an even higher affinity for FXR than do
bile acids (115). Other FXR agonists and antagonists, such as forskolin (64), guggulsterone
(141), fexaramine (33), androsterone (146), and stigmasterol (11), have also been uncovered.
The mechanism of control of gene activation by FXR and the role of numerous transcription
cofactors, posttranscriptional control, and posttranscriptional protein modifications, has been
reviewed (76).

Fxr-Null and Conditional-Null Mouse Models

The role of FXR in modulating bile acid synthesis, transport, and enterohepatic circulation
in an intact animal was firmly established by the development and characterization of the
Fxr-null mouse (132). Surprisingly, mice lacking expression of FXR develop normally and
are fertile, thus indicating that this receptor has no major role in mammalian development,
similar to that noted for mice lacking expression of the PXR(82), PPARa. (89), and liver X
receptor a (LXRa; NR1H3) (114), but unlike some of the other members of the metabolic
sensor class of nuclear receptors such as PPARy (NR1H4)(7) and hepatocyte nuclear factor
4a (HNF4a; NR2A1) (16) in which the knockout mice were embryonic lethal. However,
Fxr-null mice were found to have elevated serum bile acids, cholesterol, and triglycerides,
and increased hepatic cholesterol and triglycerides that confirms a critical role for FXR in
the control of bile acid production and transport (132). These mice also exhibited a
proatherogenic serum lipoprotein profile. In confirmation of the data showing that bile acids
could activate FXR, the Fxr-null mice had reduced bile acid pools and fecal bile acid
excretion as a result of decreased expression of genes encoding proteins involved in bile acid
synthesis and transport at the hepatic canalicular membrane, thus establishing /n vivo, the
major regulatory role for FXR in the control of bile acid and lipid homeostasis,
enterohepatic circulation of bile acids, and confirming /7 vivo that this receptor is an
intracellular bile acid sensor. In addition to the Fxr-null mice that lack expression of the
receptor in all tissues, conditional knockout mice were generated using the Cre recombinase-
LoxP system (54) that lack expression of FXR in liver or intestine (78). These mice provided
evidence that repression of bile acid synthesis requires FXR expression in both liver and
intestine for feedback repression of CYP7A1 and CYP8B1, enzymes that are required to
control hepatic bile acid production and that are suppressed through enterohepatic
circulation and increased hepatic bile acids levels (see below). Thus, the ~Axr-null mouse line
(132) and conditional knockout mice lacking expression of FXR in liver and intestine (78)
have been of great value in determining the function of this receptor in the control of bile
acid synthesis and transport and in establishing that the physiological changes that occur as a
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result of altered hepatic and intestinal bile acid levels is target specific to the FXR. A large
number of studies of hepatic disease and the role of FXR activators in modulation of
metabolism, diabetes, cancer, and liver disease have used the Fxr-null mice.

Hepatic Bile Acid Synthesis

Hepatic bile acid levels are maintained by control of hepatic bile acid uptake, synthesis from
cholesterol, and export to the bile duct/gall bladder and reuptake from the intestine to the
circulation. CYP7A1 and CYP8B1 are two enzymes that catalyze formation of the primary
bile acids CA and CDCA from cholesterol (19) (Fig. 2). The gene encoding CYP7AL is
under complex control by a number of transcription factors, notably albumin D region-
binding protein (DBP) (90), LXR (91, 114), HNF4a (71, 139), liver receptor homolog-1
(LRH-1; NR5A2) and Rev-erba, which indirectly controls circadian expression of the
Cyp7al gene (36, 86). There is evidence that CYP7AL is negatively regulated via the hepatic
FXR through its induction of another nuclear receptor small heterodimer partner (SHP;
NROB2) and by the intestinal FXR-fibroblast growth factor (FGF)15/19 pathway (see
below). SHP has a putative LBD based on sequence comparison with other nuclear receptor
superfamily members, but it does not have a corresponding DBD (Fig. 3) (129). The lack of
a DBD revealed that SHP likely exerts its regulatory activities through protein-protein
interactions with other nuclear receptors, with most evidence to date indicating that it
renders positively activating nuclear receptors transcriptionally inactive (166). FXR, LXRa,
LRH-1, HNF4a and several other nuclear receptors control expression of the SAp gene
(164). In the absence of FXR expression in the Fxr-null mouse model, S/hpis expressed at a
very low level in liver (132), thus suggesting that FXR is one of the major regulators of Sfp
and is implicated in the control of bile acid synthesis and transport. However, the phenotype
of the Axr-null mice is not solely driven by the lack of SApinduction, as revealed by the
pheno-type of the Fxr/Shp-double null mouse that differs from the £xr-null mouse
phenotype (4,83,164).

FXR regulation of SAp has been confirmed at the molecular level. There are two enhancer
regions in the 5" and 3’ end of the SAp gene that bind FXR resulting in head to tail
chromatin looping that potentiates transcription (92). When SHP accumulates in the liver, it
could inhibit the Cyp7al gene by interaction with the orphan nuclear receptor LRH-1, a
positive regulator of Cyp7al expression, resulting in a nonproductive transcription factor
(51) (Fig. 5). However, the Cyp7al gene has an element in its promoter that binds HNF4a as
well as LRH-1 (26,30) and there are binding sites for other transcription factors. Thus, it
remains to be determined which transcription factor predominates in the constitutive
expression of Cypralin the intact liver. An LRH-1-responsive element is also located in the
regulatory region of the S/p gene; overexpression of LRH-1 can activate the S/hp promoter
in mice and tissue culture cells (15, 95). Silencing of CYP7A1is due in part to the
recruitment of the sirtuin silent mating type information regulation 2 homolog 1 (SIRT1) and
histone deacetylase protein by SHP to mediate inhibition of LRH-1-dependent suppression
of CYP7AI transcription, as revealed largely using cultured human HepG2 cells(12). LRH-1
activation of CYP7AI1and SHP gene transcription was significantly repressed by both SHP
and SIRT1 while the inhibition of SIRT1 activity by inhibitors or a dominant negative SIRT1
or knockdown of SHP released the inhibitory effect. Other accessory factors, such as the
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Brahma chromatin remodeling protein Sw/snf-Brm, Sin3a scaffold corepressor, and histone
deacetylase-1 (HDAC1), are also recruited to the promoter by SHP binding and increase the
occupancy of SHP at the CYP7A1 promoter in HepG2 cells (105). In addition, ligand
binding can also influence SHP; a retinoid-like compound, 4-[3-(1-adamantyl)-4-
hydroxyphenyl]-3-chlorocinnamic acid (3CI-AHPC), was found to bind to SHP and increase
its interaction with LRH-1 (105). These studies on SIRT1, Brahma, and 3CI-AHPC still
require validation in intact liver that has a more complex array of transcription machinery
than cultured hepatoma cells that may influence Cyp7al transcription.

Bile acids have also been reported to suppress the human CYP7A1 expression through
blocking HNF4a recruitment of coactivators PGC-1a and CREB to the CYP7A1
promoter(27). However, it should be noted that these studies were largely done using
cultured hepatoma cells and reporter gene transfections and the conclusions are complicated
further by the fact that the Cyp7a gene is under complex positive con trol by multiple
transcription factors and circadian regulation in liver as noted above. Data derived using a
panel of genetically modified mice lacking FXR and SHP suggest that the FXR-SHP
pathway has only a minor role in suppression of hepatic Cyp7al while the FXR-FGF15
mechanism described below predominates in the bile acid suppression of this gene
(4,83,164). The controversial role of the FXR-SHP pathway in suppression of Cyp7al
expression by bile acids is also suggested by the finding that the phenotype of the Fxr-null
mice differ from the Axr/Shp-null mice (4, 83, 164). The precise mechanism for this FXR
repression of CYP7A1 requires further studies in intact liver and primary hepatocyte
cultures. In addition, there exists a major species difference in the control of CYP7A1
expression, as noted below, that needs to be taken into account when attempting to develop
models for suppression of this enzyme by bile acids.

In addition to its regulation by LRH-1 and SHP, the mouse Cyp7al is positively regulated by
the LXRa., a nuclear receptor that is activated by oxysterols, oxidized metabolites of
cholesterol (8, 114). LXRa is preferentially activated by a cholesterol-rich diet and
facilitates cholesterol degradation and elimination. However, a major species difference
exists; human CYP7A1is not upregulated by LXRa (52). In contrast to mice and rats,
CYP7A1is downregulated by LXRa through induction of the SHP, by a similar mechanism
as FXR suppression of Cyp7al (Fig. 5). SHP is regulated directly by LXRa through a DNA
response element that overlaps with the bile acid response element that binds to FXR. These
data suggest that different species employ distinct mechanisms for regulating cholesterol
levels and bile acid synthesis. As noted by others (52), rats and mice lower cholesterol levels
by conversion to bile acids, while humans modulate cholesterol levels by reducing
absorption in the intestine, largely through decreasing bile acid production. Species
differences between rodents and humans in the regulation of CYP7A1 may reflect the
amount of cholesterol ingested in the diet, with primates having evolved on a lower
cholesterol diet. This species difference in CYP7A1 regulation could account for a greater
susceptibility of humans to diet-induced hyper-cholesterolemia as compared to mice. LXRa
also induces expression of the ATP-binding cassette transporters ABCG5 and ABCG8 in
liver that are involved in cholesterol transport to the bile through the canalicular membrane
(123). The combined induction of CYP7A1, ABCGS5, and ABCGS3 facilitate cholesterol
elimination.
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CYP7AL is under diurnal regulation in rats and mice, with higher expression at night and
lower expression during the day, corresponding to the low and high demands for bile acid
synthesis in rodents that feed at night. CYP7A1 is also under diurnal regulation in humans
(34). The expression, of CYP7AL was correlated with circulating levels of corticosteroid
hormone (48). Earlier studies revealed that this was due in part to regulation of the mouse
Cyp7al promoter by DBP(90). Indeed, DBP expression is controlled by glucocorticoids
(156). However, levels of DBD are not highly correlated with CYP7AL expression, thus
suggesting that the Cyp7al gene is under more complex regulation as revealed by numerous
subsequent studies as described above. More recent work has revealed that the nuclear
receptor Rev-erba has a major role in regulating the diurnal expression of genes involved in
lipid metabolism and adipogenesis (159,160). Rev-erba. is an atypical orphan nuclear
receptor that binds heme and represses gene transcription by recruitment of the nuclear
hormone receptor corepressor histone deactylase 3 (NCoR-HDACS3) that has histone
deacetylase activity and promotes chromatin condensation (35,57). Rev-erba. is under
circadian rhythm and is a critical negative limb of the core circadian clock by directly
repressing expression of the positive clock component, brain and muscle aryl hydrocarbon
receptor nuclear translocator-like (Bmall) that controls circadian rhythm (56,113,160).
Evidence that Rev-erba is involved in the regulation of bile acid metabolism was obtained
from mice deficient in Rev-erba that display a lower bile acid synthesis rate and an impaired
excretion of bile acids into the bile and feces. Mice lacking expression of Rev-erba have
decreased levels of CYP7AL, while forced expression of Rev-erba using adenovirus
restored hepatic expression of this enzyme (36). However, bile acids still suppress hepatic
CYP7AL expression in Rev-erba-deficient mice; the authors suggest that this is the result of
increased expression of Shp, a putative Rev-erba-target gene and nuclear factor, interleukin
3 regulated (E4BP4/NFIL3). Both SHP and E4BP4 are negative regulators of Cyp7al. The
circadian rhythms of liver CYP7A1 were markedly altered in Rev-erba-deficient mice, thus
indicating a role for Rev-erba in the regulating CYP7A1 and bile acid synthesis. However, a
second study revealed that SHP and E4ABP4/NFIL3 expression were not significantly altered
in another line of Rev-erba and proposed that CYP7AL1 circadian rhythm was controlled
indirectly through direct inhibition of insulin-induced gene 2 (Insig2) by Rev-erba (86).
They proposed that Insig2 inhibits the proteolytic release and activation of sterol regulatory
element-binding proteins (SREBP) leading to altered production cholesterol and oxysterols,
the latter of which can activate LXRa, a positive regulator of Cyp7al expression. A number
of other genes involved in diurnal regulation have also been implicated in the regulation of
CYP7AL, including adenovirus E4 promoter-binding protein (E4BP4), and PPARa (109).

The other major enzymes involved in bile acid synthesis are CYP8B1 and CYP27A1 (Fig.
2). The human CYP8B1 promoter also contains a negative bile acid response element
harboring overlapping binding sites for HNF4a (71, 163) and LRH-1 (29), and induction of
SHP by FXR inhibits the Cyp8b1 by negative interference of transcriptional activity of
HNF4a and LRH-1 similar to the inhibitory effects that SHP has on Cyp7al. However, in
vivo studies with Fxr-null mice suggested that feedback inhibition of CYP8B1 can also be
FXR-independent (132), although recent evidence in genetically altered mouse models
support a major role for the FXR-CHP pathway in suppression of Cyp8b1 expression by bile
acids (83). Thus, there may be species differences between humans and mice in the
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regulation of this enzyme by bile acids. In addition, CYP27A1, an enzyme catalyzing the
acidic pathway of bile acid biosynthesis, is suppressed by bile acids in a human cell line
(14). The CYP27A1 gene, unlike those genes encoding CYP7AL and CYP8BL, is not
specifically expressed in liver, in part due to the presence of binding sites for the ubiquitous
transcription factor specificity protein 1 (Spl) (44). The CYP27A1 promoter also binds to
and is activated by the positive regulator HNF4a (14, 44). Definitive /n vivo results
demonstrating the mechanism of negative regulation of CYP27A1 by bile acids are lacking.

FXR in the intestine has a major role in control of bile acid synthesis in the liver through a
mechanism involving FGF19 in humans, and its homolog FGF15 in mice (sometimes
referred to as FGF15/19). FGF15/19 is produced in the small intestine and secreted from the
intestine to the bloodstream where it circulates to the liver and suppresses bile acid synthesis
through binding and activation of the FGF receptor 4 (FGFR4) complex with B-Klotho
located on the plasma membrane surface of hepatocytes and other epithelial cells
(66,72,81,157). Binding of FGF15/19 to the FGFR4/B-Klotho complex stimulates the c-Jun
N-terminal kinase pathway to suppress transcription of the Cyp7al gene (63, 68). Thus, the
bile acid-activated intestinal FXR downregulates CYP7A1 expression indirectly through
direct the activation of intestinal FGF15/19 synthesis and secretion. FGF15/19 also functions
to facilitate gall bladder filling via binding to FGFR3 expressed in the gall bladder (22).
FGF15/19 signaling in the liver increases hepatic glycogen synthesis through elevated
glycogen synthase kinase 3 activity (80, 81). Coincident with increased glycogen synthesis,
FGF15/19 inhibits hepatic gluconeogenesis (119) through modulation of the CREB-
peroxisome PPARy coactivator protein-la (PGC-1a) pathway. Extracellular signal-
regulated protein (ERK1) is activated by the FGF15/19-stimulated FGFR4/B-Klotho
complex, is stimulated by hepatic glycogen synthesis, and is inhibited by and glucose
metabolism independent of insulin signaling. These studies revealed that bile acids have an
important role in maintaining hepatic glucose homeostasis through FGF15/19, independent
of hepatic FXR, and that FGF15/19 is a postprandial regulator of hepatic carbohydrate
homeostasis (119).

HNF4a is also involved in the control of hepatic bile acid synthesis. HNF4a is a nuclear
receptor that controls liver development in the embryo, and the expression of liver-specific
genes in the adult (150). HNF4a liver-specific null mice had low expression of the mRNAs
encoding CYP7A1, CYP8B1, and sterol carrier protein 2, thus indicating that HNF4a
controls constitutive expression of these genes in liver. An HNF4a-binding site was found in
the mouse Cyp8b1 promoter that was able to direct HNF4a.-dependent transcription.
Transfection studies revealed an HNF4a response element in the human CYP7A1 gene
(139). In HNF4a liver-specific null mice, Cyp7al expression was only diminished in the
dark cycle (71). Thus, HNF4a has a role in the control of BA homeostasis through the
regulation of genes involved in BA biosynthesis, including hydroxylation and side chain p-
oxidation of cholesterol /in vivo. Mice lacking hepatic HNF4a also exhibited markedly
decreased expression of the very long chain acyl-CoA synthase-related gene (VLACSR), the
mouse homolog for BAL, and BAT (70). This was associated with elevated levels of
unconjugated and glycineconjugated bile acids in gallbladder of HNF4a liver-specific null
mice. HNF4a also bound to the promoters of the genes encoding VLACSR and BAT and
directed transcription in reporter gene transfection assays. Thus, any perturbation of HNF4a
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could result in alterations in bile acid metabolism, possibly resulting in disease. However, it
is still unclear whether HNF4a is involved in the metabolic control of levels of hepatic lipids
and bile acids since there is no clear evidence that it is regulated by ligands. HNF4a is
constitutively active during mammalian development and in adult liver, thus suggesting that
it was not subject to control by ligands, similar to other nuclear receptors. However, fatty
acyl-CoA thioesters were found to be involved in modulating the expression of HNF4a.-
controlled genes, presumably through interaction with the LBD (58, 59, 116). Structural
studies on bacterially expressed protein revealed that it has a mixture of embedded fatty
acids at its ligand-binding site that are not easily released (32,153). These fatty acids are
likely incorporated into the bacterially-expressed protein during translation and folding.
Direct chemical analysis of HNF4a expressed in mammalian cells and liver revealed that it
is largely bound with linoleic acid and that the binding is possibly reversible, but not in the
classic way that other members of the metabolic sensor family of receptors interact with
ligands to modulate gene expression (162). Thus, alteration in activity through ligand
binding may require chronic exposure to cellular metabolites and the ligand is incorporated
into the LBD while HNF4a is being translated and folded.

All bile acids are conjugated prior to transport from the liver. FXR regulates two major
enzymes involved in bile acid conjugation with taurine and glycine, the bile acid-CoA
synthetase (BACS, also called SLC27A5) and bile acid-CoA:aminoacid N-acetyltransferase
(BAT). BACS catalyzes the formation of the CoA thioester intermediate while BAT
produces the amino acid conjugate. The FXR activators CDCA and GW4064 induce Bacs
and Batexpression in hepatocytes and Fisher rats and FXR response elements were found in
the promoter of BACSand in an intron of the BAT gene (118). Further, mutational analysis
confirmed that the IR-1 element of the human BACS and BAT genes allows the binding of
FXR-RXR heterodimers.

Hepatic Transport of Bile Acids to the Intestine

Bile salt-exporting pump (BSEP, ABCB11) is a major efflux transporter of bile acids from
liver to gallbladder (Fig. 7). ABCB11 deficiencies are associated with progressive familial
intrahepatic cholestasis type 2, benign recurrent intrahepatic cholestasis type 2 (BRIC2), and
several acquired forms of cholestasis (137). Fxr-null mice fed a CA-supplement diet showed
intrahepatic cholestasis, similar to that observed with ABCB11 deficiency in humans.
Evidence that BSEPis an FXR target gene was revealed by mutation of the FXR regulatory
element in the BSEP promoter that repressed FXR-dependent induction of BSEP expression;
this regulatory element binds FXR/RXRa. heterodimers (5). BSEP expression was
significantly reduced and the FXR agonist GW4064 does not induce the expression BSEP
gene in mice lacking FXR expression, thus confirming that FXR controls BSEP gene
expression (108,127,132). Expression of another ABC transporter ABCBA4, also called
MDR3 in humans and MDR?2 in rodents, is significantly reduced in Fxr-null mice, where
GW4064-induced Abcb4 expression is not observed (25). ABCB4 transports phospholipids
across canalicular membranes of hepatocytes (142). Phospholipids are transported to
gallbladder from liver via ABCB4 and facilitate the formation of mixed micelles containing
cholesterol, bile acids, and phospholipids to effectively increase their solubility and reduce
their toxicity to the bile duct (62). Similar to BSEP, ABCB4 deficiency in humans can cause
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progressive familial intrahepatic cholestasis 3 (PFIC3) (28,138). By a mechanism similar to
the mouse Abcb4 gene, FXR regulates the human ABCB4 gene through binding an element
in the distal promoter (65). Thus, FXR is a critical factor regulating bile acid flow by
inducing expression of hepatic ABCB11/BSEP and ABCBA4.

Intestinal Bile Acid Uptake

FXR controls the intestinal absorption of bile acids through the regulation of expression of
four important transporters, apical sodium-dependent transporter (ASBT; SLC10A2), fatty
acid-binding protein subclass 6 (FABP6), also known as intestinal bile acid-binding protein,
organic solute transporter alpha (OSTa), and OST, that facilitate the transport of bile acids
from the intestine to the portal system (Fig. 7). ASBT, the major bile acid transport system
in ileal enterocytes, transports bile acids across the ileal enterocyte brush border (apical)
membrane (131). In accordance with this function, ASBT deficiency causes significant bile
acid malabsorption disease (60,111). Intestinal ASBT expression is inhibited when mice are
administered the natural bile acids and FXR ligands CA and taurocholic acid (TCA) (13).
Bile acids exert a negative feedback on ASBT expression by FXR induction of SHP that
binds to and represses the transcriptional activation properties of LRH-1 as described above
for the Cyp7al gene. While the negative regulation of ASBT expression is found in mice, it
was not observed in rats due to the absence of an LRH-1 responsive element within the rat
ASBT promoter (13). After transport inside ileal enterocytes by ASBT, bile acids are
reversibly bound to FABP6 expressed in the ileum (84, 155). FABP6 has an important role
in enterohepatic circulation through the regulation of bile acid trafficking where it shuttles
bile acids from the apical to basolateral membrane in the enterocyte (24). Bile acid-activated
FXR can increase FABPE gene expression through binding to a regulatory element in the
promoter (53). Finally, OSTa and OSTP move bile salts to blood vessels, in accordance with
its location at the basolateral membrane (25). OSTa and OST are expressed not only in the
ileum, but also in the liver and kidney (25). Ileum expression of both the genes is induced in
wild-type mice after exposure to the FXR activator CA or the synthetic ligand GW4064
(168). FXR regulatory elements are found in the promoters of the genes encoding OSTa and
OSTB in both humans and mice (88). Thus, FXR mainly controls the entire transport of bile
acids from the intestinal lumen to the enterocyte, within the enterocyte and ultimately to the
blood vessel for transport to the liver (Fig. 7).

Hepatic Bile Acid Uptake

Na*-taurocholate cotransporting polypeptide (NTCP; SLC10A1) and organic anion-
transporting peptides (OATPS) are the major transporters for hepatocellular basolateral
membrane uptake of bile acids and organic solutes from portal vein to liver (55,136). NTCP
is responsible for the uptake of conjugated bile acids, while the OATPs control the uptake of
unconjugated bile acids (Fig. 7). The gene encoding NTCP is under complex regulation by
multiple transcription factors(47). In the mouse cholestasis model of liver disease,
expression of both NTCP and OATPs are significantly reduced as compensation for a
decrease in the accumulation of bile acids (167). NTCP expression is also negatively
regulated by FXR indirectly by induction of SHP that in turn inhibits transcription by a
similar mechanism as that described for Cyp7a1(31). The Nicp gene is positively regulated
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by retinoids through the RARa/RXRa.. After induction of SHP by FXR, SHP inhibits
activation of the Nicp gene by retinoids, possibly through interference with RARa/RXRa,
although the exact mechanism of this interference has not been established (31). In humans,
the glucocorticoid receptor (GR; NR3C1) is a transcriptional activator of the NTCP gene
(37). Ligand-activated GR is suppressed by CDCA or GW4046 indirectly through FXR
induction of SHP. Other studies revealed that HNF4a constitutively regulates the mouse
Nitcp (46) and rat(74) NTCP promoters, while the CCAAT/enhancer binding protein p (C/
EBPB) controls the mouse Nfcpand human NTCP genes (74). Other studies described a
potential role for the homeodomain-containing transcription factor hepatocyte nuclear factor
la (HNF1la) in regulation of the mouse NVicp gene (45). Since HNF4a is influenced by
SHP, bile acids could also downregulate Nfcp expression by interfering with HNF4a
expression, although the specificity of this response would have to be determined since
HNF4a controls the expression of many genes in the liver (20, 150). It should be
emphasized that many studies reporting on control of gene expression are done in cultured
cell lines, usually tumor cells, and by use of transfection and DNA binding for promoter
analysis; the results obtained may not reflect the corresponding regulation of these genes in
intact tissues. The most reliable results are those involving a combination of /n vitroand in
vivo studies using gene knockout mice and chromatin immunoprecipitation (ChlP) studies to
assess the roles of individual transcription factors in control of specific genes. However, /in
vivo studies are not always possible when studying the regulation of human gene expression.

The OATP family has 11 members that collectively facilitate the Na*-independent
transmembrane transport of endogenous and exogenous compounds including bile acids,
bilirubin, steroid hormone conjugates, thyroid hormones, prostaglandins, clinically used
drugs, and toxins (140). Some of the genes encoding these transporters are repressed while
others are induced. FXR regulates hepatic expression of OATP1 (SLCO1A1) and OATP2
(SLCO1A4) in mice (97). In mice, FXR downregulates hepatic expression of OafpI and
induces OatpZ, although the mechanisms for these alterations in gene expression by FXR
have not been elucidated(97). In human liver, bile acids also repress expression of the
OATP1BI1 gene, but similar to the mouse Oatp1, the mechanism of repression and the role of
FXR has not been established (73). Expression of OA7P1B3was not altered in these studies.
Other nuclear receptors including LXR, CAR, PXR, PPARa, and HNF4a were also
reported to regulate various OATP genes in liver and other tissues, such as kidney (140). In
addition, the aryl hydrocarbon receptor was shown to influence OATP gene expression (18),
thus indicating the complex metabolic control of this superfamily of transporters.

Expression of the major bile acid uptake system transporter OATP4 (SLC21A6) is
dependent on HNF1a, a homeodomain-containing transcription factor that is not a member
of the nuclear receptor superfamily. CDCA administration to cultured hepatoma cells results
in decreased expression of HNFla (75). However, the influence of bile acids on HNFla is
indirect. HNF1a is regulated by HNF4a through a binding site in the Hnfla promoter (85).
In the presence of bile acids, SHP is induced by FXR and decreases the transactivation of
HNF4a by direct interaction, similar to the mechanism by which SHP inhibits LRH-1
transactivation (Fig. 5). However, this mechanism was developed in cultured hepatoma cells
using promoter cotransfection assays and thus it remains to be determined whether it is the
same mechanism in intact liver. In addition, the specificity of this response needs to be
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investigated since HNF4a controls a large number of genes in the liver unrelated to bile acid
synthesis and transport as noted above.

Role of CYP3A4, UGT2B4, and SULT2A1 in Bile Acid Metabolism

An enzyme responsible for the metabolism of many clinically used drugs, CYP3A4
(CYP3AL1 in mice), is also involved in bile acid metabolism by catalyzing hydroxylation of
CDCA, LCA, and DCA (6, 10). The nuclear receptor PXR is expressed in liver and
intestine, and controls transcription of the genes encoding CYP3A4 and CYP3A11, and
other genes involved in the metabolism and transport of drugs and various xenobiotics (17).
CYP3A11 is also under control of FXR; a significant induction of CYP3AL11 expression was
observed in mice treated with the FXR ligand GW4064 (49). Evidence also exists in
cultured human hepatoma cells that FXR regulates CYP3A4 expression and that CDCA can
induce the expression of CYP3A4 in human liver (77). Thus, FXR may be involved in bile
acid-induced CYP3A4/CYP3A11 expression. CYP3A4 can metabolize LCA, a bile acid that
when present at high levels, causes liver toxicity (61). LCA, produced from CDCA by gut
bacterial 7-dehydroxylation, is normally present at low levels but is markedly increased in
patients with liver disease (61). In particular, LCA is reabsorbed from the gut to the liver and
can cause intrahepatic cholestasis in animal models. In human intestinal cells, LCA can
induce expression of FGF19 (154). LCA also induces disruption of phospholipid/
sphingolipid homeostasis through TGFp signaling (103). Through PXR, LCA induces
CYP3AL11, which offers a protective response against LCA-induced hepatotoxicity since
CYP3A11 can metabolize LCA (103,135). PXR can also influence enterohepatic circulation.
Tauro-3a,6,7a,12a-tetrol was found to be a marker for efficient hydroxylation of toxic bile
acids possibly through induction of CYP3AL11 as revealed in cholestatic ~xr-null mice on a
CA diet (21). Thus, cholestasis induced by LCA in Fxr-null mice revealed that enhanced
expression of CYP3A11 is the major defense mechanism to detoxify cholestatic bile acids.

In addition to inducing bile acid oxidizing enzymes, FXR upregulates expression of the
conjugating enzyme uridine 5’-diphosphate-glucuronosyltransferase 2B4 (UGT2B4) (9) that
catalyzes production of glucuronidated 6a.-hydroxylated bile acids such as hyodeoxycholic
acid (117). FXR also induces expression of sulfotransferase 2A1 (SULT2A1) (134) that
carries out sulfate conjugation of many hydroxysteroid substrates, including bile acids,
pregnenolone, and estrogens (151). Treatment of hepatocytes and HepG2 cells with the FXR
agonists CDCA and GW4064 increases UGT2B4 expression and activity (9). Endogenous
SULT2A1 expression was decreased in HepG2 cells treated with the FXR agonist CDCA or
GW4064 (106). Thus, expression of UGT2B4 and SULT2AL1 are modulated by FXR and
facilitate bile acid metabolism along with CYP3A.

FXR in the Metabolism and Transport of Drugs

In addition to bile acid homeostasis, FXR can contribute to the metabolism and elimination
of drugs and toxicants through the regulation of phase I and Il metabolizing enzymes and
transporters as noted above. FXR also can regulate the several important phase 11
metabolism enzymes, such as UGTs and SULTSs, converting the hydrophobic compounds to
more hydrophilic and less toxic conjugated derivatives that can more easily be eliminated
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from the body. In accordance with its role in regulating xenobiotic metabolism, activation of
FXR protects mice from acetaminophen (APAP)-induced heptotoxicity (87). Under normal
therapeutic dosing, APAP is metabolized in the liver mainly through direct conjugation by
UGTs and SULTs. However, excessive APAP will saturate both glucuronidation and
sulfation pathways, leading to production and accumulation of the toxic A-acetyl-p-
benzoquinone imine (NAPQI) metabolite produced by CYPs, notably CYP2E1(50). NAPQI
is also subject to conjugation by glutathione S-transferase (GST) but under conditions of
high doses of APAP, the amount of NAPQI exceeds the conjugation capacity and the
cofactor for GST, glutathione, is depleted. The liver toxicity induced by high dose APAP
could be attenuated by upregulation of several phase 1l enzymes through FXR. To identify
which drug metabolizing enzymes might be regulated by FXR, three models were employed,
a constitutively active form of FXR (FXR-VP16) where FXR is fused to the coactivator
VP-16, native FXR, and by treating wild-type and Fxr-null mice with an FXR agonist. The
expression levels of several GSTs (GSTa3, GSTa4, GSTul, and GSTu3), SULTS
(SULT1AL and SULT1A2), and UGTs (UGT1AL), were induced by FXR activation (87).
FXR response elements were identified in some of these gene promoters by use of ChlP
genome-wide response element analysis.

Enterohepatic circulation is not restricted to bile acids but also involves certain drugs and
hormones including thyroid hormone and steroid hormones (125,133,144,145,152). The
chemical structure, polarity, and molecular size, and the hep atic and gut microbe
metabolism influences whether a drug is transported through cannicular membranes and
reabsorbed in the intestine to complete the enterohepatic cycle. Drug bioavailability is
affected by the extent of intestinal absorption, hepatic uptake, and metabolism. In general,
enterohepatic recirculation may prolong the pharmacological effect of certain drugs and
drug metabolites as the compound will remain in the body for longer periods of time than a
drug that is primarily subjected to urinary excretion. The amplifying effect of enterohepatic
variability can influence bioavailability, volume of distribution, and clearance of a given
compound. Genetic abnormalities, disease states, orally administered adsorbents such as
charcoal, ion-exchange resins (Amberlite) and aluminum phyllosilicate (Bentonite), and
certain coad-ministered drugs can all affect enterohepatic recycling and thus the
bioavailability of a drug (125). Any abnormality in bile acid synthesis and bile flow has the
potential to markedly effect the clearance of drugs subjected to excretion through the bile
and enterohepatic circulation. Serum levels of hormones that are subjected to enterohepatic
circulation can also be influenced by alterations in bile flow. Hormone levels can also be
altered by metabolism carried out by gut bacteria. For example, steroid hormones conjugated
in the liver can be deconjugated by obligate anaerobes that account for 99.99% of the fecal
flora; deconjugated metabolites can then be reabsorbed in the intestine. The most common
transformation is hydrolysis of conjugated steroids by glucuronidases synthesized by
Escherichia coli and Bacteroides species.

Role of FXR in Hepatic Toxicity and Cancer

FXR has a protective role in liver toxicity and cancer as revealed by the finding that upon
exposure to a 1% CA diet, £xr-null mice develop cholestasis, while wild-type mice have
slightly decreased body weight but no significant differences in liver toxicity (107). The
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mechanism of protection was examined by analyzing the metabolic profile of Fxr-null mice
fed a CA-diet by use of metabolomics, using a liquid chromatography-mass spectrometry
based platform (21). These studies revealed the activation of adaptive metabolic pathways
upon bile acid challenge. Levels of p-cresol, corticosterone, and cholic acid were elevated in
Fxr-null mice on a CA diet. In addition, taurine-conjugated tetrahydroxy bile acids were
increased in Axr-null mice, likely as a result of induction of CYP3A11, not typically
associated with bile acid metabolism. In LCA-induced cholestasis, the excretion of the
similar taurine-conjugated tetrahydroxy bile acid was also greatly increased in urine (21).
The excreted tetrahydroxy bile acids in LCA-treated ~xr-null mice that are resistant to LCA-
induced intrahepatic cholestasis was greater than in LCA-treated wild-type mice, thus
suggesting that hydroxylation of bile acids contributes to the detoxification of cholestatic
bile acids in Fxr-null mice. These results also demonstrate that tetrahydroxyl bile acids are
potential biomarkers for hepatotoxicity and cholestasis. Enhanced serum corticosterone that
is elevated in cholestatic animal models and humans, was also observed in CA-treated Fxr-
null mice. Abnormal corticosterone metabolism in CA-treated Fxr-null mice was revealed
by the increased excretion of corticosterone metabolites 11p-hydroxy-3,20-dioxopregn-4-
en-21-oic acid (HDOPA), 11B,20a-dihydroxy-3-oxo-pregn-4-en-21-oic acid (DHOPA), and
their hydroxylation metabolites (21,147). Future studies will be required to further determine
the molecular mechanism linking liver injury (cholestasis, hepatitis) with hepatic and
adrenal steroid metabolism.

FXR deficiency leads to the development of liver and intestine cancer. A high incidence of
hepatocellular adenoma, carcinoma, and hepatocholangiocellular carcinoma was detected in
12-month-old male and female Fxr-null mice (79,158). Lowering of bile acids by
cholestyramine treatment reduced the spontaneous tumors in Fxr-null mice, and liver cancer
produced in wild-type mice by A-nitrosodiethylamine was increased, thus implicating high
hepatic bile acids in the carcinogenesis process (158). The increased cell proliferation and
liver cancer was associated with elevated expression of proinflammatory cytokines,
hepatocyte proliferation, and hepatocyte regeneration. Of particular note was the finding of
increased IL-1p in younger Fxr-null mice noted before tumor development (79). This is in
agreement with studies showing a role for inflammation in liver cancer (96). Another study
also indicated that FXR deficiency is associated with increased colon carcinogenesis in mice
treated with the colon carcinogen azoxymethane (100). The increased colon cell
proliferation was correlated with a hyperproliferative state of the colon epithelium including
increased expression of the cell cycle control protein cyclin D1, and inflammation as
revealed by elevated IL-6 expression. These results suggest that activation of FXR by its
ligands may protect against liver and intestinal carcinogenesis.

FXR Ligand as Therapeutic Agents

Since FXR is a modulator of the metabolism and transport of bile acids in liver and intestine,
and indirectly modulates glucose metabolism and inflammation, clinical activation or
inhibition of FXR could potentially be used for therapy against intra- and extracholestasis
(38), inflammatory bowel disease(42), and obesity-associated type 2 diabetes (120, 165).
Extracts of the resin of the guggul tree (Commiphora mukul) are known to lower low-
density lipoprotein cholesterol levels in humans. Guggul extracts are found in many
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nutritional supplements. One of the earliest indications that targeting FXR could be used for
treatment of disease was uncovered by study of the plant sterol guggulsterone [4,17(20)-
pregnadiene-3,16-dione], the active agent in this extract, in wild-type and Fxr-null mice
(141). Guggulsterone was found to be an efficacious antagonist of FXR. Treatment of high-
cholesterol fed wild-type mice diet with this compound decreases hepatic cholesterol; it is
not effective in Axr-null mice, thus re vealing that inhibition of FXR activation is the basis
for the cholesterol-lowering activity of guggulsterone and indicating that inhibition of FXR
may be a suitable clinical target for lowering cholesterol.

Fxr-null mice are protected against liver injury caused by bile acid overload in rodent
models of cholestasis. Thus, antagonism of FXR could also protect mice from cholestasis.
An antagonist theonellasterol, a 4-methylene-24-ethylsteroid, was isolated from the marine
sponge Theonella swinhoei and found to be highly specific toward FXR (122). The bile duct
ligation (BDL) model of obstructive cholestasis was used to test the therapeutic efficacy of
theonellasterol. Liver injury caused by BDL was attenuated by treatment of mice with
theonellasterol. The mechanism of protection was likely due to an increase in expression of
the basolateral transporter MRP4 that is negatively regulated by FXR. In this study,
administration of BDL mice with an FXR agonist did not rescue mice from liver injury.

In animal models, GW4064, an aromatic ligand and agonist for FXR, shows efficacy toward
several types of diseases through its target-specific effect on FXR. GW4064 protects against
cholestatic liver damage in a rat model of intrahepatic and extrahepatic cholestasis (94). The
efficacy of FXR activators in the treatment of disease has been studied in preclinical models
such as the naphthylisothiocyanate (ANIT) and BDL rat and mouse models for intrahepatic
and extrahepatic cholestasis, respectively. Treatment of both cholestasis models with
GW4064 results in significant reduction in liver damage (94). GW4064-treated cholestatic
rats have decreased expression of the bile acid biosynthetic enzymes CYP7A1 and CYP8B1,
and increased expression of genes encoding the bile acid transporters BSEP and MRP2. This
suggests that GW4064 or other FXR activators with favorable pharmacokinetic properties
could have potential in the prevention of cholesterol gallstone disease. GW4064 treatment
can reduce cholesterol precipitation and gallstone formation through the induction of
Abcb11and Abcb4 and the resultant increased biliary concentrations of bile salts and
phospholipids in the gallstone-susceptible C57L/J mouse gallstone model (108). In
CYP7A1-overexpressing mice with high biliary and fecal cholesterol, GW4064 treatment
induces hepatic ABCG5/G8 expression through FXR activation, suggesting that GW4064
could reduce gallstone formation by increasing the transport of cholesterol in the liver (93).
Finally, GW4064 may prevent epithelial deterioration and bacterial translocation in patients
with impaired bile flow. BDL can increase the number of aerobic and anaerobic bacteria in
the ileum and cecum. Treatment of BDL mice with GW4064 inhibits bacterial overgrowth in
the lumen of ileum and cecum (69). Thus, either activation or inhibition of FXR could be
used to treat cholestatic liver disease as revealed in rodent models, although studies in
primates and humans need to be carried out.

GW4064 also may be another route for the treatment of certain types of diabetes mellitus.
Administration of GW4064 for 4 and 11 days significantly decreased levels of plasma
glucose, triglycerides, and cholesterol in wild-type and genetically obese, diabetic, leptin-
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deficient db/db mice, and these effects were dependent on activation of FXR (165). Other
studies revealed that GLUT4, the main insulin-responsive glucose transporter, which has a
role in maintaining systemic glucose homeostasis, is induced by FXR, thus further
implicating this receptor as a potential target for type 2 diabetes (130). FXR could also have
a role in treatment of diabetic nephropathy associated with type 1 diabetes (149).

6-ECDCA has been used as an FXR agonist for testing the benefit of FXR activation in the
treatment of various diseases involving bile acid dysfunction, such as liver fibrosis(38) and
inflammatory bowel disease (42). The Food and Drug Administration and the European
Medicines Agency have granted this agent, also known as INT-747, orphan drug status for
the treatment of primary biliary cirrhosis (PBC) (2, 3). 6-ECDCA was evaluated in phase |
clinical trials in healthy volunteers, and phase Il clinical trials in patients with type 2
diabetes mellitus, nonalcoholic fatty liver disease (NAFLD) and PBC. 6-ECDCA showed
antifibrotic activity in three liver fibrosis models through activation FXR. In the porcine
serum-induced rat liver fibrosis model, 6-ECDCA can reduce expression of a1(l) collagen,
transforming growth factor-p1 (TGF-B1), and a-smooth muscle actin in liver (38). In the rat
BDL model, 6-ECDCA can reduce liver fibrosis and a 1(l) collagen, TGF-B1, a-SMA, as
well as tissue metalloproteinase inhibitor (TIMP)-1 and 2 mRNA by 70% to 80% (38). In
the CCly liver toxicity model, 6-ECDCA administration results in induction of SHP, prevents
upregulation of tissue inhibitor of metalloproteinase 1 (TIMP-1) mRNA, and accelerates
collagen elimination (121). 6-ECDCA also shows anticholeretic activity on two cholestasis
models (40). In LCA-induced cholestasis, 6-ECDCA treatment can fully reverse the reduced
bile flow and transiently protect against the liver injury (115). In estrone-induced
cholestasis, administration of 6-ECDCA reduces serum ALP activity and improves the
cholestatic changes caused by estrogen. 6-ECDCA partially abrogates the reduction of bile
acid output through increased p-muricholic acid (B-MCA) and taurochenodeoxycholic acid
(TCDCA) secretion (39). Additionally, 6-ECDCA treatment can decrease the level of
glucose, free fatty acid and HDL in plasma, and the triglyceride, free fatty acid, cholesterol,
and glycogen content in the liver via FXR activation(23), thus suggesting that 6-ECDCA
treatment is a potential therapy for nonalcoholic steatohepatitissNAFLD. In clinical trials, 6-
ECDCA can significantly decrease the serum levels of ALT, ALP, and gamma glutamyl
transpeptidase in primary PBC patients (1). In patients with type 2 diabetes mellitus and
NAFLD, 6-ECDCA can increase glucose disposal rates and reduce body weight (102). Thus,
compounds that activate or inhibit FXR may be of great value for the treatment of various
hepatic and metabolic diseases.

Conclusions

Ingested endogenous dietary chemicals, toxicants, and xeno-biotic compounds are absorbed
in the small intestine and transported to the liver and other tissues. In intestine and liver
exposed to high concentrations of bile acids, FXR plays an important role in endogenous
chemical homeostasis and protection from potential toxicity (Fig. 3). Recent discoveries
suggest that alteration of hepatic and intestinal FXR signaling is involved in multiple
diseases. Further understanding of the role of FXR in the enterohepatic system can
contribute to development of new clinical agents and therapeutic strategies. In addition to
being a major regulator of homeostasis, FXR plays an important role in intestinal defense
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against inflammation, interacting with nuclear factor-kappaB (NF-xB) signaling (143).
Exposure of LPS-activated macrophages to an FXR ligand leads to a reciprocal regulation of
NF-xB-dependent genes such as TNFa and IL-1a. Intestinal FXR activation in response to
certain bile acid metabolites, can possibly control bacterial growth and maintain mucosal
integrity, by regulating expression of a variety of genes involved in defense against
inflammation and mucosa protection. Thus, FXR is a potentially crucial factor that regulates
intestinal innate immunity and homeostasis. More studies are warranted to determine the
involvement of bile acids in diseases, in particular, the potential interplay between bile acids
and the gut microbiota that are associated with numerous diseases of the Gl tract, and
metabolic disorders such as type 2 diabetes and obesity (43).
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Figure 1.
Enterohepatic circulation of bile acids. Bile acids and other steroids produced or

metabolized in the liver and secreted to the intestine, for reabsorption back into the
circulation and transport back to the liver. Coincident with bile acid recirculation is the
removal and reuptake of drugs, usually conjugated high Mr drugs. Cholesterol is the
substrate for bile acid synthesis, one of the routes for mammalian disposal of cholesterol.
The author thanks Tsutomu Matsubara for help in preparing this figure.

Compr Physiol. Author manuscript; available in PMC 2019 July 03.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gonzalez

n,

CYP27A1

v, ,
Cholesterol CH,OH
CYP27A1 X
—
Ho ¢ CYP7A1 HO

y,

A /oH
EYPETA ¢ CYP27A1
,

Vi

HOY

Vi

HO™ A "/OH

Cholic acid Chenodeoxycholic acid
Glycine/taurine conjugates

Figure2.

Page 28

Pathway for the synthesis of bile acids. Neutral pathway: cholesterol is converted to 7a-
hydroxycholesterol (1) by CYP7AL, the rate-limiting enzyme in cholesterol degradation in
the major neutral pathway of bile acid synthesis. 7a-Hydroxycholesterol is reduced to 7a-
hydroxy-4-cholesten-3-one (I1), which is metabolized to 7a.,12,-dihydroxy-4-cholesten-3-
one (I11) by CYP12A1 or reduced to 5p-cholestane-3a,7a-diol (VII). 7a,12,-Dihydroxy-4-
cholesten-3-one is oxidized to 5p-cholestane-3a,7a,12,-triol (IV), and 5B-cholestane-3a.,
7a-diol is oxidized by CYP27A1 to 3a,7a-dihydroxy-5p-cholestanoic acid (VIII), which is

then metabolized to the terminal metabolite chenodeoxycholic acid (1X) through a
demethylation reaction. 5g-Cholestane-3a.,7a.,12,-triol is also oxidized to 3a,7a,12,-
trihydroxy-5@-cholestanoic acid (V) by CYP27A1, which is converted to the terminal

metabolite cholic acid (V1) by a demethylation reaction. Acidic pathway: cholesterol is also

converted to 27-hydroxycholesterol (X) and 3p-hydroxy-5-cholestenoic acid (XI) by
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CYP27A1 in the minor acidic pathway. 3B-Hydroxy-5-cholestenoic acid is metabolized to
3B, 7a-hydroxy-5-cholestenoic acid (XI1) by CYP7B1. A series of reactions converts 3p,7a-
hydroxy-5-cholestenoic acid to chenodeoxycholic acid (1X). The author thanks Fei Li for
making this figure.
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Figure 3.
Domain structure of nuclear receptors. The nuclear receptor superfamily proteins have

several functional domains; the activation function 1 (AF1) domain at the N terminus, the
DNA-binding domain (DBD), a hinge region, a ligand-binding domain (LBD) and another
activation function 2 (AF2) domain at the C terminus. The small heterodimer protein (SHP)
that has a major role in the regulation of genes involved in bile acid synthesis and transport,
lacks the AF1 and DBD domains. Derived in part, with permission, from Science Slides
(scienceslides.com).
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Figure 4.
Nuclear receptor control of gene expression. Nuclear receptors (NR) bind to c¢/s-acting

elements usually located upstream of target genes. In the case of those receptors involved in
metabolic control that bind as heterodimers with the retinoid X receptor, the binding site is
composed of a direct repeat element (DR) separated by 1 to 4 nucleotides. In the absence of
ligand, the NR is either unbound or bound to DNA. If bound to DNA in the absence of
ligand, the receptor is complexed to a corepressor and histone deacetylases (HDAC) or
demethylases, enzymes that remove acetyl or methyl groups from histones, which serve to
keep the chromatin compact. In the presence of ligands, the corepressor is released and
coactivators bind along with histone acetyltransferases and histone methyltransferases and
components of the RNA polymerase (RNAP) complex resulting in gene transcription.
Derived in part, with permission, from Science Slides (scienceslides.com).

Compr Physiol. Author manuscript; available in PMC 2019 July 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gonzalez

Page 32

Coactivator

Figure5.
Repression of the Cyp7al gene by small heterodimer protein (SHP). Farnesoid X receptor

(FXR) activates expression of SHP in the presence of bile acids agonist. SHP then binds to
the positive regulator liver receptor homolog 1 (LRH-1) and inhibits its transactivation of
Cypral and other target genes such as Asbt. Derived in part, with permission, from Science
Slides (scienceslides.com) and reference (76).
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Figure®6.
Mechanism for gene suppression by Rev-erba. Rev-erba binds heme and represses gene

transcription by recruitment of NCoR-HDAC3 corepressor complex and promotes chromatin
condensation. Rev-erba suppresses expression of Cyp7al and the positive clock component,
Bmall that controls circadian rhythm. Derived in part, with permission, from Science Slides
(scienceslides.com) and reference (160).
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Figure7.

Mechanism for the enterohepatic circulation of bile acids. Bile acids and other steroids
produced or metabolized in the liver and secreted to the intestine, for reabsorption back into
the circulation and transport back to the liver. Coincident with bile acid recirculation is the
removal and reuptake of drugs, usually conjugated high Mr drugs. Cholesterol is the
substrate for bile acid synthesis, one of the routes for mammalian disposal of cholesterol.
The author thanks Tsutomu Matsubara for help in preparing this figure.
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