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Abstract: Farnesoid X receptors (FXRs) are nuclear hormone receptors expressed in high amounts in body

tissues that participate in bilirubin metabolism including the liver, intestines, and kidneys. Bile acids (BAs) are the

natural ligands of the FXRs. FXRs regulate the expression of the gene encoding for cholesterol 7 alpha-hydroxylase,

which is the rate-limiting enzyme in BA synthesis. In addition, FXRs play a critical role in carbohydrate and

lipid metabolism and regulation of insulin sensitivity. FXRs also modulate live growth and regeneration during

liver injury. Preclinical studies have shown that FXR activation protects against cholestasis-induced liver injury.

Moreover, FXR activation protects against fatty liver injury in animal models of nonalcoholic fatty liver disease

(NAFLD) and nonalcoholic steatohepatitis (NASH), and improved hyperlipidemia, glucose intolerance, and

insulin sensitivity. Obeticholic acid (OCA), a 6o-ethyl derivative of the natural human BA chenodeoxycholic acid

(CDCA) is the first-in-class selective FXR agonist that is ~100-fold more potent than CDCA. Preliminary human

clinical trials have shown that OCA is safe and effective. In a phase II clinical trial, administration of OCA was well-

tolerated, increased insulin sensitivity and reduced markers of liver inflammation and fibrosis in patients with type

II diabetes mellitus and NAFLD. In two clinical trials of OCA in patients with primary biliary cirrhosis (PBC),

a progressive cholestatic liver disease, OCA significantly reduced serum alkaline phosphatase (ALP) levels, an

important disease marker that correlates well with clinical outcomes of patients with PBC. Together, these studies

suggest that FXR agonists could potentially be used as therapeutic tools in patients suffering from nonalcoholic

fatty and cholestatic liver diseases. Larger and Longer-term studies are currently ongoing.
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Introduction

The Farnesoid X receptors (FXR) belong to a family of
receptors known as the nuclear hormone receptors (1,2).
These proteins bind to cis-acting elements in the promoters
of their target genes and modulate gene expression in
response to metabolites (3). The FXR were first described
in 1995 by Forman and co-workers (3). FXRs were
found to be activated by the farnesol derivative, farnesyl
pyrophosphate, which is a metabolic intermediate and the
last precursor common to all branches of the mevalonic
pathway, which leads to the biosynthesis of cholesterol,
bile acids (BAs), sterol compounds, porphyrin, dolichol,
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ubiquinone, carotenoids, retinoids, vitamin D, steroid
hormones, and farnesylated proteins (4). Recently, BAs
were identified as physiological ligands of the FXRs (5,6).
BAs are liver-related metabolites that are synthesized
primarily by the liver (7). They are the end products of
cholesterol catabolism and are important for absorption
of nutrients such as fat-soluble vitamins and lipids (7).
Normally, the BAs are produced by the liver cells and are
stored in the gallbladder. BAs are then secreted by the
gallbladder into the small intestine, where they participate
in the digestion of food, and ultimately are reabsorbed
back through the portal circulation into the liver (8). The
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circulation of BAs from the liver to the intestines and back
to the liver is called the enterohepatic circulation. Hepatic
BAs comprise only 5% of the total BA pool (7).

FXRs are highly expressed in tissues that participate in BA
metabolism such as the liver, intestines, and kidneys (3). Both
conjugated and unconjugated bile salts activate the FXRs
at physiological concentrations (9,10). FXRs regulate BA
homeostasis by regulating genes involved in BA synthesis,
secretion, conjugation, transportation, absorption, and
detoxification (11-15). When bound to BAs, FXRs repress
the expression of the gene encoding cholesterol 7 alpha-
hydroxylase, which is the rate-limiting enzyme in BA
synthesis (5). Moreover, the expression of an important
transport protein in the intestine is increased as a result of
activation of the FXRs through binding with BAs (5,16); the
cytosolic intestinal bile acid-binding protein (I-BABP) (17).
This protein is thought to play an important role in the BA
metabolism by facilitating the transport of the BAs from the
intestines across the enterocytes and the portal circulation
to the liver (5,16).

BAs have been found to affect liver regeneration and
growth in liver injury and resection. In a mouse model (18),
mice were fed either control or a 0.2% cholic acid (CA)-
containing diet for 5 days. There was an approximately 30%
increase in liver weight in the CA-fed mice compared to
mice fed control diets. When livers were recovered, DNA
synthesis was also noted to be increased, as demonstrated
by a marked increase in hepatocyte nuclei staining with
BrdU (18). These results suggest that supplementation with
modest amounts of BAs is sufficient to drive hepatocyte
proliferation. In a partial hepatectomy mouse model (18),
mice were fed either a 0.2% CA-containing diet or a
cholestyramine (resin)-containing diet for 5 days. CA-fed
mice showed a significantly increased rate of liver growth
and an increase in the number of BrdU-positive nuclei
when compared to resin-fed mice (18). The role of the BA
membrane transporter Mrp3 (Abcc3), which is expressed in
liver and intestine, in hepatic regeneration was investigated
in a partial hepatectomy mouse model (19). In that study,
the liver growth and regeneration, elicited by CA feeding,
were significantly impaired in the mice lacking Mrp3 (19).
These mice also showed a decrease in portal circulation
levels of BAs as well as impaired DNA synthesis (19). In
a study of 46 patients who underwent hemihepatectomies
with or without external biliary drainage, serum BAs
and liver regeneration volumes were measured at 3- and
7-postoperative days (20). The mean serum BA levels and
regenerated liver volumes were significantly higher in the
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group of patients without external biliary drainage (20).
As expected, there was a significant positive association
between the serum BA levels and the liver regeneration
volumes (20). These results suggest that diverting BAs from
the portal circulation decreases liver growth and DNA
synthesis.

One critical FXR target gene in the gut is fibroblast
growth factor-19 (FGF-19), a secreted growth factor
that signals through the FGFR4 cell-surface receptor
tyrosine kinase (21,22). In one study, FXR was found to
directly regulate the expression of FGF-19, which in turn
suppresses the expression of cholesterol 7 alpha-hydroxylase
in human hepatocytes through a c-Jun N-terminal kinase-
dependent pathway (23). Suppression of cholesterol 7
alpha-hydroxylase and decreased BA synthesis are known
to be beneficial for liver regeneration (24,25). These results
highlight the effect of FXR activation on liver growth and
regeneration and their potential important implication in
clinical practice.

FXR has been shown to be involved in liver cirrhosis.
Activation of hepatic stellate cells (HSCs) is thought to
mediate the process of liver fibrosis through the secretion of
extracellular matrix proteins, ultimately leading to scarring
of the liver tissue (26). Recent studies have shown that
FXR is expressed in rat and human stellate cells (27,28),
and that activation of FXR reduces the expression of
extracellular matrix proteins by these cells (29). In addition,
FXR activation has been shown to prevent and resolve liver
fibrosis in rodents (28-30).

The effect of FXR on atherosclerosis has been examined
in several animal models of atherosclerosis. The effect of
FXR activation on aortic plaque formation was assessed
by feeding apolipoprotein E-deficient mice with the
synthetic FXR ligand 6-ethyl chenodeoxycholic acid
(CDCA) at different doses (31). Administration of 6-ethyl
CDCA reduced plaque formation by 95%, reduced aortic
expression of the inflammatory cytokines interleukin (IL)-
1B, IL-6, and CD11b (31). FXR activation also reduced
hepatic expression of sterol regulatory element binding
protein lc, resulting in reduced triglyceride and cholesterol
content in the liver and amelioration of hyperlipidemia (31).
These findings suggest that FXR ligands might be used in
the prevention and treatment of atherosclerosis.

FXR has been shown to be important in preventing
gallstone formation in susceptible mice. In a study, FXR-
deficient mice were found to be more susceptible to
cholesterol gallstone formation than wild-type mice
when fed a lithogenic diet (32). Moreover, treatment of
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C57L mice, which are susceptible to cholesterol gallstone
formation, with a potent FXR agonist prevents gallstone
formation (32).

FXR has been demonstrated to be involved in
carcinogenesis. Mice lacking FXR were found to
spontaneously develop hepatocellular adenomas and
carcinomas after 12 months (33). In another mouse model,
selective reactivation of intestinal FXR protected mice
against development of HCC (34). These findings suggest
that FXRs play a key role in the pathogenesis of HCC, and
that FXR activation could prevent or treat HCC.

The FXR agonists are gaining attention as potential
therapeutic agents in hepatobiliary disease because of their
safety profiles and proven efficacy in experimental models
of several human liver diseases. In this paper, we review
the advances in the FXR agonists. Table 1 summarizes
the clinical trials and ongoing studies of FXR agonists in
different diseases.

Nonsteroidal FXR agonists and their potential
clinical uses

GW4064, developed by Maloney ez al. (43), is a potent and
selective nonsteroidal FXR agonist. It possesses an oral
bioavailability of 10% with a half-life of 3.5 hours (43). The
effect of GW4064 on serum triglycerides has been evaluated
in a murine model in which rats were fed GW4064 by oral
gavage. After 7 days, a dose-dependent lowering of serum
triglycerides was observed in the rats receiving GW4064 (43).
These results suggest that this FXR agonist could potentially
be used in the treatment of dyslipidemia in humans.

WAY-362450 (FXR-450 or XL335), developed by Flatt
et al. (44), is a potent and selective FXR agonist with an
oral bioavailability of 38% and a protracted half-life of
25 hours (44). In a murine model, administration of WAY-
362450 significantly lowered serum triglyceride and total
cholesterol levels, and inhibited aortic atherosclerotic
formation in a dose-dependent manner (44). These data
suggest that WAY-362450 could be useful in treating
patients with atherosclerotic vascular diseases.

PX-102 is a fully-synthetic, potent nonsteroidal FXR
agonist that currently being evaluated in phase I clinical
studies in healthy humans.

FXR agonists and alcoholic liver disease

Alcohol consumption is a major risk factor for chronic
disease worldwide; it accounted for 3.8% of all deaths
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in 2004 (45). It is also a major cause of liver disease in
Western countries. Alcohol-related liver deaths account
for up to 48% of cirrhosis-associated deaths in the United
States (46) and are also major contributors to liver disease-
related mortality in other countries (45). The spectrum of
alcoholic liver disease includes simple steatosis, alcoholic
hepatitis, fibrosis, cirrhosis, and hepatocellular carcinoma
(HCC). There are no targeted therapies for alcoholic liver
disease, and treatment is mainly supportive with or without
corticosteroids (46).

The role of the FXR in alcoholic liver disease has been
investigated in a murine model. In this experiment, mice
were fed Lieber-DeCarli ethanol diet or a control diet (47).
FXR activity has been found to be impaired in this model,
and treatment with the FXR agonist WAY-362450 protected
the mice from development of alcoholic liver disease,
possibly by suppressing the up-regulation of the microsomal
cytochrome P450 2E1 enzyme, which has been shown to
be the major contributor to alcohol-induced oxidative stress
and liver injury (47). These data suggest that FXR plays an
important role in the pathogenesis of alcoholic liver disease,
and that FXR activation could be of therapeutic benefit. A
phase II clinical trial of obeticholic acid (OCA), an FXR

agonist, in alcoholic hepatitis is currently underway.

FXR agonists and nonalcoholic fatty liver
disease (NAFLD)

Preclinical and clinical studies demonstrating beneficial
effects of FXR agonists as potential therapeutic agents for
the treatment of NAFLD/NASH

NAFLD is a common chronic liver disease in Western
Society (48-50). NAFLD is closely associated with features
of the metabolic syndrome such as insulin resistance,
obesity, type II diabetes and hypertriglyceridemia (51).
Nonalcoholic steatohepatitis (NASH), characterized
histologically by hepatic steatosis, lobular inflammation
and hepatocellular ballooning (52), progresses to cirrhosis
of the liver in up to 15% of patients (53,54). About 90%
of NAFLD patients exhibit at least one of the metabolic
syndrome features, and one third exhibit three or more (55).
Due to the lack of accurate biomarkers and invasiveness
nature of liver tissue sampling, it is difficult to examine
the true incidence and prevalence if NAFLD and NASH.
In a recent study using liver biopsy involving 328 patients
recruited from the Brooke Army Medical Center in the
United States, the reported prevalence of NAFLD and
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Table 1 Clinical trials and ongoing studies of farnesoid X receptor agonists in different diseases

No. of
Agent Indication Type of study . Outcome(s) measured Results and comments
participants
CA (15 mg/kg/day) Hepatic steatosis Randomized, 18 Hepatic TG content as primary CA did not reduce hepatic TG or liver
for 6 months (35)  in patients with double-bind, endpoint; liver biochemistries as biochemistries compared to placebo. CA
lipodystrophy placebo-controlled secondary endpoints was well tolerated
OCA (25 and Type Il diabetes Randomized, 64 Insulin sensitivity as primary OCA was well tolerated, increased insulin
50 mg daily) for mellitus and double-blind, endpoint, liver biochemistries and sensitivity and reduced markers of liver
6 weeks (36) NAFLD placebo-controlled inflammation markers as secondary inflammation
endpoints
OCA, 25 mg daily  Primary bile acid  Open label 28 Change in fasting serum FGF19 as OCA stimulates FGF19 production,
for 2 weeks (37) diarrhea primary endpoint, change in fasting reduces bile acid synthesis, and results
serum bile acids and 7a-OH-4- in clinical improvement (i.e., in stool
cholesten-3-one (C4) and clinical frequency, stool form and diarrhea index)
improvement as secondary endpoints
Px-104 NAFLD Open label Still recruiting  Liver biochemistries as primary Study ongoing
endpoints, hepatic fat content as
secondary
OCA, 10 mg daily  PBC patients Randomized, 217, study is composite endpoint of achievinga  The proportion of patients meeting the
or 5 mg titrated to  with inadequate  double-blind- still ongoing  serum ALP activity of less than 1.67 primary endpoint was: 47% in the 10 mg

10 mg daily (data
presented at the
International Liver
Congress, EASL,
London, April 2014)
CDCA (10 mg/kg) for
a total of 3 weeks.
This study also used
DCA (10 mg/kg)

for the cross-over
design (38)

CDC (500 or

1,000 mg daily) for
4 days (39)

CDCA, 750 mg daily
for 6 months (40)

CDCA (750 mg
daily) for 1 year (41)
OCA (1.5 mg titrated
to 3 mg, 5 mg
titrated to 10 mg
daily) for 24 weeks
OCA (10 mg daily)
for 6 weeks

OCA (25 mg daily)
for 3 weeks

OCA (25 mg daily)
for 72 weeks (42)

response to UDCA

To study the effect
of CDCA on the
hepatic synthesis
of cholesterol and
bile acids

Constipation- type
irritable bowel
syndrome

Gallstones

Cerebrotendinous
xanthomatosis

PSC

Alcoholic hepatitis

Morbidly obese
patients with
gallstone disease

Non-cirrhotic
NASH

placebo controlled

Randomized, 10
cross-over study
Randomized, 36
double-blind,
placebo-controlled
Randomized, 58
double-blind,
placebo-controlled

Open label 17
Randomized, Still recruiting
double-blind,

placebo controlled

Randomized,
double-blind,
placebo-controlled

Still recruiting

Randomized,
double-blind,
placebo-controlled

Still recruiting

Randomized, 283
double-blind,

placebo-controlled

times the upper limit of normal, a
total bilirubin within normal limits,
and at least a 15% decrease in
serum ALP as the primary endpoint

Change in serum levels of
7a-hydroxy-4-cholesten-3-one,
reflecting cholesterol 7a-hydroxylase
activity, and 7-dehydrocholesterol,
reflecting HMG CoA reductase
activity, and bile acids

Colonic transit, stool characteristic,
FGF19, serum 70C4

Dissolution of gallstones

Change in neurological
manifestations

Reduction in serum ALP

Change in MELD score

Change in hepatic fat and serum
triglyceride levels; change in
markers of insulin resistance

Decrease in NAFLD activity score by
at least 2 points without worsening
of fibrosis

OCA group and 46% in the 5-10 mg OCA
group vs. only 10% in the placebo group.
Pruritus was reported in 68% in the 10 mg
OCA group, compared to 56% in the 5-

10 mg OCA and 38% in the placebo group
CDCA inhibits cholesterol and bile acid
synthesis. No adverse events have been
reported

CDC accelerates colonic transit and
improves bowel function

Reduction in the size and/or number of
gallstones upon imaging

CDCA improves dementia, pyramidal and
cerebellar signs, and neuropathy

Study ongoing

Study ongoing

Study ongoing

OCA improved histology in 45% of
patients, compared to 21% in the placebo.
Pruritus occurred in 23% of patients in the
OCA arm

CA, cholic acid; TG, triglyceride; OCA, obeticholic acid; NFLD, nonalcoholic fatty liver disease; FGF, fibroblast growth factor; PBC, primary biliary cirrhosis;
UDCA, ursodeoxycholic acid; ALP, alkaline phosphatase; CDCA, chenodeoxycholic acid; CDC, chenodeoxycholate; MELD, Model for End-stage Liver
Disease; DCA, deoxycholic acid.
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NASH was 46% and 12.2% respectively (50). In this study,
the prevalence of NASH was highest among the Hispanics
(19.4% vs. 9.8% among the Caucasians) and among the
diabetics (22.2% wvs. 10.2% among the non-diabetics) (50).
These data indicate that NAFLD and NASH are far more
common than appreciated.

In addition to insulin resistance, oxidative stress and
activation of the fibrogenetic pathways have both been
implicated as key factors contributing to the chronic liver
injury in patients with NASH (56-58). Recently, high
dietary cholesterol, an activator of liver X receptor, has
been shown to negatively affect the balance between storage
and oxidation of fatty acids, which are in turn processed
to non-triglyceride metabolites, such as diacylglycerol
and lysophosphatidyl choline, that drive lipotoxic injury
of liver cells (59-62). The type of dietary fat contributes
to the development of NASH, as shown in mice fed on a
diet high in trans-saturated fats (63). In addition, fructose,
which depletes intracellular adenosine triphosphate (ATP),
is transformed into lipids in the absence of insulin, thus
increasing the amount of intracellular fat deposits and
contributing to NAFLD and NASH, as also supported
by the strong association of type II diabetes and NASH
in individuals consuming high-fructose drinks (64).
The depletion of hepatic ATP leads to mitochondrial
dysfunction, generation of reactive oxygen species,
inflammation, and endoplasmic reticulum stress, with
subsequent activation of stress-related Jun N-terminal
kinase which promotes hepatocyte apoptosis (65). Toxic
lipid metabolites lead to activation of stress kinases and
activation of cell death receptor signaling pathways, and
trigger organelle dysfunction, leading to progress live cell
injury (66). Other factors are activation of toll-like receptor
4 (TLR4) by intestinal bacterial lipopolysaccharide (67-69)
and other pro-inflammatory signals produced by dysbiosis
(gut microbiota imbalance) (70-72).

NASH is one of the top leading indications for liver
transplantation. A United States study examined the trends of
liver transplantation for NASH between 2001 and 2009 (73).
Strikingly, the percentage of patients undergoing liver
transplantation for NASH significantly increased from 1.2%
in 2001 to 9.7% in 2009, making it the third most common
indication for liver transplantation (73). It has been
proposed by the authors of the paper that if the current
trends continue, NASH will become the most common
indication for liver transplantation in the United States in
the next decades (73).

Studies have reported that NASH is a progressive
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disease and that simple hepatic steatosis rarely progresses
to end-stage liver disease (74). The presence of fibrosis
on liver biopsy, obesity, and insulin resistance has been
identified as important risk factors for the progression of
NASH (53,74,75). The overall survival of patients with
NAFLD and NASH is reduced when compared to a
matched reference population. NAFLD patients die from
cardiovascular- and liver-related causes. In one study (54),
a cohort of 129 patients with biopsy-proven NAFLD (of
whom 14.7% had NASH at baseline) was followed for a
mean of 13.7 years. During the follow-period, 15.5% of
patients died from cardiovascular disease, and 5.4% of
patients developed end-stage liver disease (54). Moreover,
NASH cirrhosis has been identified as an important risk
factor for HCC (54,76-78). It is unknown if NASH can
result in HCC in the absence of cirrhosis. Reports from case
series suggest that NASH can result in HCC in the absence
of live cirrhosis (79-81). In a recent study, Ertle er a/l. (82)
examined the prevalence of the metabolic syndrome and
related clinical features in a cohort of 150 patients with
an established diagnosis of HCC. They found that NASH
was the second most common etiology of HCC (24% of all
cases), and that features of the metabolic syndrome such as
overweight, diabetes mellitus, hypertension and dyslipidemia
were more common in the NASH-HCC group compared
to the non-NASH-HCC group (82). Interestingly, 47.2%
of the NASH-HCC exhibited no evidence of cirrhosis,
suggesting that NASH or the metabolic syndrome may
cause HCC even in the absence of cirrhosis (82). Larger
and longer-term studies are required to clarify these results.

Currently, there is no effective medical therapy for
NASH. Liver transplantation is the only potentially curative
treatment for patients with NASH cirrhosis. Even after
liver transplantation, NASH patients are at high risk for
post-operative complications, cardiovascular events and
mortality (up to 42% over a 12-month period) possibly due
to associated obesity and diabetes (83,84).

FXRs play a critical role in carbohydrate and lipid
metabolism and regulation of insulin sensitivity (85-88).
The effect of the FXR on peripheral insulin resistance was
examined in a mouse model (89). The ability of FXR -/-
mice to respond to a glucose challenge was investigated.
After a single intraperitoneal bolus injection of glucose,
FXR -/~ mice displayed a more pronounced plasma glucose
up rise than the FXR +/+ mice (89). The decreased plasma
glucose clearance in the same mouse model was further
investigated to determine whether the decreased plasma
glucose clearance resulted from impaired insulin secretion
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or peripheral insulin resistance by intraperitoneal insulin
tolerance tests. The insulin-mediated decrease of plasma
glucose was less pronounced in FXR -/~ than in FXR +/+
mice (89). To directly evaluate the effect of FXR deficiency
on whole-body insulin sensitivity, a hyperinsulinemic-
euglycemic clamp test, commonly used to measure insulin
resistance, was performed on 9-hour fasted FXR +/+ and
FXR -/- mice. The glucose infusion rate (GIR) required to
maintain euglycemia was 22% lower in the FXR -/- mice
than in the FXR +/+ mice, indicative of existence of whole-
body insulin resistance (89). Endogenous blood glucose
production rate, which mainly reflects hepatic glucose
production, was suppressed to similar values with insulin
infusion in both FXR +/+ and FXR -/- mice, indicating the
absence of hepatic insulin resistance in FXR -/~ mice (89).
Moreover, the insulin-stimulated glucose disposal rate
was reduced by 20% in FXR —-/- mice (89). These results
indicate that FXR deficiency results in peripheral insulin
resistance, an important feature in NASH.

Preclinical studies have shown that FXR activation
improves insulin sensitivity. In a mouse model of insulin
resistance, genetically obese mice (0b/0b) received either
the FXR agonist GW4064 or vehicle for 10 days (89).
Plasma insulin concentration significantly decreased on
day 10 in the treatment group, suggesting an improvement
in the insulin sensitivity in the GW4064-treated mice.
Furthermore, results from a glucose tolerance test (by
injecting glucose intraperitoneally after a 6-hour fast) and
impaired tolerance test (by injecting insulin intraperioneally
after a 6-hour fast) showed improved glucose clearance and
enhanced insulin sensitivity in GW4064-treated mice when
compared to controls (89). These results indicate that FXR
activation results in improved insulin sensitivity.

FXR activation lowers plasma glucose, free fatty acids,
triglycerides, and total cholesterol. In a mouse model (88),
FXR +/+ and FXR -/- mice were treated with GW4064
for 11 days. After 4 days of treatment, plasma glucose, free
fatty acids, and triglycerides decreased significantly in FXR
+/+ but not in FXR -/~ mice (88). FXR activation has also
been shown to improve plasma glucose concentrations in a
diabetic mouse model (88). The db/db mice lack functional
leptin receptors and have been extensively studied as a
model for type II diabetes mellitus (90,91). Diabetic db/db
mice and their lean littermates were treated with GW4064
or vehicle for 5 days (88). Treatment of db/db mice with
GW4064 significantly decreased plasma levels of glucose,
fatty acids and triglycerides (88). Together, these results
indicate that FXR activation results in a reduction in
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plasma levels of glucose, free fatty acids, and triglycerides,
underscoring the key role of FXR in regulation of
carbohydrate and lipid metabolism.

In addition to their direct role, FXR indirectly regulates
carbohydrate and lipid metabolism and insulin sensitivity
through increasing the secretion of FGF-19 into the
small intestine (92). In turn, FGF-19 has been found to
improve indices of hyperlipidemia, hyperinsulinemia,
hepatic steatosis, and insulin sensitivity in mice fed
a high-fat diet (93). In addition, FGF-19 treatment
decreases hepatic triglycerides and free fatty acids levels
in FXR -/- mice (94).

The effect of FXR activation on the development
and protection against NASH has been investigated in
animal models. Feeding mice a methionine and choline-
deficient (MCD) diet is a well-established nutritional
model of NASH resulting in serum elevation of alanine
aminotransferase (ALT) and aspartate aminotransferase
(AST), and liver histological abnormalities similar to human
NASH, including hepatic steatosis, lobular inflammation,
and pericellular fibrosis (95,96). C57BL/6 mice were fed
an MCD diet and treated with or without WAY-362450
(a synthetic FXR agonist) for 4 weeks (97). The elevations
of serum ALT and AST induced by the MCD diet were
markedly reduced with WAY-362450 treatment (97). In
addition, treatment with WAY-362450 markedly reduced
inflammatory cell infiltration and hepatic fibrosis (97).
The reduction in inflammatory cell infiltration correlated
with decreased serum levels of the inflammatory markers
keratinocyte derived chemokine (mKC) and monocyte
chemokine protein-1 (MCP) and decreased hepatic
gene expression of MCP-1 and vascular cell adhesion
molecule-1 (VCAM-1). The reduction of hepatic fibrosis
by WAY-362450 correlated with a decrease in hepatic
gene expression of fibrosis markers (97). Moreover, the
hepatoprotective effects of WAY-362450 were abolished in
FXR -/- mice fed an MCD diet (97). These results indicate
that FXR agonists may be useful for the treatment NASH.

Preliminary data suggest that BA accumulation could
override triglyceride accumulation in the liver during
liver injury induced by NAFLD. In an animal model
of NASH (98), wild type (WT) C57BL/6] and FXR -/-
mice were fed with MCD diet for 4 weeks. FXR-/- mice
developed more severe liver injury, assessed by serum ALT
and AST and histology, than WT mice. Interestingly,
FXR-/- MCD fed mice developed lower degrees of hepatic
steatosis and higher degrees of hepatic cholestasis (98).
Moreover, the super-physiological concentrations of hepatic
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BAs in the FXR -/~ MCD fed mice inhibited the expression
of genes involved in fatty acid uptake and triglyceride
accumulation, which may be an explanation for the less
hepatic steatosis in FXR -/~ MCD fed mice in contrast to
WT MCD fed mice (98). These results suggest that BA
accumulation in the liver tissue is an important step in the
liver injury caused by NAFLD.

Preliminary human data have shown that BAs levels
are increased in patients with NAFLD/NASH, suggesting
that BAs could be detrimental in patients with NAFLD/
NASH. Recently, Bechmann et 4/. (99) examined liver
biopsies and serum markers of cell death, free fatty acids
(FFAs), and serum BAs from 113 obese patients receiving
bariatric surgery. In this study, they found that serum FFAs
and BAs were significantly higher in patients with NASH
compared to controls and that serum adiponectin levels
were markedly reduced in NASH patients when compared
to controls (99). In addition, the BA transporter N+/
taurocholate cotransporter and the BA synthesizing enzyme
cholesterol 7o-hydroxylase were significantly up-regulated
in obese patients and hepatoma cells upon exposure to FFA,
indicating failure to activate small heterodimer partner
(SHP) upon FXR stimulation by increasing BA (CDCA)
concentration, even though SHP was only modestly
decreased (99). An important finding is the higher serum
BAs levels in patients with advanced ballooning on biopsy,
an important histological feature in NASH (99). Moreover,
they observed a direct inverse relationship between the
adiponectin and serum BA (99). Taken all together, these
data suggest that BAs are detrimental in NASH and
adiponectin may have a role in BA metabolism.

OCA as a potential therapeutic agent for NAFLD/NASH-
preclinical studies

OCA, also known as INT-747, a 6a-ethyl derivative of
CDCA, is a first-in-class selective FXR agonist (100).
Sixa-ethyl CDCA was first described in 2002 as a potent
and selective steroidal FXR agonist (101). In addition to
its potent role in promoting bile flow (101), 6-ECDCA
protected hepatocytes against acute necrosis caused by
lithocholic acid (LCA) in a male Wistar rat model of
cholestasis (101). OCA has an approximately 100-fold
greater FXR agonistic activity than CDCA (102).

In a rabbit model of the metabolic syndrome (103), a
high-fat diet resulted in an increase in visceral fat, fasting
glycemia and glucose intolerance. Treatment with OCA
along with the high-fat diet normalized visceral fat fasting
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glucose levels, and improved glucose tolerance (103). The
effect of OCA on insulin resistance and development of hepatic
steatosis has been studied in Zucker fa/fa obese rats (104), a
model for NAFLD with a loss-of-function mutation of
the leptin receptor. These rats exhibit hyperphagia and
hyperleptinemia and develop obesity, insulin resistance,
diabetes, and hepatic steatosis (105-107). In this study,
in comparison to lean rats, fa/fa rats on a normal diet
developed insulin resistance and hepatic steatosis (104).
Administration of OCA reversed insulin resistance and
hepatic steatosis and protected against body weight gain
and liver and muscle fat deposition (104). Moreover, FXR
activation resulted in a reduction of liver expression of
genes involved in fatty acid synthesis, lipogenesis and
gluconeogenesis (104). In muscle, FXR activation reduced
free fatty acid synthesis (104).

In addition to its role in reversing insulin resistance
and hepatic steatosis, OCA displays a wide range of anti-
inflammatory and anti-fibrotic activities, which have been
demonstrated in several animal models. OCA treatment
reduced AST and plasma levels of interferon-y and
tumor necrosis factor-a in a mouse model of autoimmune
hepatitis (108), reduced the expression of profibrotic and
fibrosis markers in a mouse model of nephropathy (109),
and attenuated colon injury by increasing colon expression
of FXR and SHP and reducing levels of IL-1, IL-2 and
IL.-6 in a mouse model of colitis (110,111).

OCA as a potential therapeutic agent for NAFLD/
NASH—clinical studies

The safety and effect of OCA on insulin sensitivity has
been investigated in a randomized, placebo-controlled
clinical trial in patients with NAFLD and type II
diabetes (36). In this study, patients were assigned to
receive 25 mg OCA, 50 mg OCA, or placebo, once daily
for 6 weeks. The primary endpoint was the GIR, assessed
by the hyperinsulinemic-euglycemic clamp technique (112).
This technique is considered gold standard for assessment
of insulin sensitivity. When patients were given low-dose
insulin infusion, insulin sensitivity significantly improved
by 28% and 20.1% from baseline in the 25 and 50 mg OCA
groups, respectively, while insulin sensitivity decreased
by 5.5% in the placebo group (36). A similar pattern of
change in insulin sensitivity was observed when patients
were given high-dose insulin infusion (36). Moreover, a
significant reduction in levels of y-glutamyltransferase

(GGT) and ALT and liver fibrosis markers were observed
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in the treatment groups (36). Adverse events were similar in
all groups (36). These results are promising and larger and
longer-term clinical trials are needed to assess the potential
the impact of OCA and other FXR agonists on the long-
term outcomes of NAFLD/NASH.

Recently, the results of the Farnesoid X nuclear receptor
ligand OCA in NASH treatment (the FLINT) trial were
reported (42). In this multicenter, double-blinded, placebo
controlled clinical trial, a total of 283 patients with biopsy-
proven NASH were randomized to receive either OCA
25 mg orally daily or placebo for 72 weeks. The primary
outcome measure was improvement in NAFLD activity
score by at least two points without worsening of fibrosis
from baseline to the end of treatment. At the time of
analysis of the primary outcome, 110 patients in the
OCA arm and 109 patients in the placebo arm were
included in the analysis (42). At 72 weeks of treatment,
the percentage of patients who demonstrated histological
improvement in the OCA and placebo arm was 45% and
21%, respectively (42). Pruritus, a known side effect of
OCA, developed in 23% of the 141 patients in the OCA
arm versus 6% of the 142 patients in the placebo arm (42).
Of note, a decrease in the high-density lipoprotein (HDL),
and an increase in the total cholesterol and low-density
lipoprotein (LDL) was observed in patients in the OCA arm
compared to placebo (42). These results suggest that OCA
might be beneficial in preventing progression of NASH.
Long-term studies are needed to explore the clinical
relevance of FXR ligand treatment-related dyslipidemia.

FXR agonists and the cholestatic liver disease
[primary biliary cirrhosis (PBC) and primary
sclerosing cholangitis (PSC)]

OCA as a potential therapeutic agent for cholestatic liver
diseases—preclinical and clinical studies

In a Wistar rat model of cholestasis, OCA promoted bile
flow and protected the hepatocytes against acute necrosis
caused by administration of LCA (101). In another rodent
model of bile duct ligated (BDL) rats, the administration of
OCA reduced liver fibrosis and o-collagen 1, transforming
growth factor-pl (T'GF-B1), and tissue metalloproteinase
inhibitor-1 (29). Collectively, these results indicate that FXR
activation could be beneficial in patients with cholestatic
liver diseases.

PBC is a chronic, progressive, cholestatic liver disease
characterized histologically by destruction of intrahepatic
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bile ducts and serologically by the presence of the
antimitochondrial antibodies (AMAs) (113). AMA is a
highly disease-specific autoantibody (114), rarely found
in individuals without PBC (115). The diagnosis of PBC
is suspected in the setting of cholestasis and presence of
AMA (116). Liver biopsy, once an important diagnostic
step to establish or rule out PBC, is now rarely performed
to confirm a diagnosis of PBC, as ~95% of PBC patients
test positive for AMA (114). The targets of the AMAs
are members of a family of enzymes, the 2-oxo-acid
dehydrogenase complexes (117-120). The etiology of PBC
is poorly understood. In addition to female sex, several
other clinical variables such as infections (particularly
urinary tract infections), use of chemicals and xenobiotics
(such as 2-Octynoic acid), smoking and having a first-
degree family member with PBC have been implicated
as risk factors for PBC (121-123). Recent genome-wide
association studies (GWAS) have identified loci strongly
associated with PBC, such as HLA, IL12A, IL12RB2, SPIB,
IRFS-TNPO3, 17q12-21, STAT4, DENNDIB, CD80, IL"R,
CXCRS, TNFRSF1A, CLEC16A, and NFKBI (124-129).
Epidemiological studies have reported a prevalence of PBC
ranging from 19 to 365 cases per million, and an incidence
of 4 to 58 cases per million persons-years (130-135). The
incidence and prevalence of PBC may be increasing,
according to a recent Dutch population-based study (135).
PBC affects mainly middle-aged women, with a female:
male ratio of 10:1 (136). The majority of PBC patients
are asymptomatic (113). Fatigue and pruritus are the most
common symptoms in PBC (113). The etiology of fatigue
is poorly understood; however, degenerative brain changes
in the areas regulating autonomic functions as a result
of chronic cholestasis have been proposed as a cause of
fatigue in PBC (137). Fatigue can be very disabling in PBC,
often affects patients’ quality of life, frequently associated
with depression, is associated with an overall reduced
survival, and in some extreme cases is an indication for liver
transplantation (138-145). A significant proportion of PBC
patients continue to suffer from severe fatigue even after
liver transplantation (146). Pruritus is another manifestation
of PBC (147). The cause of pruritus in PBC is unknown.
Recently, lysophosphatidic acid (LPA) and autotaxin, the
serum enzyme converting lysophosphatidylcholine into
LPA, have been found in higher concentrations in the
sera of patients with cholestatic disorders compared to
control, suggesting that LPA and autotaxin play a critical
role in cholestatic pruritus (148). PBC may lead to hepatic
fibrosis, cirrhosis, and eventually liver failure (136). In
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the pre-UDCA era, the 10-year survival of PBC patients
was 50-70%, even worse in symptomatic PBC patients,
with a reported median survival of 5 to 8 years (149). PBC
is an important indication for liver transplantation in
the United States and Europe (150). Currently, the only
therapy approved by the United States Food and Drug
Administration (US FDA) is ursodeoxycholic acid (UDCA).
Several randomized controlled clinical trials have shown
that long-term administration of UDCA in PBC patients
delays histological progression to cirrhosis and prolongs
survival without liver transplantation (151-157). However,
up to 40% of PBC patients have incomplete response to
UDCA (158). Therefore, there is a critical need for other
effective therapies for PBC patients who are at high risk for
progressive disease. Recently, a meta-analysis international
follow up study of 4,845 patients with PBC has shown
that levels of serum ALP and serum bilirubin correlate
well with long-term outcomes of patients with PBC (159).
Thus, serum ALP and bilirubin could be used as surrogate
markers of clinical endpoints when designing therapeutic
trials in PBC.

PSC is a progressive disease of the liver characterized by
cholestasis and ongoing destruction of intra- and extra-hepatic
bile ducts, leading ultimately to fibrosis, cirrhosis, and liver
failure (160). The diagnosis of PSC is made in the setting of
cholestasis and cholangiographic evidence of intra- and/or
extra-hepatic biliary ductal structuring (161). Small-duct PSC
is a variant of PSC which is characterized by cholestatic and
histological evidence of PSC but normal cholangiography
(162-164). PSC occurs more often in men than in women,
and frequently occurs in association with the inflammatory
bowel disease ulcerative colitis (UC) (165), suggesting an
immunological mechanism for the disease. The etiology
of PSC is poorly understood. Data from large randomized
controlled clinical trials suggest that the accumulation of toxic
BAs could be detrimental to the hepatic tissue in PSC patients
(166,167). Patients with PSC are frequently asymptomatic, but
patients may also present with abdominal pain, pruritus, and
bacterial cholangitis (161).

PSC can progress to liver fibrosis, cirrhosis, and
ultimately liver failure (168-171). PSC is an important risk
factor for cholangiocarcinoma (CCA), which is the most
common primary biliary malignancy, and the second most
common primary liver cancer after HCC (172-174). CCA
is a very aggressive disease, often diagnosed in late stages.
The percentage of CCA patients who survive 5 years after
diagnosis is only 10% (174).

Several agents including immunosuppressants and
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immunomodulators have been studied in PSC patients
but failed to show positive results (175). UDCA has been
extensively studied in large and long-term clinical trials
in PSC but failed to demonstrate a positive impact on
the long-term clinical outcomes in PSC (166,176). High-
dose UDCA has been associated with adverse events in
PSC patients (166,177). At this time, there is no medical
therapy proven to be beneficial for patients with PSC, and
liver transplantation is the only potentially curative option
for patients with PSC. It is the fifth leading indication for
liver transplantation in the United States (178), and in
some Scandinavian countries where the prevalence of viral
hepatitis B and C are low, is the leading indication for liver
transplantation (178). PSC recurs in the transplanted liver
in up to 40% (179). Clinical trials evaluating potentially
effective therapies for PSC are urgently needed.

The safety and efficacy of OCA has been evaluated in
an international, double-blind, placebo controlled, dose-
response study in 165 patients with PBC with persistently
elevated serum ALP levels while on stable doses of
UDCA (180). The primary endpoint was a change in serum
ALP. Patients were randomly assigned to the following
groups: placebo, 10, 25, and 50 mg OCA. Patients received
treatment once daily for 12 weeks, while remaining on
UDCA. A significant reduction in serum ALP levels from
baseline was observed in the treatment groups (23.7% in the
10 mg group, 24.7% in the 25 mg group, and 21% in the
50 mg group) compared to placebo (2.6%) (180). Moreover,
patients in the treatment groups had significant reduction
in serum GGT (48% in the 10 mg group, 63% in the
25 mg group, 57% in the 50 mg group) and ALT(28% in
the 10 mg group, 35% in the 25 mg group, 21% in the
50 mg group) when compared to placebo (GGT increased
by 7%; ALT, no change) (180). Pruritus was the most
common adverse experience in this study (47% in the 10 mg
group, 85% in the 25 mg group, 80% in the 50 mg group,
and 50% in the placebo group), leading to discontinuation
of the drug in 8% in the 10 and 25 mg groups, and in
24% of the 50 mg group (180). Serious adverse events (GI
bleeding and jaundice) were reported in 7 patients, 75% in
the 50 mg group (180).

In another study, 59 PBC patients off UDCA for 6 months
were randomly assigned to receive placebo, 10 or 50 mg
OCA once daily for 12 weeks (181). In this study, OCA was
administered as monotherapy. The primary endpoint was
a change in serum ALP levels. Patients in the treatment
groups achieved a significant reduction in serum ALP (44%
in the 10 mg group, 37% in the 50 mg group), serum GGT
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(73% in the 10 mg group, 65% in the 50 mg group), and
serum ALT (37% in the 10 mg group, 35% in the 50 mg
group) when compared to placebo (ALP increased by 0.4%,
GGT reduced by 3%, and ALT reduced by 4%) (181).
Pruritus was the most common adverse event (70% in the
10 mg group and 94% in the 50 mg group, compared to
30% in the placebo group), leading to drug discontinuation
in 15% of the 10 mg group and in 38% of the 50 mg
group (181).

Initial results from an international 1-year phase III
clinical trial of OCA in PBC patients were reported
in the International Liver Congress in April 2014. A
total of 217 patients with PBC whom previously had an
inadequate response to UDCA were randomly assigned
to receive placebo, OCA 10 mg daily, or OCA 5 mg
daily titrated to 10 mg daily. The primary endpoint
was a composite endpoint of achieving a serum ALP
activity of less than 1.67 times the upper limit of normal,
a total bilirubin within normal limits, and at least a 15%
decrease in serum ALP. The proportion of patients meeting
the primary endpoint was: 47% in the 10 mg OCA group
and 46% in the 5-10 mg OCA group vs. only 10% in
the placebo group. In addition, both OCA dose groups
met secondary endpoints of improvements in other liver
function parameters, GG, ALT and total bilirubin. Pruritus,
generally mild to moderate, was the most frequently
reported adverse event associated with OCA treatment
(placebo: 38%, OCA 10 mg: 68%, OCA 5-10 mg titration:
56%). However, only a few patients withdrew due to
pruritus: none in the placebo group, seven (10%) of the
patients in the 10 mg OCA group, and only one (1%) of
the patients in the OCA 5-10 mg titration group. Together,
these results indicate that OCA could be an effective
therapy for patients with PBC. Currently, a phase II clinical
trial of OCA in PSC is ongoing.

Conclusions

FXR agonists are an attractive class of drugs for patients
with chronic liver diseases. In addition to their
critical role in regulating BA, carbohydrate, and lipid
metabolism, they also possess potent anti-inflammatory
and anti-fibrotic properties. Clinical experience with
OCA in patients with chronic liver disease indicates that
FXR agonists are safe and effective. Larger and longer
term clinical trials are warranted to explore the beneficial
effects of the FXR agonists in patients suffering from
chronic liver diseases.
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