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Abstract Non-alcoholic fatty liver disease (NAFLD) is the
hepatic manifestation of the metabolic syndrome and a risk
factor for both cardiovascular and hepatic related morbidity
and mortality. The increasing prevalence of this disease re-
quires novel therapeutic approaches to prevent disease pro-
gression. Farnesoid X receptors are bile acid receptors with
roles in lipid, glucose, and energy homeostasis. Synthetic
farnesoid X receptor (FXR) agonists have been developed to
specifically target these receptors for therapeutic use in NAFL
D patients. Here, we present a review of bile acid physiology
and how agonism of FXR receptors has been examined in pre-
clinical and clinical NAFLD. Early evidence suggests a po-
tential role for synthetic FXR agonists in the management of
NAFLD; however, additional studies are needed to clarify
their effects on lipid and glucose parameters in humans.

Keywords FXR - Obetacholic acid - Bileacid - NAFLD -
NASH - Alcoholic hepatitis

Introduction

Non-alcoholic fatty liver disease (NAFLD) is a metabolic dis-
ease, the prevalence of which parallels that of the obesity
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epidemic in developed and developing nations [1, 2]. Classi-
cally, patients with NAFLD have hepatic steatosis and features
of the metabolic syndrome, namely, central obesity, dyslipid-
emia, insulin resistance, and hypertension [3]. NAFLD pre-
dicts development of both cardiovascular disease [4¢] and di-
abetes [5], and mortality in NAFLD patients is primarily due
to cardiometabolic disease [6]. Non-hepatic malignancy and
liver disease account for the second and third causes of death
in these patients, respectively [6], and by 2020, end-stage liver
disease due to NAFLD is expected to be the leading indication
for liver transplantation in the USA [7] making this disease a
significant public health problem.

The histologic spectrum of NAFLD includes simple hepat-
ic steatosis, so-called non-alcoholic fatty liver (NAFL), non-
alcoholic steatohepatitis (NASH), i.e., hepatic steatosis and
inflammation with or without fibrosis, and cirrhosis [8e¢].
The NAFLD activity (NAS) score is the most widely accepted
scoring system for NASH diagnosis. The NAS score ranges
from 0 to 8 and a score of >5 correlates with NASH diagnosis
[9]. Only 15 % of NAFLD patients have NASH but NASH
patients have an 18-year liver-related mortality of 17.5 %
compared with 2.7 % for NAFL patients [6]. Because of the
disproportionate mortality associated with NASH compared
with NAFL, most NAFLD therapeutic studies have focused
on treatments to ameliorate NASH and prevent advanced fi-
brosis (Fig. 1).

The mainstay of treatment in NASH patients is weight loss
by calorie reduction and exercise [8¢¢]. A randomized con-
trolled trial examining the effect of diet, exercise, and behavior
modification (i.e., self-monitoring, stimulus-control, relapse
prevention, and problem-solving techniques) on NASH pro-
gression showed that an average weight loss of 9.3 % from
baseline correlates with histologic improvement in NASH se-
verity [10]. Seventy-two percent of patients in the experimen-
tal group had at least a 3-point improvement of the NAS score
compared with 30 % of patients in the control group (p=0.03).
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Fig. 1 Therapeutic agents investagated for NASH and their putative
modes of action

Long-term maintenance of weight loss in these patients was
not examined, but an earlier study of patients with the meta-
bolic syndrome suggests that after 2 years, most patients are
unable to sustain weight loss [11]. As NASH is often consid-
ered the hepatic manifestation of the metabolic syndrome
[12], NASH patients are likely to have difficulty maintaining
weight loss as well.

The development of NASH therapeutics is a rather recent
area of study, beginning with the use of weight loss medica-
tions. Orlistat is the only weight loss medication to date that
has been studied in NASH patients. Overweight patients with
NASH were randomized to receive either orlistat with vitamin
E and dietary modification or vitamin E alone with dietary
modification. Although this randomized controlled trial dem-
onstrated improvements in both hepatic inflammation and in-
sulin sensitivity in those patients who achieved weight loss
9 % or greater, it failed to show any significant benefit of
orlistat over vitamin E [13].

The challenges with weight loss maintenance and the lack
of efficacy with weight loss medications have led, in part, to
increasing interest in the development of NASH therapies that
target the underlying pathogenesis. It is presumed that NAFL
progresses to NASH; however, there is little evidence of a
linear progression. Rather, NASH likely results from a com-
plex interaction of genetic, nutritional, hormonal, and immu-
nologic factors that incite “multiple parallel hits” [14] ulti-
mately causing impaired insulin signaling, dysregulated lipid
metabolism, oxidative stress, and hepatic inflammation. Not
surprisingly, medications already approved for management
of insulin resistance and diabetes were among the first catego-
ry of medications studied for treatment of NASH. Biguanides
and thiazolidinediones (TZDs) are insulin sensitizers that have
been studied for this indication. The biguanide metformin im-
proves hepatic insulin sensitivity through activation of AMP-
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activated kinase and subsequent inhibition of gluconeogenesis
[15]. Although several small studies and open-label trials
showed promise, results of a meta-analysis of these studies
showed that metformin improves neither serologic nor histo-
logic markers of hepatic inflammation in NASH patients [16]
thwarting its approval for treatment of NASH.

In contrast, TZDs have shown promise as treatment for
NASH. Pioglitazone is a TZD currently approved and recom-
mended for the management of biopsy-proven NASH in both
diabetic and non-diabetic patients [8+¢]. In diabetic patients
with NASH, a randomized controlled trial demonstrated that
pioglitazone significantly improves steatohepatitis compared
with placebo [17] and a subsequent RCT in non-diabetic pa-
tients with NASH showed that pioglitazone improves both
steatohepatitis and fibrosis compared with lifestyle interven-
tions in subjects with NASH [18]. The largest RCT of NASH
therapeutics to date is the Pioglitazone versus Vitamin E ver-
sus placebo for the treatment of non-diabetic patients with
non-alcoholic steatohepatitis (PIVENS) trial of non-diabetic
patients randomized to pioglitazone, vitamin E, or placebo.
Results from this trial show greater histologic improvement
of NASH in patients who received pioglitazone compared
with those who received placebo [19]. Despite the encourag-
ing results of these pioglitazone studies, the adverse effect of
TZD-induced weight gain and concerns about the long-term
safety profile of TZDs has limited the use of pioglitazone in
patients with NASH.

Therapeutics that target oxidative stress and inflammation
have also been studied in NASH patients. The antioxidants
vitamin E and vitamin C were examined in a small prospective
randomized controlled trial. The combination of 1000 IU vi-
tamin E, 1000 mg vitamin C, a low-fat diet, and weight loss
counseling improved fibrosis scores in NASH patients but did
not improve inflammation scores [20]. This study was con-
founded, however, by the higher body mass index (BMI) and
larger percentage of diabetics in the treatment group. Al-
though vitamin C is not FDA-approved for the treatment of
NASH, vitamin E is approved based on results of the PIVENS
trial that demonstrated improvement of steatohepatitis in
NASH patients who took 400 IU of vitamin E daily [19].
The uncertain interaction of vitamin E with cardiac [21] and
oncologic disease risk [22] and its lack of efficacy in improv-
ing insulin sensitivity [19], however, make this medication of
limited utility in the general NASH population.

Given the encouraging results of TZD insulin sensitizing
medications, it is not surprising that a class of medication that
both improves insulin sensitivity and reduces hepatic inflam-
mation without the PPARy-associated side effect of weight
gain has become the holy grail of NASH therapeutics. Hydro-
philic bile acids (BAs) are the latest candidates for NASH
therapeutics as they both regulate glucose and lipid homeosta-
sis [23] and have anti-inflammatory properties [24]. BAs sig-
nal through two receptors, farnesoid X receptor (FXR)
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[25-27] and TGRS [28]. Although agonists for both receptors
have been developed and are currently being investigated for
use in metabolic diseases, the FXR agonist obetacholic acid
(OCA) is the first in-class synthetic BA under investigation for
the treatment of NASH [29]. This review will make evident
both the rationale for the use of FXR agonism in NASH and
the potential challenges by outlining (1) the physiology of BA
metabolism, (2) FXR signaling effects on glucose and lipid
homeostasis, and (3) pre-clinical and clinical data of FXR
agonism in hepatic steatosis with a particular focus on OCA.

Bile Acid Physiology

BAs are amphipathic steroid molecules derived from choles-
terol precursors. The sources of cholesterol include dietary
cholesterol and return of cholesterol to the liver from tissues
via reverse cholesterol transport. The liver is the site of syn-
thesis of the primary BAs, cholic acid, and chenodeoxycholic
acid, while intestinal bacteria are responsible for the conver-
sion of these primary BAs into the secondary BAs,
deoxycholic, and lithocholic acids. The details of secondary
BA synthesis are extensively reviewed in Ridlon et al. [30]
and are beyond the scope of this current review. In the liver,
the classic BA synthetic pathway begins with hydrolysis of
cholesterol to 7a-hydroxycholesterol by the microsomal en-
zyme CYP7A1, the rate-limiting step of classic BA synthesis.
An alternative pathway also exists in which side-chain hy-
droxylated cholesterols (oxysterols) are converted into 7cx-
hydroxycholesterol by CYP7A1, CYP39A1, or CYP7BI mi-
crosomal enzymes. 7x-Hydroxycholesterol is subsequently
isomerized and oxidized by the microsomal enzyme, 3(3-hy-
droxy-A’-C27-steroid oxireductase. A series of downstream
events involving multiple enzymes results in the synthesis of
two cholanic acids: cholic acid and chenodeoxycholic acid
which differ by addition of one hydroxyl group by CYP8BI.
Cholic acid and chenodeoxycholic become the primary con-
stituents of bile after conjugation primarily with taurine or
glycine by the peroxisomal enzyme bile acid coenzyme
A:amino acid N-acyltransferase (BAAT). Such conjugation
confers a more hydrophilic property to the BAs for secretion
into bile canaliculi by bile salt export pump (BSEP).

BAs are secreted with phospholipids and cholesterol creat-
ing primary bile and stored in the gallbladder before release
into the small intestine. Cholecystokinin-mediated gallbladder
contraction pumps primary bile into the small intestine in re-
sponse to intestinal fat. Bile then aids in fat emulsification and
digestion of lipid-soluble vitamins. BAs subsequently enter
the enterohepatic circulation after re-absorption in the intes-
tine terminal ileum. At the level of the terminal ileum, FGF-19
(FGF-15 in mice) is secreted into the portal circulation to
inhibit hepatocyte BA synthesis. Notably, insulin-resistant
NAFLD patients have normal baseline FGF-19 levels but an

impaired post-prandial hepatic response to FGF-19 resulting
in a failure to reduce bile salt synthesis [31]. Only a small
percentage of primary BAs passes into the colon where colon-
ic bacteria convert primary BAs into the secondary BAs,
deoxycholic and lithocholic acids. These BAs can be excreted
in feces or passively reabsorbed into the portal circulation.
This elaborate BA circulation is reviewed in detail in Lefebvre
et al. [23].

BAs have both an enterohepatic and systemic circulation
through which they help regulate key lipid and glucose ho-
meostatic mechanisms, processes of great relevance for
NASH, and other metabolic diseases. For example, mice fed
sodium cholic acid are protected from hepatic steatosis, mus-
cle insulin resistance, hyperglycemia, hyperinsulinemia, and
high-fat diet-induced obesity [32]. Further, rats fed a salmon-
protein rich diet have higher plasma BA content, are protected
from obesity, and have reduced hepatic triglyceride accumu-
lation [33]. These rats also have lower serum triglyceride level
compared with casein protein-fed mice. In addition, they have
improved hepatic insulin sensitivity as suggested by the
higher glycogen levels and lower expression of PEPCK, the
liver’s major gluconeogenic enzyme. Energy expenditure is
also increased thought to be the result of upregulation of
uncoupling and energy expenditure genes in white and brown
adipose tissue and muscle. These improvements in whole
body metabolism were largely prevented by pharmacologic
binding of BAs by cholestyramine.

In humans, circulating BAs have been implicated in the
regulation of glucose and lipid homeostasis, as well. Pa-
tients with prior gastric bypass anti-obesity surgery have
higher circulating BA levels than BMI-matched control pa-
tients [34]. These BA levels are inversely correlated with
post-prandial glucose and fasting triglyceride levels and
positively correlated with serum adiponectin, an insulin
sensitizing hormone. The relationship between BA levels
and metabolic disease risk, however, remains unclear as
type 2 diabetic patients have been reported to have both
higher conjugated BA levels than control patients [35-37]
and unchanged BA levels [36]. The discrepancy in findings
may in part be explained by relative differences in concen-
trations of primary and secondary BAs, as type 2 diabetic
men have higher total BA pool due to higher cholic acid
synthesis rate and deoxycholic acid (DCA) input rate. No-
tably, these diabetic men have lower serum levels of
chenodeoxycholic acid (CDCA) [37], the BA ligand with
the greatest FXR affinity [25].

Upon return to the liver from the circulation, BAs cross the
basolateral membrane of hepatocytes via both sodium-
dependent and sodium-independent transporters [38]. Using
Forster resonance energy transfer sensor (FRET) analysis, van
der Velden et al. observed that BAs are able to directly enter
the nucleus after entry into the cell [39]. There, BAs can bind
FXR and it is this binding and resultant downstream signaling
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events that establish the basis for the therapeutic use of FXR
agonism in metabolic diseases.

Farnesoid X Receptor Signaling

At the cellular level, BAs affect changes in lipid and glucose
metabolism (reviewed below) primarily through binding
FXR. FXR is a nuclear receptor transcription factor encoded
by nuclear receptor subfamily 1, group H, member 4 (NR1H4)
and was originally named for its suspected ability to bind
farnesoid. BAs were ultimately found to be the natural ligands
for FXR [26] through which BAs feedback negatively on their
own synthesis. The net effect, therefore, of FXR agonism on
bile acid homeostasis is the inhibition of additional BA syn-
thesis, reduction of BA hepatic uptake, and promotion of BA
hepatocellular export [40]. FXR exists in four isoforms
(FXRoa 1-4) [41] that appear to have tissue specificity. To
date, these isoforms have been found in multiple tissues and
cell types in both rodents and humans. In humans, FXR«x1/2 is
predominantly found in liver and adrenal glands, while colon,
duodenum, and kidney have the highest expressions of
FXRa3-4 [42]. Data in mice suggest that these isoforms have
differential binding to promoters that regulate BAs. For exam-
ple, the mouse BA intestinal transporter, bile acid binding
protein, is more sensitive to binding by FXRa4 (also called
FXR[32) than all other isoforms consistent with the high ex-
pression of FXRa4 in mouse intestine. On the other hand,
there is no difference in induction of BSEP and short hairpin
protein (SHP, detailed below) by the individual isoforms [41].

FXRs bind FXR DNA response elements as monomers or
heterodimers with the nuclear receptor RXR to regulate tran-
scription of genes involved in lipid and glucose homeostasis
and inflammation [23] (Fig. 2). Evidence of FXR’s critical
role in lipid and glucose homeostasis include the dyslipidemic
and hepatic steatotic phenotype of FXR null mice [43, 44] and

===

upregulation of FXR in response to glucose and downregula-
tion in response to insulin [45]. In addition, although there are
no known human FXR gene polymorphisms associated with
NAFLD risk, two human NR1H4 gene polymorphisms have
been associated with impaired lipid and glucose homeostasis.
Namely, rs4764980 and rs11110390 are associated with im-
paired fasting and post-glucose load free fatty acid levels, and
rs4764980 is associated with impaired fasting glucose [46]. A
comprehensive review of all the target genes of FXR signaling
is beyond the scope of this current review; however, a few
representative examples of FXR targets relevant to NASH
pathophysiology include SREBP1c, PPAR«, PEPCK, and
NF-«B and will be discussed below.

FXR and SREBP1

Sterol regulatory element-binding transcription factor 1
(SREBP1) is a nuclear transcription factor important for de
novo lipogenesis, a process upregulated in NASH patients
and NAFLD experimental models that results in the synthesis
of lipids [47]. FXR activation by both natural and synthetic
FXR agonists downregulates SREBP1 thereby reducing ex-
pression of several genes involved in de novo lipogenesis
[48]. Watanabe et al. demonstrated this phenomenon by
treating chow and high-fat diet fed male KK-Ay mice with
the synthetic FXR agonist GW4064 and measuring hepatic
triglycerides. KK-Ay mice are diabetic KK mice [49] with a
mutation in the agouti gene that results in severe obesity, florid
diabetes and other features of the metabolic syndrome. In the
absence of GW4064, these mice have severe steatosis from
hepatic accumulation of triglycerides. In this pivotal study,
treatment of chow-fed wild-type and KK-Ay mice with cholic
acid reduced hepatic SREBP1c expression and expression of
several genes involved in fatty acid and triglyceride synthesis
(e.g., AceCS, ME, SCD-1). This downregulation of SREBP1
was associated with upregulation of short hairpin protein

4 )
+ Lipid
homeostasis

(eg. ¥ SREBP1,
APPARaVMTTP)

¢ Glucose

Fig. 2 Schematic of FXR blinding and regulation of key genes involved
in NASH. B4 bile acid, FXR farnesoid X receptor, FXRe farnesoid X
response element, RXR retinoid X receptor, SREBP1 sterol regulatory
binding protien 1, PPAR « peroxisomal proliferator activator receptor
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(SHP), a gene that inhibits nuclear receptors (e.g., LRH-1 and
LXR) required for transcription of CYP7A1, the rate-limiting
enzyme of BA synthesis. The authors also performed in vitro
studies in mouse primary hepatocytes to demonstrate that
CDCA reduces expression of SREBP-1c and its target
lipogenic genes through an SHP-dependent pathway. Impor-
tantly, these authors also demonstrated an increase in serum
LDL cholesterol in their in vivo model likely as a result of
downregulation of the hepatic LDL receptor due to downreg-
ulation of SREBP1. This result is consistent with prior reports
and may impact the clinical utility of FXR agonists.

FXR and PPARx

FXR agonists appear to have opposite effects on peroxisome
proliferator-activated receptor alpha (PPARx) compared with
SREBPI1. PPAR« is a nuclear transcription factor whose ac-
tivation results in expression of genes important for fatty acid
uptake, binding, and oxidation, i.e., biochemical processes
required for the cellular utilization of fatty acids as fuel. Re-
duced PPAR« expression contributes to NASH pathogenesis
[50]. PPAR« is upregulated in response to both CDCA and
the FXR agonist GW4064 in human hepatoma HepG2 cells,
human primary hepatocytes [51], and rat hepatoma cells [52].
Pineda Torra et al. also demonstrated the existence of an FXR
response element on the human PPAR« promoter and upreg-
ulation of carnitine palmitoyltransferase, a PPAR« target ox-
idative gene [51]. The combined effects of SREBP1 inhibition
and PPAR« activation likely contribute to the improved he-
patic lipid profile upon FXR activation in experimental
models.

FXR and PEPCK

Phosphoenolpyruvate carboxykinase (PEPCK) is a
cataplerotic enzyme responsible for the conversion of oxalac-
etate to phosphoenolpyruvate and a key enzyme for gluconeo-
genesis and glyceroneogenesis [53]. Conflicting evidence ex-
ists regarding the role of FXR in regulation of PEPCK. Duran-
Sandoval et al. reported that FXR gene expression is reduced
in a streptozotocin-induced diabetic rat model and in diabetic
Zucker rats. They observed increased FXR expression in pri-
mary rat hepatocytes in response to glucose and reduced ex-
pression with exposure to insulin [45]. Following publication
of the previous study, Stayrook et al. sought to examine the
effect of FXR agonism on PEPCK in rat hepatoma cells and
mice. Unexpectedly, they observed that incubation of cells
with either CDCA or the FXR agonists GW4064 or
fexaramine caused dose-related increases in PEPCK mRNA
without increasing other key gluconeogenic enyzmes. Con-
versely, incubation of cells with the natural FXR antagonist,
guggulsterone, reduced PEPCK mRNA expression.

In primary rat hepatocytes, both PEPCK expression and
glucose production were increased in response to FXR
agonism and CDCA. These findings were replicated in
C57BL6 mice [52] and are in contrast to findings by
DeFabiani et al., who observed that CDCA reduces PEPCK
expression through an FXR-independent mechanism [54] and
those of Yamagata et al., who demonstrated a reduction of
hepatic PEPCK gene expression in cholic acid fed mice com-
pared with chow-fed mice and in HepG2 cells incubated with
CDCA [55]. They did not specifically examine whether re-
duced PEPCK was due to FXR agonism or independent of
FXR. However, they observed upregulation of SHP, the in-
duction of which has been linked previously with FXR acti-
vation [56]. Based on data demonstrating relevance of the fed
or fasted state to PEPCK expression [54], the variability of
these study results is likely due to differences in the models
used and/or nutrient availability. Clarifying these discrepan-
cies is critical to the development of NASH therapeutics given
the prevalence of hyperglycemia and insulin resistance in this
population and underscore the need to examine these ques-
tions directly in humans.

FXR and NF-«kB

Increased intestinal permeability, translocation of gut micro-
biota, and resultant increased LPS production in the portal
circulation incite hepatic inflammatory pathways in NASH
patients [57]. NF-kB is a nuclear factor whose activation in
response to LPS and other stimuli has been linked to inflam-
matory cell recruitment and carcinogenesis [58], both features
of advanced stages of NASH. FXR activation is implicated in
the NF-kB-mediated hepatic inflammatory response. In vitro
pharmacologic activation of the NF-kB pathway in primary
hepatocytes from FXR null mice increases inflammatory cy-
tokines iNOS and COX-2 when compared to untreated cells
while incubation with the FXR agonists GW4064 and CDCA
reduces cytokine expression, inhibits expression of NF-kB
target genes, and reduces NF-kB activity and signaling. In
vivo, FXR null mice have increased levels of inflammatory
cytokines both at baseline and in response to LPS compared
with wild-type mice and adenoviral hepatic expression of
FXR ameliorates these effects [59].

Together, these studies demonstrate critical roles for FXR
in hepatocellular energy homeostasis and inflammation and
lay the framework for further study of FXR pharmacologic
agonists in experimental in vivo models of hepatic injury.

FXR Agonism in Pre-clinical In Vivo Models of Liver
Injury

The FXR null mouse is one of the few models whose liver
disease encompasses the full spectrum of NAFLD pathology,
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including development of hepatocellular carcinoma [60, 61].
Given the poor availability of NASH experimental models,
most researchers have used animal models that focus on indi-
vidual stages of NASH pathogenesis to study FXR in liver
disease. Results of studies using both types of models link
FXR expression and/or agonism with reduced hepatic
steatosis [62—64], inflammation [65], fibrosis [65, 66], and
carcinogenesis [60, 61], and improved regenerative capacity
[67-70]. The following sections summarize the use of phar-
macologic FXR agonists in pre-clinical in vivo NAFLD
studies.

FXR Agonism in Hepatic Steatosis and Steatohepatitis

Hepatic steatosis is considered the earliest, most benign stage
of NAFLD. Both genetic and nutritional models can be used
to study this phenotype. A commonly used genetic model for
promotion of hepatic steatosis is a model of leptin deficiency.
Leptin is an adipokine that regulates feeding and energy bal-
ance [71]. The Zucker (fa/fa) rat has a loss of function muta-
tion of the leptin receptor and develops hyperleptinemia with
resultant hyperphagia, obesity, insulin resistance, and hepatic
steatosis [72]. Oral administration of obeticholic acid (OCA)
to these rats results in improved glucose and insulin tolerance
and weight loss and reduced steatohepatitis [73]. Improve-
ment in the NASH phenotype is associated with reduced
SREBPI and TNF«x and increased PPAR . Additionally, he-
patic insulin signaling improves as assessed by downregula-
tion of glucose synthetic enzymes and upregulation of key
insulin signaling molecules. Cipriani et al. also demonstrate
a reduction in HDL with OCA administration [73], a consis-
tent yet unexplained finding in the human trials (discussed
below).

Xiong et al. observed an association between hepatic
steatosis and reduced hepatic FXR in old wild-type mice. Fur-
ther, administration of the synthetic FXR agonist GW4064
improves steatosis and serum triglyceride levels in old mice
compared with younger cohorts of mice possibly due to im-
provements in endoplasmic reticulum stress [63].

In another model of hepatic steatosis, Liu et al. compared
mice drinking a 30 % fructose water solution with mice fed tap
water for 8§ weeks. Fructose-fed mice developed hepatic
steatosis that was ameliorated by systemic administration of
the synthetic FXR agonist WAY-362450 possibly through im-
provements in the intestinal barrier function [64]. These au-
thors further demonstrated that WAY-362450 improves hepat-
ic steatosis and LPS-mediated hepatic cytokine surge. Nota-
bly, these improvements corresponded with reduced perilipin
2 expression, a lipid droplet protein highly expressed in hu-
man and experimental steatotic diseases and linked to insulin
resistance [74-76].

Aged FXR null mice develop steatohepatitis [77] but
modeling steatohepatitis in younger rodents is challenging as
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mice are rather resistant to hepatic inflammation when fed
standard high-fat diets. Several diets, including the methionine
and choline deficient (MCD) diet, have been developed to
model NASH liver pathology. The MCD diet promotes hepat-
ic steatosis, inflammation, and fibrosis when fed to mice, but
does not cause weight gain, hypertriglyceridemia, or insulin
resistance seen in human NASH patients [78]. Nevertheless,
this model is the most well-established rodent NASH model.
Mice fed an MCD diet for 8 weeks have increased serum bile
acids compared with control-diet fed mice possibly due to
cytokine induced bile acid dysregulation [79]. Although such
evidence of bile acid dysregulation in experimental NASH is
intriguing, few studies have followed up these findings with
FXR agonism in NASH experimental models. In fact, much
of the data regarding FXR agonism in the pathologic stage of
NASH come from work done in models investigating non-
hepatic organs.

One such study examined pharmacologic FXR agonism
in presumed steatohepatitis in the context of an erectile
dysfunction study. This study examined penile pathology
in high-fat diet fed rabbits and streptozotocin treated rats,
a model of type I diabetes [80]. Although not the primary
aim of the research, Vignozzi et al. demonstrated impaired
glucose tolerance and an increase in fasting blood glu-
cose, cholesterol, triglyceride, liver transaminases, blood
pressure, and visceral adiposity in high-fat diet-fed rab-
bits. Administration of the FXR agonist 6x-ethyl
chenodeoxycholic acid (OCA) normalized visceral adi-
posity, fasting glucose, and glucose tolerance, but had
only modest effects on the other metabolic parameters
and liver transaminases. OCA did not improve glycemia
in stretozotocin-treated rats suggesting important patho-
logic differences between FXR agonism in type 1 and
type 2 diabetic experimental models.

Examination of FXR agonism in apolipoprotein E-
deficient mice (a model of premature atherosclerosis) re-
vealed that 10 mg/kg OCA administered by oral gavage
reduces liver triglycerides but has no effect on serum
transaminases, and it also reduces total cholesterol,
HDL, and VLDL [81]. Further investigation of hepatic
metabolic pathways demonstrated downregulation of sev-
eral lipid synthetic genes (including SREBP1) in the
10 mg/kg OCA-treated group. There was significant im-
provement in plaque size but also a reduction in the LDL
receptor gene expression which may relate to the increase
in LDL subsequently observed in the clinical trials
(discussed below).

FXR Agonism in Hepatic Fibrosis and Liver Regeneration
Recapitulation of NASH fibrosis in experimental models is

wrought with challenges as with steatohepatitis. Three
established models to incite hepatic fibrosis in rodents are
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the carbon tetrachloride (CCL4) [82], bile duct ligation (BDL)
[83], and porcine serum (PS) [84] models. FXR null mice
have worse liver injury and cholestasis in response to CCL4
compared with wild-type mice [70]. FXR is expressed in he-
patic stellate cells but, perhaps counterintuitively, fibrosis in
PS rats is not associated with reduced FXR gene expression or
FXR-regulated genes [66]. Despite this observation, pharma-
cologic FXR agonism with OCA to BDL and PS rats protects
against histologic fibrosis and increase of profibrogenic
markers. This anti-fibrogenic action is mediated by the nuclear
receptor SHP whose induction inhibits BA synthesis.

The liver’s regenerative response is critical in preventing
the harmful sequelae of hepatic fibrosis. Here, too, FXR
agonism has been shown to have a beneficial role. Huang
et al. demonstrated that wild-type mice fed cholic acid have
30 % increased liver mass as a result of increased hepatocyte
DNA replication [67]. Liver repair is hindered in the setting of
FXR deficiency [70], is particularly stunted in early stages of
regeneration in FXR null mice [67], and contributes to signif-
icantly higher mortality in FXR null mice after partial hepa-
tectomy [67]. Huang et al. also investigated the effect of FXR
agonism on specific cell cycle regulators. Through a series of
elegant experiments, including adenoviral overexpression of
FXR in mice livers, they observed that FXR regulates
Foxmlb, a transcriptional factor required for normal liver re-
generation. They also noted that induction of Foxm1b is im-
paired in aged mice. Administration of a synthetic FXR ago-
nist Px20350 reversed this defect in aged mice [68]. Together,
these studies outline a significant role of FXR in protection
against hepatic fibrosis and promotion of liver regeneration.

FXR Agonism in Hepatocellular Carcinoma

There is an increased risk of hepatocellular carcinoma in
patients with NASH [85] and FXR may play a role in
tumorigenesis. Near simultaneous publications from two
different groups established the spontaneous development
of liver tumors in aged FXR null mice [60, 61]. In both
studies, the majority of the tumors were hepatocellular
adenomas or carcinomas. Reduction of the bile acid pool
with a bile acid resin reduces malignant tumor formation
[61]. The mechanism of bile acid induced carcinogenesis
may relate to tumor suppressor gene expression. The tu-
mor suppressor N-myc downstream-regulated gene 2 is
downregulated in the livers of FXR null mice and in hu-
man hepatocellular carcinoma [86]. Using a nude mouse
hepatocellular carcinoma xenograft model, Deuschle et al.
demonstrated reduction of tumor growth and metastases
in mice treated with the FXR agonist Px20606 [86]. These
findings are quite provocative as there are currently no
pharmacologic treatments for hepatocellular carcinoma
which offer potential for cure.

FXR Agonism as Treatment for Human NAFLD
Ursodeoxycholic Acid

The history of BAs for treatment of NAFLD began with trials
of the naturally occurring bile acid ursodeoxycholic acid
(ursodiol, UDCA). UDCA is a partial FXR agonist [87] ap-
proved in the USA for the treatment of primary biliary cirrho-
sis and primary sclerosing cholangitis, rare cholestatic liver
diseases that can progress to cirrhosis. Because of its antiox-
idant and anti-apoptotic effects [88], it was the first bile acid
investigated for the treatment of NASH. Initial studies includ-
ed a heterogenous array of study designs and sample sizes
with varied results. A US-based randomized, controlled trial
of low dose UDCA (13-15 mg/kg) in biopsy-proven NASH
patients [89] failed to demonstrate significant histologic im-
provement after 2 years of treatment. It is possible, however,
that a lack of efficacy with UDCA may have been due to
underdosing, as a subsequent European trial showed improve-
ment of serologic markers of hepatic inflammation and fibro-
sis and insulin sensitivity with high-dose UDCA (28-35 mg)
in biopsy-proven NASH patients [90]. The European findings
have yet to be replicated in the USA.

OCA and Clinical NAFLD

The synthetic bile acid analogue OCA is the first-in class
synthetic bile acid under investigation for treatment of patients
with NAFLD [29]. OCA is a 6-« ethyl derivative of CDCA
and dual FXR/TGRS agonist with 100-fold greater FXR
agonism than CDCA [91]. A double-blind, randomized, pla-
cebo controlled phase IIb study was performed to examine the
safety and efficacy of OCA in patients with type 2 diabetes
and presumed NAFLD [92¢¢]. NAFLD was defined by ele-
vated transaminases, hepatomegaly by imaging, or standard
liver histologic criteria in type 2 diabetic patients without other
causes of liver disease. Of note, >80 % of patients were diag-
nosed non-invasively by imaging reflecting real-world clinical
practice. Two patients were diagnosed by liver biopsy. Pa-
tients were randomized to receive 25 mg OCA, 50 mg OCA,
or placebo once daily by mouth for 6 weeks. A total of 64
patients (25 mg n=20; 50 mg n=21; placebo n=23) from four
health care centers were enrolled and 56 patients completed
the study. A fasting euglycemic-hyperinsulinemic clamp was
performed using both low-dose and high-dose insulin infu-
sions prior to the start of the study drug and after the last dose.
Primary outcomes were efficacy as measured by improve-
ments in insulin sensitivity, measured as glucose infusion rate
(GIR), and safety.

Patients receiving the 25-mg dose of OCA demonstrated a
statistically significant increase in GIR of 28 and 18 %, re-
spectively, with both the low- (60 mU/m?/min) and high-dose
(120 mU/m?*/min) insulin infusions (p=0.019 and p=0.036,
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respectively). Although there was a trend toward improve-
ment in insulin sensitivity in the 50-mg group, these results
did not reach statistical significance. This improvement in
GIR may represent modest clinical improvement as a prior
study of NAFLD and diabetic patients revealed a 52 and
44 % improvement in GIR in control patients undergoing
euglycemic-hyperinsulinemic clamp with 40 mU/m?/min
compared with NAFLD and diabetic patients, respectively
(p<0.001) [93].

The authors’ safety data revealed a greater percentage of
treatment-related adverse events in the 50-mg group (38 %)
compared with the 25-mg group (5 %) or placebo group
(26 %). The majority of these were gastrointestinal side effects
and dermatologic disorders. There were two patients (one
each in the placebo and 50-mg groups) who withdrew consent
because of an adverse event but there were no deaths due to
treatment [92ee].

Secondary outcome measures were changes in body weight,
liver enzymes, serum lipids, FGF19, 7a-hydroxy-4-cholesten-
3-one (C4, a cholesterol metabolite formed by the rate-limiting
enzyme CYP7A1), endogenous BAs, and serologic measures
of liver fibrosis and apoptosis. Patients in the 50-mg OCA
treatment group experienced a statistically significant average
weight loss of 2 % (p=0.008) compared with placebo patients
[92¢]. Consistent with its known mechanism of action, FXR
agonism resulted in dose-dependent increases in FGF19 and
reductions in endogenous BA production and C4.

The enhanced liver fibrosis (ELF) score is a panel of serum
markers used to estimate fibrosis. Patients who received the
25-mg dose of OCA had small, but statistically significant
improvements in this score compared with placebo patients
(p=0.004), while patients who received the 50 mg dose had
no change in their overall score. Cytokeratin-18 is a circulat-
ing marker of hepatic apoptosis and tracks with NASH sever-
ity [94]. This value was only available for 5-7 patients per
group and was unchanged in all groups.

There were mixed results for serum liver tests. Patients who
received OCA had reductions in ALT and gamma
glutamyltransferase (GGT) but increases in alkaline phospha-
tase. The discordance of these results requires further analysis
including alkaline-phosphatase fractionation and may eluci-
date the etiology of pruritus experienced in the sister FLINT
trial (see below). Serum lipid analysis revealed an average
final total cholesterol level in both OCA arms that was com-
parable with control levels (174, 181, 183 mg/dL in control,
25-mg, and 50-mg groups, respectively). Mean total LDL
cholesterol was significantly higher in the 25-mg OCA groups
(120 mg/dL, p=0.01) and 50-mg group (129 mg/dL,
p=0.008) compared with control patients (107 mg/dL). By
study end, the 50-mg OCA group had a lower HDL choles-
terol compared with controls (37 versus 40 mg/dL, respective-
ly, p=0.01). Serum triglycerides improved in the 50-mg OCA
patients compared with control (121 versus 178 mg/dL,
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respectively, p=0.02), and there was a trend toward improve-
ment in the 25-mg group. The reasons for the difference in
lipid profile in OCA-treated patients compared with control
patients are unknown and whether these changes translate into
increased cardiovascular events needs further evaluation in
long-term studies.

OCA and Clinical NASH

Based on the safety results of the above trial, researchers ex-
plored OCA in a randomized controlled trial of non-diabetic
NASH patients [95¢¢]. The Farnesoid X Receptor (FXR) Li-
gand Obeticholic Acid in Nonalcoholic Steatohepatitis
(NASH) Treatment Trial (FLINT trial) was a double-blinded,
placebo-controlled trial of non-cirrhotic patients with biopsy-
proven NASH. Liver enzymes, histology, and serologic
markers were examined in patients receiving either 25 mg of
OCA or placebo daily for 72 weeks. An end-of-treatment liver
biopsy was planned and patients were subsequently followed
for an additional 24 weeks of therapy. The primary endpoint
was a 2-point improvement in the NAS score [9], and no
worsening of fibrosis. Secondary endpoints included NASH
resolution, and any improvement of histologic inflammation,
fibrosis, serum liver enzymes, insulin resistance, anthropo-
metric measures, and quality of life. An interim analysis dem-
onstrated significantly improved steatohepatitis in the treat-
ment group compared with placebo. This resulted in early
cessation of the treatment phase of the trial after approximate-
ly 50 % of patients completed 72 weeks of treatment. All
patients were subsequently followed for an additional
24 weeks without performance of additional liver biopsies.

A total of 110 treatment and 109 placebo patients were
included in the primary analysis. The treatment and placebo
groups were well matched in terms of demographics, comor-
bidities, and baseline liver histology. Although the authors did
not report a statistical difference, baseline insulin levels and
homeostasis model assessment of insulin resistance (HOMA-
IR) were higher in the treatment group compared with the
placebo group. In addition, despite incorporation of liver bi-
opsies for diagnosis of NASH, 20 % of OCA-treated patients
and 12 % of placebo patients did not have hepatocellular bal-
looning on baseline histology, a criterion required for defini-
tive diagnosis of NASH [8e¢]. This difference did not reach
statistical significance, however.

Forty-five percent of the treatment group and 21 % of the
placebo group met the primary endpoint of a 2-point improve-
ment in the NAS score (p=0.0002) independent of patient
baseline demographics or clinical parameters. In addition, pa-
tients who received OCA had statistically significant improve-
ments in individual features of inflammation and fibrosis. No-
tably, in the NAS scoring system, improvement in fibrosis is
the only feature that has been associated with reduced risk of
death, liver transplantation or liver-related outcomes [96]. The
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histologic improvements in the FLINT study translated into a
trend toward NASH resolution, but this endpoint did not reach
statistical significance. Similar to the OCA NAFLD study in
diabetics, the authors again observed lower ALT levels in the
OCA group but an increase in serum alkaline phosphatase
despite lower GGT levels. These levels returned to normal
after study completion indicative of the drug’s reversible
action.

Anthropometric assessments revealed approximately 2-kg
weight loss by week 72 in patients who took OCA compared
with placebo. These changes, however, were not reflected in
the HOMA-IR, perhaps because of a lack of improvement in
central adiposity, a metric that more closely estimates insulin
resistance and health risk [97]. Fasting glucose was similar
between the two groups at the end of the study, but patients
taking OCA had higher insulin levels resulting in a statistically
significant higher HOMA-IR. It is noteworthy that there was a
wide distribution of both baseline and end-of-study insulin
values which may have factored into this unexpected result.
If these findings are replicated in future studies, it will be
important to determine the tissue-specific contribution to
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insulin resistance through performance of a euglycemic-
hyperinsulinemic clamp with tracer kinetics.

Lipid analyses of the enrolled patients demonstrated a
similar dyslipidemic profile of OCA-treated patients as in
the NAFLD diabetes study. There was no difference in se-
rum triglycerides between the two groups at 72 weeks. Pa-
tients who received OCA had an average increase of
0.16 mmol/L (6 mg/dL) in cholesterol compared with an
average decrease of 0.19 mmol/L (7 mg/dL) in the placebo
group (p=0.0009). Additionally, there was a —0.02 mmol/L
(0.8 mg/dL) reduction in HDL cholesterol (»=0.01) and
0.22 mmol/L (8.5 mg/dL) increase in LDL cholesterol in
the OCA group (p<0.0001). The peak effect on total, LDL,
and HDL cholesterol was at 12 weeks with reversion of
these changes toward baseline for the remainder of the
study (Fig. 3). The interim analysis of these data resulted
in escalation of medical management for dyslipidemia dur-
ing the trial. Although enhanced lipid management likely
contributed to the improvement in lipid profile by the end of
the study in OCA-treated patients, the details of lipid man-
agement were not included in the published report. Follow-
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Fig. 3 Serum lipid levels in FLINT trial. Republished with permission of The Lancet by Lancet Publishing Group from [95¢]. Permission conveyed

through Copyright Clearance Center, Inc.
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up trials should include data regarding both the intensity of
lipid management and additional safety data on the interac-
tion between lipid-lowering therapies and OCA. It is also of
interest to explore the role of individual FXR gene poly-
morphisms on the lipid management strategies in OCA-
treated patients, as the FXR single nucleotide polymor-
phism -1G>T has been found to impact the efficacy of
rosuvastatin [98], a statin medication commonly used in
patients with hyperlipidemia.

The lipid abnormalities with OCA treatment are being
further evaluated in a separate study according to study
authors and have not been associated with increased cardio-
vascular events. Three OCA patients and one placebo pa-
tient suffered cardiovascular death or non-fatal myocardial
infarction or non-fatal stroke. Two patients in the OCA
group died during the study: one of sepsis and congestive
heart failure and the other of cardiac ischemia or infarction.
Neither event was considered related to the study drug, and
the lipid profiles and duration of study enrollment were not
reported.

The most common adverse effect of OCA treatment was
the development of pruritus in 23 % of OCA patients com-
pared with 6 % of placebo patients. The majority of patients
judged this symptom as intense or widespread requiring med-
ications or periods of withholding treatment. One patient
discontinued OCA as a result of this symptom. The incidence
of pruritus in the treatment group is not unexpected given that
OCA is also an agonist for TGRS whose activation promotes
the release of itch and analgesia neurotransmitters from sen-
sory nerves in experimental models of cholestasis [99]. This
adverse event may limit the tolerability of OCA in some pa-
tients and require symptomatic management. The IND and
comprehensive FLINT trial datasets were transferred from
NIDDK in December 2014 and the effect of OCA on NASH,
lipid parameters and side effects will continue to be explored
in a phase 3 trial whose program initiation is planned for 2015
[100].

Ongoing NAFLD Clinical Trials of FXR Agonists

OCA is the first FXR agonist to be studied in NAFLD pa-
tients; however, several additional FXR agonists are under
active investigation. Study designs include enrollment of
healthy adults, adults with metabolic syndrome, and adults
with NAFLD. A list of current studies most relevant to pa-
tients with NAFLD is provided in Table 1.

FXR Agonists in Alcoholic Steatohepatitis

The development of insulin resistance is an early feature of
alcoholic liver disease in experimental disease models [101]
making FXR agonism an attractive target. To date there are

two pre-clinical studies examining FXR agonism in experi-
mental alcoholic liver disease. Wu et al. fed mice a standard
Lieber-DeCarli alcohol diet or control diet and observed that
alcohol reduces FXR activity while administration of the FXR
agonist WAY-362450 protects mice from development of al-
coholic steatosis and oxidative stress [102]. A subsequent
study with OCA similarly demonstrated improvement in al-
coholic steatosis and oxidative stress in mice fed a 10 % eth-
anol and a low protein diet [103]. There are as yet no com-
pleted clinical trials examining FXR agonism in patients with
alcoholic liver disease, but The Trial of Obeticholic Acid in
Patients With Moderately Severe Alcoholic Hepatitis is a
phase 2 trial currently recruiting patients [29]. Patients will
be assigned to either placebo or 10 mg OCA for 6 weeks with
a primary outcome of change in MELD score (a well-
established liver severity score [104]) and adverse events. Un-
like NASH patients, patients with alcoholic hepatitis suffer
from cholestasis in addition to steatohepatitis. It is, therefore,
conceivable that effects of OCA may be intermediate between
those seen in PBC patients [105] and NASH patients [95¢°].

Conclusions

Innovative targeted approaches to management are needed to
curb the NAFLD epidemic. BAs and their synthetic analogues
are attractive therapeutic agents as their biology is well under-
stood, they are orally available, and they affect key energy
homeostatic mechanisms. It is this last characteristic, however,
that requires fine-tuning. The development of FXR agonists is
the first attempt to reap the benefits of BAs without exposure
to the adverse effects.

The majority of pre-clinical data investigating the effects
of FXR agonism in glucose homeostasis, liver lipid metab-
olism, and NASH pathology demonstrate important roles
for FXR in these processes. However, the use of different
models and methods of FXR agonism have resulted in some
incongruent findings. Results of the two NAFLD OCA clin-
ical trials require additional follow-up, as there were clear
improvements of both non-invasive and invasive measures
of steatohepatitis and fibrosis, but there are discrepant re-
sults on insulin sensitivity between the two studies. Short-
term (i.e., 6 weeks) OCA administration appeared to im-
prove insulin sensitivity and weight in diabetic patients with
NAFLD [92¢¢], but long-term administration (i.e. 72 weeks)
failed to show a similar benefit in non-diabetic, NASH pa-
tients [95¢¢]. The difference may pertain to an augmented
role of FXR agonism in the diabetic population compared
with non-diabetics where FXR-independent BA signaling
may play a greater role in glucose homeostasis. Or, more
simply, the differences may be due to differences in meth-
odology and sampling. These data need to be clarified in
larger clinical trials.

@ Springer



16 Page 12 of 14

Curr Atheroscler Rep (2015) 17: 16

The mechanism of the dyslipidemia that developed in patients
treated with OCA requires further investigation as both low HDL
cholesterol and high LDL cholesterol are associated with in-
creased cardiovascular risk. Rodent and primate models demon-
strate different FXR-dependent lipoprotein profiles from those
seen in humans taking OCA. Nevertheless, these models reveal
several mechanisms that may affect serum lipoprotein concentra-
tion including FXR-dependent effects on hepatic synthesis and
secretion of apolipoproteins, expression of reverse cholesterol
synthesis pathway genes, expression of FXR responsive hepatic
genes, and intestinal absorption [106, 107]. Additionally, lipopro-
tein levels may be both dependent and independent of the hepatic
receptors [108] and involve hepatic and non-hepatic pathways
[107]. Formal studies using radiolabeled tracers in human sub-
jects are therefore needed to fully assess the fate of lipids in
patients taking OCA. These studies should include patients tak-
ing both low and high cholesterol diets.

In summary, NAFLD is a complex disease that results in
part from dysregulated lipid and glucose metabolism. Natural-
ly occurring BAs as well as synthetic BA analogues may
represent novel therapeutic interventions for this disease. It
is conceivable that FXR agonism has a role in the manage-
ment of NAFLD and experimental and clinical studies of FXR
agonism have yielded some promising results. However, the
unresolved effects on glucose and lipid homeostasis merit
further investigation.
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