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Abstract: Obeticholic acid (OCA) or 6-alpha-ethyl-chenodeoxycholic acid is a semisynthetic modi-
fied bile acid derivative that acts on the farnesoid X receptor (FXR) as an agonist with a higher po-
tency than bile acid. The FXR is a nuclear receptor highly expressed in the liver and small intestine
and regulates bile acid, cholesterol, glucose metabolism, inflammation, and apoptosis. The FXR
group of bile acid receptors is currently under investigation for their potential role in the treatment
of primary biliary cirrhosis (PBC), non-alcoholic steatohepatitis (NASH), and primary sclerosing
cholangitis (PSC). Recent clinical studies suggest OCA may work synergistically with lipid modify-
ing medications to further improve long-term outcomes with primary sclerosing cholangitis. Spe-
cifically, OCA can improve clinical outcomes in NASH patients with their different histological,
metabolic, and biochemical issues as well as improve morbidity and mortality in patients suffering
from PBC, PSC, or liver disease. This improvement is noted in both improved histological examina-
tion and reduced need for transplantation. In this review, we examine the pharmacology of OCA
towards the treatment of PBC refractory and steatohepatitis (NASH). In addition, we examine future
directions and applications of OCA for PBC, PSC, NASH, and NAFLD.

Keywords: obeticholic acid; non-alcoholic fatty liver disease; metabolic syndrome, biliary cirrhosis;
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1. Introduction

The farnesoid X receptor (FXR) is a nuclear receptor that can form a heterodimer
with the retinoid X receptor (RXR) or bind to its gene response element in its monomeric
form. The binding to the FXR element (FXRE) can result in differential activation or re-
pression of downstream targets [1-6]. The FXR is a nuclear receptor highly expressed in
the liver and small intestine, especially the distal ileum, as well as the kidneys, adrenal
glands, muscles, adipose tissue, and cardiac muscle, that regulates bile acid, cholesterol,
glucose metabolism, inflammation, and apoptosis [1-4,6,7]. The role of FXR in liver and
small intestine has been extensively studied in regulating bile acid, cholesterol, glucose
metabolism, inflammation, and apoptosis [8]. In the liver, FXR primarily acts as a bile acid
sensor. FXR activation causes release of FGF19, acts as an endocrine signaling molecule
from enterocytes to the liver, which causes a decrease in bile acid synthesis and release.
LRH1 and SHP levels are increased due to FXR activation, which also decreases bile acid
synthesis via inhibition of CYP7A1, cholesterol utilization and fatty acid metabolism. Sev-
eral animal and clinical studies are underway to target therapies, such as Obeticholic acid
(OCA), towards FXR for the treatment of cardiovascular disease, male infertility, kidney
failure, obesity, and vascular disease [9-11]. Obeticholic acid (OCA) or 6-alpha-ethyl-che-
nodeoxycholic acid is a semisynthetic modified bile acid (BA) derived from chenodeoxy-
cholic acid that is a potent activator of the farnesoid X receptor (FXR) [1-4,12]. Figure 1
shows the effects of OCA on physiology and pathology where it crosses the cell mem-
brane in liver and enterocytes to activate FXR that can form a heterodimer with the RXR,
homodimer with FXR, or bind to DNA as a monomer.The FXR is a nuclear receptor highly
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expressed in the liver and small intestine that regulates bile acid, cholesterol, glucose me-
tabolism, inflammation, and apoptosis. Several animal and clinical studies are underway
for targeted therapies towards FXR for the treatment of cardiovascular disease, male in-
fertility, kidney failure, obesity, and vascular disease [9-11]. In the following sections, we
will examine the effects of OCA on different physiological processes in the body, particu-
larly within the liver.
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Figure 1. OCA effects on physiology and pathology: (a) OCA crosses the cell membrane in liver and
enterocytes to activate FXR (FXR) that can form a heterodimer with the retinoid x receptor (RXR), a
homodimer with FXR, or bind to DNA as a monomer. This can activate various signaling pathways,
decreasing bile acid synthesis, fatty acid and cholesterol metabolism, glucose metabolism, inflam-
mation and fibrosis. FXR activation causes release of fibroblast growth factor 19 (FGF19) which acts
as an endocrine signaling molecule released from enterocytes to the liver causing decreased bile
acid. Liver related homolog 1 (LRH1) and small heterodimer protein (SHP) levels are increased due
to FXR activation, which also decreased bile acid synthesis via inhibition of CYP7A1, cholesterol
utilization and fatty acid metabolism. This all improves cholestasis in patients with PBC. In mouse
models, anti-inflammatory effects of OCA are mediated via suppression of nuclear factor k activator
of B cells (NFkB) signaling. This mediates reduction in hepatic inflammation and fibrosis seen in
mouse models of non-alcoholic steato hepatitis (NASH). (b) Improvement in liver functional status
after OCA treatment in mouse models of cirrhosis due to NASH or primary biliary cholangitis
(PBC).
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2. The Effects of OCA on Different Physiological Processes through FXR Activation
2.1. OCA Effect on Bile Acid Synthesis

One of FXR’s main roles is to inhibit bile acid synthesis through regulating the ex-
pression of small heterodimer partner (SHP). SHP inactivates liver-related homolog-1 pro-
tein (LRH-1), which in turn represses the expression of the cholesterol 7a-hydroxylase
(CYP7A1) enzyme [13]. CYP7Al is the rate-limiting step in BA synthesis within the liver.
Another mechanism by which FXR can downregulate CYP7A1 is via the induction of fi-
broblast growth factor 19 (FGF19) within enterocytes located in the ileal region. This mol-
ecule can act as an endocrine signaling hormone, activating the JNK signaling cascade,
and causing a downregulation of CYP7A1 expression after reaching the liver via entero-
hepatic circulation [14,15]. Through inhibiting and downregulating CYP7A1, FXR is be-
lieved to exert hepatoprotective properties by preventing the accumulation of toxic BA
buildup in the liver and promoting hepatic regeneration after liver damage in mouse
models [16-18].

The primary method by which OCA reduces circulating bile salts is through upreg-
ulation of the bile salt exporter pump (BSEP) to increase bile salt excretion into the biliary
tree [19-21]. In addition, OCA decreases intestinal cholesterol absorption rather than in-
creasing biliary cholesterol production [22]. OCA also inhibits hepatic sterol 12 hydrox-
ylase (CYP8B1) and cholesterol 7 hydroxylase (CYP7A1), in part by inducing a small het-
erodimer partner [22]. This results in a smaller bile acid pool and a change in the compo-
sition of the bile, with an increase in the proportion of a/3-muricholic acid and a decrease
in taurocholic acid [22]. Additional studies using primary hepatocytes showed that OCA
treatment suppressed bile acid synthesis genes (CYP7A1, CYP27A1) and increased bile
efflux genes (ABCB4, ABCB11, OSTA, OSTB) [23,24].

2.2. OCA Effect on Fatty Acid Metabolism

In addition, the FXR plays an important role in fat metabolism, which includes regu-
lating the expression of several lipoproteins, including apolipoprotein E and very low-
density lipoprotein receptor (VLDLR) [25-30]. By phosphorylating insulin responsive
substrate-1 on serine 312 in the liver and muscles, FXR activation was found to reduce
body weight gain, prevent fat from accumulating in the liver and muscles, and reverse
insulin resistance [26]. Genes involved in fatty acid production, lipogenesis, and glucone-
ogenesis had their liver expression decreased by FXR activation. Free fatty acid produc-
tion in the muscles was also decreased by FXR therapy [26]. A subsequent study using
OCA reduced the amount of visceral adipose tissue, steatosis, and other inflammatory
markers in rabbits fed a high fat diet [31]. Similar results were also observed in mice, ham-
sters, and human [32-35].

2.3. OCA’s Effect on Vascular and Inflammatory Processes in the Liver

Within vascular smooth muscle cells, OCA can induce smooth muscle cell death and
downregulate interleukin (IL)-1f3-induced inducible nitric oxide synthase and cyclooxy-
genase-2 expression [36]. In addition, OCA suppressed smooth muscle cell migration
stimulated by platelet-derived growth factor-BB. However, a recent mouse model study
suggested that OCA may not help with hepatic regeneration resulting from liver injury
[37]. Further studies will need to be done to assess whether OCA may revert liver damage
in human patients. The binding of OCA to FXR has also been shown to decrease the ex-
pression of nuclear factor k light-chain enhancer of activated B cells (NF- kB) by inducing
expression of cytochrome P450. This process can reduce inflammasome formation and
prevent the development of various liver and vascular pathologies [38].

Along with its effects on metabolism, OCA also acts as an anti-inflammatory agent
via activation of FXR in liver [36,39—44]. Several animal studies have shown that loss of
FXR or FXR deficiency, results in increased hepatic inflammation and fibrosis [39-
42,45,46]. Specifically, it was found that activation of FXR reduced the production of
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fibrosis from hepatic stellate cells through altering the activities of peroxisome prolifera-
tor-activated receptor gamma (PPARy) and SHP. In response, there is a corresponding
reduction in the pro-fibrotic activities of al collagen, TGF-31, and NLR family pyrin do-
main containing 3 (NLRP3) inflammasome activation [43,46]. Further improvements in
hepatic inflammation and fibrosis were also observed when OCA was combined with glu-
cagon-like peptide-1 receptor (GLP-1R) agonists [47]. A similar result was also observed
when OCA was combined with an anti-apoptosis inhibitor (IDN-6556), PPAR-at/d ago-
nists, and statins [48-50]. Further studies using primary hepatocytes treated with OCA
reduced TGFfp and IL-6 signaling pathways as well as reduced HDL genes (SCARBI,
ApoAl, LCAT) while LDL genes (ApoB, CYP7A1) increased [23].

In recent years, the FXR group of bile acid receptors is currently under investigation
for its potential role in the treatment of primary biliary colangitis (PBC), non-alcoholic
steatohepatitis (NASH), non-alcoholic fatty liver disease (NAFLD), and primary scle-
rosing cholangitis (PSC) [51-71]. In 2016, the Food and Drug Administration approved
OCA for treating PBC refractory to ursodeoxycholic acid (UDCA) [45]. Besides OCA, sev-
eral other FXR agonists are under investigation for the treatment of PBC and NASH [72-
75]. Recent clinical studies suggest OCA may work synergistically with lipid modifying
medications to further improve long-term outcomes with primary sclerosing cholangitis.
Specifically, OCA improves morbidity and mortality in NASH patients with their differ-
ent histological, metabolic, and biochemical issues in PBC, PSC, or liver patients. In this
review, we examine the pharmacology of OCA towards the treatment of PBC, PSC,
NASH, and NAFLD. In addition, we examine future directions and applications of OCA
for PBC, PSC, NASH, and NAFLD.

3. Clinical Trial Studies of OCA in PBC, PSC, and NASH/NAFLD
3.1. Primary Biliary Cholangitis

Primary biliary cholangitis is characterized by the destruction of small intrahepatic
bile ducts due to chronic inflammatory processes [76,77]. The interplay of genetic predis-
position and environmental stimuli is believed to contribute to the development of PBC.
The condition is very common among first-degree relatives, which suggests a genetic pre-
disposition. Environmental factors can cause an autoimmune response in people who are
genetically predisposed, which activates both the humoral and cellular responses against
ducts [76,77]. Small interlobular bile duct cells are destroyed as a result of B cells and T
cells fighting antigens that invade the liver and begin attacking bile ductular cells. Hepato-
cytes are destroyed when bile duct cells are destroyed because this prevents bile from
draining from canaliculi, which causes cholestasis. Following this cholestatic hepatitis,
cirrhosis and progressive fibrosis develop [76,77]. Serum alkaline phosphatase (ALP) is
the most potent prognostic marker in PBC, but in diagnoses initially abnormal liver serum
tests are noticed [78,79]. Since 1997, UDCA has been the only drug that the FDA approved
to treat PBC. However, many PBC patients are either refractory or lose response to UDCA
treatment [80]. OCA’s mechanism of action is distinct from UDCA and has been shown to
improve ALP levels when combined with UDCA [81]. Since its discovery, several clinical
trials have examined the use of OCA for primary biliary cirrhosis (Table 1).

A clinical trial by Nevens et al., known as the POISE trial, tested whether OCA re-
duced ALP and bilirubin levels. The POISE trial found that daily dosages of up to 50 mg
of OCA led to greater decreases in ALP and bilirubin levels [59]. However, there was a
corresponding increase in dose-related pruritus, especially at dosages greater than 10 mg.
Considering these results, Neven's et al. examined the longer-term effectiveness, safety,
and adverse events of 5-10 mg OCA in patients with PBC [51]. In this study, patients par-
ticipated in a 12-month double-blind, placebo-controlled study [51]. Patients were given
a once-daily oral placebo, or OCA at a dose of 5 mg that was increased to 10 mg, or OCA
at a dose of 10 mg [51]. Overall, the POISE trial found that, at 12 months, there was no
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significant difference in liver fibrosis between either the treatment or the placebo group
[51]. In contrast, PBC patients treated with OCA reported a higher incidence of pruritus.

A post hoc analysis using POISE trial data showed improvement in more than one
liver disease stage in 37% of the 5-10 mg OCA and 35% of the 10 mg OCA patients, re-
spectively, compared to the placebo group (12%) [82]. Furthermore, disease progression
occurred in 10% and 0% of the 5-10 mg and 10 mg OCA groups, respectively, compared
to 37% of patients in the placebo group [82]. Taken together, the post-hoc analysis of the
POISE trial supported OCA's efficacy in reducing the risk of liver-related complications
in both PSC and PBC patients [82]. A separate analysis was conducted to examine whether
there was a difference in the first occurrence of liver transplantation or death in PBC pa-
tients treated with OCA in the POISE trial compared to comparable non-OCA-treated ex-
ternal controls from the Global PBC Registry (Global PBC) and United Kingdom PBC Reg-
istry (UK-PBC) [70]. Even with the external controls in the Global PBC and UK-PBC reg-
istry, PBC patients who received OCA had improved overall survival and transplant-free
survival compared to the control group.

Table 1. Primary Biliary Cholangitis OCA Clinical Trials.

Author / Trial Name

Study Type Number of Patients Outcomes

Nevens et al. [51]
(POISE trial)

*Dose-dependent pruritus observed with OCA
*OCA decrease ALP and total bilirubin
*No change in PSC or PBC fibrosis
OCA had improved transplant-free survival

RCT * 217 *Reduced mortality risk for liver disease patients

*OCA therapy reduces the risk of liver-related complications in
PSC and PBC patients
eInterim analysis showed persistent treatment efficacy after
three years using OCA

D’ Amato et al. [52]

Retrospective 191

¢OCA decreased ALP, alanine transaminase, and bilirubin
ePatients with cirrhosis treated with OCA showed lower effi-
cacy in reducing liver fibrosis due to reduced tolerability and
higher discontinuation rate
e Patients with a significant liver fibrosis who took OCA had
worse pruritus
*OCA improved disease progression in one-third of patients
who did not respond to ursodeoxycholic acid

Kowdley et al. [54]

RCT 59

*Reduced ALP, c-glutamyl transpeptidase, alanine aminotrans-
ferase, conjugated bilirubin, and immunoglobulin M
* OCA increased circulating FGF-19 and decreased C4 levels
® Dose-dependent pruritus observed with OCA
* At six years, OCA improved cholestasis, hepatocellular dam-
age, and liver function

* RCT - randomized control trial.

After completion of the POISE trial, a separate retrospective study analyzed data
from 191 patients in the Italian PBC Registry to assess the real-world efficacy of OCA [52].
At 12 months, there was a decrease in ALP, alanine transaminase, and bilirubin. Using
criteria in the POISE TRIAL, the response rate of PBC patients using OCA was 42.9%; in
contrast, criteria examining measurements in liver function tests and gallbladder function
(e.g. alanine aminotransferase, ALP, and bilirubin) showed that the response rate for PBC
patients using OCA was only 11% [52]. Patients with cirrhosis showed a lower reduction
in liver fibrosis, which was believed to be due to reduced tolerability and a higher discon-
tinuation rate of patients using OCA [52]. However, most patients with PBC still required
additional therapy to normalize liver biochemistry even with OCA therapy [52]. PBC pa-
tients also reported increased pruritus, especially in patients with a past medical history
of cirrhosis [52]. Overall, OCA was found to be helpful in more than one-third of patients
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who did not respond to ursodeoxycholic acid [52]. A subsequent three-year interim anal-
ysis of the POISE trial showed that ALP concentrations were reduced compared with
baseline at 12, 24, 36, and 48 months [63]. In addition, total bilirubin concentrations were
decreased at 12 and 48 months [63]. Direct bilirubin also decreased at 12 months [63].
However, total and direct bilirubin did not change. OCA was generally well tolerated de-
spite complaints of puritus. No serious adverse events were related to OCA [63]. The
three-year interim analyses showed long-term efficacy and safety of OCA in patients with
PBC who were intolerant or unresponsive to ursodeoxycholic acid [63].

Kowdley et al. also examined the safety, tolerability, and efficacy of daily OCA in 59
patients using 10 or 50 mg OCA [54]. The study evaluated the efficacy, safety, and dura-
bility of treatment with OCA in an ongoing open-label extension with up to 6 years of
treatment [54]. The study found that ALP was reduced in both OCA groups [54]. Similar
reductions in liver function tests were observed through 6 years of open-label extension
treatment [54]. OCA treatment also improved markers of cholestasis, hepatocellular dam-
age, and liver function, which persisted through 6 years of open-label treatment [54]. Pa-
tients treated with OCA also showed increased circulating FGF-19 and decreased C4 lev-
els, which confirmed FXR activation in patients treated with OCA. Similar to the POISE
trial, pruritus was the most common adverse side effect in the 10 mg and 50 mg OCA
groups. The symptoms disappear after discontinuation of OCA [54]. Overall, cholestasis,
hepatocellular damage, and liver function improved using OCA even after six years of
extended therapy [54].

3.2. Primary Sclerosing Cholangitis

Primary sclerosing cholangitis is a cholestatic liver illness that is chronic and progres-
sive and has no known cause [83]. PSC is characterized by inflammation, fibrosis, and/or
stricturing of intra- and/or extrahepatic biliary ducts. PSC often develops over time lead-
ing to cholestasis and liver failure. Although the cause of primary sclerosing cholangitis
is unknown, environmental and genetic variables are believed to contribute to its patho-
genesis [83]. In addition, inflammatory bowel disease (IBD) has been shown to increase
the risk of a patient developing PSC. As such, PSC is thought to be an autoimmune con-
dition. Some individuals have high levels of antineutrophilic cytoplasmic antibodies, an-
tinuclear antibodies, and anticardiolipin antibodies [83]. Additionally, the condition is
more likely to affect carriers of the HLA-B8 and HLA-DR3 genes. Inflammation, fibrosis,
and cholestasis are the hallmarks of primary sclerosing cholangitis [83].

A randomized clinical trial, known as the AESOP trial (Assessment of Efficacy and
Safety of OCA in PSC), by Kowdley et al. used a randomized, double-blind, placebo-con-
trolled trial to assess the efficacy and safety of OCA in PSC patients (Table 2) [53]. After
completing the initial stage of the trial, patients were placed in an open-label, long-term
safety extension [53]. In the trial, a total of 76 patients were randomly assigned 1:1:1 treat-
ment to three groups: 1.5 mg titrating to 3.0 mg OCA, 5 mg titrating to 10 mg OCA, or
placebo [53]. After which, patients reconsented to the long-term safety extension, with
visits scheduled every 3 months for up to an additional 24 months [53]. All patients, in-
cluding those who had received placebo during, were given OCA treatment at 5 mg, ex-
cept for those who completed treatment with 10 mg OCA [53]. At 24 weeks, patients that
were administered OCA at 5-10 mg showed a decrease in serum ALP compared to pla-
cebo [53]. In contrast, patients given OCA at 1.5-3.0 mg did not significantly lower serum
ALP at 24 weeks [53]. Similar to other clinical studies, dose-related pruritus was the most
frequent adverse reaction to OCA therapy [53]. During the long-term safety extension,
reductions in ALP achieved with OCA therapy were maintained [53]. Overall, the AESOP
trial showed that OCA reduced serum ALP during an initial 24-week treatment period,
which was maintained for a 2-year, long-term extension of the study.
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Table 2. Primary Sclerosing Cholangitis OCA Clinical Trials.
Author / Trial Name Study Type = Number of Patients Outcomes
*Decreased ALP at 5 - 10 mg; no change in ALP at 1.5-3.0
Kowdley et al. [53] RCT 76 mg

(AESOP trial)

® Dose-dependent pruritus observed with OCA
*Reductions in ALP persisted for 2 years using OCA

3.3. Non-Alcoholic Steatohepatitis and Non-Alcoholic Fatty Liver Disease

In addition to PBC and PSC, OCA has shown effectiveness in treating both non-alco-
holic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH) (Table 3).
Non-alcoholic fatty liver disease (NAFLD) refers to a variety of conditions that are char-
acterized by the presence of hepatic steatosis on imaging or histology (macro-vesicular
steatosis) and the absence of secondary causes of hepatic steatosis [84]. The majority of the
time, NAFLD is discovered by accident during imaging or when it presents with symp-
toms, such as pruritus. The onset and progression of non-alcoholic fatty liver disease
(NAFLD) are influenced by both environmental and genetic variables. Patients with
NAFLD who have first-degree relatives are more at risk than the general public. cAMP-
responsive element-binding protein H (CREBH) or sirtuin regulates gene expression by
maintaining the chromatin structure and amino-terminal ends of histones (SIRT1). Ac-
cording to genetic research, SIRT1 activation may contribute to the emergence of NAFLD.
Through aberrant DNA methylation, NAFLD is initiated, which leads to cancer [84].

In 1998, Day and James suggested a two-hit pathogenesis model. The initial blow is
brought on by insulin resistance, which causes triglyceride droplets to build up in the
cytoplasm of hepatocytes, resulting in steatosis [85,86]. Due to decreased elimination and
increased transport of free fatty acids and triglycerides to the liver, insulin resistance re-
sults in buildup. Additionally, an abundance of carbs stimulates the liver's production of
de novo fatty acids. Hepatocellular damage brought on by the second strike and the emer-
gence of NASH are complex. The liver is more susceptible to damage when there are too
many fatty acids present [85,86]. Hepatocellular damage brought on by the second strike
and the emergence of NASH are complex. The liver is more susceptible to damage when
there are too many fatty acids present. The injury is thought to be caused by peroxisomal
fatty acid oxidation, reactive oxygen species (ROS) production from the mitochondrial
respiratory chain, cytochrome P450 fatty acid metabolism, and hepatic metabolism of gut-
derived alcohol. In the second hit, insulin resistance is also included. NASH develops and
progresses as a result of sinusoidal collagen deposition brought on by the activation of
hepatic stellate cells and portal fibrosis brought on by ductular proliferation. These alter-
ations have been linked to insulin resistance, which is now thought to be the driving factor
behind the development of progressive fibrosis and NASH from steatosis. In response,
hepatocytes experience cytoskeletal aggregation, ballooning, apoptosis, and necrosis
[85,86].

Currently, there is no therapy available for treatment of NASH [87]. Several clinical
studies are underway for NASH treatment, including OCA. One of the mechanisms of
action of OCA has been to reduce hepatic inflammation and steatosis has been shown in
multiple mouse models [16]. Currently, there have been three trials that have examined
the use of OCA for NASH and NAFLD [55-58].
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Table 3. Non-alcoholic fatty liver disease or non-alcoholic steatohepatitis OCA clinical trials.

. Number of
Author / Trial Name Study Type Patients Outcomes
* Patients receiving 25 mg of OCA showed
Younossi et al. [55,56] RCT 913 improvements in hepatocellular ballooning and lobular inflam-

(REGENERATE trial)

mation
* Dose-dependent pruritus observed with OCA

Neuschwander-Tetri et al. [57]
(FLINT trial)

* OCA improved fibrosis, hepatocellular ballooning, steatosis,
and lobular inflammation on histological examination
o After 36 weeks, OCA decreased blood alanine aminotransferase
and aspartate aminotransferase concentrations; in contrast,
gamma-glutamyl transpeptidase levels increased while serum
ALP levels decrease
® OCA decreased with weight loss and systolic blood pressure
RCT 283 ® OCA therapy initially increased total serum
cholesterol and LDL cholesterol, and decreased HDL cholesterol;
cholesterol levels decreased and returned to normal after
discontinuing OCA
*OCA did not impact overall VLDL particle concentration;
however, it reduced big VLDL particle concentration
®Genetic markers at chromosomes 1, 4, 6, 7, 15, and 17 influenced
treatment efficacy and side effects

Pockros et al. [58]
(CONTROL trial)

*5 mg, 10 mg or 25 mg OCA increased low-density lipoprotein
cholesterol (LDLc) and mean LDL particle concentration (LDLpc)
*10 mg atorvastatin with OCA decreased LDLc and LDLpc
levels

RCT 84

Younossi et al. examined OCA treatment in patients with NASH and NAFLD in a
clinical trial known as the randomized global phase 3 study to evaluate the impact on
NASH with fibrosis of OCA treatment (REGENERATE trial), [55,56]. The REGENERATE
trial is a multicenter, randomized, double-blind, placebo controlled trial and was con-
ducted at 332 centers in 20 countries, and included a total of 1,968 patients [55,56]. Patients
were randomized to receive daily placebo, 10 mg OCA, or 25 mg OCA [55,56]. After 18
months, the study found that 12% of the placebo group's patients, 18% of the OCA 10 mg
group, and 23% of the 25 mg OCA group, showed improvement in liver fibrosis [55,56].
In addition, patients receiving 25 mg OCA showed improvements in hepatocellular bal-
looning and lobular inflammation [55,56]. Among the patients receiving OCA, pruritus
was the most frequent side effect experienced, which improved over time or after discon-
tinuing OCA [55,56]. Overall, the REGENERATE trial found that treatment with OCA us-
ing a 25 mg dose improved fibrosis and prevented progression of fibrotic disease [55,56].

A clinical trial by Neuschwander-Tetri et al., known as the Farnesoid X nuclear re-
ceptor ligand OCA for non-cirrhotic, non-alcoholic steatohepatitis (FLINT trial), also ex-
amined the efficacy of OCA in patients with NASH [57]. The FLINT trial consisted of a
multicenter, randomized trial with a total duration of 72 weeks of treatment using either
OCA or placebo in patients with NASH [57]. Among the 283 patients in the study, OCA
was randomly given to 141 patients, while a placebo was given to 142 [57]. As opposed to
21% in the placebo group, 45% of patients in the OCA group showed improved liver his-
tology [57]. In addition, more patients who were given OCA showed improvement in fi-
brosis, hepatocellular ballooning, steatosis, and lobular inflammation [57]. Patients receiv-
ing OCA also showed a greater average change in the NAFLD activity score than those
receiving a placebo [57]. Despite these improvements in the specific histological charac-
teristics of NASH, there was no difference between the proportion of patients whose
NASH resolved between those receiving OCA or the placebo [57]. Over the first 36 weeks
of OCA administration, there was a persistent decrease in blood alanine aminotransferase,
aspartate aminotransferase, and ALP levels in the blood in patients receiving OCA [57].
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In contrast, gamma-glutamyl transpeptidase levels increased [57]. After the OCA was dis-
continued, the alanine aminotransferase and aspartate aminotransferase concentrations
returned to baseline; after 24 weeks discontinuing therapy, there were no discernible dif-
ferences between either group [57]. Subsequent analysis of patients receiving OCA
showed OCA improved weight loss and decreased systolic blood pressure [57]. Further-
more, patients who received treatment with OCA had higher concentrations of total se-
rum cholesterol and LDL cholesterol, and a decrease in HDL cholesterol [57]. These
changes developed within 12 weeks of beginning treatment, which diminished over time
[57]. Similar to other clinical trials using OCA, 23% of patients receiving OCA had pruritus
compared to 6% in the placebo group [57].

A post hoc analysis of the 283 patients in the FLINT trial confirmed that OCA im-
proved weight reduction, serum aminotransferases, and histology [62]. Specifically, pa-
tients who received OCA experienced larger changes in their fibrosis stage. The highest
changes were seen in patients who also lost weight, indicating that the benefits of the OCA
treatment and weight loss were additive [62]. Another study found that FLINT trial pa-
tients on OCA did not impact overall VLDL particle concentrations; however, it was
linked to a reduction in big VLDL particle concentration after 12 weeks when compared
to the placebo [64]. After 12 weeks, the OCA group had a greater overall LDL particle
concentration than the placebo group [64]. Large and medium HDL particle concentra-
tions also decreased in the OCA treated individuals as compared to placebo [64]. How-
ever, these alterations in LDL, VLDL, and HDL disappeared after OCA was discontinued.
A genome wide analysis of the FLINT trial patient cohort showed multiple single nucleo-
tide polymorphisms (SNPs) in six locations on chromosomes 1, 4, 6, 7, 15, and 17 were
correlated with NASH resolution among patients who received OCA [87]. Of these SNPs,
those near the TDRD10 and ANO3 genes on chromosomes 1 and 11, respectively, were
associated with improved portal inflammation and NASH among patients receiving OCA
therapy [87]. In addition, the rs75508464 variant near CELA3B had the most significant
effect on NASH resolution in those receiving OCA.

Lastly, a recent clinical trial, known as The Combination OCA aNd sTatins for mon-
itoRing Of Lipids (CONTROL trial), was a randomized, double-blind, placebo-controlled
trial designed to assess the effect of statins with OCA therapy on the lipid profile of NASH
patients [58]. The study design included a screening period of up to 5 weeks (including a
4-week statin washout period), a 16-week double-blind treatment phase, and an open-
label long-term safety extension up to 2 years [58]. A total of 84 patients were randomly
assigned in a 1:1:1:1 to receive the placebo, 5 mg, 10 mg or 25 mg OCA once daily during
the 16-week double-blind phase [58]. After 4 weeks, all OCA groups had an increase from
baseline in mean low-density lipoprotein cholesterol (LDLc) and mean LDL particle con-
centration (LDLpc), mostly owing to large, less atherogenic LDLc particles [58]. Further-
more, 10 mg atorvastatin decreased LDLc and LDLpc levels below baseline in all OCA
groups by 8 weeks. However, increased doses did not provide additional clinical benefits
[58]. Overall, the CONTROL trial showed that OCA increases in LDL levels among NASH
patients were reduced using atorvastatin. The combination of OCA and atorvastatin was
generally safe and well tolerated.

4. Discussion

FXR is a novel target for regulating several biochemical processes involved in bile
acid and cholesterol synthesis, glucose metabolism, inflammation, and apoptosis. FXR is
expressed throughout the body and primarily serves as a bile acid sensor in the liver.
FGF19, an endocrine signaling molecule that is secreted from enterocytes to the liver and
results in a decrease in bile acid, is increased by FXR activation. OCA is a well-tolerated
drug that does not disrupt the activity, metabolism, or excretion of other medications. By
upregulating the bile salt excretion in the biliary system through activating FXR, OCA
reduces bile acid synthesis through a variety of methods, improving outcomes in PBC
patients. FXR activation slows the metabolism of fatty acids and cholesterol, which may
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help NASH. Additionally, FXR activation reduces fibrosis and suppresses inflammation,
which benefits the development and progression of PBC and NASH.

By activating FXR, OCA is a novel treatment that can be used in conjunction with
other drugs to improve clinical outcomes in for PBC, PSC, NASH, and NAFLD. These
processes are crucial for understanding the pathogenesis and treatment of PBC, PSC,
NASH, and NAFLD. Clinical studies in NASH patients have developed to use NASH and
fibrosis improvement as key outcomes. As such, the development of advanced disease in
NASH can be improved by reducing hepatic fibrosis. OCA is a novel and very promising
medication that can help NASH patients with their different histological, metabolic, and
biochemical issues. In addition, the ability of OCA to lower ALP and bilirubin levels leads
to improved morbidity and mortality in patients suffering from biliary or liver disease.
This improvement reduces the need for liver transplantation. In addition, specific genetic
markers may improve the activity of OCA or reduce the onset of pruritus. For most pa-
tients, OCA is well-tolerated.

5. Conclusions

Recent clinical studies suggest that OCA may work synergistically with lipid modi-
fying medications to further improve long-term outcomes with primary sclerosing chol-
angitis. Furthermore, OCA is suitable for patients who have persistent elevations in ALP
that are resistant to ursodeoxycholic acid therapy. Further clinical trials are needed to as-
sess which combinations of medications improve clinical outcomes for PBC, PSC, NASH,
and NAFLD. Given its effectiveness in these pathologies, future clinical trials examining
the effectiveness of OCA for the treatment of cardiovascular disease, male infertility, kid-
ney failure, obesity, and vascular disease are warranted.

Author Contributions: Conceptualization, ].K. and H.G. writing—original draft preparation, J.K,,
C.K. and H.G.; writing—review and editing, ].K., C.K. and H.G,, supervision, H.G. All authors have
read and agreed to the published version of the manuscript.

Funding;: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Pellicciari, R.; Fiorucci, S.; Camaioni, E.; Clerici, C.; Costantino, G.; Maloney, P.R.; Morelli, A.; Parks, D.]J.; Willson, T.M. 6alpha-
ethyl-chenodeoxycholic acid (6-ECDCA), a potent and selective FXR agonist endowed with anticholestatic activity. ]. Med. Chem.
2002, 45, 3569-3572. https://doi.org/10.1021/jm025529g.

Costantino, G.; Macchiarulo, A.; Entrena-Guadix, A.; Camaioni, E.; Pellicciari, R. Binding mode of 6ECDCA, a potent bile acid
agonist of the farnesoid X receptor (FXR). Bioorg. Med. Chem. Lett. 2003, 13, 1865-1868. https://doi.org/10.1016/s0960-
894x(03)00281-6.

Claudel, T.; Sturm, E.; Kuipers, F.; Staels, B. The farnesoid X receptor: A novel drug target? Expert Opin. Investig. Drugs 2004, 13,
1135-1148. https://doi.org/10.1517/13543784.13.9.1135.

Chen, J; Raymond, K. Nuclear receptors, bile-acid detoxification, and cholestasis. Lancet 2006, 367, 454-456.
https://doi.org/10.1016/s0140-6736(06)68156-7.

Lee, F.Y.; Lee, H.; Hubbert, M.L.; Edwards, P.A.; Zhang, Y. FXR, a multipurpose nuclear receptor. Trends Biochem. Sci. 2006, 31,
572-580. https://doi.org/10.1016/j.tibs.2006.08.002.

Wang, Y.-D.; Chen, W.-D.; Moore, D.D.; Huang, W. FXR: A metabolic regulator and cell protector. Cell Res. 2008, 18, 1087-1095.
https://doi.org/10.1038/cr.2008.289.

Yan, N.; Yan, T; Xia, Y.; Hao, H.; Wang, G.; Gonzalez, F.J. The pathophysiological function of non-gastrointestinal farnesoid X
receptor. Pharmacol. Ther. 2021, 226, 107867. https://doi.org/10.1016/j.pharmthera.2021.107867.

Sun, L; Cai, J.; Gonzalez, E.J. The role of farnesoid X receptor in metabolic diseases, and gastrointestinal and liver cancer. Nat.
Rev. Gastroenterol. Hepatol. 2021, 18, 335-347. https://doi.org/10.1038/s41575-020-00404-2.



Future Pharm. 2023, 3 248

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Zhang, T.; Feng, S.; Li, ].; Wu, Z; Deng, Q.; Yang, W.; Li, J.; Pan, G. Farnesoid X receptor (FXR) agonists induce hepatocellular
apoptosis and impair hepatic functions via FXR/SHP pathway. Arch. Toxicol. 2022, 96, 1829-1843. https://doi.org/10.1007/s00204-
022-03266-6.

Namisaki, T.; Kaji, K.; Shimozato, N.; Kaya, D.; Ozutsumi, T.; Tsuji, Y.; Fujinaga, Y.; Kitagawa, K.; Furukawa, M.; Sato, S.; et al.
Effect of combined farnesoid X receptor agonist and angiotensin II type 1 receptor blocker on ongoing hepatic fibrosis. Indian J.
Gastroenterol. 2022, 41, 169-180. https://doi.org/10.1007/s12664-021-01220-5.

Malivindi, R.; Santoro, M.; De Rose, D.; Panza, S.; Gervasi, S.; Rago, V.; Aquila, S. Activated-farnesoid X receptor (FXR)
expressed in human sperm alters its fertilising ability. Reproduction 2018, 156, 249-259. https://doi.org/10.1530/rep-18-0203.

Yu, D.; Mattern, D.L.; Forman, B.M. An improved synthesis of 6a-ethylchenodeoxycholic acid ((ECDCA), a potent and selective
agonist for the Farnesoid X Receptor (FXR). Steroids 2012, 77, 1335-1338. https://doi.org/10.1016/j.steroids.2012.09.002.

Lu, T.T.; Makishima, M.; Repa, ].J.; Schoonjans, K.; Kerr, T.A.; Auwerx, J.; Mangelsdorf, D.]. Molecular Basis for Feedback
Regulation of Bile Acid Synthesis by Nuclear Receptors. Mol. Cell 2000, 6, 507-515. https://doi.org/10.1016/s1097-2765(00)00050-
2.

Chapman, R.W.; Lynch, K.D. Obeticholic acid-a new therapy in PBC and NASH. Br. Med. Bull. 2020, 133, 95-104.
https://doi.org/10.1093/bmb/ldaa006.

Zhang, ].H.; Nolan, ].D.; Kennie, S.L.; Johnston, LM.; Dew, T.; Dixon, P.H.; Williamson, C.; Walters, J.R. Potent stimulation of
fibroblast growth factor 19 expression in the human ileum by bile acids. Am. . Physiol. Gastrointest. Liver Physiol. 2013, 304,
G940-G948. https://doi.org/10.1152/ajpgi.00398.2012.

Zhang, L.; Wang, Y.-D.; Chen, W.-D.; Wang, X.; Lou, G.; Liu, N.; Lin, M.; Forman, B.M.; Huang, W. Promotion of liver
regeneration/repair by farnesoid X receptor in both liver and intestine in mice. Hepafology 2012, 56, 2336-2343.
https://doi.org/10.1002/hep.25905.

Kast, H.R.; Goodwin, B.; Tarr, P.T.; Jones, S.A.; Anisfeld, A.M.; Stoltz, C.M.; Tontonoz, P.; Kliewer, S.; Willson, T.M.; Edwards,
P.A. Regulation of Multidrug Resistance-associated Protein 2 (ABCC2) by the Nuclear Receptors Pregnane X Receptor,
Farnesoid X-activated Receptor, and Constitutive Androstane Receptor. ]. Biol. Chem. 2002, 277, 2908-2915.
https://doi.org/10.1074/jbc.m109326200.

Pircher, P.C.; Kitto, J.L.; Petrowski, M.L.; Tangirala, R.K.; Bischoff, E.D.; Schulman, 1.G.; Westin, S.K. Farnesoid X Receptor
Regulates Bile Acid-Amino Acid Conjugation. . Biol. Chem. 2003, 278, 27703-27711. https://doi.org/10.1074/jbc.m302128200.
van Golen, R.F.; Olthof, P.B.; Lionarons, D.A.; Reiniers, M.].; Alles, L.K,; Uz, Z.; de Haan, L.; Ergin, B.; de Waart, D.R.; Maas, A.;
et al. FXR agonist obeticholic acid induces liver growth but exacerbates biliary injury in rats with obstructive cholestasis. Sci.
Rep. 2018, 8, 16529. https://doi.org/10.1038/s41598-018-33070-1.

Roda, A.; Aldini, R.; Camborata, C.; Spinozzi, S.; Franco, P.; Cont, M.; D'Errico, A.; Vasuri, F.; Degiovanni, A.; Maroni, L.; et al.
Metabolic Profile of Obeticholic Acid and Endogenous Bile Acids in Rats with Decompensated Liver Cirrhosis. Clin. Transl. Sci.
2017, 10, 292-301. https://doi.org/10.1111/cts.12468.

Guo, C.; LaCerte, C.; Edwards, J.E.; Brouwer, K.R.; Brouwer, K.L.R. Farnesoid X Receptor Agonists Obeticholic Acid and
Chenodeoxycholic Acid Increase Bile Acid Efflux in Sandwich-Cultured Human Hepatocytes: Functional Evidence and
Mechanisms. J. Pharmacol. Exp. Ther. 2018, 365, 413-421. https://doi.org/10.1124/jpet.117.246033.

Xu, Y.; Li, F.; Zalzala, M.; Xu, J.; Gonzalez, F.J.; Adorini, L.; Lee, Y.K; Yin, L.; Zhang, Y. Farnesoid X receptor activation increases
reverse cholesterol transport by modulating bile acid composition and cholesterol absorption in mice. Hepatology 2016, 64, 1072—
1085. https://doi.org/10.1002/hep.28712.

Dash, A ; Figler, R.A.; Blackman, B.R.; Marukian, S.; Collado, M.S.; Lawson, M.].; Hoang, S.A.; Mackey, A.]J.; Manka, D.; Cole,
B.K.; et al. Pharmacotoxicology of clinically-relevant concentrations of obeticholic acid in an organotypic human hepatocyte
system. Toxicol. In Vitro 2017, 39, 93-103. https://doi.org/10.1016/j.tiv.2016.11.014.

Zhang, Y; Jackson, J.P.; St Claire, R.L., 3rd; Freeman, K.; Brouwer, K.R.; Edwards, J.E. Obeticholic acid, a selective farnesoid X
receptor agonist, regulates bile acid homeostasis in sandwich-cultured human hepatocytes. Pharmacol. Res. Perspect. 2017, 5,
€00329. https://doi.org/10.1002/prp2.329.

Mencarelli, A.; Renga, B.; Distrutti, E.; Fiorucci, S. Antiatherosclerotic effect of farnesoid X receptor. Am. J. Physiol.-Heart Circ.
Physiol. 2009, 296, H272-H281. https://doi.org/10.1152/ajpheart.01075.2008.

Cipriani, S.; Mencarelli, A.; Palladino, G.; Fiorucci, S. FXR activation reverses insulin resistance and lipid abnormalities and
protects against liver steatosis in Zucker (fa/fa) obese rats. J. Lipid Res. 2010, 51, 771-784. https://doi.org/10.1194/jlr. M001602.
de Oliveira, M.C; Gilglioni, E.H.; de Boer, B.A.; Runge, ]. H.; de Waart, D.R,; Salgueiro, C.L.; Ishii-Iwamoto, E.L.; Oude Elferink,
R.P.; Gaemers, 1.C. Bile acid receptor agonists INT747 and INT777 decrease oestrogen deficiency-related postmenopausal
obesity and hepatic steatosis in mice. Biochim. Biophys. Acta 2016, 1862, 2054-2062. https://doi.org/10.1016/j.bbadis.2016.07.012.
Briand, F.; Brousseau, E.; Quinsat, M.; Burcelin, R.; Sulpice, T. Obeticholic acid raises LDL-cholesterol and reduces HDL-
cholesterol in the Diet-Induced NASH (DIN) hamster model. Eur. ]. Pharmacol. 2018, 818, 449-456.
https://doi.org/10.1016/j.ejphar.2017.11.021.

Singh, A.B.; Dong, B.; Kraemer, F.B.; Xu, Y.; Zhang, Y.; Liu, ]J. Farnesoid X Receptor Activation by Obeticholic Acid Elevates
Liver Low-Density Lipoprotein Receptor Expression by mRNA Stabilization and Reduces Plasma Low-Density Lipoprotein
Cholesterol in Mice. Arterioscler. Thromb. Vasc. Biol. 2018, 38, 2448-2459. https://doi.org/10.1161/atvbaha.118.311122.

Zhang, H.; Dong, M.; Liu, X. Obeticholic acid ameliorates obesity and hepatic steatosis by activating brown fat. Exp. Ther. Med.
2021, 22, 991. https://doi.org/10.3892/etm.2021.10423.



Future Pharm. 2023, 3 249

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Maneschi, E.; Vignozzi, L.; Morelli, A.; Mello, T.; Filippi, S.; Cellai, I.; Comeglio, P.; Sarchielli, E.; Calcagno, A.; Mazzanti, B.; et
al. FXR activation normalizes insulin sensitivity in visceral preadipocytes of a rabbit model of MetS. |. Endocrinol. 2013, 218,
215-231. https://doi.org/10.1530/joe-13-0109.

Mudaliar, S.; Henry, R.R.; Sanyal, A.]J.; Morrow, L.; Marschall, H.U.; Kipnes, M.; Adorini, L.; Sciacca, C.I.; Clopton, P.; Castelloe,
E.; et al. Efficacy and safety of the farnesoid X receptor agonist obeticholic acid in patients with type 2 diabetes and nonalcoholic
fatty liver disease. Gastroenterology 2013, 145, 574-582.e571. https://doi.org/10.1053/j.gastro.2013.05.042.

Kunne, C.; Acco, A.; Duijst, S.; de Waart, D.R.; Paulusma, C.C.; Gaemers, I.; Oude Elferink, R.P. FXR-dependent reduction of
hepatic steatosis in a bile salt deficient mouse model. Biochim. Biophys. Acta 2014, 1842, 739-746.
https://doi.org/10.1016/j.bbadis.2014.02.004.

Haczeyni, F.; Poekes, L.; Wang, H.; Mridha, A.R.; Barn, V.; Geoffrey Haigh, W.; Ioannou, G.N.; Yeh, M.M.; Leclercq, I.A.; Teoh,
N.C.; et al. Obeticholic acid improves adipose morphometry and inflammation and reduces steatosis in dietary but not
metabolic obesity in mice. Obesity 2017, 25, 155-165. https://doi.org/10.1002/oby.21701.

Dong, B.; Young, M; Liu, X,; Singh, A.B.; Liu, J. Regulation of lipid metabolism by obeticholic acid in hyperlipidemic hamsters.
J. Lipid Res. 2017, 58, 350-363. https://doi.org/10.1194/j1r.M070888.

Li, Y.T.; Swales, K.E.; Thomas, G.J.; Warner, T.D.; Bishop-Bailey, D. Farnesoid x receptor ligands inhibit vascular smooth muscle
cell inflammation and migration. Arterioscler. Thromb. Vasc. Biol. 2007, 27, 2606-2611. https://doi.org/10.1161/atvbaha.107.152694.
de Haan, L.R.; Verheij, J.; van Golen, R.F.; Horneffer-van der Sluis, V.; Lewis, M.R.; Beuers, UH.W.; van Gulik, T.M.; Olde
Damink, SSW.M.; Schaap, F.G.; Heger, M.; et al. Unaltered Liver Regeneration in Post-Cholestatic Rats Treated with the FXR
Agonist Obeticholic Acid. Biomolecules 2021, 11, 260. https://doi.org/10.3390/biom11020260.

Gai, Z.; Visentin, M.; Gui, T.; Zhao, L.; Thasler, W.E.; Hausler, S.; Hartling, I.; Cremonesi, A.; Hiller, C.; Kullak-Ublick, G.A.
Effects of Farnesoid X Receptor Activation on Arachidonic Acid Metabolism, NF-kB Signaling, and Hepatic Inflammation. Mol.
Pharmacol. 2018, 94, 802-811. https://doi.org/10.1124/mol.117.111047.

Wang, Y.-D.; Chen, W.-D.; Wang, M.; Yu, D.; Forman, B.M.; Huang, W. Farnesoid X receptor antagonizes nuclear factor kB in
hepatic inflammatory response. Hepatology 2008, 48, 1632-1643. https://doi.org/10.1002/hep.22519.

Sinal, C.J.; Tohkin, M.; Miyata, M.; Ward, ]. M.; Lambert, G.; Gonzalez, F.]. Targeted disruption of the nuclear receptor FXR/BAR
impairs bile acid and lipid homeostasis. Cell 2000, 102, 731-744. https://doi.org/10.1016/s0092-8674(00)00062-3.

Fiorucci, S.; Antonell, E.; Rizzo, G.; Renga, B.; Mencarelli, A; Riccardi, L.; Orlandji, S.; Pellicciari, R.; Morelli, A. The nuclear
receptor SHP mediates inhibition of hepatic stellate cells by FXR and protects against liver fibrosis. Gastroenterology 2004, 127,
1497-1512. https://doi.org/10.1053/j.gastro.2004.08.001.

Fiorucdi, S.; Rizzo, G.; Antonelli, E.; Renga, B.; Mencarelli, A.; Riccardi, L.; Morelli, A.; Pruzanski, M.; Pellicciari, R. Cross-talk
between farnesoid-X-receptor (FXR) and peroxisome proliferator-activated receptor gamma contributes to the antifibrotic
activity of FXR ligands in rodent models of liver cirrhosis. J. Pharmacol. Exp. Ther. 2005, 315, 58-68.
https://doi.org/10.1124/jpet.105.085597.

Yang, Z.Y.; Liu, F.; Liu, P.H,; Guo, W.J.; Xiong, G.Y.; Pan, H.; Wei, L. Obeticholic acid improves hepatic steatosis and
inflammation by inhibiting NLRP3 inflammasome activation. Int. ]. Clin. Exp. Pathol. 2017, 10, 8119-8129.

Ding, Z.M,; Xiao, Y.; Wu, X,; Zou, H,; Yang, S.; Shen, Y.; Xu, J.; Workman, H.C.; Usborne, A.L.; Hua, H. Progression and
Regression of Hepatic Lesions in a Mouse Model of NASH Induced by Dietary Intervention and Its Implications in
Pharmacotherapy. Front. Pharmacol. 2018, 9, 410. https://doi.org/10.3389/fphar.2018.00410.

Parés, A. Therapy of Primary Biliary Cirrhosis: Novel Approaches for Patients with Suboptimal Response to Ursodeoxycholic
Acid. Dig. Dis. 2015, 33 (Suppl. 2), 125-133. https://doi.org/10.1159/000440761.

Huang, S.; Wu, Y.; Zhao, Z.; Wu, B.; Sun, K.; Wang, H.; Qin, L.; Bai, F.; Leng, Y.; Tang, W. A new mechanism of obeticholic acid
on NASH treatment by inhibiting NLRP3 inflammasome activation in macrophage. Metabolism 2021, 120, 154797.
https://doi.org/10.1016/j.metabol.2021.154797.

Jouihan, H.; Will, S.; Guionaud, S.; Boland, M.L.; Oldham, S.; Ravn, P.; Celeste, A.; Trevaskis, J.L. Superior reductions in hepatic
steatosis and fibrosis with co-administration of a glucagon-like peptide-1 receptor agonist and obeticholic acid in mice. Mol.
Metab. 2017, 6, 1360-1370. https://doi.org/10.1016/j.molmet.2017.09.001.

Zhou, J.; Huang, N.; Guo, Y.; Cui, S.; Ge, C.; He, Q.; Pan, X,; Wang, G.; Wang, H.; Hao, H. Combined obeticholic acid and
apoptosis inhibitor  treatment  alleviates liver fibrosis. Acta Pharm. Sin. B 2019, 9, 526-536.
https://doi.org/10.1016/j.apsb.2018.11.004.

Roth, ].D.; Veidal, S.S.; Fensholdt, L.K.D.; Rigbolt, K.T.G.; Papazyan, R.; Nielsen, J.C.; Feigh, M.; Vrang, N.; Young, M.; Jelsing,
J.; et al. Combined obeticholic acid and elafibranor treatment promotes additive liver histological improvements in a diet-
induced ob/ob mouse model of biopsy-confirmed NASH. Sci. Rep. 2019, 9, 9046. https://doi.org/10.1038/s41598-019-45178-z.

Li, W.C,; Zhao, S.X;; Ren, W.G.; Zhang, Y.G.; Wang, R.Q.; Kong, L.B.; Zhang, Q.S.; Nan, Y.M. Co-administration of obeticholic
acid and simvastatin protects against high-fat diet-induced non-alcoholic steatohepatitis in mice. Exp. Ther. Med. 2021, 22, 830.
https://doi.org/10.3892/etm.2021.10262.

Nevens, F.; Andreone, P.; Mazzella, G.; Strasser, S.I.; Bowlus, C.; Invernizzi, P.; Drenth, J.P.; Pockros, P.J.; Regula, J.; Beuers, U.;
et al. A Placebo-Controlled Trial of Obeticholic Acid in Primary Biliary Cholangitis. N. Engl. J. Med. 2016, 375, 631-643.
https://doi.org/10.1056/NEJMo0a1509840.



Future Pharm. 2023, 3 250

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

D'Amato, D.; De Vincentis, A.; Malinverno, F.; Vigano, M.; Alvaro, D.; Pompili, M.; Picciotto, A.; Palitti, V.P.; Russello, M.;
Storato, S.; et al. Real-world experience with obeticholic acid in patients with primary biliary cholangitis. JHEP Rep. 2021, 3,
100248. https://doi.org/10.1016/j.jhepr.2021.100248.

Kowdley, K.V.; Vuppalanchi, R.; Levy, C; Floreani, A.; Andreone, P.; LaRusso, N.F.; Shrestha, R.; Trotter, J.; Goldberg, D.;
Rushbrook, S.; et al. A randomized, placebo-controlled, phase II study of obeticholic acid for primary sclerosing cholangitis. J.
Hepatol. 2020, 73, 94-101. https://doi.org/10.1016/j.jhep.2020.02.033.

Kowdley, K.V.; Luketic, V.; Chapman, R.; Hirschfield, G.M.; Poupon, R.; Schramm, C.; Vincent, C.; Rust, C.; Parés, A.; Mason,
A.; et al. A randomized trial of obeticholic acid monotherapy in patients with primary biliary cholangitis. Hepatology 2018, 67,
1890-1902. https://doi.org/10.1002/hep.29569.

Younossi, Z.M.; Ratziu, V.; Loomba, R.; Rinella, M.; Anstee, Q.M.; Goodman, Z.; Bedossa, P.; Geier, A.; Beckebaum, S.;
Newsome, P.N.; et al. Obeticholic acid for the treatment of non-alcoholic steatohepatitis: Interim analysis from a multicentre,
randomised, placebo-controlled phase 3 trial. Lancet 2019, 394, 2184-2196. https://doi.org/10.1016/s0140-6736(19)33041-7.
Ratziu, V.; Sanyal, A.J.; Loomba, R.; Rinella, M.; Harrison, S.; Anstee, Q.M.; Goodman, Z.; Bedossa, P.; MacConell, L.;
Shringarpure, R.; et al. REGENERATE: Design of a pivotal, randomised, phase 3 study evaluating the safety and efficacy of
obeticholic acid in patients with fibrosis due to nonalcoholic steatohepatitis. Contemp. Clin. Trials 2019, 84, 105803.
https://doi.org/10.1016/j.cct.2019.06.017.

Neuschwander-Tetri, B.A.; Loomba, R.; Sanyal, A.J.; Lavine, ].E.; Van Natta, M.L.; Abdelmalek, M.F.; Chalasani, N.; Dasarathy,
S.; Diehl, A.M.; Hameed, B.; et al. Farnesoid X nuclear receptor ligand obeticholic acid for non-cirrhotic, non-alcoholic
steatohepatitis (FLINT): A multicentre, randomised, placebo-controlled trial. Lancet 2015, 385, 956-965.
https://doi.org/10.1016/s0140-6736(14)61933-4.

Pockros, P.J.; Fuchs, M.; Freilich, B.; Schiff, E.; Kohli, A.; Lawitz, E.J.; Hellstern, P.A.; Owens-Grillo, J.; Van Biene, C.;
Shringarpure, R.; et al. CONTROL: A randomized phase 2 study of obeticholic acid and atorvastatin on lipoproteins in
nonalcoholic steatohepatitis patients. Liver Int. 2019, 39, 2082-2093. https://doi.org/10.1111/liv.14209.

Hirschfield, G.M.; Mason, A.; Luketic, V.; Lindor, K.; Gordon, S.C.; Mayo, M.; Kowdley, K.V.; Vincent, C.; Bodhenheimer, H.C,,
Jr.; Parés, A.; et al. Efficacy of obeticholic acid in patients with primary biliary cirrhosis and inadequate response to
ursodeoxycholic acid. Gastroenterology 2015, 148, 751-761.e758. https://doi.org/10.1053/j.gastro.2014.12.005.

Edwards, J.E.; LaCerte, C.; Peyret, T.; Gosselin, N.H.; Marier, J.F.; Hofmann, A.F.; Shapiro, D. Modeling and Experimental
Studies of Obeticholic Acid Exposure and the Impact of Cirrhosis Stage. Clin. Transl. Sci. 2016, 9, 328-336.
https://doi.org/10.1111/cts.12421.

Samur, S.; Klebanoff, M.; Banken, R.; Pratt, D.S.; Chapman, R.; Ollendorf, D.A.; Loos, A.M.; Corey, K.; Hur, C.; Chhatwal, J.
Long-term clinical impact and cost-effectiveness of obeticholic acid for the treatment of primary biliary cholangitis. Hepatology
2017, 65, 920-928. https://doi.org/10.1002/hep.28932.

Hameed, B.; Terrault, N.A; Gill, R.M.; Loomba, R.; Chalasani, N.; Hoofnagle, ]. H.; Van Natta, M.L. Clinical and metabolic effects
associated with weight changes and obeticholic acid in non-alcoholic steatohepatitis. Aliment. Pharmacol. Ther. 2018, 47, 645-656.
https://doi.org/10.1111/apt.14492.

Trauner, M.; Nevens, F.; Shiffman, M.L.; Drenth, ].P.H.; Bowlus, C.L.; Vargas, V.; Andreone, P.; Hirschfield, G.M.; Pencek, R.;
Malecha, E.S,; et al. Long-term efficacy and safety of obeticholic acid for patients with primary biliary cholangitis: 3-year results
of an international open-label extension study. Lancet Gastroenterol. Hepatol. 2019, 4, 445-453. https://doi.org/10.1016/s2468-
1253(19)30094-9.

Siddiqui, M.S.; Van Natta, M.L.; Connelly, M.A.; Vuppalanchi, R.; Neuschwander-Tetri, B.A.; Tonascia, J.; Guy, C.; Loomba, R.;
Dasarathy, S.; Wattacheril, J.; et al. Impact of obeticholic acid on the lipoprotein profile in patients with non-alcoholic
steatohepatitis. ]. Hepatol. 2020, 72, 25-33. https://doi.org/10.1016/j.jhep.2019.10.006.

Eaton, J.E.; Vuppalanchi, R.; Reddy, R.; Sathapathy, S.; Ali, B.; Kamath, P.S. Liver Injury in Patients With Cholestatic Liver
Disease Treated with Obeticholic Acid. Hepatology 2020, 71, 1511-1514. https://doi.org/10.1002/hep.31017.

Bowlus, C.L.; Pockros, P.J.; Kremer, A.E.; Parés, A.; Forman, L.M.; Drenth, ].P.H.; Ryder, S.D.; Terracciano, L.; Jin, Y.; Liberman,
A.; et al. Long-Term Obeticholic Acid Therapy Improves Histological Endpoints in Patients With Primary Biliary Cholangitis.
Clin. Gastroenterol. Hepatol. 2020, 18, 1170-1178.e1176. https://doi.org/10.1016/j.cgh.2019.09.050.

Kjeergaard, K.; Frisch, K; Serensen, M.; Munk, O.L.; Hofmann, A.F.; Horsager, J.; Schacht, A.C.; Erickson, M.; Shapiro, D.;
Keiding, S. Obeticholic acid improves hepatic bile acid excretion in patients with primary biliary cholangitis. J. Hepatol. 2021,
74, 58-65. https://doi.org/10.1016/j.jhep.2020.07.028.

Long-Term Efficacy and Safety of Obeticholic Acid in Patients With Primary Biliary Cholangitis: A Demographic Subgroup
Analysis of 5-Year Results From the POISE Trial. Gastroenterol. Hepatol. 2021, 17, 2-3.

Younossi, Z.M.; Stepanova, M.; Nader, F.; Loomba, R.; Anstee, Q.M.; Ratziu, V.; Harrison, S.; Sanyal, A.].; Schattenberg, ].M.;
Barritt, A.S.; et al. Obeticholic Acid Impact on Quality of Life in Patients With Nonalcoholic Steatohepatitis: REGENERATE 18-
Month Interim Analysis. Clin. Gastroenterol. Hepatol. 2022, 20, 2050-2058.e2012. https://doi.org/10.1016/j.cgh.2021.07.020.
Murillo Perez, C.F.; Fisher, H.; Hiu, S.; Kareithi, D.; Adekunle, F.; Mayne, T.; Malecha, E.; Ness, E.; van der Meer, A.].; Lammers,
W.J.; et al. Greater Transplant-Free Survival in Patients Receiving Obeticholic Acid for Primary Biliary Cholangitis in a Clinical
Trial = Setting Compared to Real-World External Controls. Gastroenterology 2022, 163, 1630-1642.e1633.
https://doi.org/10.1053/j.gastro.2022.08.054.



Future Pharm. 2023, 3 251

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Ng, C.H,; Tang, A.S.P.; Xiao, J.; Wong, Z.Y.; Yong, ].N.; Fu, C.E.; Zeng, RW; Tan, C.; Wong, G.H.Z.; Teng, M.; et al. Safety and
tolerability of obeticholic acid in chronic liver disease: A pooled analysis of 1878 individuals. Hepatol. Commun. 2023, 7, 0005.
https://doi.org/10.1097/hc9.0000000000000005.

Harrison, S.A.; Bashir, M.R; Lee, K.-J.; Shim-Lopez, J.; Lee, J.; Wagner, B.; Smith, N.D.; Chen, H.C.; Lawitz, E.J. A structurally
optimized FXR agonist, MET409, reduced liver fat content over 12 weeks in patients with non-alcoholic steatohepatitis. J.
Hepatol. 2021, 75, 25-33. https://doi.org/10.1016/j.jhep.2021.01.047.

Schramm, C.; Wedemeyer, H.; Mason, A.; Hirschfield, G.M.; Levy, C.; Kowdley, K.V.; Milkiewicz, P.; Janczewska, E.; Malova,
E.S.; Sanni, J.; et al. Farnesoid X receptor agonist tropifexor attenuates cholestasis in a randomised trial in patients with primary
biliary cholangitis. JHEP Rep. 2022, 4, 100544. https://doi.org/10.1016/j.jhepr.2022.100544.

Trauner, M.; Gulamhusein, A.; Hameed, B.; Caldwell, S.; Shiffman, M.L.; Landis, C.; Eksteen, B.; Agarwal, K.; Muir, A,;
Rushbrook, S.; et al. The Nonsteroidal Farnesoid X Receptor Agonist Cilofexor (GS-9674) Improves Markers of Cholestasis and
Liver Injury in Patients With Primary Sclerosing Cholangitis. Hepatology 2019, 70, 788-801. https://doi.org/10.1002/hep.30509.
Al-Khaifi, A.; Rudling, M.; Angelin, B. An FXR Agonist Reduces Bile Acid Synthesis Independently of Increases in FGF19 in
Healthy Volunteers. Gastroenterology 2018, 155, 1012-1016. https://doi.org/10.1053/j.gastro.2018.06.038.

Ehrlich, L.; Scrushy, M.; Meng, F.; Lairmore, T.C.; Alpini, G.; Glaser, S. Biliary epithelium: A neuroendocrine compartment in
cholestatic liver disease. Clin. Res. Hepatol. Gastroenterol. 2018, 42, 296-305. https://doi.org/10.1016/j.clinre.2018.03.009.

Isayama, H.; Tazuma, S.; Kokudo, N.; Tanaka, A.; Tsuyuguchi, T.; Nakazawa, T.; Notohara, K.; Mizuno, S.; Akamatsu, N.;
Serikawa, M.; et al. Clinical guidelines for primary sclerosing cholangitis 2017. ]. Gastroenterol. 2018, 53, 1006-1034.
https://doi.org/10.1007/s00535-018-1484-9.

Carbone, M.; Mells, G.F; Pells, G.; Dawwas, M.F.; Newton, J.L.; Heneghan, M.A.; Neuberger, ].M.; Day, D.B.; Ducker, S.J.;
Sandford, R.N.; et al. Sex and age are determinants of the clinical phenotype of primary biliary cirrhosis and response to
ursodeoxycholic acid. Gastroenterology 2013, 144, 560-569.e567. https://doi.org/10.1053/j.gastro.2012.12.005.

Lammers, W.].; van Buuren, H.R.; Hirschfield, G.M.; Janssen, H.L.; Invernizzi, P.; Mason, A.L.; Ponsioen, C.Y.; Floreani, A.;
Corpechot, C.; Mayo, M.].; et al. Levels of alkaline phosphatase and bilirubin are surrogate end points of outcomes of patients
with primary biliary cirrhosis: An international follow-up study. Gastroenterology 2014, 147, 1338-1349.e1335.
https://doi.org/10.1053/j.gastro.2014.08.029.

Beuers, U.; Trauner, M.; Jansen, P.; Poupon, R. New paradigms in the treatment of hepatic cholestasis: From UDCA to FXR,
PXR and beyond. |. Hepatol. 2015, 62, S25-S37. https://doi.org/10.1016/j.jhep.2015.02.023.

OCALIVA® (obeticholic acid). Food and Drug Administration: Silver Spring, Maryland, 2016.

Harms, M.H.; Hirschfield, G.M.; Floreani, A.; Mayo, M.].; Parés, A.; Liberman, A.; Malecha, E.S.; Pencek, R.; MacConell, L.;
Hansen, B.E. Obeticholic acid is associated with improvements in AST-to-platelet ratio index and GLOBE score in patients with
primary biliary cholangitis. JHEP Rep. 2021, 3, 100191. https://doi.org/10.1016/j.jhepr.2020.100191.

Lazaridis, K.N,; LaRusso, N.E. The Cholangiopathies. Mayo Clin. Proc. 2015, 90, 791-800.
https://doi.org/10.1016/j.mayocp.2015.03.017.

Mili¢, S.; Stimac, D. Nonalcoholic fatty liver disease/steatohepatitis: Epidemiology, pathogenesis, clinical presentation and
treatment. Dig. Dis. 2012, 30, 158-162. https://doi.org/10.1159/000336669.

Basaranoglu, M.; Neuschwander-Tetri, B.A. Nonalcoholic Fatty Liver Disease: Clinical Features and Pathogenesis. Gastroenterol.
Hepatol. 2006, 2, 282-291.

Brunt, E.M.; Tiniakos, D.G. Histopathology of nonalcoholic fatty liver disease. World ]. Gastroenterol. 2010, 16, 5286-5296.
https://doi.org/10.3748/wjg.v16.i42.5286.

Gawrieh, S.; Guo, X,; Tan, J.; Lauzon, M.; Taylor, K.D.; Loomba, R.; Cummings, O.W; Pillai, S.; Bhatnagar, P.; Kowdley, K.V.;
et al. A Pilot Genome-Wide Analysis Study Identifies Loci Associated With Response to Obeticholic Acid in Patients With
NASH. Hepatol. Commun. 2019, 3, 1571-1584. https://doi.org/10.1002/hep4.1439.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.



