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Introduction

Bile acids (BAs) are a large family of molecules that have a steroidal structure and
are synthesized from cholesterol in the liver. BAs are physiological detergents
important for the emulsification of dietary fats, drugs, and lipid-soluble vitamins in
the intestine, and their subsequent absorption and transport to the liver for metabo-
lism is followed by distribution to other tissues and organs. BAs also act as
signalling molecules and are important for the regulation of their own synthesis,
uptake, and secretion as well as the control of cholesterol synthesis and the regula-
tion of lipid and glucose metabolism. These processes are accomplished via the
direct activation of the nuclear receptor farnesoid X receptor (FXR), TGRS, the
pregnane X receptor (PXR), and the vitamin D receptor (VDR) [1]. In addition, other
nuclear receptors, such as the constitutive androstane receptor (CAR) and the liver X
receptor (LXR), can be indirectly influenced by BA, and these receptors, in turn,
influence BA synthesis via feedback mechanisms and have a considerable influence
on the metabolic processes of the entire organism. This chapter will focus on BA
homeostasis, which is affected by BA synthesis, metabolism, and disposition in the
liver and intestine. Furthermore, the roles of BAs as signalling molecules and
therapeutic drugs to treat several diseases and metabolic imbalances will be
discussed. Since there are cross-species differences in the synthesis and metabolism
of BAs, the chapter will focus on humans and mice and will point out differences
between these two species [2, 3].
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Bile Acid Homeostasis
Bile Acid Synthesis in the Liver

The synthesis of BAs in the liver is performed by hepatocytes and involves 17 distinct
enzymes located in the cytosol, endoplasmic reticulum, mitochondria, and
peroxisomes [4]. These enzymes catalyze the oxidation and modifications of choles-
terol at its steroid ring and facilitate the oxidative cleavage of three carbons from the
cholesterol side chain to form C24 BAs [5]. These modifications can be classified into
two distinct pathways—the neutral and the alternative BA synthesis pathways. The
neutral pathway (also known as the classic pathway) is the major BA synthesis
pathway in the liver. Via the neutral pathway, cholesterol is converted to 7-
a-hydroxycholesterol (7a-HOC) by the rate-limiting enzyme cholesterol 7-
a-hydroxylase (CYP7A1), which is located in the endoplasmic reticulum. The
sterol 12a-hydroxylase (CYP8B1) converts the intermediate 7a-hydroxy-4
cholesten-3-one (C4) to 7a, 12a-dihydroxy-4-cholesten-3-one, resulting in the syn-
thesis of cholic acid (CA). Without 12ahydroxylation by CYP8B1, C4 is converted to
chenodeoxycholic acid (CDCA). The mitochondrial sterol 27-hydroxylase
(CYP27A1) catalyzes steroid side chain oxidation in both CA and CDCA synthesis.

In the alternative pathway, CYP27A1 converts cholesterol to 3p-hydroxy-5-
cholestenoic acid, which is then hydroxylated by oxysterol 7a-hydroxylase
(CYP7B1) to form 3p,7a-dihydroxy-5-cholestenoic acid. Finally, CDCA is
generated from 27-hydroxycholesterol (27-HOC). In the mouse liver, most CDCA
is converted to a- and P-muricholic acid (MCA). MCA is only found in trace
amounts in humans [6, 7]. In rodents, the alternative pathway can account for up
to 25% of the total BA synthesis, whereas in humans, this route contributes less than
10% of the total amount of BAs. However, recent studies have shown that the
alternative pathway is significantly more active in childhood, while in adults, the
classical pathway makes a more significant contribution to the composition of BA
pool [8] (Fig. 1).

Newly synthesized BAs are conjugated to the amino acids glycine and taurine,
secreted through the apical membrane of hepatocytes, and stored in the gallbladder.
The conjugation of BAs by only two amino acids is a result of the substrate
specificity of pancreatic carboxypeptidases that cleave all other conjugating moieties
[9]. Only conjugation with taurine or glycine makes BAs indigestible and
unabsorbable in the proximal small intestine where most lipid absorption occurs.
Such conjugated BAs are generally less hydrophobic than unconjugated bile acid
whereby the hydrophobicity depends on the type of conjugation. In healthy
individuals, nearly all BAs are present in their conjugated form [10].

Humans have two primary BAs (CA, CDCA), whereas five primary BAs (CA,
CDCA, the muricholic acids o« MCA and § MCA, and UDCA) are synthesized in
mice [11] (Table 1).

The regulation of BA synthesis is closely linked to the whole-body BA pool,
which must be relatively constant. To maintain homeostasis, fine-tuned feedback
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Fig. 1 The “classic pathway” and the “alternative pathway” to synthesize cholic acid (CA) and
chenodeoxycholic acid (CDCA). In the “classic pathway” CYP7A1 converted cholesterol into
7-hydroxycholesterol in the endoplasmic reticulum. Via several steps, involving the enzymes
Cyp8B1 and HSD3B7, the two primary bile acids CA and CDCA are synthesized. In the “alterna-
tive pathway” the enzymes Cyp27A1 and Cyp7B1 are used to synthesize CDCA from cholesterol

mechanisms exist that are mediated via cholesterol intake and several nuclear
receptors, which act as both BA and biological sensors [12].

Excess cholesterol consumption negatively regulates cholesterol uptake and
synthesis by proteolysis of the sterol regulatory element-binding proteins (SREBPs)
which in turn are able to coordinate the synthesis of the two major components of
membranes: fatty acids and cholesterol [13]. Since cholesterol is the source for BA
synthesis, this mechanism not only reduces the amount of cholesterol, but also
reduces the synthesis of BAs.

Another method of regulating the BA level in an organism is by downregulating
bile acid biosynthesis via suppression of the key enzyme Cyp7Al by several BA
receptors [14], which will be discussed in detail in the section “Bile Acids and Their
Interaction with Nuclear Receptors.”

Bile Acid Metabolism

Hepatocytes secrete conjugated BAs into the bile, which is stored in the gall bladder
and then reabsorbed by passive diffusion before being transported from the intestinal
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Table 1 Primary and secondary bile acids in mice and humans
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Abbreviation Bile acid name Bile acid type Species

CA Cholic acid Primary Human/mouse
CDCA Chenodeoxycholic acid Primary Human/mouse
DCA Deoxycholic acid Secondary Human/mouse
GCA Glycocholic acid Glycol-conjungated Human/mouse
GCDCA Glycochenodeoxycholic acid Glycol-conjungated Human/mouse
GDCA Glycodeoxycholic acid Glycol-conjungated Human/mouse
GLCA Glyolithocholic acid Glycol-conjungated Human/mouse
GLCAS Glycolithocholic acid sulfate Glycol-conjungated Human/mouse
GUDCA Glycoursodeoxycholic acid Glycol-conjungated Human/mouse
HDCA Hyodeoxycholic acid Secondary Human/mouse
LCA Lithocholic acid Secondary Human/mouse
MCAa alpha-Muricholic acid Primary Mouse

MCAb beta-Muricholic acid Primary Mouse

MCAo omega-Muricholic acid Primary Mouse

TCA Taurocholic acid Tauro-conjungated Human/mouse
TCDCA Taurochenodeoxycholic acid Tauro-conjungated Human/mouse
TDCA Taurodeoxycholic acid Tauro-conjungated Human/mouse
TLCA Taurolithocholic acid Tauro-conjungated Human/mouse
TLCAS Taurolithocholic acid sulfate Tauro-conjungated Human/mouse
TMCAa/b alpha/beta Tauromuricholic acid Tauro-conjungated Mouse

TUDCA Tauroursodeocycholic acid Tauro-conjungated Human/mouse
UDCA Ursodeoxycholic acid Secondary/primary Human/mouse

epithelial cells back to the liver following enterohepatic circulation (EHC) (Fig. 2).
The process of BA secretion into the bile is accomplished by the polarity of
hepatocytes, the mechanisms of which are complex and include intracellular and
membrane trafficking systems and components, the cytoskeleton, tight junctions
(TJs), and intracellular molecules [15]. In response to the peptide hormone chole-
cystokinin, the gallbladder releases bile into the duodenum to enable fat solubiliza-
tion and absorption. The majority of the BAs that reach the distal intestine are
reabsorbed during EHC.

In detail, the EHC can be described as the movement of BA molecules from the
hepatocytes into canalicular bile, through the biliary tract and into the duodenum. As
a result of propulsive small intestinal motility, BAs then flow in the intestines where
they are actively absorbed from the distal ileum and passively from the large
intestine. In the next step, BAs are transported to the liver via the portal venous
blood and are then efficiently taken up by the hepatocytes. To complete the EHC, the
BAs enter the hepatocytes and are actively secreted into canalicular bile again
[16]. This BA uptake by hepatocytes, like BA synthesis, is a process that does not
occur in all hepatocytes in the liver lobe in the same manner. Hydrophilic BAs cross
the cell membrane of hepatocytes by diffusion and show no zonal differences in
transport velocity. In contrast, hydrophobic BAs transverse the cytosol bound to BA



Bile Acids as Regulatory Signalling Molecules 105

CHOL

CYP7A1 CyP8B1

CA, CA
CDCA BA's / A
LCA,
UDCA
SHP

CAR

‘ CYP's (phase I/l)
UTG's

SULTSs

BA degradation
(bile, urine)

FGF4/
Klotho

bile duct

MRP2
BSEP

portal artey

NTCP
OATP,

FGF15/19

/

FXR  <«—— SHP
osTaty : AD
1BABP

BA degradation
(feces) A, microbiom

DCA,
LoA, . ca,
UDCA BA's CoCA
cves
VDR

Fig. 2 The enterohepatic circulation of bile acids and its associated nuclear receptors. Cholesterol
is degraded in the liver by CYP17A1 and CYP8BI1 to the primary BA’s cholic acid (CA) and
chenodeoxycholic acid (CDCA). Through the two transporters bile salt export pump (BSEP) and
multidrug resistance-associated protein 2 (MRP2) in the canalicular membranes of the hepatocytes,
CA and CDCA can be transported into the bile. In the gut, CA and CDCA are metabolized to the
secondary bile acids deoxycholic acid (DCA), lithocholic acid (LCA), and ursodeoxycholic acid
(UDCA). Most bile acids (primary and secondary) are reabsorbed in the intestine and returned to the
liver via the enterohepatic circulation (EHC). The transporters apical sodium-dependent bile acid
transporter (ASBT) and organic solute transporter alpha and beta (OSTo/f), which are expressed in
the intestine are responsible for the absorption of BAs into the portal blood. At the basolateral
membrane of hepatocytes, the transporters sodium/taurocholate cotransporting polypeptide (NTCP)
and organic anion transporting polypeptide (OATP) reabsorb the BAs. The nuclear receptors FXR,
PXR, and CAR are mainly metabolizing enzymes in the liver for induction Phase I and II to
eliminate the excess BAs in the form of bile and urine
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transporters or are distributed to organelles. Such transport systems like vesicles,
glutathione S-transferase, and 3-a-hydroxysteroid dehydrogenase show a strong
periportal distribution which leads to a faster transport in periportal hepatocytes
compared to pericentral hepatocytes [17].

In addition to the enterohepatic circulation of BAs, a small proportion of conju-
gated BAs escapes this active transport and are deconjugated and further modified by
the luminal bacteria into secondary BAs. Thereby, bacterial 7-dehydroxylase
removes a hydroxyl group from C-7 and converts CA to deoxycholic acid (DCA)
and CDCA to lithocholic acid (LCA) [18]. CYP3A1 and epimerases also convert
CDCA to secondary BAs, including hyocholic acid (HCA), murideoxycholic acid
(MDCA), w-muricholic acid (o-MCA), hyodeoxycholic acid (HDCA), and
ursodeoxycholic acid (UDCA). Most LCA and ®-MCA are excreted into feces
[19] (Fig. 2) (Table 1).

Bile Acids as Signalling Molecules in Metabolic Regulation

In addition to the immensely important function of BAs as physiological detergents
for the absorption and transport of nutrients, fats, and vitamins from food, BAs also
act as signalling molecules. This property enables BAs to regulate their own
synthesis, the uptake, secretion, and synthesis of cholesterol, and the metabolism
of lipids, glucose, and energy. This can be realized via the direct activation of the
nuclear receptor farnesoid X receptor (FXR), the pregnane X receptor (PXR), the
vitamin D receptor (VDR), and the G protein-coupled receptor TGRS [1]. In
addition, other nuclear receptors, such as the constitutive androstane receptor
(CAR) and the Liver X receptor (LXR), can be indirectly influenced by BAs,
which in turn influence BA synthesis via feedback mechanisms and have a consid-
erable influence on global metabolism (Fig. 2).

Bile Acids and Their Interaction with Nuclear Receptors

BAs have the ability to directly and indirectly activate different nuclear receptors
such as FXR, PXR, VDR as well as CAR to specifically influence their own
biosynthesis and metabolic regulatory processes.

For FXR, two distinct genes (FXRa, NR1H4 and FXRp, NR1HS) are known that
are evolutionarily conserved between humans and rodents, but in contrast to the
mouse, FXR is a pseudogene in humans [20]. The activation of FXR can only be
achieved via binding of CDCA and its conjugates as well as LCA and DCA whereas
the other BAs are not able to activate FXR [21] (Fig. 1). The binding of these BAs
induces the formation of a heterodimer between FXR and retinoid X receptor
(RXRFXR) which is able to bind to the inverted repeats of AGGTCA-like sequences
with one nucleotide spacing (IR1) located in the promoters of the FXR target genes.
The RXRFXR heterodimer then induces the expression of the negative nuclear
receptor SHP, which inhibits the nuclear receptors liver-related homolog-1 and
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hepatocyte nuclear factor 4o (HNF4«a). This inhibition results in inhibition of the
transcription of CYP7A1, the driver enzyme of BA synthesis [6, 22]. In the intestine,
activation of FXR by BAs induces the expression of the intestinal hormone fibroblast
growth factor 15 (FGF15; or FGF19 in humans), which activates hepatic FGF
receptor 4 (FGFR4) signalling to inhibit BA synthesis. In addition, activation of
FXR also leads to downregulation of the intestinal BA transporter ASBT and the
hepatic uptake transporters NTCP and OATP, which also reduces the BA concen-
tration. This effect of FXR is further enhanced by a simultaneous upregulation of the
hepatic efflux transporters BA export pump (BSEP) and multidrug resistance-
associated protein 2 (MRP2) [23, 24]. However, FXR inhibits not only CYP7A1
but also CYP8B1 and CYP27A1 transcription, as alterations to FXR activation are
controlled by complicated mechanisms [25]. In addition to the modulation of BA
synthesis, FXR activation also results in an overall decrease in triglyceride levels and
modulation of glucose metabolism [26].

Also highly expressed in the liver and the intestine is the pregnane X receptor,
PXR, which is also able to regulate CYP7AI1 indirectly by inhibiting HNF4a and
PGC-1a transactivation of Cyp7al gene expression [27]. Only secondary BAs are
able to bind to the receptor and induce BA catabolism in this way, whereby the most
potent ligand of PXR is LCA [28]. It is unclear whether BA can activate the receptor
under physiological conditions when plasma levels are lower than 100 nmol/L, but it
is probable that after rupture of the intrahepatic bile duct in cholestasis, PXR
increases BAs clearance by CYP3A induction and decreases its biosynthesis by
suppressing CYP7A1 expression [29]. After BA binding, PXR is translocated into
the nucleus to form a heterodimer with RXR and activates target gene transcription.
The range of regulated genes is wide, including many phase I and Il enzymes and the
uptake and efflux transporters.

Additionally, the vitamin D receptor has a dramatic influence on BA homeostasis.
The alteration of BA synthesis via VDR is associated with the HNF4a Cyp7A1 axis,
whereby the expression of VRD in the liver is restricted to nonparenchymal liver
cells such as Kupffer cells or sinusoidal endothelial cells [30]. Like PXR, VDR can
be activated by LCA and its metabolite 3-ketoLCA, while most Bas, including
CDCA, CA, DCA, or muricholic acid, do not activate VDR [31]. The function of
VDR in BA homeostasis is similar to that of PXR, namely, it exerts a protective role
against BA toxicity and protects against bile duct infections. The latter is achieved
through the stimulation of VDR by both vitamin D and LCA, which induces the
production of the antimicrobial peptide cathelicidin in the bile duct epithelial cells
[32]. In addition, LCA binding also increases the expression of CYP3A4, leading to
elevated BA clearance, while the expression of CYP7A1 can be reduced through
VDR activation [33]. In addition to influencing BA homeostasis, the VDR also has
other functions such as regulating mineral homeostasis and metabolism, and a
broader range of biological functions are connected to its expression such as cell
growth, differentiation, antiproliferation, apoptosis, adaptive and innate immune
responses [34]. Being widely expressed in various tissues, VDR represents an
important therapeutic target in the treatment of diverse disorders that will be
discussed later in detail.
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Since the regulation of BA homeostasis by targeting nuclear receptors is very
similar, it is assumed that FXR, PXR, and VDR coordinately regulate BAs,
lipoproteins, drugs, glucose, and energy metabolism (Fig. 2).

Like PXR, the nuclear receptor CAR plays important roles in the regulation of BA
metabolism and detoxication by inducing genes involved in BA conjugation and
transport in order to maintain homeostasis [35]. Since BAs cannot directly bind to or
activate CAR, the regulation occurs through well-known CAR activators such as
TCPOBOP and Phenobarbital (PB). Both drugs are able to decrease the total BA level
in the mouse liver, mainly by decreasing the amount of Taurine-conjugated CA
(T-CA) to inhibit Cyp8bl. In mice, Cyp8bl activation results in an increase in the
proportion of muricholic acid (MCA). Furthermore, TCPOBOP is also able to
increase Cyp7al expression in the liver to return the BAs to physiological
concentrations. CAR activation also increases bile flow by increasing
BA-independent flow, but the biliary excretion of BAs is not altered. In addition,
CAR is also able to regulate BA homeostasis via the induction of LCA sulfation
[35]. However, whether modulations of CAR are promising tools to regulate BA
homeostasis in humans is questionable because of the differences in BA regulation
between mice and humans. For example, in contrast to mice, humans have very low
levels of MCA in the BA pool. Furthermore, glycine conjugates of BAs are the
predominant amino acid conjugate in humans, while the taurine conjugates are
predominant in mice.

Bile Acids and Their Interaction with TGR5

TGRS (Takeda G protein-coupled receptor 5), also known as Gpbar-1 is a Gg
protein-coupled receptor that is responsive to various unconjugated and conjugated
Bas. Taurine-conjugated lithocholic acid and taurodeoxycholic acid TDCA are the
most potent endogenous BA agonists for TGRS [36, 37]. In addition, secondary
BAs, like LCA and DCA, are produced in the intestine by gut bacteria and are able to
bind to the receptor [6]. The receptor is located on cholangiocytes, the epithelial
surface of the gallbladder and intestinal cells, the basolateral surface of smooth
muscle, neural cells, brown adipose tissue, immune cells including dendritic cells
and macrophages, and enteroendocrine cells that produce glucagon-like peptide
1 (GLP-1). However, hepatocytes do not express TGRS [38]. In the liver, BAs
activate the phosphorylation of endothelial nitric oxide synthase (NOS) through
TGRS activation and cAMP release, leading to nitric oxide (NO) synthesis in
sinusoidal endothelial cells [39]. In gallbladder smooth muscle, TGRS activation
lowers intracellular calcium levels, decreasing the rhythmic discharge of intracellu-
lar Ca>* necessary to induce contraction [40]. Another mechanism for BA regulation
via TGRS is by the alteration of the alternative BA synthesis pathway via
CYP7Blexpression. These results come from recent studies using Tgr5-deficient
mice that show a reduced Cyp7bl expression and a dramatic change in the BA
composition in the gallbladder.
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In addition to the regulation of BA synthesis, modulation of TGRS also leads to
changes in the hepatic fatty acid uptake and oxidation rate, making TGRS targeting a
potent drug candidate for BA-associated liver diseases [41]. In addition, TGRS
binding is also a liver-specific process that promotes liver regeneration. TGRS
expressed in Kupffer cells (KC), biliary epithelium, and sinusoidal endothelial
cells constitutes a permeable barrier between hepatocytes and blood. Recently, it
was shown that TGRS takes control over bile hydrophobicity and cytokine secretion
after partial hepatectomy to prevent liver injury in mice [42].

Bile Acids and Diseases

Since BAs have multiple important functions in the bodyi, it is easily imaginable that
pathological changes in BA synthesis, secretion, or transformation can lead to many
diseases which affect the entire organism.

The main problem caused by an increase in BAs is due to their detergent activity
against cell membranes, which can cause cytotoxic effects that lead to mitochondrial
and endoplasmic reticulum apoptosis, cell necrosis, and ultimately cancer
[3, 43]. Thereby, BA toxicity highly correlates with hydrophobicity, which is
ranked: LCA/DCA > CA, UDCA, MCA, and HCA [2]. The consequences of high
concentrations of BAs in intra- and extrahepatic systems are manifold and affect
various functions of almost all organs.

For example, anomalies in intestinal BAs can induce systemic intestinal
infections by disrupting the barrier function of the small intestine and promoting
the translocation of bacteria [44]. A strong increase in hydrophobic BAs upregulates
the amount of pro-inflammatory cytokines and NF-kB, changes the composition of
intestinal microbiota, increases endotoxin levels, aggravates the inflammatory
response caused by glucose tolerance and insulin resistance, and augments intestinal
permeability [45]. Other bowel diseases can result from high concentrations of
intestinal DCA, which enhance the excretion of chloride ions, increase intestinal
permeability, and inhibit mucosal healing [46].

In the liver, the most common diseases caused by alterations in BA homeostasis
are cholestatic liver diseases. Cholestasis is mainly caused by a disruption of bile
flow, which leads to a lack of bile in the intestine and an accumulation of toxic BAs
in the liver. In addition, in cholestatic patients, a dramatically increased BA concen-
tration can be found in systemic circulation (up to 100-fold in humans) [31, 47]. In
addition to disruption of bile flow, impediment of the bile ducts by tumor or stones,
mutations in genes that encode BA transporters, and dysregulation of the bile
transport system by drugs, pregnancy, and pathophysiological conditions can
cause disease [31, 48]. Cholestasis can be classified into primary biliary cholangitis
(PBC) and primary sclerosing cholangitis (PSC), which are the two most common
chronic cholestatic liver diseases in adults. The development of PBC is an immune-
mediated injury of intrahepatic biliary epithelial cells leading to cholestasis, fibrosis,
and biliary cirrhosis [49].
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In addition, a high concentration of BAs accelerates the senescence of hepatic
secretory cells, facilitates the generation of tumor-promoting factors, and induces the
progression of nonalcoholic steatohepatitis (NASH) and liver cancer [50]. Addition-
ally, the hepatic control of xenobiotic and drug metabolism is closely associated with
the regulatory network of BA homeostasis.

The fact that the characteristic changes of BAs in blood and tissues can indirectly
indicate disease states has led to BAs being used as biomarkers for many
diseases [50].

Bile Acids as Therapeutic Agents

BAs have an immense potential as therapeutic agents to produce beneficial effects in
cases of primary biliary cirrhosis (PBC), primary sclerosing cholangitis, gallstones,
digestive tract diseases, cystic fibrosis, and cancer [8]. Because BAs also influence
metabolic-associated diseases such as nonalcoholic liver disease and diabetes, clini-
cal studies have started to investigate these possibilities.

Bile Acids as Therapeutic Agents for Liver Diseases

BAs are being used as therapeutics, especially in patients with cholestatic liver
diseases such as PCB. Thereby the administration of UDCA is the accepted therapy
to treat PCB. This treatment inhibits intestinal BA absorption, resulting in an
increase in BA secretion rich in bicarbonate to eliminate toxic substances from
hepatocytes. As result, the entire BA pool is enriched with less toxic, hydrophilic
BAs, which relieves parenchymal necrosis and apoptosis [51]. Unfortunately, up to
20% of PBC patients are UDCA nonresponders and have a reduced prognosis
compared to healthy individuals [52]. For those patients, obeticholic acid (OCA,
also known as INT-747) has been recently registered as a second-line therapy after
demonstrating beneficial effects on liver biochemistry in approximately 50% of
patients with an inadequate response to UDCA [49].

The treatment of PSC is much more complicated compared to PCB since several
clinical studies showed no survival benefit from treatment with UDCA and other
drugs. Therefore, liver transplantation is the only intervention shown to prolong
survival of the patients [49].

BAs are also useful in the treatment (dissolution) of gallstones by increasing the
concentration of bile acid and lowering cholesterol levels in the bile (resulting in less
saturated bile).

Since BAs also have a significant influence on energy metabolism, targeted
changes in BA receptors and the BA pool are used to increase glycemic control in
diabetes. The main focus of the investigations is on nuclear transcription factors such
as FXR in the liver and intestines, and the G protein-coupled receptor TGRS in
enteroendocrine cells and pancreatic p cells, as these interact directly with BAs
[53]. In general, due to the many organs in which the signature of BAs is mediated
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Fig. 3 The role of bile acids in the entire organism

by TGRS and FXR, the mode of action of such inhibitors is highly complex which
will have to be investigated further in the future (Fig. 3).

FXR Agonists for the Treatment of Metabolic Liver Diseases

One once-promising FXR agonist, obeticholic acid (OCA, also known as INT-747)
is a semisynthetic derivative of chenodeoxycholic acid and was approved in the
United States for the treatment of PBC after meeting the primary endpoint of reduced
alkaline phosphatase level in a 2016 phase III clinical trial [54, 55]. This drug has
also shown promising results in the treatment of NASH in a phase II trial, [56]
demonstrating an improvement in the histological features of NASH, including
hepatic steatosis, inflammation, hepatocyte ballooning, and liver fibrosis, and is
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currently in a phase III clinical trial in NASH patients [57]. However, recently, the
FDA announced a warning about an increased risk of serious liver injury and death
associated with OCA in patients with moderate to severe decreases in liver function.
In addition, treatment with OCA in humans can lead to an increase in low-density
lipoprotein cholesterol and a reduction of high-density lipoprotein cholesterol as
well as increased pruritus [54].

In addition to OCA, other FXR agonists such as GS-9674 and Tropifexor (also
known as LJN-452) have promising potential as therapeutic agents for cholestatic
liver diseases and are currently undergoing phase II trials for PBC [58]. The
advantages of these two compounds are that they are non-BA formulations and are
thus expected to cause less pruritus and hyperlipidemia compared to OCA.

Recently, the non-bile acid FXR agonist, EDP-305, demonstrated a promising
safety and tolerability profile in a phase I study including healthy individuals and
patients with presumed NAFLD [59]. The drug is now under evaluation for patients
with PBC [23].

TGR5 Agonists for the Treatment of Metabolic Liver Diseases

Targeting the BA receptor TGRS is also a useful treatment for several metabolic
diseases. The activation of TGRS decreases body weight and forces the secretion of
the hormone GLP-1, which promotes insulin release from 3 cells of the pancreas [60]
(Fig. 3).

Furthermore, since TGRS is highly expressed in monocytes and macrophages,
where it modulates immune responses [61], targeting TGRS lowers the levels of
pro-inflammatory cytokines in monocytes. This finding has led to new insights into
the modulatory role of BAs in pathology, where inflammatory processes play a
central role, including colitis and atheroma development.

A new semisynthetic derivative of cholic acid, 6a-ethyl-23(S)-methyl-3o,7a,12-
a-trihydroxy-5p-cholan-24-oic acid (INT-777), is a selective TGRS agonist that has
a protective effect on many inflammatory diseases, such as sepsis, atherosclerosis,
diabetic nephropathy, and hepatic steatosis [62].

Conclusion

BAs are extremely interesting compounds whose manifold functions are not yet fully
understood. On the one hand, they serve to dissolve food components and are
simultaneously secreted and received as signal molecules by various organs
(Fig. 3). Since it is known that alterations in BA homeostasis are essentially
responsible for various diseases, great efforts have been made to develop pharma-
ceutical concepts to restore this balance. Unfortunately, it is precisely the regulation
of this equilibrium, which involves a wide variety of tissues, that causes the greatest
difficulties in the treatment with these drugs. For example, the effects of FXR
agonists not only reduce cholesterol metabolism in the liver but also might promote
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reverse cholesterol transport out of tissues. Therefore, in patients who are treated
with such drugs, cholesterol changes need prospective monitoring and analysis in
future studies of these therapies for liver disease [56].
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