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Abstract

Purpose Liver regeneration is an orchestrated process that mainly comprises of the proliferation of the major liver cell types, that
is, the hepatocytes and cholangiocytes, after liver injury (physical or chemical) in vivo. Although having a remarkable capacity to
regenerate in vivo, hepatocytes are difficult to grow and maintain in culture as their viability and functions decline with time. The
lack of a sufficient source of viable hepatocytes limits their clinical use for therapeutic applications.

Methods In the current review, we have summarized the role of bile acids and their subsequent signaling pathways in liver
regeneration in terms of both hepatocyte and cholangiocyte proliferation. We have also reviewed bile acid—based therapies in
liver diseases.

Results The expression of two major bile acid receptors, the farnesoid X receptor (FXR) and the Takeda G protein—coupled
receptor (TGRS) in both the liver and the intestine immensely contribute to hepatocyte proliferation through varied mechanisms.
Selective potent agonists of these two pathways are being synthesized for use as new therapies in several liver diseases.
Conclusion FXR/TGRS5 agonists hold immense potential to facilitate liver regeneration and ameliorate hepatic insufficiency in
chronic liver diseases.
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Lay Summary The metabolic function of bile acids synthe-  Introduction
sized in the liver is to emulsify fats and fat-soluble vitamins
in the intestine. Recent studies have now suggested that phys-

iological concentrations of bile acids also modulate regenera-

The liver is a vital organ that performs more than five hun-
dred biological functions. It is the only visceral organ that

tive responses of the liver via the FXR and TGRS signaling
pathways in both the liver and intestinal cells. Agonists of
these pathways are gaining attention as key stimulators of
hepatocyte and cholangiocyte proliferation. They hold poten-
tial as therapeutic molecules in liver injury by affecting liver
homeostasis, inflammation, and regeneration and should be
investigated in future in the in vitro and in vivo studies.
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has the capacity to regenerate in vivo. Liver regeneration
can occur in both physiology and pathophysiology.
Physiological liver regeneration comprises of the prolifera-
tion of healthy hepatocytes after surgical resection of some
part of the liver, termed as partial hepatectomy (PHx) while
pathophysiological regeneration means the proliferation of
remaining hepatocytes/biliary epithelial cells (BECs) or
cholangiocytes when some/most of the hepatocytes under-
go replicative senescence [1]. The hepatocytes are among
the major parenchymal cells that can re-enter the cell cycle
and mount an efficient liver regeneration in response to
partial ablation or liver injury. It is only during substantial
hepatocyte loss, a population of BECs come into play and
can act as facultative liver stem cells (LSCs) to repopulate
the liver parenchyma [2, 3]. Liver regeneration is driven by
a set of complex signals and factors released by the
nonparenchymal liver cells like sinusoidal endothelial cells
and Kupffer cells that activate tightly regulated signaling
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mechanisms in the parenchymal liver cells in a time-
dependent fashion [4, 5]. The important signals released
include metabolic signals, growth factors, cytokines, etc.
that induce the expression of downstream target genes by
activating the key transcription factors [1]. Some of the
growth factors include hepatocyte growth factor (HGF),
Wnt2, vascular endothelial growth factor (VEGF), epider-
mal growth factor (EGF), and IL-6 (Figure 1) [6]. Recently,
bile acids (BAs) and their subsequent signaling pathways
have been identified as one of the key endogenous
metabolic signals affecting liver regeneration and homeo-
stasis. In this review, we have summarized the BA signal-
ing pathways in liver regeneration (majorly hepatocyte re-
generation) and highlight how BA-based therapies could be
developed for attaining an efficient hepatocyte proliferation
and liver regeneration both in vitro and in vivo.

Bile Acids: Chemistry and Transport

BAs are steroids with 24 carbon atoms that contain
cyclopentanoperhydrophenanthrene ring in their nucleus [7].
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Figure 1 Physiological and pathophysiological liver regeneration:
Physiological regeneration occurs after partial hepatectomy by the
remaining healthy hepatocytes. Specific growth factors are released
from the nonparenchymal liver cells including the sinusoidal
endothelial cells, hepatic stellate cells, and Kupffer cells that drive the
regeneration of hepatocytes. In case of liver injury, pathophysiological
regeneration occurs, where the hepatocyte proliferation is impaired due to
their massive loss and a subset of biliary epithelial cells, termed as the
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They are amphiphilic molecules synthesized from cholesterol
degradation in the hepatocytes. BAs are classified into prima-
ry and secondary BAs and also conjugated and unconjugated.
Primary unconjugated BAs such as cholic acid (CA) are syn-
thesized in the liver by the classical pathway, which is initiated
by the rate-limiting microsomal enzyme, cholesterol 7o-
hydroxylase (CYP7AL1), yielding 7x-hydroxycholesterol.
The other pathway for BA synthesis is the alternative or the
acidic pathway. This pathway is initiated by the mitochondrial
sterol 27-hydroxylase (CYP27A1) enzyme and results in the
formation of BAs such as chenodeoxycholic acid (CDCA)[8].
In humans, the classic pathway is thought to be the major BA
biosynthesis pathway in physiological conditions. Once syn-
thesized in the liver, they are transported across the canalicular
membrane, modified in the cholangiocytes, and transported to
the gallbladder, where they are stored. After ingestion of food,
the release of BAs from the gall bladder into the digestive tract
is provoked by the cholecystokinin hormone to aid in the
absorption of food, nutrients, lipids, and fat-soluble vitamins
[9, 10]. After their use in the intestine, BAs are efficiently
reabsorbed via specific BA transporters in the ileum, and then
carried back to the liver via the portal blood. This process is
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liver progenitor cells (oval cells in mice) get activated and govern the
regeneration of the hepatic tissue. HGF, hepatocyte growth factor; WNT2,
wingless-type MMTYV integration site family, member 2; VEGF, vascular
endothelial growth factor; EGF, epidermal growth factor; /L-6, interleu-
kin 6; TNF-a, tumor necrosis factor-oc; TWEAK, tumor necrosis factor
(TNF)-related weak inducer of apoptosis; FGF-7, fibroblast growth factor
7, Wnt3a, wingless-type MMTYV integration site family, member 3A
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referred to as the enterohepatic circulation of the bile. In the
intestine, primary BAs are converted into secondary BAs such
as deoxycholic acid (DCA) and lithocholic acid (LCA) by the
gut microbial enzymes [11]. The chemical structures, physio-
logical functions, and other known effects of major BA spe-
cies are described in Table 1.

In humans, about 0.2-0.6 g of BAs is being synthesized per
day in the hepatocytes and is transported across the canalicular
membrane of hepatocytes and pump out by bile salt export
pump (BSEP) before being stored into the gallbladder and
then into the small intestine. In the small intestine, about
95% of BAs are reabsorbed into enterocytes and sent back
to the liver through the portal vein, and only 5% is excreted
through faces, which is compensated by de novo BA synthesis
in the liver. Most of the BAs are reabsorbed at the terminal
ileum, where active uptake of conjugated BAs occurs through
the apical sodium-dependent BA transporter (ASBT) [9]. BAs
are taken up by the hepatocytes from portal blood through the
two BA transporters, Na-dependent taurocholate transporter
(NTCP), and organic anion transporters (OATPs) [10].
About 4-12 cycles of BA circulation take place between liver
and intestine per day [9]. A summary of BA synthesis and
transport in given in Figure 2.

Bile Acid Receptors and Signaling Pathways

In the last decade, several findings have revealed the role of
BAs beyond emulsifiers and detergents of dietary fats and
liposoluble vitamins. The discovery of specific BA cellular
receptors such as the nuclear receptor, “farnesoid X receptor”
(FXR), and the membrane receptors, including G protein—
coupled receptor (TGRS) and pregnane X receptor (PXR)
which respond to BAs, have led to the elucidation of BAs as
crucial endocrine and paracrine signaling molecules affecting
versatile functions [12]. Here we discuss the metabolic and
physiological role of two important receptors, FXR and
TGRS.

Physiological Functions of FXR and TGR5

The farnesoid X receptor (FXR) is the first identified nuclear
receptor of BAs [12]. FXR is expressed in different cells of the
liver, namely, hepatocyte, liver sinusoidal cells, hepatic stel-
late cells, and Kupffer cells, while in the intestine, it is highly
expressed in the ileal enterocytes [13—15]. The FXR signaling
pathway maintains the metabolic homeostasis affecting BA,
cholesterol, and glucose metabolism[8]. The potency of FXR
activation by different BAs, CDCA>DCA>LCA>CA [16]. In
hepatocytes, FXR induces the expression of the small hetero-
dimer partner (SHP) transcriptional repressor. SHP negatively
interacts with other transcription factors, such as liver receptor
homolog-1 and hepatocyte nuclear factor-4oc (HNF-4x), that
bind to the bile acid response elements located within the
promoter region of the CYP7A1l and CYP8BI1 genes,
resulting in repression of BA synthesis. In the intestine,
FXR regulates the absorption of BAs, vitamins, certain drugs,
and xenobiotics by increasing the expression of the ASBT,
organic solute transporters (OSTx and OST3), which are re-
sponsible for the enterohepatic circulation of BAs[17, 18].
Takeda G protein—coupled receptor (TGRY) is a G protein—
coupled receptor, also known as a G protein—coupled BA
receptor 1 (GPBARU1). The receptor is widely distributed in
tissues, such as the endocrine glands, gall bladder, adipocytes,
muscles, intestine, and liver. In the liver, TGRS is expressed in
the cholangiocytes, sinusoidal endothelial cells, and Kupffer
cells, but not in hepatocytes. BAs activate the TGRS in a dose-
dependent manner, in the order of potency: LCA>DCA>
CDCA>CA. BAs bind with the TGRS and activate adenyl
cyclase to convert ATP to cAMP that induces protein kinase
A to activate cAMP element response binding protein
(CREBP), activating cAMP signaling pathways [19, 20].
Several studies have reported that TGRS activation is associ-
ated with a transactivation of the EGFR [21, 22] and with the
production of reactive oxygen species (ROS) [23], linking
TGRS5-dependent BA signaling to cell proliferation and apo-
ptosis in different cancer cell lines and tumors [24]. As a
crucial regulator of energy homeostasis, TGR5 has been

Table 1 Chemical structure and physiological functions/effects of major bile acids

S.No  Bile acid species Metabolic/physiological/therapeutic effects

1. Cholic acid Causes accumulation of cholesterol in tissues, liver regeneration, indicated as a treatment bile acid synthesis
disorders due to enzyme defects

2. Chenodeoxycholic acid ~ FXR agonist, reduction of plasma triglycerides and VLDL, glycolysis and gluconeogenesis suppression,
promotes the release of GLP1, hepatoprotection, anti-inflammatory, gallstone dissolution

3. Deoxycholic acid Pro-apoptotic, pro-carcinogenic (at higher concentrations) and Immunomodulatory, Promotes Liver
and Intestinal Regeneration

Lithocholic acid Anorexigenic effect (i.e., appetite reduction), increase the level of GLP-1, affect cell proliferation and apoptosis
5. Ursodeoxycholic acid Anti-apoptotic, reduce cholesterol saturation of bile, gallstone dissolution

VLDL, very low-density lipoprotein; GLP-1, glucagon-like peptide-1
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Figure 2 Synthesis and transport of bile acids: Cholesterol breakdown
results in the formation of primary bile acids, cholic acid, and
chenodeoxycholic acid either by the classical pathway mediated by
cytochrome p450 7A1(CYP7A1) or the alternative pathway
accomplished by cytochrome p450 27A1(CYP27A1). Primary bile
acids get conjugated by glycine or taurine (G/T) before they are

reported as a potential target for the treatment of metabolic
syndrome and its complications, including NASH [25, 26].
Given its high expression in the cholangiocytes and the gall
bladder epithelial cells, TGRS activation has been sug-
gested to regulate CFTR-dependent Cl secretion via the
regulation of chloride and bicarbonate transport in bile,
reduce BA protonation, and protect bile duct cells and
liver parenchyma from bile cytotoxicity [27-29]. TGRS
activation by BAs stimulates nitric oxide (NO) produc-
tion in liver endothelial cells [30] and decreases LPS-
induced cytokine gene induction in the Kupffer cells
and macrophages [31, 32]. In the intestinal epithelial
cells, BAs activate TGRS to release glucagon-like pep-
tide-1 (GLP-1) from enteroendocrine L cells, which stim-
ulate pancreatic 3 cells to secrete insulin and decreases
insulin tolerance [20]. TGRS activation by BAs also in-
creases the cAMP production in alveolar macrophages,
which decreases the phagocytic activity and production
of proinflammatory cytokines such as tumor necrosis
factor-o« (TNF-«), interleukin (IL)-1«x, IL-f3, IL-6, and
IL-8 [33].

Bile Acid Signaling and Liver Regeneration:
The Role of FXR

The role of BAs in liver regeneration has been mostly
highlighted in the PHx models, where hepatocytes are the
major liver cells that undergo self-renewal. In 70% PHx
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secreted to the biliary ductules. Deconjugation and re-conjugation medi-
ated by the gut microbiota in the distal ileum modify the primary bile
acids forming the secondary bile acids, lithocholic acid (LCA), or
deoxycholic acid (DCA). NTCP, sodium taurocholate cotransporting
polypeptide; BSEP, bile salt exchange pump; ASBT, apical sodium-
dependent bile acid transporter; OSTa-f3, organic solute transporter -3

models where more than 50% of the liver is resected, there
is an acute overload of BAs in remaining liver tissue via
enterohepatic circulation due to the immediate decrease in
total liver functional mass. Studies have documented that both
the pool size and composition of BAs are altered after PHx
[34]. A relative decrease of CDCA and secondary BAs as
compared with an increase in more hydrophilic CA has been
observed in the first days after PHx in the rat.

The BA receptors act synergistically to facilitate both the
regeneration process and also protecting the remnant liver
and maintain biliary homeostasis. The remnant hepatocytes
deal with excessive intracellular BA concentrations through
the FXR-dependent adaptive pathways [34, 35]. Increased
BA load activates FXR to increase the mRNA levels of a
gene, SHP, which is a negative regulator of Cyp7al gene
expression. A decreased expression of Cyp7al shuts down
the BA synthesis in the liver. FXR also decreases the ex-
pression of basolateral BA transporter NTCP that allows
BA uptake in the liver. Furthermore, the basolateral exit
of BAs from the hepatocytes is strongly upregulated,
through major induction of MRP3 and OSTa/b [34, 36].
These FXR-dependent adaptive responses are central to
protect the regenerating liver in PHx. The inhibition of
BA synthesis on its own (through both FXR-dependent
and independent mechanisms) has also been reported to
be a crucial step for the initiation of hepatocyte prolifera-
tion after CCI4 intoxication [37].

In addition to handling the BA overload, FXR stimulation
in the hepatocytes by the BAs signals hepatocyte protection
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and division after PHx or even liver injury [38, 39]. Upon
CCl4-induced toxic injury, the FXR null mice have been re-
ported to exhibit a defective liver repair than the wild-type
mice [39]. FXR stimulates hepatocyte cell cycle progression
mainly by an activation of the major transcription factor,
FOXMIB [38]. FOXM1B upregulates the expression of cell
cycle proteins and cyclin-dependent kinase 2 (CDK2) and
CDK1 cell cycle activity (Figure 3) [40, 41]. FXR activation
is known to facilitate hepatocyte proliferation through the in-
duction of pyruvate dehydrogenase kinase 4 (PDK4) gene as
well as the subsequent metabolic reprogramming for rapid
biomass generation, linking between liver regeneration and
metabolic switch [42]. In addition to liver, intestinal FXR
expression is also induced after PHx or liver injury. One crit-
ical FXR target gene in the intestine is FGF15. The induction
of intestinal FXR increases the expression of its target gene,
FGF15, a growth factor, in the ileum. FGF15 has also been
identified as an important regulator of liver homeostasis and
regeneration both after PHx and alcohol-related liver injury
[43, 44]. In hepatectomized mice, genetic knockout of intes-
tinal FXR reduces FGF-15 in the ileum and increases the
expression of Cyp7al (Figure 3) [40, 45]. In FGF-15 knock-
out mice, the expression of protein levels JAK1 (Janus kinase
1), JAK2, and STAT3 (signal transducer and activation of
transcriptional 3) is also downregulated in the liver tissues,
indicating that FGF-15 modulates hepatocyte proliferation
through JAK/STAT pathway [40]. The positive impact of
BAs on liver regeneration has also been reinforced by BA
supplementation and BA sequestering resin feeding

———

experiments in different models of liver regeneration [38,
39, 46]. The feeding of 0.2% cholic acid, an agonist of FXR
to mice, indeed favors liver regrowth after PHx, causing a
30% increase in the liver size. On the other hand, the use of
BA resins that lead to sequestering of BAs inhibit regeneration
and decrease the rate of liver growth and BrdU-positive nuclei
in the hepatocytes [38]. In the acetaminophen-induced liver
injury mouse model, feeding of cholic acid also enhances liver
regeneration [46].

In mice, with an inhibited BA flux to the liver via the
enterohepatic circuit, there is a deficient liver regeneration.
For example, in rodents with a deficiency of intestinal Mrp3,
expressed in the basolateral membrane, there was a reduced
liver growth elicited by cholic acid feeding. These animals
showed reduced FXR activation in the liver after CA admin-
istration and decreased portal serum levels of BAs [47]. In
rats, knockout for ASBT mediates the reabsorption of BAs
from the apical side of the ileum, hepatocyte proliferation is
similarly attenuated after PHx as well as after CCl4 intoxica-
tion [48] in human patients undergoing hemihepatectomy
with external bile drainage by cystic duct tube), and those
having hemihepatectomy without drainage, the regenerated
liver volumes on day 7 after hepatectomy were significantly
greater in the latter indicating that external biliary drainage
should be used judiciously after liver resection [49].
Although BAs and FXR agonists are known to trigger hepa-
tocyte proliferation, their impact on stem cell-dependent
models of liver regeneration, i.e., models in which hepatocytes
are massively destroyed remain elusive [50].
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Figure 3 FXR-mediated liver regeneration: After a liver injury or
partial hepatectomy, the increased bile acid flux activates the farnesoid
X receptor (FXR) in the liver and the intestine. FXR suppresses
liver CYP7AL1 thus lowering the BA production and triggering the
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way to promote liver regeneration
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Bile Acid Signaling and Liver Regeneration:
The Role of TGR5

As compared to FXR, the role of TGRS in liver regeneration
and hepatocyte proliferation has been scarcely studied, pre-
cisely because TGRS expression is absent in the hepatocytes.
The role of TGRS is mainly studied as a protector of BA
overload after PHx. In systemic TGR5-KO mice, PHx is
followed by massive cholestasis and hepatocyte necrosis,
and also liver regeneration is markedly delayed as compared
with wild-type mice [36].

The mechanisms through which TGRS would efficiently
protect the liver against this BA overload post-PHx are
many. TGRS contributes to fine-tuning of cytokine produc-
tion, which is absent in TGR5 KO animals. TGR5 modu-
lates the composition of BAs as TGR5-KO mice exhibit a
more hydrophobic BA, suggesting that too much hydro-
phobic BAs accumulating in the liver of the systemic
TGR5-KO mice immediately after PHx lead to liver injury
[36]. It is well-known that a shift towards a more hydro-
phobic pool is associated with a diminished liver regenera-
tion. The observed TGR5-dependent post-PHx increase in
biliary HCO3- and CI- output may be a part of an adaptive
mechanism enhancing bile secretion and bile fluidity,
thereby protecting the overloaded remnant liver from BA
toxicity. TGRS also enhances the expression of MRP2 and
MRP4 in the kidneys and hence the BA efflux in the urine
under conditions of BA overload in PHx, thus contributing
to protect the liver from BA overload after PHx [36]. Post-
PHx, BA-mediated effects via TGRS might be occurring
through the cholangiocytes or other nonparenchymal cells
of the liver. For example, TGRS might be allowing the liver
to adapt to a change in ion composition in the bile after
PHx, via cholangiocytes, in line with the evidence that
TGRS controls CFTR-dependent chloride secretion in dif-
ferent epithelial cells [51].

Although the direct effects of TGRS in liver regeneration
are less studied, it is to be appreciated that TGRS agonists
activate several signaling pathways pertaining to cell survival,
development, and proliferation [52]. TGRS agonists are
known to enhance the AKT phosphorylation and increase
NO production in vascular endothelial cells[53]. The activa-
tion of TGRS has been documented to negatively regulate the
hepatic inflammatory response through antagonizing NF-xkB
[25, 32]. The effects of BAs and TGR-5-mediated signaling
on cholangiocytes have been discussed separately.

Bile Acid-Based Therapies for Liver
Regeneration and Hepatocyte Proliferation

Despite the regenerative abilities of the liver in vivo, its major
type of cells, hepatocytes, do not replicate and proliferate very

efficiently in culture. Primary hepatocyte culture is the most
challenging part of hepatic tissue engineering as they are
short-lived in culture (lose their viability and functions with
time) and also can dedifferentiate into other cell types. Thus,
robust strategies for culturing primary hepatocytes are being
explored since long time. Hepatocyte function is plastic and
largely regulated by the surroundings, cells, molecules, and the
extracellular matrix (ECM). In recent years, several studies
have devised new approaches, including cellular, extracellular,
and molecular to reproduce the exact in vivo environment and
thus achieve a sustained and appreciable hepatocyte growth
ex vivo [54]. Bile acid—based therapies offer considerable po-
tential for both in vivo and in vitro hepatocyte regeneration.
Taurocholate has shown to accelerate the bile canalicular net-
work formation in rat hepatocyte sandwich cultures and con-
comitantly increase cAMP, prevented by adenyl cyclase inhib-
itor [55]. Tauroursodeoxycholic acid upregulates SIRT1-FXR
activity, increasing FoxM1 expression, leading to decreased
apoptosis and increased proliferative capacity in hepatocytes
[56]. A study suggests that the physiological concentrations
of BAs such as tauroursodeoxycholic acid also initiate hepatic
differentiation of MSC via the farnesoid X receptor both
in vitro and in vivo [57]. The hepatic differentiation of the cells
has been shown to be accompanied by a decreased expression
of mesodermal markers such as desmin and the transient acqui-
sition of the expression profile of hepatic progenitor cells be-
fore they differentiate into hepatocyte-like cells. The study
clearly shows the relevance of using naturally occurring or
modified BAs that activate the FXR pathway as a novel tool
to generate hepatocytes in vitro and also in vivo. This method
could be used in conjugation with the growth factor treatment
to facilitate the generation of patient-specific hepatocytes from
stem cells for future therapeutic use. The surface modification
of the biomaterials with versatile chemical functionalities offers
enormous advantages in cell and tissue cultures. It would be
intriguing to develop newer biomaterials functionalized with
BAs for efficient hepatocyte cultures. Adding an appropriate
BA to the biomaterial may help in creating a specific chemical
and physical environment favorable for hepatocyte regenera-
tion [58]. Studies have shown that the use of unconjugated BAs
at higher concentrations is toxic to the primary hepatocyte cul-
tures. Thus, an appropriate concentration range and specific
BA species and composition which favor hepatocyte regener-
ation need to be identified. Also, functional hepatocytes are
capable of biosynthesizing and excreting BAs in culture.
Hence, endogenous levels of BAs in culture should be kept in
mind before supplementing the hepatocytes with exogenous
BA species.

Moreover, besides the known BAs, the contribution of ag-
onists of the FXR and TGRS pathways should be evaluated
in vitro and in vivo. FXR agonists prevent cell death and
promote hepatocyte proliferation and differentiation in vitro.
Several potent and selective FXR agonists, GW4064, WAY -
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362450, etc., are being explored as potential therapeutic
agents in hepatobiliary disease. GW4064 induces expressions
of'the cell survival gene and protein, p62/SQSTM1 in AML12
mouse liver cells [59]. The activation of FXR by GW4064
also has a pro-proliferative effect as it decreases the number
of tetraploid (or binucleated) hepatocytes in vitro [60].
GW4064 also provides a significant protection to the cultured
hepatocytes against cisplatin-induced toxicity [61].
Obeticholic acid (OCA), a 6«x-ethyl derivative of the natural
human BA chenodeoxycholic acid (CDCA) is the first-in-
class selective FXR agonist that is ~100-fold more potent than
CDCA. OCA is a potential therapeutic agent for nonalcoholic
fatty liver diseases and also cholestatic diseases. Primary he-
patocytes when treated with OCA display increased viability
and secretion of FGF19 in cultures [62]. OCA has also been
shown to suppress metabolic stress-induced p53 activation
and cell death in hepatocytes [63]. Several new synthetic com-
pounds have been synthesized that activate the TGRS signal-
ing. 6a-ethyl-23(S)-methyl-cholic acid (6-EMCA, INT-777)
had been discovered as a selective, specific agonist for TGRS
with anti-inflammatory functions in the macrophages [64]. A
small compound WB403 has been demonstrated to activate
TGRS and promote GLP-1 secretion [26]. TGR5-based ther-
apies hold relevance for the proliferation of cholangiocytes or
BECs.

Bile Acids and Biliary Epithelial
Cells/Cholangiocytes

Cholangiocytes or biliary epithelial cells (BECs) are both
morphologically and functionally heterogeneous along the
network of bile ducts or the biliary tree. In the liver, small
and large cholangiocytes are present according to the duct
size. Small and large cholangiocytes differ in their nuclear-
to-cytoplasmic ratio; this ratio is greater in small
cholangiocytes, suggesting that they are less differentiated
and have greater plasticity as compared to large
cholangiocytes. The major physiological function of large
cholangiocytes is the modification of hepatic bile along the
biliary tree. The intrahepatic cholangiocytes lining the biliary
tree secrete water and electrolytes [65]. In response to secretin
binding with secretin receptor (SR) on these cells, there is an
increase in cAMP synthesis, secretin-stimulated bile flow,
HCO3- secretion. Cholangiocytes are normally in a quiescent
state. In experimental models of ductal hyperplasia, such as
bile duct ligation (BDL) or 70% hepatectomy, cholangiocytes
proliferate markedly, leading to enlargement of intrahepatic
ductal mass. Cholangiocyte proliferation is closely coupled
with increased DNA synthesis, SR gene expression, and
secretin-induced cAMP synthesis. Small cholangiocytes have
also been postulated to represent a functional hepatobiliary
progenitor cell population or liver progenitor cells (LPCs).
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In the face of massive hepatocyte loss, studies have shown
that this population of BECs can repopulate the liver paren-
chyma [2]. During chronic liver injury, the normally quiescent
resident LPCs are activated and expanded from the periportal
to the pericentral zone of the liver, producing reactive ductules
or ductular reaction in humans [65]. Reactive ductules or
ductular reactions (DRs) refer to an increased number of duct-
ules (the finest ramifications of the biliary tree), representing a
proliferation of the BECs. The contribution of LPCs or BECs
to hepatocytes during liver injury is dependent on impaired
regenerative ability and enhanced senescence of the hepato-
cytes [66]

Since BECs are continuously exposed to endogenous BAs,
many studies have reported that BAs alter the growth and
functions of BECs both in vitro and in vivo. BAs such as
taurocholate (TC) and taurolithocholate (TLC) have been
shown to increase DNA synthesis, SR gene expression, and
secretin-stimulated cAMP levels in the large cholangiocytes
[67]. In vivo treatment of rats with BAs such as TC or TLC
(1% for 1-4 weeks) has also been reported to cause a 2—3-fold
increase in the total BA concentrations in the bile but not in the
serum [68]. The study has demonstrated an increased number
of PCNA-positive cholangiocytes, number of bile ducts, and
[3H]thymidine incorporation in cholangiocytes in BA-treated
rats. In BA-fed rats, SR gene expression and cAMP levels
were also enhanced in cholangiocytes, which was associated
with de novo secretin-stimulated bile flow and bicarbonate
secretion. Importantly, there was no biochemical or histolog-
ical evidence of hepatic damage or cholestasis in these animals
after BA treatment [69]. TGRS is required for BA-induced
cholangiocyte proliferation in animal models as well as in
isolated biliary epithelial cells [24]. Using isolated
cholangiocytes, it has been demonstrated that TGRS promotes
cell proliferation through elevation of reactive oxygen species
(ROS) and subsequent activation of Rous sarcoma oncogene
(cSrc), epidermal growth factor receptor (EGFR), and Erk1/2.
Under cholestatic conditions, TGR5-deficient mice showed
reduced cholangiocyte hyperplasia and diminished hepatocyte
proliferation and increased liver injury, suggesting that TGRS
exerts protective effects in models of BA overload [24].

Besides TGR5-cAMP and EGFR/Erk1/2 signaling, YAP/
TAZ pathway is also activated in the BECs in response to BA
treatment [70]. YAP or Yes-associated protein along with
transcriptional coactivator with PDZ-binding motif (TAZ) is
one of the downstream proteins in the Hippo signaling path-
way, an evolutionarily conserved serine/threonine kinase sig-
naling cascade involved in controlling organ size and devel-
opment. In a healthy liver, YAP is expressed in adult BECs or
cholangiocytes and endothelial cells but not in hepatocytes.
Although YAP is essential for adult biliary cell survival and
proliferation in health and disease, YAP and TAZ are not
required for the proliferation of hepatocytes during liver de-
velopment and regeneration. They are however required to
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achieve efficient regenerative responses and complete restora-
tion of liver mass following PHx [76.] They are known to play
an indirect role in liver regeneration by preserving bile duct
integrity and securing immune cell recruitment and function
[71]. A recent study examined the effect of chronically admin-
istering DCA-supplemented feed on the proliferation of
BECs. The study showed that there was a dramatic increase
in the number of BECs expressing the YAP transcriptional
program after only 24h even after an intraperitoneal treatment
with physiological levels of DCA. The study showed that
upon chronic liver injury, a subset of BECs expressed Wnt-
associated genes along with mature hepatocyte markers signi-
fying the plasticity of BECs in response to nonphysiological
levels of DCA treatment. The study also deduced that YAP
activation in BECs required the intracellular presence of the
DCA and hence a BA transporter, i.e., ASBT [72]. YAP acti-
vation is also known to drive tumorigenesis and proliferation
of tumor cells in response to elevated pathological concentra-
tions of BAs of more than 100 uM [73]. These studies indicate
that at higher concentrations or during BA overload in the
liver, BA may act as important activators of BECs and
LPCs. It would be worthwhile to investigate if specific BA
treatment would also promote hepatic differentiation of BECs
in chronically injured livers with massive hepatocyte loss.

Conclusion

Liver transplantation is a well-established strategy for end-
stage liver disease and liver failure, but it is largely restricted
by the acute shortage of suitable donor organs. In the past few
decades, extracorporeal bioartificial support and in vivo cell-
based therapies for patients with liver failure have been ex-
plored. However, both bioartificial liver and hepatocyte cell
therapies have not achieved much clinical success given the
limited functional ability and viability of hepatocytes under
ex vivo conditions. The use of decellularized liver scaffolds,
3D bio-printing of hepatocytes, and nano-based 3D scaf-
folds for in vitro and in vivo applications are being inves-
tigated as novel approaches for hepatocyte regeneration.
Given a crucial role of BAs as endogenous signals for liver
regeneration, using BAs and their derivatives along with
other growth factors holds promise and immense potential
as a lucrative approach for accelerating hepatocyte prolif-
eration. More in-depth studies that focus on identifying the
precise BA species and concentration, designing of bile
acid derivatives, etc. would certainly lead to the develop-
ment of BAs as a therapy for replacing ailing hepatocytes in
liver diseases and failure. Pharmacological targeting of the
FXR and TGRS pathway would also provide novel ap-
proaches to accelerate liver regeneration after liver trans-
plantation or surgery.
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