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Role of bile acids in inflammatory liver diseases
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Abstract
Bile acids and their signaling pathways are increasingly recognized as potential therapeutic targets for cholestatic and metabolic
liver diseases. This review summarizes new insights in bile acid physiology, focusing on regulatory roles of bile acids in the
control of immune regulation and on effects of pharmacological modulators of bile acid signaling pathways in human liver
disease. Recent mouse studies have highlighted the importance of the interactions between bile acids and gut microbiome.
Interfering with microbiome composition may be beneficial for cholestatic and metabolic liver diseases by modulating formation
of secondary bile acids, as different bile acid species have different signaling functions. Bile acid receptors such as FXR, VDR,
and TGR5 are expressed in a variety of cells involved in innate as well as adaptive immunity, and specific microbial bile acid
metabolites positively modulate immune responses of the host. Identification of Cyp2c70 as the enzyme responsible for the
generation of hydrophilic mouse/rat-specific muricholic acids has allowed the generation of murine models with a human-like
bile acid composition. These novel mouse models will aid to accelerate translational research on the (patho)physiological roles of
bile acids in human liver diseases .

Keywords Bile acid signaling . Bile acids . Immune cells . Immunity . Inflammation . Liver . Liver disease . Microbiome .

Non-alcoholic fatty liver disease . Primary biliary cholangitis . Primary sclerosing cholangitis

Introduction

Bile acids are cholesterol metabolites that are exclusively pro-
duced in the liver by a complex, multiple-step process, involv-
ing cytosolic, mitochondrial, and peroxisomal enzymes [1].
These amphipathic molecules are present in all vertebrate spe-
cies, with variations on a general structural theme: C24 and
C27 bile acids together with C27 bile alcohols are considered
to constitute most of the bile acid family, as extensively

reviewed by Hagey and Hofmann [2]. Similar molecules exist
across the entire animal kingdom, as exemplified by a mole-
cule called dafachronic acid that serves bile acid–like func-
tions in the worm C. elegans [3]. This broad prevalence un-
derscores the wide variety of biological functions in the body
that are covered by bile acids and bile acid look-alikes. In
addition to their “classical” roles in the generation of bile,
intestinal absorption of dietary lipids and proteolytic cleavage
of dietary proteins, antimicrobial activities in the small intes-
tine, and cholesterol homeostasis, a series of important phys-
iological bile acid functions have been discovered during the
past two decades. It is now well-established that bile acids
exert hormone-like functions in the control of glucose, lipid,
and energy metabolism, in cellular proliferation, in the control
of the detoxification reactions, as well as in the modulation of
the immune system [4–7]. As summarized in Table 1, these
actions are mediated through activation of the nuclear recep-
tors farnesoid X receptor (FXR), pregnane X receptor (PXR),
constitutive androstane receptor (CAR), vitamin D receptor
(VDR), liver X receptors α/β (LXRα/β), and RAR-related
orphan receptor γt (RORγt) [8, 9] as well as membrane-
bound G protein-coupled receptors Takeda G protein-
coupled receptor 5 (TGR5 aka G protein-coupled bile acid
receptor 1 (GPBAR1)), sphingosine-1-phosphate receptor 2
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(S1PR2), and muscarinic acetylcholine receptor M2 and M3
(CHRM2/3) (Table 1) [10]. Some bile acid–signaling path-
ways, particularly FXR and TGR5, have been recognized as
bona-fide drug targets for the treatment of cholestatic (e.g.,
PBC, PSC) and metabolic (NAFLD/NASH) liver diseases
[11]. In fact, the FXR agonist obeticholic acid (OCA) has been
FDA-approved for specific cases of PSC in 2016 [12, 13] and a
series of other molecules is in advanced clinical development.

This review focuses on the role(s) of bile acids in the in-
flammatory components of cholestatic and metabolic liver
diseases. Under certain conditions, bile acids may initiate im-
mune reactions through their detergent actions leading to cel-
lular damage or modulate immune reactions via bile acid re-
ceptors that are expressed in various cell types of the immune
system. It is important to realize that the differences in bile
acid structure that exist between species but also within spe-
cies have a strong impact on their detergent actions as well as
on their capacity to activate the various receptors mentioned.

Hence, the concentration at the site of activation and the com-
position of the bile acids are important parameters to consider.
For the purpose of this review, we will concentrate on bile
acids that are present in humans and in mice/rats, as most
pre-clinical studies on liver diseases have been conducted in
these species. In humans, the primary bile acids cholic acid
(CA) and chenodeoxycholic acid (CDCA) are synthesized in
the liver and can be converted by intestinal bacteria into sec-
ondary deoxycholic (DCA) and lithocholic (LCA) acids and a
number of less abundant metabolites, which can all be re-
absorbed from the intestine (see Fig. 1 and the next section).
Thus, the human bile acid pool consists of a mixture of pri-
mary and secondary bile acids with different physicochemical
characteristics. It is therefore of importance to realize that the
composition of the (healthy) human bile acid pool, as reflected
in the systemic circulation, shows very large intra-individual
variations [14, 15] and that this composition is modulated in
various disease states, e.g., in type 2 diabetes [16]. In addition,

Table 1 Expression pattern of nuclear and membrane-bound bile acid receptors (adapted according to [7]

*Cell type specificity is based on RNA single cell sequencing of human samples (https://www.proteinatlas.org/)

**Only immune cell types in which a functional role of the corresponding bile acid signaling pathway was demonstrated are listed

CA cholic acid; UDCA ursodeoxycholic acid; BA(s) bile acid(s); ALT alanine aminotransferase; AST aspartate aminotransferase; norUDCA nor-
ursodeoxycholic acid; NEMO NF-kappa-B essential modulator; OCA obeticholic acid; Mc4r Melanocortin 4 receptor; WT Western type; HF high
fat; AMLN Amylin Liver NASH model; DIO diet-induced obesity; MCD methionine-choline deficient; a-SMA a-smooth muscle actin; CK19
cytokeratin 19; STAM streptozotocin-administered mice; TG triglycerides; CDHF choline-deficient high fat; LDL low-density lipoprotein; HDL
high-density lipoprotein;GGT gamma-glutamyltransferase; T2DM type 2 diabetes mellitus; ACC acetyl-CoA carboxylase; CCR2/5 chemokine receptor
type 2/5; FGF19 fibroblast growth factor 19; W weeks; M months
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it must be realized that that the composition of the murine bile
acid pool fundamentally differs from that of humans. Activity
of the Cyp2c70 enzyme, which is only present in mouse and
rat livers, rapidly converts di-hydroxylated CDCA into tri-
hydroxylated muricholic acids (MCAs), which account for ~
35% of the total bile acid pool in mice [17]. As a consequence,
the murine bile acid pool is much more hydrophilic than that
of humans. Given the fact that the various bile acids have
dissimilar affinities for the activation of the bile acid receptors
(see Table 1) while MCAs as well as the human secondary
ursodeoxycholic acids (UDCA) act as FXR and TGR5 antag-
onists [18], this species difference between mice and humans
will modulate the activation state of bile acid receptors and, in
turn, affect metabolism of nutrients, hormone secretion, and
immune system. Therefore, translation of results from rodent
studies to the human situation is challenging. Recently, a

novel mouse model with human-like bile acid pool has been
developed by depleting the MCA-generating enzyme
Cyp2c70 [19]. These Cyp2c70-deficient mice presumably
serve as a better model for research on the role of bile acids
in liver diseases [20–22].

During the past years, bile acid–mediated activation of
TGR5, FXR, and VDR has been implicated in shaping of
innate immune responses [23]. Indeed, the membrane-bound
receptor TGR5was first identified and characterized in human
and rabbit macrophages and monocytes [24]. A series of very
recent papers has now also identified specific roles of bile
acids and bile acid receptors in the adaptive immune system
[25–27], particularly by directly modulating the balance of
Th17 and Treg cells in the intestinal lamina propria by specific
secondary bile acids in relation to inflammatory bowel dis-
eases. We will attempt to integrate this knowledge while
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Fig. 1 Generation of primary and
secondary bile acids. Cholesterol
is converted by a series of
oxidative reactions to the primary
bile acids, cholic acid (CA), and
chenodeoxycholic acid (CDCA).
In response to a meal, the
conjugated forms of primary bile
acids are released into the small
intestine where they play an
important role in digestion of
dietary lipids. In the ileum of the
intestine, approximately 95% of
bile acids are reabsorbed and
return to the liver via the
enterohepatic circulation. In the
colon, primary bile acids are
deconjungated and converted by a
number of bacterial enzymes to
secondary bile acids such as
deoxycholic acid (DCA) or
lithocholic acid (LCA), which can
be excreted or follow the
enterohepatic circulation. As
indicated in red, in mice bile acids
are primarily conjugated to
taurine (T), while human bile
acids are conjugated to glycine
(G). Notably, murine bile acids
known as muricholic acids
(MCA) are generated by
CYP2C70, an enzyme expressed
in murine but not in human liver
explaining the difference in the
composition of human and
murine bile acid species
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discussing the role of bile acids and bile acid receptors in
inflammatory liver diseases.

Synthesis, microbial conversion,
and enterohepatic circulation of bile acids

Primary bile acids, i.e., CA and CDCA in humans and CA,
αMCA, βMCA, and UDCA in mice, are synthesized in the
liver in a series of enzymatic modifications of the cholesterol
molecule via the so-called classical/neutral or the alternative/
acidic pathway, respectively (Fig. 1). Both pathways are under
stringent and complex modes of control, delineating the
(patho)physiological importance of these synthetic cascades
[see [28, 29] for review]. To further increase solubility, newly
synthesized bile acids are conjugated with hydrophilic mole-
cules such as glycine or taurine. In humans, the majority of
bile acids are glycine-conjugated and a small fraction is tauro-
conjugated [30]. Bile acids of mice are almost exclusively
tauro-conjugated, with a small amount of glycine conjugation.
Conjugated bile acids are then actively secreted by the hepa-
tocytes into bile canaliculi, transported via the bile ducts and
stored in the gallbladder. Upon food ingestion, cholecystoki-
nin triggers contraction of the gallbladder and disposal of bile
into the duodenum. In the small intestine, bile acids facilitate
the absorption of lipid-soluble molecules but also act as sig-
naling molecules, for example, by promoting TGR5-mediated
secretion of GLP-1 by endocrine L-cells. In the ileum, the
majority of bile acids is actively taken up by enterocytes and
expelled into the portal circulation. Upon their return to the
liver, bile acids are efficiently taken up by hepatocytes by
specialized transporter proteins and, with or without further
modifications, re-secreted into the bile to complete their
enterohepatic circulation. A small part of bile acids escapes
first-pass clearance by the liver and enters the peripheral cir-
culation, particularly in the postprandial phase, and is then
able to interact with bile acid receptors that are present in
peripheral organs and tissues, such as the heart, adrenals,
and adipose tissues [7, 31]. The transporter proteins involved
in enterohepatic cycling of bile acids and their modes of reg-
ulation have largely been identified in the period 1990–2010
[see [4, 17] for reviews].

A certain fraction of bile acids per cycle is not taken up by
the ileum and enters the colon where their structure can be
modified by the gut microbiome through initial deconjugation
and subsequent oxidat ion, dehydroxylat ion, and
epimerization reactions which produce the so-called second-
ary bile acids. The most abundant secondary bile acid species
are DCA and LCA in humans and mice while ω-muricholic
acid (ωMCA) is only produced in mice. In addition, a wealth
of other (intermediary) bile acid species can be found in co-
lonic contents and in feces, such as isoallo-LCA, 3-oxo-LCA,
or 7-oxo-DCA. These species were found to particularly

contribute to intestinal immunity [25–27]. The unconjugated
secondary bile acids can be absorbed from the colon, likely by
passive means, to be transported to the liver and taken up by
hepatocytes for re-secretion in the bile. As a consequence, the
circulating bile acid pool consists of a mixture of primary and
secondary bile acids. With each cycle, about 5% of the bile
acid pool is lost in the feces and compensated for by de novo
synthesis in the liver to maintain the bile acid pool. The human
bile acid pool (in the order of 1–2 g) cycles 8–10 times per
day, and 400–600mg bile acids is newly synthesized each day
to compensate for fecal bile acid loss, which strongly contrib-
utes to whole-body cholesterol turnover. Importantly, bile ac-
id synthesis rates and pool sizes show large inter-individual
variations in humans [32, 33] and, partly as a consequence
hereof, there is a strong variability in plasma bile acid concen-
tration and composition between individuals [14, 15]. In view
of the “hormonal actions” of bile acids, this variability has to
be taken into account in therapeutic strategies that interfere
with bile acid signaling pathways.

Interactions between bile acids and immune
cells

Bile acid receptors come in two flavors, i.e., the nuclear and
the cell surface receptors, with different modes of action, li-
gand specificities, and distribution patterns within the body. It
is evident that activation of the nuclear receptors, i.e., FXR,
and the more promiscuous receptors VDR, CAR, and PXR,
requires entry of bile acids into the cell which, particularly for
hydrophilic bile acid species, involves the activity of specific
transporter proteins. Upon their activation, these nuclear re-
ceptors modulate expression of a series of target genes in an
organ and cell type–specific context [see [4, 5] for review].
Cell surface receptors such as TGR5 can be activated without
entering the cell to trigger activation of an adenylate cyclase
and thereby increase intracellular cAMP and protein kinase A
(PKA), which subsequently will induce a series of cell type–
specific reactions. Bile acid receptors are expressed by a num-
ber of parenchymal cells and also immune cells, indicative for
a role of bile acids in immune modulation. Initially, expres-
sion of FXR and TGR5 as well as of VDR and LXRs has been
described in cells of the innate immune system, i.e., mono-
cytes and macrophages, dendritic cells and natural killer (NK)
cells, as well as NKT cells [7]. T cells were generally regarded
as negative for FXR and TGR5, but recent studies have clearly
demonstrated important roles for bile acid signaling via VDR
as well as FXR also in adaptive immunity [26, 27], so far
particularly in relation to inflammatory bowel disease.
Activation of FXR and of TGR5 in macrophages, dendritic
cells, and NKT has been shown to induce effects that are in
general inhibitory in nature, and both receptors appear to be
involved in the maintenance of tolerance of the hepatic
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immune system towards antigens and xenobiotics originating
from the intestine. Both FXR-/- and TGR5-/- mice develop
low-grade inflammation with age and are prone to develop
inflammation when treated with infectious agents, illustrating
the role of these receptors in providing signals that counteract
macrophage effector functions. While both FXR and TGR5
are expressed in circulating monocytes and monocyte-derived
macrophages, it appears that TGR5 is the dominant receptor in
resident macrophages of the liver, i.e., Kupffer cells. Detailed
descriptions of the modes of action by which FXR and TGR5
modulate innate immune reactions are beyond the scope of the
overview and have recently extensively been reviewed [7]. In
short, FXR can act through trans-repression of inflammatory
genes by both SHP (short heterodimer partner)-dependent and
SHP-independent means. SHP, whose expression is strongly
induced by FXR, acts as a co-repressor at the promoter of
FXR target genes and has also been shown to prevent binding
of AP1 and p65 to promoters of inflammatory genes and to
inhibit lncRNA H19, which induces expression of pro-
inflammatory mediators Il-4 and Il-27 in models of cholesta-
sis. In a SHP-independent manner, ligand-activated FXR is
recruited to iNOS and Il-1β promoters to stabilize NCoR1
complexes and hence trans-represses expression of these
genes. Likewise, TGR5 activation negatively regulates the
expression of inflammatory signals. It has been demonstrated
that TGR5 ligands, such as the secondary bile acids DCA and
LCA, activate PKA and subsequent recruitment of CREB to
the promoters of target genes which, for instance, reduces the
activity of NF-κB. Both in the liver and intestine, TGR5 acti-
vation shifts macrophages from a M1 pro-inflammatory phe-
notype to a M2 anti-inflammatory phenotype. It has been
demonstrated that treatment of db/db mice, a genetic model
for obesity with MAFLD, with a dual FXR/TGR5 agonist
improves liver histology and increases M2 macrophage
markers in liver while a selective TGR5 agonist had similar
beneficial effects in high fat diet induced MAFLD in mice.
Hence, it appears that (specific) bile acids may act as endog-
enous modulators of macrophage polarization. The relevance
of this process in humans awaits further studies.

Recently, an important link between microbial bile acid
metabolism and adaptive immunity has also been described
[34]. Hang et al. [26] identified two metabolites of LCA, 3-
oxo-LCA and isoallo-LCA, as T cell regulators. Interestingly,
3-oxo-LCA suppressed differentiation of T helper (Th17)
cells by directly binding to the transcription factor RORγt,
while isoallo-LCA promoted differentiation of regulatory T
(Treg) cells by stimulation of mitochondrial ROS production
leading to increased expression of forkhead box P3 (FOXP3),
the master transcriptional regulator of Treg differentiation.
Importantly, feeding of mice with either 3-oxo-LCA or
isoallo-LCA reduced Th17 and increased Treg differentiation,
respectively, in the ileal lamina propria. Song et al. [25] re-
ported that diet-dependent induction of a distinct population

of FOXP3+ Treg cells that express RORγ, i.e., RORγ+- Treg
cells, that are critical in the maintenance of immune homeo-
stasis in the colon, is mediated by secondary bile acids via
activation of VDR. Indeed, VDR is highly expressed in the
RORγ+Treg population and LCA and 3-oxo-LCA are potent
activators of VDR. The pathophysiological relevance of this
bile acid-VDR signaling axis was demonstrated by showing
that mice lacking VDR were more vulnerable to dextran sul-
fate sodium (DSS)–induced colitis. More recently, Campbell
et al. [27] reported that particularly 3β-hydroxydeoxycholic
acid (isoDCA), a relatively low abundant secondary bile acid,
has a strong ability to enhance differentiation of peripherally
induced Treg cells. isoDCA increased FOXP3 induction
through its action on dendritic cells to diminish their
immune-stimulatory properties, with involvement of
isoDCA-FXR signaling in this process. It was shown that
isoDCA-producingmicrobial consortia increased the numbers
of RORγ+Treg cells in the colon. In this context, it is also
interesting to note that bile acid–dependent activation of con-
stitutive androstane receptor (CAR) leads to the expression of
xenobiotic transporters and detoxifying enzymes and thus pro-
tects CD4-positive T effector cells in the lamina propria
against harmful effects of hydrophobic bile acids [35].
Interestingly, CAR activated by bile acids also promotes the
expression of anti-inflammatory IL10 [35].

Overall, these studies underscore the (patho)physiological
importance of microbiome-derived bile acids as signaling
molecules, now also in the control of adaptive immunity.
Whether this contributes to intestine-liver crosstalk in the con-
trol of liver functioning and/or disease development remains
to be established. In this context, it is of note that the local
activation of effector T cells resulted in a decreased produc-
tion of hepatocytes of potentially harmful bile acids in the liver
[36], underlining the mutual interaction between immune re-
sponse and metabolism.

Bile acids in cholestatic liver diseases

Cholestasis is operationally defined by a disturbance in bile
flow either caused by mechanical obstruction of bile ducts or
by hepatic transporter defects. During cholestasis, intrahepatic
and plasma bile acid levels will increase and only limited
amounts of bile acids will reach the intestine to be modified
by the gut microbiome. This, in combination with disturbed
hepatic bile acid synthesis [37], results in an altered bile acid
composition and localization and hence to disturbed bile acid
signaling during cholestasis. Evidently, bile acids influence
the immune system during cholestasis and thereby affect dis-
ease progression through various complex pathways [38, 39].
This paragraph will elaborate on bile acid actions on immunity
during cholestasis and on potential treatment options that tar-
get bile acid metabolism.
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Disturbances in both immunity and bile acid metabolism
are evident in primary biliary cholangitis (PBC) and primary
sclerosing cholangitis (PSC). In both diseases, a strong in-
flammatory reaction in bile ducts causes progressive biliary
fibrosis, leading to ascending cholestasis. PBC is character-
ized by a female predominance, the presence of anti-
mitochondrial antibodies (AMAs), and loss of intrahepatic
bile ducts. PSC, on the other hand, affects both the
intrahepatic and extrahepatic bile ducts and is associated with
inflammatory bowel disease in the majority of patients. In
both PBC and PSC, recruitment of cells of innate and adaptive
immunity can be detected in portal fields such as Th17 cells
and monocytes [40]. Intestinal mucosal T cells have been
hypothesized to be recruited to the liver in response to expres-
sion of gut-homing molecules and chemokines in hepatic si-
nusoids in PSC, which might explain its link with IBD [41]. In
PBC, Th17 cell abundance increases during disease progres-
sion, leading to the release of IL17 which triggers chemotaxis
and granulopoiesis [42]. In advanced fibrosis, Th17 cells will
further accumulate in the liver. Treg cells are decreased in PBC
whereas follicular helper T cells (Tfh), which drive humoral
immunity, are increased. Furthermore, innate immunity is in-
duced with an activation of Kupffer cells, macrophages and an
increase in natural killer T cells (NKT cells) in PBC, and an
increased abundance of Kupffer cells and perisinusoidal mac-
rophages in PSC [43]. Altogether, activation of immune cells
in PBC and PSC leads to an immune balance skewed towards
an inflammatory phenotype. The accumulation of cytotoxic,
particularly hydrophobic bile acids in the liver of PBC and
PSC patients further aggravates the immune response, contrib-
uting to the development of fibrosis and, possibly, progression
to malignancy.

Sterile inflammation is also evident in other cholestatic con-
ditions [38]. Increasing evidence supports a role of bile acids
herein through multiple potential pathways. It is widely accepted
that high bile acid levels inside the liver contribute to hepatocyte
death [44]. Different pathways of cell death have been proposed
to induce inflammation in the setting of cholestasis. For example,
Afonso et al. showed that PBC patients and bile duct–ligated
(BDL) mice, i.e., an established model of obstructive cholestasis,
show increased “necroptosis” via expression of receptor-
interacting protein 3 (RIP3) and phosphorylation of mixed line-
age kinase domain-like protein (MLKL) in the liver. Indeed,
RIP3-KO mice showed reduced inflammatory cell infiltration
at 3 days and 2 weeks after BDL, although no effect on fibrosis
development was seen [45].

High bile acid levels observed under cholestatic conditions
have also been shown to directly damage hepatocytes, which
results in the release of the High-Mobility Group Box 1
(HMGB1) protein. This damage-associated molecular pattern
(DAMP) molecule can induce the secretion of pro-
inflammatory cytokines such as TNFα and IL6 by binding
to the toll-like receptor 4 further promoting a sterile

inflammation [46]. Furthermore, bile acids have been associ-
ated with an increased expression of the major histocompati-
bility complex (MHC) class I proteins on both hepatocytes
and cholangiocytes [47], which may lead to increased antigen
presentation and activation of CD8+ cytotoxic T cells. Bile
acids also influence inflammatory reactions independently of
cell necrosis or apoptosis. For example, the administration
taurine-conjugated CA to mouse hepatocytes in vitro has been
shown to increase mRNA expression of various cytokines and
adhesion molecules independent of cell death. Among these
were MCP1 (Ccl2), MIP2 (Cxcl2) and ICAM1, which are
known to attract neutrophils [48]. In BDL mice, the elevated
expression of ICAM1 led to the infiltration of neutrophils into
the liver parenchyma [49]. The neutrophils that extravasated
from the sinusoids induced hepatocyte death through the se-
cretion of reactive oxygen species (ROS), and, indeed, the
number of extravasated neutrophils was decreased by 90%
in ICAM1-deficient mice subjected to BDL with a concomi-
tant decrease in ROS [49]. Of note, PBC patients also have
increased levels of the soluble adhesion molecule ICAM1 in
plasma [50]. Podevin et al. demonstrated that BDL and bile
acids in vitro can reduce the biological activity of interferons
and render NK cells defective [51]. Kupffer cells, i.e., the
specialized liver-resident macrophages, are important regula-
tors of immunity as they are first in line to respond to gut-
derived pathogens and DAMPs. Upon activation, these cells
will secrete pro- or anti-inflammatory cytokines and
chemokines depending on their M1 or M2 activation state,
respectively. Moreover, Kupffer cells can promote the trans-
formation of hepatic stellate cells into myofibroblasts and they
can induce inflammatory responses in other liver cell types
[52]. The role of Kupffer cells in cholestasis is, however, still
debatable. Depletion of Kupffer cells in models of cholestasis
worsens liver damage in some studies, while attenuating it in
others [52, 53]. Since the effects of bile acids on immune cells
during cholestasis are increasingly recognized, therapeutics
targeting bile acid metabolism may beneficially modulate im-
mune functions. In 1994 ursodeoxycholic acid (UDCA), a
very hydrophilic bile acid with FXR antagonizing actions,
was approved as therapy for PBC and is still considered the
first-in-line treatment [42]. Although UDCA significantly in-
creases transplantation-free survival rate in PBC patients, ap-
proximately 40% of PBC patients do not respond adequately
to UDCA treatment [54, 55]. In PSC patients, the therapeutic
effects of normal to low concentrations of UDCA are still
uncertain and may be limited to a decrease in plasma markers
of liver dysfunction [56]. High dosages of UDCA are even
related to an increased risk of adverse outcomes such as
esophageal/gastric varices or liver transplantation [57].

Several mechanisms of action have been proposed un-
derlying the therapeutic effects of UDCA. UDCA can
inhibit the intestinal absorption of endogenous, hydropho-
bic bile acids and thereby increase the hydrophilicity of
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the bile acid pool [58]. UDCA induces choleresis by stim-
ulation of cholangiocytic bicarbonate secretion, restoring
the “bicarbonate umbrella” that protects cholangiocytes
against bile acid–induced damage [59]. The “cholehepatic
shunt theory” explains hypercholeresis induced by UDCA
by an intrahepatic circulation route in which UDCA is
reabsorbed from the bile by the biliary epithelium and
returned to hepatocytes to be re-secreted into the bile,
inducing bile acid–dependent bile flow with each round
[60]. Existence of this cholehepatic shunt has not yet been
demonstrated in patients. Furthermore, UDCA increases
the expression of hepatobiliary transporters, possibly by
alleviating ER stress [61], and is hypothesized to protect
membranes of liver cells including hepatocytes.

UDCA has also multiple immune-modulating effects.
For instance, UDCA decreases the expression of MHC
class I and II proteins on bile duct epithelial cells in
PBC patients and may thereby influence adaptive immu-
nity [62]. UDCA also decreased nuclear DNA fragmen-
tation, i.e. a sign of apoptosis, in cholangiocytes of PBC
patients These anti-apoptotic actions of UDCA have
been attributed to its modulatory effects on ER stress,
protection of mitochondrial function and regulation of
survival signaling pathways such as NF-κB, AKT,
MAPK, and PI3K [63]. Furthermore, UDCA can restore
and increase NKT cell activity in PBC patients via the
reduction of prostaglandin E2 production [64]. PBC pa-
tients intolerant of treatment with UDCA or those with
high-risk disease as evidenced by UDCA treatment fail-
ure should be considered for second-line therapy, of
which OCA is the only currently licensed agent that is
recommended by the Institute for Health and Care
Excellence [53]. In fact, this implies addition of an
FXR agonists to a FXR antagonistic treatment regimen.
Part of the beneficial effect may actually be exerted at
the level of the intestine, i.e., by restoring intestinal
barrier function that is commonly disrupted during cho-
lestasis. Indeed, bile duct–ligated rats exhibited de-
creased FXR pathway expression in both jejunum and
ileum, in association with increased gut permeability
and local and systemic recruitment of NK cells resulting
in increased interferon-γ expression and bacterial trans-
location. Treatment with the FXR agonist INT-747
markedly decreased NK cells and interferon-γ expres-
sion, normalized permeability selectively in ileum which
is associated with a significant reduction in bacterial
translocation [65]. In experimental cholestasis, there ap-
pears to be a protective role for FXR in the gut-liver
axis, whether this applies to human PBC remains to be
shown. In fact, UDCA-resistant PBC patients treated
with OCA showed improved liver function but also a
dose-dependent increase in complaints of pruritus, which
limits the use of this drug [66, 67].

Bile acids in metabolic control—relation
to MAFLD

Metabolic-associated fatty liver disease or MAFLD (a revised
terminology for the commonly used term “non-alcoholic fatty
liver disease” or NAFLD) [68] is a rapidly emerging liver
disease that already affects almost one-fourth of the global
population. MAFLD ranges from simple steatosis (hepatic
fat accumulation) to aggravated steatohepatitis (NASH), char-
acterized by inflammation, ballooning, and tissue damage/
fibrosis [69]. If several control mechanisms are surpassed,
the latter may progress to cirrhosis or even hepatocellular car-
cinoma (HCC) [70]. In contrast to the immune-associated liv-
er disorders, the main cause of MAFLD development is a
prolonged imbalance of glucose, lipid, and cholesterol metab-
olism [71]. Recent studies have shown that many of the met-
abolic processes involved can be regulated by bile acids. For
example, hepatic FXR activationmitigates cholesterol conver-
sion to bile acids via CYP7A1 inhibition, attenuates lipogen-
esis by modulating transcriptional activity of both sterol reg-
ulatory element-binding protein 1c and carbohydrate-
responsive element-binding protein (ChREBP), and, at the
same time, controls gluconeogenesis and stimulates glycogen
synthesis [72]. Interestingly, bile acids exert opposite effects
regarding insulin signaling in the postprandial phase, as they
can stimulate or inhibit GLP1 production in the intestinal L
cells, via TGR5 or FXR activation, respectively [73]. The bile
acid receptors have been also associated with anti-
inflammatory responses, while numerous studies highlight
important alterations in the bile acid pool size and their
enterohepatic circulation during inflammatory diseases such
as steatohepatitis [74]. Therefore, the implication of bile acids
in MAFLD development and progression is increasingly ac-
knowledged, while differential activation or modulation of
their receptors is under investigation for potential treatments
and therapeutic interventions [11].

MAFLD-associated alterations in bile acid
metabolism in mice and humans

A number of studies have reported distinct differences in bile
acid levels and composition in various biological samples of
murine models as well as patients with MAFLD or
steatohepatitis. For instance, taurine-conjugated βMCA) to-
gether with taurocholate (TCA) were specifically increased
in the serum of a methionine-choline-deficient diet (MCD)–
fed mice, an established model to induce fatty liver in rodents,
while after methionine or choline supplementation, their
levels were normalized 10 [75]. Recently, Suga et al. reported
that total circulating bile acids are elevated in mice with diet-
induced NASH and are associated with the degree of fibrosis
[76]. Next to observations in animal models, human studies
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uncover important changes in bile acid homeostasis in relation
to MAFLD. Of note, postprandial as well as fasting bile acid
levels have been found to be significantly elevated in the se-
rum of adult patients with NASH and relate with its severity
[77–79]. These studies argue towards a systemic exposure to
potentially cytotoxic bile acid species, which could eventually
trigger liver injury and/or mediate the pathogenesis of the
disease. In an effort to identify differences on bile acid species
level, a metabolomic analysis of a NASH cohort revealed
increased levels of serum TCA, GCA, and GDCA in compar-
ison to healthy individuals [80]. Circulating TCA and GCA,
along with both CDCA conjugates, were also elevated in
biopsy-provenMAFLD as well as NASH patients [81]. In line
with the previous observations, Nimer et al. recently described
that in a cohort of NAFLD patients, plasma TCA andGCA are
positively associated with increasing grades of inflammation
and fibrosis, respectively [82]. Interestingly, despite the fact
that bile acid measurements in liver tissue revealed character-
istic changes during MAFLD to NASH progression, reported
outcomes were quite contradictory [83, 84]. The rationale be-
tween these disparities could be attributed to technical limita-
tions of the studies, since bile acids were extracted fromwhole
hepatic tissues. Instead, a compartmentalized analysis of
blood, biliary, or intracellular concentrations is needed in or-
der to identify bile acid alterations in the liver that might be
correlated with MAFLD/NASH. Next to primary bile acid
species–related changes, specific alterations between primary
and secondary bile acids have been identified in NASH pa-
tients, suggesting dynamic changes in the gut microbiota dur-
ing the establishment of the disease. The ratio of primary to
secondary bile acids is higher in NASH patients, while the
ratio of conjugated to unconjugated seem to be relatively un-
affected [81, 85]. However, Legry et al. underlined an associ-
ation of increased primary bile acids with insulin resistance,
but not with hepatic necroinflammation in a biopsy-proven
NASH cohort of obese individuals [86]. Another study in
MAFLD patients revealed specific changes of the gut
microbiome and an increase of fecal bile acid concentrations
that were related to the degree of hepatic fibrosis in non-obese
individuals, but not in obese subjects [87]. The authors argue
that finding no relation between fibrosis and bile acid alter-
ations in the obese state might be explained by a masking
effect that obesity already manifests as a significant determi-
nant of commensal microbiota and bile acid synthesis.

The foundation of bile acid alterations during
MAFLD development has extensively been studied in
humans and mice, primarily focused on hepatic expres-
sion of bile acid synthesis–related genes as well as their
targets within the enterohepatic circulation [17, 88]. The
expression of CYP7B1 has been found elevated in
NASH patients, while CYP8B1 was down-regulated,
suggesting a possible shift towards the alternative path-
way of bile acid synthesis during disease progression

[84]. In contrast, in a murine model of HFD-induced
NASH, Cyp7b1 was down-regulated [89] and when
Cyp7b1-/- mice were given the same diet, no significant
differences were observed in relation to the NASH
score, rendering the alternative pathway still ambiguous-
ly involved in MAFLD progression. Interestingly, envi-
ronmental factors such as cold exposure leads to the
specific induction of Cyp7b1 under conditions of
cholesterol-enriched diets, which results in increased
plasma bile acid levels, as well as fecal excretion [90].
These systemic adaptations to increased energy expendi-
ture are accompanied by distinct changes in gut micro-
biota, decreased hepatic lipid accumulation, and in-
creased heat production, suggesting an important role
of bile acids generated by the alternative synthesis route
for MAFLD.

Many studies, on the other hand, have reported that
CYP7A1 expression is increased in MAFLD patients, sug-
gesting that the classical pathway of bile acid synthesis can
be also activated [81, 86, 91]. Recently, Govaere et al. con-
ducted a transcriptomic analysis of liver biopsies in patients
with MAFLD that were categorized according to disease se-
verity and based on histopathogical evaluation [92]. It could
indeed be validated that CYP7A1 is up-regulated in all
MAFLD stages, with its expression reaching a peak early
upon the onset of the disease but progressively decreasing
as steatohepatitis advanced. These findings imply that
changes in bile acid synthesis occur very early, so that treat-
ments designed to target bile acid synthesis could be consid-
ered even at primary stages of the disease. However, it is still
not clear whether the up-regulation of CYP7A1 and its re-
spective productsmediate the development or act protective-
ly against some features of the disease. For example,
Cyp7a1-/- mice presented greater hepatic inflammation, fi-
brosis, and lipid accumulation upon anMCD diet than wild-
type controls, while AAV-mediated overexpression of
CYP7A1 reversed these detr imental effects [93] .
Therefore, the authors support that CYP7A1-mediated cho-
lesterol conversion to bile acids can reduce intrahepatic cho-
lesterol accumulation and/or produce ligands for FXR or
TGR5 with potent anti-inflammatory activity. The hepato-
protective activity of FXR has been supported by several
animal studies performed in mice lacking FXR and TGR5,
which present augmented MAFLD and steatohepatitis-
related features [94, 95]. Interestingly, a study comparing
liver versus intestine-specific Fxr-/- mice underlined that
the protective effect against lipid accumulation was mainly
attributed to the hepatic presence of FXR and was rather
independent of intestinal FGF15 activation [96]. In parallel,
since Tgr5-/- mice are prone to LPS-induced inflammation
[97], it is postulated that TGR5 could exert significant anti-
inflammatoryproperties duringMAFLDand steatohepatitis,
but this remains to be elucidated.
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Table 2 Compounds targeting the bile acid receptors or their enterohepatic circulation and have been used as treatment for MAFLD and its associated
comorbidities in pre-clinical studies using animal models. Steroidal (light orange) and non-steroidal (dark orange) compounds

Compound Function Condition Design Outcome Ref

CA, UDCA Bile acid ob/ob
(Fatty liver)

Chow diet + 0.5%
(4W)

CA: reduced hepatic steatosis,
increased serum ALT.
UDCA: reduced hepatic steatosis,
increased serum BAs

Quintero
2014

norUDCA anticholestatic NEMO model
(NASH)

0.5% norUDCA
(4 and 8W)

Reduced fibrosis/liver
damage/lipogeneis/apoptosis

Beraza
2011

INT-747
(OCA) FXR agonist Mc4r-/-

(NASH)
WT diet + 3 or
10mg/kg (24W) Reduced fibrosis/inflammation Goto

2018

INT-747
(OCA) FXR agonist Ldlr-/-.Leiden

(NASH)
HF diet + 10mg/kg
(24 and 34W) Attenuated fibrosis progression Morrison

2018

INT-767 FXR/TGR5
dual agonist

db/db
(Fatty liver)

30 mg/kg
(6W)

Reduced steatosis / fibrosis /
ballooning. Anti-inflammatory 
response

McMahan 
2013

INT-767 FXR/TGR5
dual agonist

ob/ob
(NASH )

AMLN diet +
3 or 10 mg/kg (8W)

Reduced hepatic
collagen/inflammation/lipid droplets

Roth
2018

BAR-502 FXR/TGR5
dual agonist

Diet-induced
NASH

HF diet + Fructose + 
15 mg/kg/day (8W)

Reduced 
steatosis/inflammation/fibrosis

Carino
2017a

INT-777 TGR5 agonist DIO HF diet + 30
mg/kg/day (14W) Reduced steatosis Thomas

2009

BAR-501 TGR5 agonist Diet-induced
NASH

HF diet + Fructose + 
15 mg/kg/day (9W)

Reduced steatosis/inflammatory
and fibrosis scores

Carino
2017b

EDP-305 FXR agonist Diet-induced
NASH

MCD diet + 10 or 30
mg/kg/day (4W)

Reduced serum ALT/AST
Reduced hepatic a-SMA/CK19/
hydroxyproline/collagen

An
2020

WAY-
362450 FXR agonist Diet-induced

NASH
MCD diet + 30
mg/kg (4W)

Reduced hepatic inflammatory cell
infiltration/fibrosis

Zhang
2009

GW-4064 FXR agonist DIO HF diet + 100 
mg/kg/week (6W)

Reduced steatosis/inflammation
Improved insulin resistance

Ma
2013

PX-20606 FXR agonist CCl4 induced-
cirrhosis

10 mg/kg/day
(1-2W)

Reduced hepatic fibrosis/
necroinflammation
Reduced serum AST and ALT

Schwabl 
2017

LJN452 FXR agonist STAM (NASH)
AMLN (NASH)

0.3 mg/kg (3W)
0.3 or 0.9 mg/kg 
(3W)

Reduced fibrosis/NAFLD
score/hepatic TG
Reduced fibrosis/NAFLD
score/hepatic TG

Hernande
z 2019

LMB763 FXR agonist STAM
(NASH)

3mg/kg (3W), 10 or
30 mg/kg (3W)

Reduced fibrosis
Reduced NAFLD activity score

Chianelli
2020

MET409 FXR agonist DIO-NASH 3 mg/kg and 8mg/kg
(8W)

Reduced ALT/AST/hepatic 
steatosis and inflammation

Veidal
2020

GS-9674 FXR agonist Diet-induced
NASH

CDHF diet + 10 or
30mg/kg (6W) Reduced fibrosis Schwabl 

2021
CA cholic acid; UDCA ursodeoxycholic acid; BA(s) bile acid(s); ALT alanine aminotransferase; AST aspartate aminotransferase; norUDCA nor-
ursodeoxycholic acid; NEMO NF-kappa-B essential modulator; OCA obeticholic acid; Mc4r Melanocortin 4 receptor; WT Western type; HF high
fat; AMLNAmylin Liver NASHmodel; DIO diet-induced obesity; MCDmethionine-choline deficient; a-SMA a-smoothmuscle actin;CK19 cytokeratin
19; STAM streptozotocin-administered mice; TG triglycerides; CDHF choline-deficient high fat; LDL low-density lipoprotein; HDL high-density
lipoprotein; GGT gamma-glutamyltransferase; T2DM type 2 diabetes mellitus; ACC acetyl-CoA carboxylase; CCR2/5 chemokine receptor type 2/5;
FGF19 fibroblast growth factor 19; W weeks; M months
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Pre-clinical studies and human clinical trials
interfering with bile acid signaling pathways
for treatment of MAFLD

Molecular pathways of bile acid synthesis and signaling con-
stitute attractive targets for therapeutic interventions in meta-
bolic liver disorders [98, 99]. Therefore, bile acid supplemen-
tations and treatment with agonists or analogs for specific
targets within their enterohepatic circulation are in the center
of pre-clinical studies as well as ongoing clinical trials. A
summary of relevant, up-to-date studies that have been con-
ducted in relation to MAFLD and steatohepatitis in rodents
and humans can be seen in the Tables 2 and 3, respectively.
The selected studies for rodents refer to bile acids, FXR and

TGR5 agonists, both selective and dual. For humans, FGF19
analog trials as well as combinatorial trials are additionally
included. The steroidal FXR agonist obeticholic acid (OCA)
has been advanced in phase III clinical trials as the most potent
drug for MAFLD/steatohepatitis due to the positive outcomes
for hepatic fibrosis and inflammation resolution [100–102].
Despite the desired outcomes, a common adverse effect of
all these trials was a worsening of plasma lipid profile, attrib-
uted to increased LDL and low HDL cholesterol, which ren-
ders OCA treatment potentially atherogenic. For this reason,
new generations of both steroid and non-steroid FXR agonists
as well as combinations with lipid lowering compounds have
been used in animal studies and advanced to clinical trials
(Tables 2 and 3). Additionally, since FGF19 is a gut hormone

Table 3 Compounds used alone or in combination with other drugs for clinical trials in patients with metabolic associated steatohepatitis. Steroidal
(light purple) and non-steroidal (intermediate purple) agonists of bile acid receptors as well as FGF19 analogs (dark purple)

Compound Function Trial Design Outcome Ref

INT-747
(OCA)

FXR 
agonist

NASH 
(NCT01265498)

25mg
(72W)

Decreased NASH activity score 
/fibrosis. Worsened lipid profiles 
(higher LDL, lower HDL)

Neuschwander 
2015

INT-747 
(OCA)

FXR 
agonist

NAFLD + T2DM 
(NCT00501592)

25, 50mg
(6W)

Decreased fibrosis GGT/ALT
Worsened lipid profiles (higher LDL, 
lower HDL)

Mudaliar 
2013

INT-747 
(OCA)

FXR 
agonist

NASH
(NCT02548351)

10, 25mg
(18 and 48M)

Decreased fibrosis/ALT/AST
Increased LDL / total serum 
cholesterol

Younossi 
2019

EDP-305 FXR 
agonist

NASH 
(NCT03421431)

1mg or 2.5mg
(3M, ongoing) Reduced steatosis Ratziu 

2020

GS-9674 FXR 
agonist

NASH 
(NCT02854605)

100mg, 30mg
(24W)

Reduced steatosis, 
No effect on fibrosis

Patel 
2020

GS-9674 + 
firsocostat 

FXR 
agonist + 
ACC

NASH
(NCT03449446)

30mg and 20mg
(48W) Reduced NASH activity Loomba 

2020

LJN452 FXR 
agonist

NASH 
(NCT02855164)

60mg, 90mg
(12W) Reduced ALT/GGT Lucas

2020

LMB763 FXR 
agonist

NASH 
(NCT02913105)

50mg, 100mg
(12W) Reduced ALT/hepatic steatosis Aspinal

2020

MET409 FXR 
agonist

NASH 
(NCT02854605)

50mg, 80mg
(12W) Reduced ALT/hepatic steatosis Lawitz

2020

NGM282 FGF19 
analog

NASH 
(NCT02443116)

3mg, 6mg (12W)
1mg, 3 mg (12W)
1mg (24W)

Reduced hepatic fat content
Reduced steatosis/fibrosis/ALT/AST
Reduced NASH 
score/fibrosis/ALT/AST

Harrisson 
2018, 2020, 
2021

NGM282 +
rosuvastatin

FGF19 
analog + 
statin

NASH 
(NCT02443116)

0.3, 1 or 3mg + 
40mg statin (12W) Improved plasma lipid levels Rinella 

2019
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induced by intestinal FXR and postulated to mediate some of
its beneficial effects, the FGF19 analogue NGM282 has been
advanced into clinical trials with promising outcomes so far
(Table 3). Lastly, selective TGR5 and dual FXR/TGR5 ago-
nists have been successfully used in pre-clinical animal stud-
ies, but so far none of them had been advanced to clinical
trials.

Conclusion and future perspectives

In recent years, the importance of bile acids has been demon-
strated not only for the regulation of metabolism but also for
the function and plasticity of immune cells. Especially in the
context of inflammatory bowel diseases, secondary bile acids
such as 3-oxo-LCA or isoallo-LCA have been identified,
which significantly influence the differentiation of regulatory
T cells. The relevance of these newly identified bile acids to
inflammatory diseases of the liver has not been investigated to
date, and future studies have to investigate whether also these
less abundant DCA or LCA derivatives come into contact
with parenchymal and immune cells of the liver at a function-
ally effective concentration.

In this review article, we have not discussed the fun-
damentally important role of the composition of the gut
microbiome in the production of secondary bile acids
[103]. However, a recently published study should be
mentioned here, since bacteria can apparently also colo-
nize the biliary system under certain conditions, which
might be especially important for the etiology of PSC
and PBC. In this study, the presence of the gram-
positive bacteria Enterococcus in the biliary system was
associated with the production of potentially harmful bile
acids [104]. Future studies will reveal whether secondary
bile acids produced locally in the biliary tract might
modulate the immune system and/or cholangiocytes, thus
critically influencing the progression of inflammatory and
metabolic liver diseases. In consequence of their impor-
tant functions in the regulation of immune cell responses
and metabolism, the specific activation of bile acid
receptor–dependent signaling pathways has enormous
therapeutic potential. Clinical trials of synthetic bile acid
derivatives for the treatment of NASH, PBC, and PSC
are quite promising [7], although due to the expression of
the various bile acid receptors, the occurrence of system-
ic metabolic and inflammatory side effects should be
carefully monitored. Future studies will show whether,
for example, the UDCA derivative 24-norUDCA is suit-
able for the permanent and safe treatment of hitherto
untreatable PSC [105]. In this context, the development
of cell type–specific or dual receptor agonists could po-
tentially be a way to prevent the development of side
effects.
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