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Nonalcoholic fatty liver disease (NAFLD) has become the most prevalent cause of liver
disease, increasingly contributing to the burden of liver transplantation. In search for
effective treatments, novel strategies addressing metabolic dysregulation, inﬂammation, and ﬁbrosis are continuously emerging. Disturbed bile acid (BA) homeostasis and
microcholestasis via hepatocellular retention of potentially toxic BAs may be an
underappreciated factor in the pathogenesis of NAFLD and nonalcoholic steatohepatitis (NASH) as its progressive variant. In addition to their detergent properties, BAs act
as signaling molecules regulating cellular homeostasis through interaction with BA
receptors such as the Farnesoid X receptor (FXR). Apart from being a key regulator of BA
metabolism and enterohepatic circulation, FXR regulates metabolic homeostasis and
has immune-modulatory effects, making it an attractive therapeutic target in
NAFLD/NASH. In this review, the molecular basis and therapeutic potential of targeting
FXR with a speciﬁc focus on restoring BA and metabolic homeostasis in NASH is
summarized.

Nonalcoholic fatty liver disease (NAFLD) has reached a global
prevalence of approximately 25% and comprises a disease
spectrum in the absence of secondary causes such as consumption of relevant amounts of alcohol.1–5 The spectrum
ranges from isolated hepatic steatosis, deﬁned as lipid droplets present in the cytoplasm of more than 5% of hepatocytes,6 over progression to nonalcoholic steatohepatitis
(NASH) in about one out of four patients with additional
signature histopathological changes including hepatocyte
ballooning and inﬂammation driving ﬁbrogenesis, to liver
cirrhosis and hepatocellular cancer (HCC).7,8 Its close relationship with central obesity, type 2 diabetes mellitus,
insulin resistance, and dyslipidemia has contributed to the
concept of NAFLD being the hepatic manifestation of the
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metabolic syndrome9 and resulted in the recent proposal of
an overarching description termed metabolic (dysfunction)associated fatty liver disease (MAFLD).10,11 This also reﬂects
efforts to make a “positive” diagnosis similar to other liver
diseases which does not rely on exclusion of other causes. In
line with the metabolic association, several studies have
found a strong correlation between MAFLD/NAFLD and
cardiovascular disease (CVD), chronic kidney disease
(CKD), as well as other extrahepatic metabolic manifestations. For instance, presence of hepatic steatosis has been
found to increase the risk for type 2 diabetes mellitus by
approximately twofold and purports to be an independent
driver for CVD additive to other risk factors.5,12,13 Moreover,
a signiﬁcant association with CKD has been reported,
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persisting even after correcting for other known CKD risk
factors.12 Last but not least, NAFLD also signiﬁcantly impairs
quality of life, in particular including fatigue and even
occurrence of pruritus,14–16 a fact which may be underappreciated compared with liver disease of other etiology.
Importantly, NAFLD/NASH has become a major cause of
HCC and to date, the second leading cause for liver transplantation, further emphasizing the need for effective and
sustained treatment options.17–21
Recently elevated bile acid (BA) levels have received
increasing attention as prognostic signature in NASH,22–25
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although the mechanisms underlying this observation are
still poorly understood. In addition to their traditional
perception as chemical detergents which facilitate dietary
fat absorption, BAs have important signaling functions via
their nuclear receptor Farnesoid X receptor (FXR) and other
G-protein coupled receptors (e.g., Takeda G-protein coupled
receptor [TGR5]) on their own as well as lipid/glucose
metabolism and inﬂammation.24 The molecular alterations
that occur in lipid metabolism of hepatocytes during
NAFLD/NASH development are summarized in ►Fig. 1 (further reviewed in Arab et al26). Given the central role of BAs

Fig. 1 Molecular alterations in liver microenvironment during NASH development. Hepatic steatosis results from overabundance of ﬂux of
nonesteriﬁed free fatty acids (FFAs) from hypertrophic white adipose tissue (WAT) as a result of increased lipolysis due to insulin resistance.
Hepatic de novo lipogenesis (DNL) and dietary fat consumption further contribute, although to a lesser extent, to the development of hepatic
steatosis. Due to its peculiar chemical structure, dietary fructose acts directly as a lipogenic substrate in the liver therefore driving DNL through
sterol-responsive element-binding protein 1c (SREBP-1c) and liver X receptor (LXR) via acetyl-CoA carboxylase (ACC) and fatty acid synthase (FAS)
as key enzymatic steps. Upon exceeding the hepatic lipid storage capacity, this triggers a FFA overload leading to mitochondrial dysfunction, ER
stress via inositol-requiring enzyme 1 α (IRE-1α ), X-box binding protein 1 (XBP-1), and protein kinase RNA-like endoplasmic reticulum kinase
(PERK) as well as apoptosis through c-Jun N-terminal kinase (JNK) and nuclear factor kappa-B (NF-kB) signaling. This lipotoxic stress response
subsequently activates Kupffer cells involving damage-associated molecular patterns (DAMPs) leading to upregulation of proinﬂammatory
markers such as tumor necrosis factor-α (TNF-α), interleukin 6 (IL6), and monocyte chemotactic protein 1 (MCP-1) as well as activation of hepatic
stellate cells (HSCs) through transforming growth factor β (TGFb) and Sonic hedgehog (SHH) signaling, leading to development of lobular
inﬂammation and ﬁbrosis, respectively. These metabolic perturbations are associated with profound changes in BA metabolism in NASH patients
where microcholestasis encompassing molecular but also structural alterations as a result of increased pericentral biliary pressure leading to
dilatation and reduced connectivity of the bile canalicular (BC) network 112 (lower panel). Figure created with BioRender. BA, bile acid; NASH,
nonalcoholic steatohepatitis.
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and their receptors in controlling key aspects of NASH
pathogenesis, modulation of BA-related pathways holds
promise in therapeutically managing NASH.22,23,25 This
review provides a summary of the pathophysiological rationale and therapeutic opportunities of targeting FXR
NASH.

Nuclear Receptor FXR as Central Mediator of
BA Signaling in Regulation of Metabolism,
Inﬂammation, and Fibrosis
In the liver, cholesterol from plasma or endogenous synthesis
is enzymatically processed to primary BAs such as cholic acid
(CA) or chenodeoxycholic acid (CDCA) which form glycine or
taurine conjugates followed by active excretion at the canalicular membrane via bile salt export pump (BSEP/ABCB11)
into bile and storage in the gallbladder.27 Upon food digestion, BAs are delivered after contraction of the gallbladder to
the duodenum where one of their major functions entails
micelle formation for facilitated absorption of fat-soluble
substances (e.g., dietary lipids, fat soluble vitamins A, D, E).
The majority of BAs (95%) is actively reabsorbed involving
absorption through apical sodium-dependent BA transporter (ASBT/SLC10A2), transport across the enterocyte via ileal
BA-binding protein (IBABP) and followed by basolateral
excretion by organic solute transporter (OSTα/β) into portal
blood. The remaining BAs are metabolized by resident gut
microbiota in the colon resulting in deconjugation and
dehydroxylation with formation of secondary BAs such as
deoxycholic acid (DCA) and lithocholic acid which can then
passively re-enter the enterohepatic circulation so that only
a minor fraction of approximately 0.2–0.6 g/d (3–5% of
daily synthesis) is lost in the feces.28 To complete the enterohepatic cycle, BAs are very efﬁciently removed from portal
blood at the basolateral membrane of hepatocytes by Naþtaurocholate cotransporting polypeptide (NTCP/SLC10A1)
and organic-anion-transporting polypeptide (OATP/SLCO)
family members.
In addition to its function as a facilitator of intestinal
lipid absorption, bile is a major way of clearance for various
exo- and endogenous substances. From their chemical
structure, BAs are amphipathic detergents and therefore
potentially cytotoxic, thus requiring a highly efﬁcient molecular machinery to maintain intracellular BA concentrations in a nontoxic range. BA homeostasis is maintained
through a negative feedback loop encompassing inhibition
of BA uptake and synthesis as well as promotion of BA
excretion and detoxiﬁcation (reviewed in Hofmann29). Toxicity from intracellular BAs involves induction of apoptosis,
activation of proinﬂammatory pathways, and necrotic
changes in a concentration-dependent manner.30 BAs are
able to directly induce an inﬂammatory signal in hepatocytes reﬂected by increased cytokine expression as well as
upregulation of adhesion molecules.31 In response to secretion of these proinﬂammatory mediators, immune cells
such as neutrophils or macrophages are recruited and
activated, further aggravating the inﬂammatory response
in the liver.31,32
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Over the recent years, BAs in nontoxic concentrations
have been shown to exert signaling functions for key metabolic and homeostatic processes such as self-regulation of BA
metabolism, energy balance, and liver injury mechanisms
including inﬂammation, ﬁbrosis, apoptosis, and tumor development.27,33–35 These regulatory properties of BAs derive
from their intrinsic ability to act as ligands for a range of
receptors including nuclear receptors FXR, constitutive
androstane receptor, pregnane X receptor, and vitamin D
receptor as well as membranous receptors TGR5, α5β1
integrin, epidermal growth factor receptor, and sphingosine-1-phosphate receptor 2.36–39 Upon binding of BAs to
FXR, the FXR–retinoid X receptor heterodimer complex is
activated resulting in induction of the transcriptional repressor small heterodimer partner (SHP) which in turn downregulates the BA synthetic key enzymes cytochrome P450
7A1 (CYP7A1) and cytochrome P450 8B1 (CYP8B1) by inhibiting their transactivators liver receptor homolog-1 and
hepatocyte nuclear factor 4, molecular changes which collectively result in repression of BA synthesis.40 Apart from
controlling BA synthesis, FXR activation also increases biliary
BA excretion by upregulating expression of canalicular transporters BSEP as well as multidrug resistance protein 3
(MDR3/ABCB4) and ATP-binding cassette subfamily G members 5 and 8 (ABCG5/G8) for accompanying phospholipid and
cholesterol efﬂux, respectively.41,42 Concurrently, FXR activation results in repression of the uptake system NTCP via
induction of SHP.43 In enterocytes, resorption of BAs leads to
increased expression of FXR downstream targets including
SHP, OSTα/β, ﬁbroblast growth factor 19 (FGF19) and IBABP.
Elevated levels of IBABP and OSTα/β result in higher transport efﬁciency and excretion of BAs into the portal venous
system, while SHP directly downregulates ASBT expression
thereby restricting intestinal BA reabsorption.44,45 Furthermore, induction of intestinal FGF19 (Fgf15 in mice) leads to
activation of hepatic ﬁbroblast growth factor receptor 4
(FGFR4)/β-Klotho downregulating CYP7A1 gene expression
through the c-Jun N-terminal kinase signaling pathway.46
Taken together, FXR functions as an intestinal and hepatic
BA sensor and provides elaborate negative feedback and
feedforward mechanisms to uphold physiological BA homeostasis while preventing toxic BA concentrations.
Apart from this regulatory function in BA homeostasis, FXR
signaling is involved in lipid and glucose metabolism
(reviewed in Chávez-Talavera et al47). Mice deﬁcient of FXR
present with signiﬁcantly increased serum and hepatic triglyceride, cholesterol, and free fatty acid (FA) levels.48 In line,
upon administration of an FXR agonist, wild-type (WT) mice
but not FXR-knockout (FXR-KO) mice exhibit decreased serum
cholesterol, triglyceride, free FA, and lipoprotein levels.49
Activation of FXR and subsequent upregulation of SHP result
in repressing sterol-regulatory element-binding protein 1c
(SREBP-1c) which limits hepatic de novo lipogenesis
(DNL).50 FXR-dependent elimination of serum lipoproteins
results from modulation of expression of target genes such
as scavenger receptor B1, very low density lipoprotein (LDL)
receptor, Syndecan-1, ApoCII/III as coactivators/inhibitors of
lipoprotein lipase, and FA translocase (FAT/CD36).51 On the
Seminars in Liver Disease
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Fig. 2 BAs in enterohepatic circulation with systemic metabolic effects of FXR signaling and potentially druggable targets in NAFLD. BAs
produced intrahepatically are actively excreted via BSEP into bile. Enterocytic reuptake and basolateral export to portal blood is mediated
through ASBT and OSTα/β, respectively. The enterohepatic circle is closed through hepatocellular BA reuptake via NTCP from portal blood. BAs
activate the nuclear receptor FXR which leads to increased biliary secretion and reduced synthesis and uptake maintaining BA homeostasis. The
systemic effects of FXR encompass metabolic optimization as seen in upregulated fatty acid (FA) oxidation and decreased FA synthesis as well as
downregulated gluconeogenesis, contributing to improvement of insulin resistance. Similarly, intestinal FXR leads to elevated FGF 19 levels
which mediates increased FA oxidation, decreased fasting glucose via increased glycogen synthesis, and decreased BA synthesis. Modulating BArelated pathways in treatment of NAFLD include direct activation of FXR through steroidal (obeticholic acid, OCA) and nonsteroidal FXR agonists
(Cilofexor, Tropifexor), biliary reuptake inhibition with ASBT inhibitors (Volixibat, Odevixibat, Linerixibat) or resins (Colesevelam), and FGF19
analogues (NGM282/Aldafermin). Figure created with BioRender. ASBT, apical sodium-dependent bile acid transporter; BA, bile acid; BSEP, bile
salt export pump; FXR, Farnesoid X receptor; NAFLD, nonalcoholic fatty liver disease; NTCP, Naþ-taurocholate cotransporting polypeptide.

other hand, FXR promotes β oxidation by activation of peroxisome-proliferator-activated receptor (PPARα).52 Correspondingly, FXR-mediated FGF15/19 signaling was shown to induce
β oxidation in mitochondria53 via reduction of malonyl-CoA by
repression of acetyl-CoA carboxylase (ACC2). Regarding systemic effects, it has been shown that treatment with primary
BA CDCA improves hypertriglyceridemia through an FXR- and
SHP-dependent mechanism.50,54 In line, disruption of BA
reabsorption through use of BA sequestrants leads to increased
biosynthesis of BAs from cholesterol thereby efﬁciently counteracting hypercholesterinemia.55 Additionally, reduced plasma glucose levels and a trend toward lower HbA1c have been
observed in cholestyramine-treated diabetic patients.56 At the
same time, a common adverse effect of resin treatment lies in
Seminars in Liver Disease

© 2021. The Author(s).

aggravation of hypertriglyceridemia, further underlining the
role of BAs in triglyceride and cholesterol metabolism.57 The
signaling role of BAs in enterohepatic circulation with systemic
metabolic effects of FXR is delineated in ►Fig. 2.
Further studies investigating the role of FXR in glucose
homeostasis showed that in line with its key role in BA and
lipid metabolism, FXR-KO rodents exhibit features of hepatic
and systemic insulin resistance as seen in increased fasting
and fed glucose levels, decreased peripheral glucose disposal
assessed by hyperinsulinemic clamp, and impaired gluconeogenesis.58,59 Appertaining to this, insulin resistance in
ob/ob and db/db but not KO mice could effectively be
mitigated by feeding them with an FXR agonist such as
CA/GW4064.60 A potential mechanism by which FXR
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activation modulates glucose metabolism appears to be
repression of key enzymes necessary for gluconeogenesis
such as phosphoenolpyruvate carboxykinase, glucose-6phosphatase, and fructose-1,6-bisphosphatase.61 By triggering FGF15/19, activation of FXR stimulates glycogen synthesis and therefore decreased hepatic glucose output and
plasma levels.53,62 Furthermore, while activation of FXR in
the terminal ileum inhibits glucagon-like peptide (GLP-1)
secretion through decreased expression of carbohydrateresponsive element-binding protein and impaired glycolysis,
BA signaling via TGR5 plays an important role in glucose
homeostasis by inducing secretion of GLP-1 from enteroendocrine L-cells in the gastrointestinal tract, reﬂective of
its therapeutic potential in NAFLD and obesity (reviewed in
Chávez-Talavera et al47). These potentially opposing effects
might explain differential actions of BA-based therapies and
FXR ligands in glucose homeostasis and need to be addressed
in more mechanistic detail. In addition to its qualities as a
controller of enterohepatic circulation, FXR plays a major
role in modiﬁcation of inﬂammation. Anti-inﬂammatory
mechanisms of FXR can be attributed to stabilization of
the nuclear corepressor NCoR leading to repression of nuclear factor kappa B and downstream inﬂammatory genes such
as tumor necrosis factor-α, interleukin 6, inducible nitric
oxide synthase, and cyclooxygenase 1.63 INT767, a dual
agonist for both FXR and TGR5, has been shown to improve
liver histology and reduce proinﬂammatory cytokine expression in db/db mice as well as inducing a gene expression shift
toward alternatively activated macrophages.64
In addition to inﬂammation, FXR has important impact on
ﬁbrogenesis as another key step in the progression of NASH.
Although FXR is not expressed to signiﬁcant amounts in
hepatic stellate cells (HSCs), pharmacological activation of
FXR was able to ameliorate thioacetamide-induced ﬁbrosis
and portal hypertension by counteracting inﬂammation and
reconstitution of endothelial nitric oxide synthase activity in
sinusoidal endothelial cells.65–69 Since inﬂammation drives
activation of HSC and therefore hepatic ﬁbrosis, administration of FXR agonist obeticholic acid (OCA) may counteract
ﬁbrosis in rodents by blunting expression of proinﬂammatory cytokines in hepatocytes and Kupffer cells.67 Furthermore, nonsteroidal FXR agonist PX20606 (precursor of
clinically tested compound Cilofexor) ameliorated liver ﬁbrosis and sinusoidal dysfunction in experimental models of
noncirrhotic and cirrhotic portal hypertension.69 Although
these ﬁndings provide at least in part the mechanistic basis
for clinical efﬁcacy of FXR agonists in NASH ﬁbrosis, the
antiﬁbrotic effects of OCA in recent clinical trials appear to be
less pronounced (discussed below). Apart from obvious
reasons such as species differences and variable duration
of the ﬁbrogenic insults, another possible explanation may
be SUMOylation of FXR. This phenomenon leads to poor
responsiveness to FXR agonist OCA, while upon co-treatment
with SUMOylation inhibitors, the antiﬁbrotic effect of FXR
activation could be recovered via stabilizing of HSC lipid
droplets by inducing Perilipin 1.70
In addition to their pleiotropic effects on the liver, BAs
undergoing enterohepatic circulation also affect the gut
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microbiome and vice versa. As such, BAs through their
detergent properties act as antimicrobial agents by disrupting bacterial membrane integrity as well as by inducing
genes involved in antibacterial defense through FXR, therefore inhibiting bacterial translocation.71–73 For instance,
treatment of bile duct-ligated mice with naturally occurring
BAs or OCA led to improved intestinal barrier, intestinal
inﬂammation, and decreased bacterial translocation.74,75
Accordingly, in murine models of chemically induced colitis,
FXR agonistic treatment led to reduced intestinal inﬂammation and improved epithelial membrane integrity.76
On the other hand, microbiota metabolize BAs through
introducing chemical modiﬁcations such as deconjugation
and dehydroxylation, therefore altering their signaling properties. As such microbial generation of secondary BA isoDCA
through modulation of intestinal FXR leads to increased
differentiation of regulatory T cells, therefore underlining
the notion of BA as immunomodulatory mediators.77 Microbial processing of BAs not only involves activation but also
inactivation of FXR.78,79 For instance, in germ-free mice,
accumulation of taurine-conjugated muricholic acid (Tα/
βMCA) inhibits intestinal FXR and downstream Fgf15 expression.80 In line, treatment of rodents with Tempol, which
is an antioxidant reducing bile salt hydrolase activity,
improves diet-induced obesity potentially through accumulation of intestinal TßMCA, similar to what is observed in
intestine-speciﬁc FXR-deﬁciency models.81 Mechanistically,
intestinal inhibition of FXR leads to reduced biosynthesis of
ceramides which have been linked to insulin resistance and
inﬂammation in NASH.82 Furthermore, ceramides induce
lipogenesis through upregulation of SREBP1c and have
therefore been implied as causal factors in NAFLD.83 A direct
comparison of germ-free and conventionally raised WT and
FXR-KO mice revealed that diet-induced obesity and the
accompanying systemic phenotype are promoted and transferable by gut microbiota through FXR signaling.84 In line, in
a study investigating gut microbiota of twins discordant for
obesity, it was shown from transplantation of fecal microbiota to germ-free mice that lean twins had an FXR antagonistic microbial signature, supporting the concept of
targeting the gut microbiome and intestinal FXR for treatment of NAFLD.85

Changes in BA Homeostasis and
Microcholestasis in NASH
Across their disease spectrum, patients with NAFLD exhibit
alterations in BA homeostasis and their BA metabolome. A
range of studies has revealed that serum BA concentrations
are increased in NASH patients compared with healthy
controls.24,86–88 Higher serum BA concentrations in NASH
were observed in both fasting and postprandial states.89,90
The elevations of BA levels could be largely attributed to
increased primary BAs and BA levels correlated with increasing NAFLD activity score (NAS) and ﬁbrosis stage.87 In line,
7α-hydroxy-4-cholesten-3-one (C4) and CYP7A1 as markers
of BA synthesis as well as serum BA levels correlated with
disease severity in NASH patients.88,91
Seminars in Liver Disease
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In addition to serum BA levels, also their composition
changes in NASH. More speciﬁcally, the ratio of conjugated to
unconjugated BAs was elevated in NASH patients and an
increased proportion of CA compared with CDCA could be
detected which further contributes to mitigation of FXR
signaling since CA is a weaker ligand than CDCA.87,92 In
line, gas–liquid chromatography of liver tissue from NASH
patients revealed an increase in total BAs with CA and the
ratio of trihydroxylated to dihydroxylated BAs being strongly
correlated to inﬂammatory activity.93
However, it is not clear whether these changes can be
attributed to underlying metabolic changes (i.e., insulin
resistance and obesity) rather than NASH per se.94 For
instance, insulin-resistant patients were shown to have a
shift in BA proﬁle toward 12α-hydroxylated BAs, which
correlated with plasma triglyceride levels.95 Moreover, comparison of obese patients either with biopsy-proven NASH or
with healthy livers revealed that BA alterations in these
patients are associated with concomitant insulin resistance
but did not depend on presence of NASH.94
The exact pathogenetic mechanism underlying these
alterations of BA levels and composition in NASH patients
still remains unclear and several options can be considered.
In line with a mechanistic correlation to obesity and insulin
resistance, multiple rodent models of diabetes exhibit altered BA metabolism (reviewed in Watkins and Sanders96).
As such, in streptozotocin-treated rats, decreased bile ﬂow
despite increased secretion of BAs together with increased
BA levels in serum97–99 support the concept that alterations
of BA levels in NASH may reﬂect underlying insulin resistance rather than the associated severity of liver disease.94
Paradoxically, FXR-FGF19 signaling—normally repressing
BA synthesis—is impaired despite elevated BA levels, possibly
reﬂective of underlying “FXR and/or FGF19 resistance” in
NASH. Indeed, preclinical NASH models revealed partial
resistance to FXR activation, reﬂected by transcriptional
downregulation of SHP with consequent upregulation of
CYP7A1.100 Furthermore, as a reﬂection of impaired hepatic
FXR activation, increased CYP7A1 expression could be observed in NASH patients while controversial results on BSEP
and SHP expression have been reported.86,87 NASH patients
exhibit elevated cholesterol levels and increased activity of
HMG-CoA reductase (HMGCR) correlating with histologic
features of NASH, integrating cholesterol levels to the concept of lipotoxicity.101 In line, upregulated synthesis of free
cholesterol may contribute to increased BA synthesis resulting from dysregulated FXR signaling.101 In accordance with
these ﬁndings, free FAs have been reported to repress FXRinduced SHP-signaling, therefore leading to increased BA
synthesis and uptake potentially contributing to hepatocellular injury.88 Similarly, expression of downstream target of
intestinal FXR activation FGF19 is reduced in patients with
NAFLD and NASH102,103 and impaired hepatic repression of
BA synthesis in insulin-resistant patients was observed.104
This inverse relationship was correlated with severity of liver
histology in NAFLD patients, therefore highlighting the potential of serum FGF19 levels as a biomarker for NAFLD.105
Hepatic FXR activation can in part be assessed by measuring
Seminars in Liver Disease
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C4, an intermediate step in BA synthesis from cholesterol. As
such, C4 is robustly elevated in NAFLD patients, supporting
the notion of increased BA synthesis due to lower FXR
activity.87,106 In line, increased C4 levels have been associated with ﬁbrosis score in NASH.107
Moreover, changes in BA levels and composition may also
reﬂect intestinal dysbiosis in NASH. Human fecal analyses
revealed increased levels of CA, CDCA, and total BA in stool of
NASH patients compared with healthy controls.91 Furthermore, the obesity-induced BA and gut microbial metabolite
DCA have been found to induce a senescence-associated
secretory phenotype in HSC thereby facilitating development of liver cancer.108 Changes in blood microbiota proﬁles
as a reﬂection of dysbiosis and decreased ratios of secondary
to primary BAs in serum suggesting an impaired ability to
convert primary BAs have been reported to correlate with
ﬁbrosis in obese patients.109
In addition to increased BA synthesis and altered
intestinal/microbial BA metabolism, impaired excretion of
BAs and other biliary constituents may contribute to the
pathogenesis of NAFLD, consistent with the concept of
(micro)cholestasis in NASH. Mechanistically, biliary BA excretion can be characterized by determining bile ﬂow and
intrahepatic canalicular bile pressure. Biliary pressure constitutes a hydrostatic force which was shown to disrupt bile
canaliculi integrity, therefore contributing to hepatocyte
necrosis and bile infarcts.110 In addition, mechanosensing
in the bile canaliculi network either directly through pressure sensors localized on cholangiocytic primary cilia or
indirectly through biliary hydrostatic pressure opposing
the osmotic gradient has been proposed as a mechanism
to induce a Ca2þ and cAMP-dependent signaling response
leading to adaptative changes in the ductular network.30,111
Albeit cholestasis not generally considered a feature of NASH,
elevated gamma-glutamyl transferase (GGT) levels—which
have thus far been largely attributed to oxidative stress—in
concert with elevated BA levels and altered BA composition
point to the fact that there may be a cholestatic component in
the pathogenesis of NASH. Impaired BA excretion and transport could result in altered signaling as well as accumulation
of potentially toxic BAs and other biliary constituents, serving as a potential additional hit to NASH progression. Indeed,
three-dimensional spatially resolved imaging of human
NASH livers revealed profound topological defects in the
bile canaliculi network, consistent with an underlying
microcholestatic state (see ►Fig. 1).112 Computational
modeling of bile ﬂow in these patients predicted higher
pericentral biliary pressure which was correlated with GGT
levels as a typical serum biochemical ﬁnding in
NAFLD/NASH, underscoring the concept of microcholestasis.112 Hepatocyte morphometry revealed increased number
and size of lipid droplets pericentrally correlating with
disease progression and potentially contributing to apical
protein trafﬁcking disruption.112 More speciﬁcally, dipeptidyl peptidase 4 which follows a transcytotic route for apical
expression was mislocalized while multidrug resistanceassociated protein (MRP2) and BSEP localization remained
intact. Contrasting this ﬁnding and in line with preclinical
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studies in rodent models,113,114 altered protein trafﬁcking
and mislocalization of MRP2 and MRP3 have been found in
NASH patients, further substantiating the concept of microcholestasis in NASH.115,116 Under cholestatic conditions,
hepatocellular transport systems undergo adaptive changes
mainly through FXR activation, resulting in downregulation
of the BA uptake transporter NTCP, whereas compensatory
basolateral efﬂux increases through OSTα/β, MRP3, and
MRP4 bypassing impaired canalicular excretion.117,118
Zucker rats, a rodent model of NAFLD, show impaired
hepatobiliary transport compatible with an underlying cholestatic component.113 More precisely, decreased BA-independent bile ﬂow coinciding with downregulation of hepatic
MRP2 and OATP2 has been reported while BSEP and NTCP
expression remained unchanged, reﬂecting an impaired
hepatobiliary transport capacity.113,114 Interestingly, mice
lacking the canalicular BA export pump BSEP display impaired mitochondrial FA oxidation as well as reduced white
adipose tissue mass.119 In line, challenging these mice with
dietary models of hepatic steatosis leads to attenuation of
hepatic lipid accumulation despite worsened inﬂammation,
potentially through impaired FXR and PPARα signaling.120,121 Additionally, genetic polymorphisms of ABCB11,
the gene encoding for human BSEP, have been correlated to
higher triglyceride and cholesterol levels as well as body
mass index.122,123 However, the exact mechanism of microcholestasis as well as addressing the topological and molecular alterations of the hepatobiliary network in NASH is still
poorly understood and requires further interrogation. Even
so, these ﬁndings support the concept to apply empirically
used or novel anticholestatic therapies such as ursodeoxycholic acid (UDCA) and norUDCA or FXR agonists, respectively, in NASH (see the following section).

Targeting FXR in Microcholestasis of NASH
and Beyond
Due to the key role of FXR in regulating not only BA
homeostasis, but also glucose and lipid metabolism, as
well as inﬂammation and ﬁbrosis, pharmacological targeting
of FXR has become a promising strategy for treating
NAFLD/NASH.24,25,124,125 In line with the key role of FXR in
maintaining biliary homeostasis, FXR ligands have ﬁrst been
developed as therapy for cholestatic liver diseases.27 Since
BAs are increasingly conceived as important biomarkers of
NAFLD and microcholestasis has emerged as a feature of
NASH, modulating FXR activity as a key regulator of BA
homeostasis may be a key asset or at least important added
beneﬁt for treating NASH (see ►Fig. 2).
In multiple preclinical models, FXR agonism led to resolution of features of steatohepatitis through its metabolic
and anti-inﬂammatory effects.53 Steroidal FXR agonists such
as OCA but also natural ligands such as CA and CDCA have
been shown to improve insulin resistance and steatosis in
obese rats59 as well as ameliorate inﬂammation and ﬁbrosis
in mouse models of NASH.126 As another example, administration of nonsteroidal FXR agonist WAY-362450 ameliorated steatohepatitis and ﬁbrosis in mice fed a methionine-
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choline-deﬁcient diet in an FXR-dependent fashion.127 Additionally, FXR agonism reduces vascular inﬂammation and
plaque formation in rodent models of atherosclerosis,
highlighting its therapeutic potential on CVD associated
with NAFLD/NASH.128–131 Moreover, administration of
OCA in rodent models of CKD led to attenuation of renal
injury and counteracted diabetic nephropathy.132,133 Taken
together, FXR agonism may not only be a promising target for
treatment of NASH, but also for associated cardiometabolic
comorbidity, warranting further investigations.
Several clinical trials currently investigate the effects of
FXR ligands in NAFLD/NASH and most progress has so far
been made for OCA as ﬁrst in class steroidal FXR agonist.134 In
a small proof-of-concept phase II study testing OCA in
diabetic patients with NAFLD, administration of either 25
or 50 mg OCA once daily over 6 weeks improved insulin
sensitivity assessed by hyperinsulinemic-euglycemic clamp
as well as liver enzymes (GGT, alanine aminotransferase
[ALAT], aspartate aminotransferase [ASAT]), ﬁndings which
were associated with a modest reduction in noninvasive
ﬁbrosis parameters (Enhanced Liver Fibrosis [ELF] score) in
the 25-mg OCA group compared with placebo.135 Additionally, OCA treatment increased FGF19 levels in a dose-dependent manner as well as decreasing C4 levels and levels of total
endogenous BAs, reﬂecting target engagement and giving
mechanistic insight into the regulation of insulin resistance
in NASH patients.135 A subsequent large multicenter phase
IIb study (FLINT—FXR Ligand Obeticholic Acid in NASH
Treatment) enrolling 283 patients revealed effectiveness of
25 mg OCA treatment in NASH patients compared with
placebo after 72 weeks. OCA treatment resulted in a signiﬁcant improvement in the primary histological endpoint,
deﬁned as a decrease in NAS of at least two points with no
worsening of ﬁbrosis, as compared with placebo, while no
signiﬁcant impact on overall resolution of NASH was observed.136 Again, levels of ALAT, ASAT, and GGT signiﬁcantly
improved upon OCA treatment while serum levels of alkaline
phosphatase (known to be upregulated by FXR) increased.
However, OCA treatment led to an unfavorable lipid proﬁle as
reﬂected by increased levels of serum LDL and decreased
levels of serum high-density lipoprotein (HDL). In addition,
development of moderate to severe pruritus was more
common in the OCA-treated group compared with placebo.
Surprisingly, measurement of hepatic insulin resistance
using the homeostasis model of assessment (HOMA-IR)
showed an increase in insulin resistance despite weight
loss during OCA treatment, both of which reverted back
after treatment discontinuation. This effect on insulin resistance contrasting the ﬁndings from the previous proof-ofconcept phase II study in diabetics135 might be in part
attributed to different methodology in assessing insulin
resistance as well as decentralized insulin measurements.
Furthermore, in a recent interim analysis of the subsequent multicenter phase III study (REGENERATE—Randomized Global Phase 3 Study to Evaluate the Impact on NASH
With Fibrosis of Obeticholic Acid Treatment), statistically
signiﬁcant improvement of ﬁbrosis was seen in 12% in
patients receiving placebo compared with 18% in patients
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receiving 10 mg OCA and 23% in patients receiving 25 mg
OCA, while the endpoint for resolution of NASH was not
met.137 Side effects of OCA treatment again were increased
LDL cholesterol levels at the expense of HDL cholesterol and
mild to moderate pruritus in a dose-dependent manner.
With reduction of NASH activity and ﬁbrosis on one hand
and features of dyslipidemia on the other, the overall clinical
beneﬁt of OCA treatment in terms of cardiometabolic comorbidity or all-time mortality is the subject of currently
ongoing studies.
With the initial intention to avoid adverse effects such as
LDL increase or occurrence of pruritus, various nonsteroidal
synthetic FXR agonists have been developed and several
compounds are currently tested in phase II clinical trials.138
Administration of Cilofexor (formerly known as GS-9674,
follow-up compound to Px-102/Px-104) in noncirrhotic
NASH patients revealed reduction of hepatic steatosis as
measured by magnetic resonance imaging (MRI-PDFF) and
decreased levels of GGT, C4, and primary BA, while no
changes were observed for noninvasive parameters of liver
ﬁbrosis using ELF, transient elastography, and magnetic
resonance elastography. While the serum lipid proﬁle did
not change signiﬁcantly upon Cilofexor treatment, dosedependent occurrence of pruritus was observed.139
In another trial, Cilofexor, ACC inhibitor Firsocostat, and
apoptosis-signal regulating kinase 1 inhibitor Selonsertib
have been tested alone or in a dual-drug combination
strategy in a phase IIb trial in NASH patients for 48 weeks.140
None of the treatment arms achieved signiﬁcant changes
compared with placebo for the primary endpoint ( 1-stage
improvement in ﬁbrosis without worsening of NASH). However, signiﬁcant improvements in biochemical and noninvasive ﬁbrosis parameters,  2-point NAS reductions and its
subcomponents, as well as a signiﬁcant shift of advanced (F3/
F4) to nonadvanced ﬁbrosis stages using a machine learningbased algorithm, were observed with the combination of
Cilofexor and Firsocostat compared with placebo. Again,
occurrence of pruritus has been reported more often in
Cilofexor-treated patients.
Another non-BA FXR agonist called Tropifexor (LJN452)
has been successfully tested in multiple preclinical NASH
models.141,142 In healthy volunteers, administration of Tropifexor was well tolerated and did not lead to signiﬁcant
alterations in the plasma lipid proﬁle encouraging further
studies.143 Recent interim results from a currently undergoing phase II clinical trial in NASH patients (FLIGHT-FXR:
NCT02855164) revealed robust and dose-dependent reduction of ALAT, GGT, hepatic fat fraction, and body weight in
patients receiving either 140 or 200 µg Tropifexor over
12 weeks.144 Despite a signiﬁcant reduction of collagen
proportional area in the 200-µg-treated group, neither of
the Tropifexor groups showed signiﬁcant difference in terms
of histological improvement of NASH or ﬁbrosis stage as a
predeﬁned endpoint.144 Regarding adverse events, a doserelated increase in LDL cholesterol and an association with
mild pruritus were reported. Notable changes in LDL cholesterol levels appear to generally increase in therapies that
reduce hepatocellular BA levels through accumulation of
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total cholesterol which impairs SREBP2 signaling, leading
to downregulation of LDL receptor (LDLR) expression and
therefore, increased serum LDL cholesterol.145 Collectively,
these data also raise the question whether pruritus stems
from FXR agonism directly rather than from elevated levels of
BAs or BA derivatives and drives the necessity for comprehensive therapeutic strategies to manage adverse effects in
FXR agonistic treatment including pruritus.146 In addition to
Cilofexor and Tropifexor, multiple other nonsteroidal FXR
agonists are currently under investigation for treatment of
NAFLD/NASH (reviewed in Gege et al138).
As another strategy in the treatment of NASH, recent
studies have turned toward FGF19 analogues. Being a downstream target of intestinal FXR activation, FGF19 has been
proposed to reduce hepatic lipid content while potentially
sidestepping adverse effects of direct FXR agonism. Notably
engineered FGF19 analogues show distinct dissociation of
metabolic from proliferative potentially procarcinogenic
effects by blunting the signal transducer and activator of
transcription 3-activating function of the naturally occurring
protein.147 In line, preclinical models testing a synthetic and
nontumorigenic FGF 19 analogue, Aldafermin/NGM282 (formerly known as M70), were even able to prevent tumor
formation.148 Additionally, Aldafermin/NGM282 treatment
in humans led to a dose-dependent enrichment of BAsensitive commensal microbe Veillonella, which correlated
to physical performance-enhancement through its ability to
degrade exercise-induced lactate to propionate.149,150
An interim analysis investigating 1 or 3 mg
Aldafermin/NGM282 treatment in NASH patients revealed
a signiﬁcant histological response (deﬁned as > 2 point
improvement of NAS without worsening of ﬁbrosis or > 1
point improvement in ﬁbrosis without worsening of NASH)
in 50 and 68% after 12 weeks treatment, respectively.151
Although Aldafermin/NGM282 treatment for 24 weeks also
showed a robust decrease in liver fat content (measured by
MRI-PDFF) as well as serum transaminases and BA and C4
levels, no signiﬁcant impact on histological assessment of
liver ﬁbrosis or NASH resolution could be observed at this
extended time point.152 Interestingly, Aldafermin/NGM282
treatment over 12 weeks also improved noninvasive markers
of ﬁbrosis signiﬁcantly in patients with primary sclerosing
cholangitis independent of biochemical improvement of
cholestasis, suggesting potential direct antiﬁbrotic
effects.153 Adverse events included diarrhea, nausea, and
abdominal pain as well as increased LDL-cholesterol levels
which, however, could be effectively and safely counteracted
by rosuvastatin administration.151,152,154,155
Apart from the above-mentioned beneﬁcial effects of
systemic treatment to induce hepatic FXR signaling, gutselective modulation of FXR activity has been proposed as a
mechanism to target obesity and development of NAFLD.
Intestinal FXR agonism counteracted diet-induced obesity,
insulin resistance, and inﬂammation in mice through induction of FGF15 without altering hepatic FXR signaling.156
Contrasting this ﬁnding, intestinal knockout of FXR in
high-fat diet (HFD)-fed mice led to ameliorated hepatic
steatosis due to reduced circulation of ceramides.83
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Moreover, dietary modulation of the gut microbiome
through accumulation of TßMCA resulting in intestinal FXR
antagonism led to decreased ceramide levels and therefore,
reduced hepatic gluconeogenesis and insulin resistance.157
Modulation of gut microbiota in rodents by antibiotics
changes intestinal BA composition toward an intestine-speciﬁc inhibition of FXR signaling also through accumulating of
TßMCA normally degraded by intact gut microbiota and
leads to lower levels of circulating ceramides, therefore
decreasing DNL and ameliorating hepatic steatosis.83 Interestingly, UDCA may be seen as a weak FXR antagonist.78
Indeed, in morbidly obese NAFLD patients, administration
of UDCA exerted FXR-antagonistic effects as seen through
upregulation of CYP7A1 impacting on BA synthesis as well as
increasing SREBP2 and consequently LDLR reﬂecting cholesterol homeostasis in addition to promoting neutral lipid
accumulation in adipose tissue and liver.158 In summary,
opposing effects of FXR modulation in an organ/tissuespeciﬁc manner reveal novel therapeutic avenues to treat
NAFLD, warranting further studies to resolve these apparent
discrepant ﬁndings between the effects of FXR agonism
versus antagonism.
In addition to the aforementioned effects, UDCA treatment
in multiple rodent models of NASH led to resolution of liver
steatosis and inﬂammation.159,160 Furthermore, TUDCA has
been proposed as a chemical chaperone to increase the
adaptive capacity of the endoplasmic reticulum (ER), therefore
reducing ER stress and leading to normalized insulin sensitivity and resolution of NAFLD in obese and diabetic mice.161
However, clinical trials elucidating the effect of UDCA in
NASH have been inconsistent regarding patient databases,
primary endpoints, and therapeutic beneﬁts. In particular,
while reduction of transaminases and hepatic steatosis were
observed in an initial pilot study,162 following randomized
controlled trials could not show histological beneﬁts or an
improvement of liver steatosis or ALAT compared with placebo.163–165 In a subsequent high-dose treatment strategy, improvement of liver enzymes and HOMA-IR could be observed,
but liver histology was not assessed.166 Furthermore, a trial
investigating a combination strategy of UDCA with vitamin E
revealed improved transaminases and histological regression
of liver steatosis in the combination arm while no histologic
changes could be seen in UDCA alone.165 Moreover, treatment
of obese patients with TUDCA led to improved insulin sensitivity in liver and muscle, whereas adipose tissue insulin
sensitivity and cellular markers of ER stress were unchanged
compared with placebo.167 In summary, based on this evidence UDCA is no longer recommended for treatment of NASH
by current guidelines.1,2
Beyond modulation of FXR signaling, TGR5 is a widely
expressed G-protein coupled receptor which upon activation
through BAs has been shown to increase glucose homeostasis efﬁciency and exert potent anti-inﬂammatory effects in
preclinical studies (reviewed in Pols et al168). Activating
TGR5 through administration of BAs increases energy expenditure in brown adipose tissue through promoting thyroid hormone metabolism and therefore counteracts dietinduced obesity and insulin resistance.169 Accordingly, both
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TGR5-selective agonists such as INT-777 and TGR5/FXR dual
agonists such as INT-767 have been reported to counteract
the development of obesity, steatosis, and inﬂammation in
multiple experimental models of NASH.64,170,171 However,
clinical trials investigating TGR5 agonists are scarce. To date,
there has been only one human study of TGR5 agonist
administration in type 2 diabetic patients yielding negative
results with even elevation instead of reduction of blood
glucose levels.172 Moreover, TGR5 agonistic treatment
approaches are associated with safety concerns. Such being
the case, multiple in vitro studies proposed that TGR5
signaling is involved in carcinogenesis.173,174 Additionally,
TGR5 agonism is important in gallbladder physiology
through mediating gallbladder distension175 with preclinical
models of TGR5 deﬁciency exhibiting resistance to gallstone
formation.176 To address these concerns, further mechanistic
studies are warranted.
Other possibilities to manipulate lipid metabolism
through modulating BA homeostasis include prevention of
biliary reuptake from the intestine. The initial intention of
using BA sequestrants such as Colesevelam for hypercholesterolemia was to compensate for the loss of BAs through
conversion of cholesterol, therefore lowering total and LDL
cholesterol levels in patients. At the same time, Colesevelam
treatment results in increased HDL cholesterol and triglyceride levels, reﬂecting partial deactivation of FXR by interFurthermore,
rupting
the
enterohepatic
cycle.177
administering BA sequestrants to mice in dietary models
of steatohepatitis led to reduction of hepatic steatosis,
inﬂammation, and ﬁbrosis.25,178,179 However, clinical studies did not show improvement of NASH by Colesevelam.180
As an alternative to BA sequestrants, pharmacological
inhibition of ASBT to prevent intestinal BA reuptake is being
increasingly tested in models of NASH.24 In contrast to resinbound BAs which activate TGR5 therefore increasing GLP-1
levels, free intestinal BAs increased by ASBT inhibition activate FXR signaling, which in turn downregulates GLP-1
secretion.47,181 Interestingly, intestinal ASBT inhibition led
to increased fecal BA excretion and a shift in BA composition
toward more FXR agonistic BAs in line with normalization of
glucose tolerance and improvement of hepatic steatosis and
NAS in HFD-fed mice.182 However, a recent 24-week interim
analysis of a phase II trial involving ASBT inhibitor Volixibat
showed that despite target affection seen by dose-dependent
increase of C4 serum levels and decrease of cholesterol levels,
no liver-speciﬁc therapeutic beneﬁt could be noted.183 Currently, a wide range of ASBT inhibitors are explored for
pediatric cholestasis, but their potential beneﬁt for NASH
remains to be determined (reviewed in Karpen et al184).
Finally, norUDCA, recently renamed as norucholic acid, is
a side chain shortened, conjugation-resistant UDCA derivative that undergoes cholehepatic shunting therefore allowing for liver-targeted therapy in multiple liver diseases.185
norUDCA has been shown to elicit anti-inﬂammatory, antiapoptotic, and antiﬁbrotic effects in multiple experimental
NASH models.186,187 Cholehepatic shunting is particularly
beneﬁcial in targeting ductular reaction, which is a histopathological feature typically seen in cholestatic liver injury
Seminars in Liver Disease

© 2021. The Author(s).

Role of FXR in Bile Acid and Metabolic Homeostasis in NASH

Radun and Trauner

but also in NAFLD.188 Ductular reaction in NASH has been
associated with ﬁbrosis development as well as the extent of
hepatocytes in replicative arrest, therefore reﬂecting hepatocyte senescence.189 Additionally, cholangiocytes have been
shown to be susceptible to lipoapoptosis primarily through
saturated free FAs, suggesting their engagement in the
pathogenesis of NAFLD.190 Recently, a multicenter phase
IIa trial investigated the effect of norUDCA in NASH revealing
a dose-dependent reduction of serum ALT191 inciting a
currently ongoing phase IIb study whose primary endpoint
will involve histological improvement or resolution of NASH
(EudraCT-Nr.:2018–003443–31). Due to the underappreciated role of microcholestasis and ductular changes in NASH,
future combination therapies may need to focus on anticholestatic agents in NASH.

Conclusion and Outlook
Beyond their traditional role as detergents facilitating lipid
uptake, BAs have recently emerged as important signaling
molecules of controlling cellular metabolism throughout the
enterohepatic system by FXR-dependent and FXR-independent pathways. The effect of FXR signaling on hepatic BA, lipid,
and glucose metabolism in addition to its immunomodulatory
properties holds promise for impeding development or progression of NASH. Moreover, recent ﬁndings have established
the concept of microcholestasis as a key feature of NAFLD,
further underlining the therapeutic potential of FXR modulation. While most preclinical and experimental NASH models
have shown markedly positive results, clinical data on FXRrelated and other BA-targeted treatment strategies remain
promising, but rather modest. Since the mechanism of action is
rather novel, particular attention has to be directed to occurrence of side effects such as dyslipidemia and pruritus and
long-term safety observations. Future studies will have to
show whether combination strategies with other metabolic,
anti-inﬂammatory, and/or antiﬁbrotic strategies result in
synergistic therapeutic beneﬁt and future studies are warranted to investigate the effect of targeting BA-related and
anticholestatic pathways in NAFLD by FXR and beyond.

Main Concepts and Learning Points
• In addition to their detergent actions, bile acids (BAs) have
important signaling function via the nuclear receptor FXR,
which regulates their own homeostasis as well as
lipid/glucose metabolism and inﬂammation.
• Alterations of BA homeostasis are a key pathogenetic and
prognostic factor in nonalcoholic fatty liver disease
(NAFLD) and its progressive variant with steatohepatitis
(NASH).
• Microcholestasis is an underappreciated feature of the
pathophysiology of NAFLD/NASH, which can be targeted
by FXR and other BA-based therapies.
• Results from preclinical and clinical studies indicate that
targeting FXR and other BA-related pathways is a promising treatment strategy for NASH.
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