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Abstract: The nuclear receptor farnesoid X receptor (FXR, NR1H4) is a bile acid (BA) sensor that links
the enterohepatic circuit that regulates BA metabolism and elimination to systemic lipid homeostasis.
Furthermore, FXR represents a real guardian of the hepatic function, preserving, in a multifactorial
fashion, the integrity and function of hepatocytes from chronic and acute insults. This review sum-
marizes how FXR modulates the expression of pathway-specific as well as polyspecific transporters
and enzymes, thereby acting at the interface of BA, lipid and drug metabolism, and influencing the
onset and progression of hepatotoxicity of varying etiopathogeneses. Furthermore, this review article
provides an overview of the advances and the clinical development of FXR agonists in the treatment
of liver diseases.

Keywords: drug-induced liver injury; farnesoid X receptor (FXR); hepatotoxicity; inflammation; liver;
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1. Introduction

The nuclear receptor superfamily includes more than 40 transcriptional regulators
that are activated or suppressed in response to ligand availability [1]. The interplay
between nuclear receptors through a series of fine-tuned feedback mechanisms is pivotal in
maintaining cellular and organ homeostasis as well as in the onset and progression of a
number of diseases [2]. Nuclear receptor signaling is considered particularly relevant to
liver homeostasis and pathophysiology [3]. Among others, the nuclear receptor farnesoid
X receptor (FXR), encoded by the NR1H4 gene, has been extensively studied with respect
to onset, progression of and recovery from liver disease and hepatic injury [4–6]. Two
alternative promoters, each containing an internal cryptic splice site, regulate the expression
of FXR [7]. Thus far, four isoforms called FXRα1, FXRα2, FXRα3 and FXRα4 have been
well characterized, each with unique gene transactivation capacity and selectivity [7,8]. In
the human liver, predominant expression of the shorter 1 and 2 isoforms has been observed,
where isoforms 3 and 4 are found in a higher degree in intestines and the kidney [8,9]. Apart
from the core DNA-binding domain, FXR consists of a ligand-independent transcriptional
activation domain, a hinge region, a C-terminal ligand-binding domain and a ligand-
dependent activation domain [10]. FXRα1 and FXRα3 have four additional amino acids
(MYTG—methionine-tyrosine-threonine-glycine) located between the DNA-binding and
hinge domains, exhibiting overall less transcriptional activity than isoforms 2 and 4 [11,12].
Recently, four novel splice variants of the human FXR have been identified in hepatocytes
(α5 to α8), all exhibiting complete loss of transactivation activity and only minimal DNA-
binding activity [13].

FXR activation was originally characterized using the acyclic sesquiterpene alcohol
farnesol as a ligand [14]. Shortly thereafter, FXR was found to bind with the highest
affinity to bile acids (BAs) [15–17]. Other low affinity FXR ligands are lanosterol [18],
androsterone [19], forskolin [20] and cafestol [21]. Canonical FXR signaling is initiated
upon ligand binding to FXR, nuclear translocation, and heterodimerization with retinoid X
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receptor (RXR), which leads to binding to FXR response elements (FXREs) of an array of
genes encoding proteins involved in the uptake, de novo synthesis and efflux of BAs, to
the global effect of reducing intracellular BA levels. The canonical FXR response element
motif contains a single inverted repeat of the hexameric sequence AGGTCA (or similar)
separated by a single nucleotide spacer (inverted repeat 1), while multiple additional
FXREs have been shown to be targeted by FXR and homo- and heterodimers thereof [22,23].
FXR has been shown to bind DNA and regulate gene transcription independently of RXR,
by ligand-initiated homodimerization, heterodimerization with other nuclear receptors
including liver receptor homolog-1 (LRH-1) or acting potentially as a monomer, once bound
to endogenous or synthetic ligands [13,24–27].

BA metabolism is intimately connected to lipid homeostasis, thus FXR is an important
modulator of lipid metabolism as well, and has gained attention as a therapeutic target in
the treatment of non-alcoholic fatty liver disease [28–31]. Because a number of transporters
and enzymes involved in BA and lipid metabolism that are regulated by FXR are shared
with the detoxification branch of hepatic metabolism, FXR is also cardinal in the hepatic
handling of drugs and xenobiotics, and the kinetics and safety profiles thereof.

This review summarizes the multifaceted functions of FXR in orchestrating cellular
homeostasis, balancing metabolism and inflammation in response to toxic intracellular con-
centrations of BAs and lipids. Finally, it outlines the role of FXR in the hepatic accumulation
and metabolism of drugs and the toxicologic ramifications thereof.

2. The Role of FXR in Bile Acid Homeostasis and Cholestasis

Bile acids (BAs) are amphipathic, detergent molecules highly concentrated in the bile
and responsible for the emulsion and absorption of fats as well as lipophilic vitamins in the
small intestine, and for the elimination of excess cholesterol, preventing its precipitation
in the bile [32]. In the liver, BAs are synthesized from cholesterol through the classic
(neutral) pathway primarily, in which cholesterol is oxidized to 7-α-hydroxycholesterol by
the cholesterol 7-α-monooxygenase (CYP7A1, Figure 1), the rate-limiting enzyme in BA
de novo synthesis. 7-α-hydroxycholesterol is further oxidized by the CYP8B1 and/or the
CYP27A1 to generate the primary BAs cholic acid and chenodeoxycholic acid (CDCA). A
minor fraction of cholesterol can enter the alternative (acidic) pathway by direct interaction
with CYP27A1 (Figure 1), forming 27-hydroxycholesterol, which is further oxidized by
the CYP7B1 to generate CDCA. Primary BAs undergo modification in the hepatocytes
by conjugation to taurine or glycine forming conjugated BAs, i.e., bile salts, which are
characterized by a lower pka, hence a higher hydrophilicity and a lower cytotoxicity
than their unconjugated forms [33]. A minor part of BAs is glucoronidated by uridine
diphosphate-glucuronosyltransferases (UGTs), mainly UGT2B4 [34]. The conjugation
reactions are highly efficient, however, about 20% of the BA pool skip the conjugation
reaction and are present in an unconjugated form in the blood [35,36]. BAs are secreted
from hepatocytes into the bile canaliculi by the bile salt efflux pump (BSEP) and accumulate
in the gallbladder, from where they are released into the duodenum after a meal [37]. BAs
can also flux back into the blood stream through the activity of the multidrug resistance
associated proteins (MRP) 3 and 4 [38–40]. In the gut, the microbiota deconjugate and
hydrolyze BAs to secondary bile salts (e.g., deoxycholic acid) that are reabsorbed through
the apical bile salt Na+-dependent transporter (ASBT). The vectorial transport of BA from
the intestinal lumen to the portal circulation is completed by the OSTα/β transporter,
located on the basolateral membrane of hepatocytes [41] and enterocytes [42]. The uptake
of BAs from the blood into the hepatocytes is mainly mediated by the Na+-taurocholate
cotransporting polypeptide (NTCP) and the Na+-independent OATP1B1 and OATP1B3.
Degradation of BAs is primarily mediated by the cytochrome P450 3A4 (CYP3A4) [43–46].
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Figure 1. Schematic representation of the regulatory role of FXR in bile acid homeostasis. Top
panel: Under physiological conditions, hepatocytes convert cholesterol to bile acids following the
classic or alternative pathway. Bile acids can bind to and activate FXR, which translocates to the
nucleus, where it induces the transcription of genes encoding proteins involved in BA synthesis,
transport and degradation, in order to maintain sub-toxic BA intracellular levels. Bottom panel:
Reduced expression and/or function of FXR leads to an increased BA synthesis, and reduced BA
efflux and degradation. ABCG = ATP-binding cassette subfamily G, BA = Bile acid, BSEP = Bile
salt export pump, CYP = Cytochrome P450, FXR = Farnesoid X receptor, LRH-1 = Liver receptor
homolog 1, MDR = Multidrug resistance protein, MRP = Multidrug resistance associated protein,
NTCP = Sodium-taurocholate cotransporting polypeptide, OATP = Organic anion transporter protein,
SHP-1 = Small heterodimer protein-1; Figure has been created with BioRender.com.
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A reduction in bile secretion and flow is termed cholestasis (Figure 1). There are two
types of cholestasis: hepatocellular and obstructive. Hepatocellular cholestasis originates
from a functional impairment of the hepatocytes in the production and/or secretion of the
bile components, whereas obstructive cholestasis is defined as a decrease in bile flow due to
a physical obstruction of bile flow through intra- or extrahepatic bile ducts. Hepatocellular
cholestasis results in the alteration of the physical-chemical equilibrium between choles-
terol, phospholipids and BAs, the three main bile components. An increased cholesterol:BA
or phospholipid:BA ratio can result in cholesterol crystallization and finally in cholelithiasis.
A decreased phospholipid:BA ratio reduces the protective effect of phospholipids against
the detergent activity of BAs, which increases the risk of hepatocellular and/or bile duct
injury [47]. The concerted action of efflux pumps and flippases expressed on the canalicular
membranes of hepatocytes is crucial in bile formation. BSEP and ABCG5/G8 mediate
the transport of BA and cholesterol, respectively, MDR3 and p-type ATPases translocate
phospholipids from the inner to the outer leaflet of the canalicular membrane. Mutations
in the ATP8B1, ABCB11 and in the ABCB4 genes encoding ATP8B1, BSEP and MDR3
respectively, have been linked to progressive familial intrahepatic cholestasis [48]. Loss of
function mutations of BSEP are characterized by increased intracellular levels of BAs and
a decreased bile flow [49] (Figure 1). Bile duct injuries develop in whole-body MDR3-/-

mice with features resembling those observed in human sclerosing cholangitis, suggesting
that formation of “toxic” bile could also play an important role in the pathogenesis of
various cholangiopathies in humans [47]. Finally, some ABCG8 genetic variants have been
associated with an increased risk of gallstones [50]. Inborn errors of bile acid synthesis
have been identified in many of the enzymes involved in bile acid synthesis and exten-
sively reviewed [51]. Among others, deficiency of CYP7A1 (Figure 1) due to a frameshift
nonsense mutation, reported in one family, causes increased hepatic cholesterol content
and premature gallstone disease. Mutation of the CYP7B1 gene (Figure 1) in infants causes
severe neonatal cholestasis and fibrosis [52].

Upon BA binding to FXR, FXR-RXR heterodimers bind to FXREs in BSEP and CYP3A4
genes, inducing expression of BSEP and CYP3A4 (Figure 1), thereby stimulating BA efflux
and degradation, respectively [46,53,54]. FXR, furthermore, induces the expression of the
small heterodimer partner 1 (SHP-1) (Figure 1), an atypical member of the nuclear receptor
family that lacks a DNA-binding domain but can inhibit the activity of other transcription
factors such as the LRH-1 and the hepatocyte nuclear factor 4α (HNF4α), nuclear receptors
that induce a the transcription of a variety of genes, including those encoding OATP1B1,
CYP7A1, CYP8B1 and NTCP [55–57]. The FXR/SHP-1 signaling axis also seems to be dom-
inant in BA-induced repression of NTCP, whereas FXR-mediated repression of OATP1B1 is
promiscuous. SHP-1 directly inhibits HNF4α-mediated transactivation of HNF1α, which
is central in OATP1B1 transcription. However, HNF4α transcription and nuclear binding
activity is decreased by BAs also in a SHP-1-independent manner [46,58]. Intestinal FXR
also plays a key role in the downregulation of hepatic CYP7A1 and CYP8B1. The main
FXR target gene in the gut is fibroblast growth factor (FGF15 in rodents; FGF19 in humans),
which is an enterokine secreted into the portal circulation upon BA stimulation. FGF15/19
reaches the liver, where it activates the FGF receptor 4 (FGFR4). FGFR4 activation is fol-
lowed by the phosphorylation of the c-Jun N-terminal kinase and thereby the signaling for
CYP7A1 and CYP8B1 downregulation [59]. Finally, FXR activation also fine tunes bile for-
mation by transactivation of the transcription of the human ABCB4 (encoding MDR3) [60]
and ABCG5 genes [61], encoding transporters responsible for the uptake of phosphatidyl-
choline and cholesterol, respectively. While FXR activation has an overall BA-lowering
effect, in vivo studies suggest that the role of FXR in cholestasis very much depends on
the etiopathogenesis of the cholestasis. A whole-exome sequencing study detected two
mutations (p.R176*, Tyr139_Asn140insLys) in the NR1H4 gene (encoding FXR) in two
unrelated families with neonatal cholestasis. The p.R176* causes premature termination of
the protein in the DNA-binding domain, the in-frame insertion p.Tyr139_Asn140insLys
resulted in an unstable protein, not detectable at the immunohistological analysis of liver
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biopsy [62]. Furthermore, four polymorphisms in the NR1H4 gene have been associated
with increased risk for intrahepatic cholestasis of pregnancy [63]. Conversely, studies
in whole-body FXR-/- mouse demonstrated that lacking FXR protects against bile duct
ligation-induced obstructive cholestasis, possibly because the elevated levels of MRP4,
whose basal expression is repressed by FXR, are likely to increase the capacity of BA efflux
towards the blood, thereby compensating the impaired canalicular exit [64,65].

3. FXR, Fatty Acid Metabolism, and Lipotoxicity
3.1. Fatty Acid Synthesis and Metabolism

Next to cholesterol synthesis and degradation to BAs, the liver plays a key role in the
metabolism of saturated (e.g., palmitic acid, stearic acid) and unsaturated (e.g., linoleic
acid, arachidonic acid) fatty acids (FAs). The primary source of FAs is the triglycerides
absorbed from food. The uptake of FAs in the liver is mediated by fatty acid transport
proteins (FATPs) and the fatty acid translocase CD36 (Figure 2) [66]. FAs are also the
product of de novo lipogenesis from the acetyl-CoA produced during glycolysis (Figure 2).
The reaction commences with the production of malonyl-CoA from acetyl-CoA by the
acetyl-CoA carboxylase (ACC). The malonyl-CoA is then the substrate of the type I fatty
acid synthase complex (FAS), which elongates the acyl chain to varying length, giving rise
to various saturated FAs [67].
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Figure 2. The role of FXR in hepatic lipid accumulation and toxicity. First panel: Alterations in thiamine
uptake and AMPK activation correlate with NAFLD and liver disease. Second panel: Dysregulation of
lipid metabolism causing a toxic intrahepatic accumulation of fatty acids leads to NAFLD and correlates
to a low expression of FXR. The cellular influx of triglycerides increases and the conversion to fatty acids
is enhanced. Third panel: In hepatocytes, FXR maintains the equilibrium between epoxyeicosatrienoic acid
and leukotriene. ACC = Acetyl-CoA carboxylase, ACOX1 = 2-trans-enoyl-CoAs by the acyl-CoA oxidase
1, AMP = Adenosine monophosphate, AMPK = AMP-activated protein kinase, ATP = Adenosine
triphosphate, CD36 = Fatty acid translocase, CPT1 = Carnitine palmitoyltransferase-1, FA = Fatty
acid, EPHX2 = Epoxide hydrolase 2, FABP = Fatty acid binding protein, FAS = Fatty acid synthetase,
FATP = Fatty acid transport protein, FXR = Farnesoid X receptor, HNF4α = Hepatocyte nuclear factor
4 alpha, NAFLD = Non-alcoholic fatty acid liver disease, OCT1 = organic cation transporter 1, PPARγ
= Peroxisome proliferator-activated receptor gamma, SREBP-1c = Sterol regulatory element-binding
protein 1c; Figure has been created with BioRender.com.
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Dietary and newly synthesized acyl-CoAs can interact with hepatic fatty acid bind-
ing proteins (FABPs) to target the organelles designated to FA oxidation. Mitochondria
and peroxisomes contribute to FA β-oxidation, whereas the ω-oxidation takes place in
the endoplasmic reticulum (Figure 2). The first step of mitochondrial β-oxidation is the
transport of acyl-CoA, especially long chain species, into the mitochondrial matrix by
carnitine palmitoyltransferase-1 (CPT1) and CPT2, located across the outer and the inner
mitochondrial membranes, respectively. CPT1 is considered rate limiting in mitochondrial
β-oxidation [68,69]. The desaturation of acyl-CoAs to 2-trans-enoyl-CoAs by the acyl-CoA
oxidase 1 is considered the limiting step in peroxisomal β-oxidation [70]. ω-oxidation,
where the oxidation occurs at the level of theω carbon, is mediated by the CYP4A family
and is considered a rescue pathway when β-oxidation is defective [71].

Food-derived and the newly synthesized acyl-CoA can serve as the backbone of polar (e.g.,
phospholipids) and neutral (e.g., triglycerol) lipids. Acyl-CoA and glycerol-3-phosphate are
condensed by the glycerol-phosphate acyl transferase to form lysophosphatidic acid, which is
further acylated by the acylglycerol-phosphate acyl transferase to form phosphatidic acid. Phos-
phatidic acid is dephosphorylated by phosphatidic acid phosphatase to generate diacylglycerol.
Diacylglycerol can be further acylated by diacylglycerol acyl transferase to form triglycerol, or
can be a substrate of the CDP-choline:1,2-diacylglycerol cholinephosphotransferase or the CDP-
ethanolamine:1,2-diacylglycerol ethanolaminephosphotransferase to form phosphatidylcholine
and phosphatidylethanolamine, respectively [72]. Finally, acyl-CoA is the substrate of the serine
palmitoyltransferase, which catalyzes the formation of the sphingoid base from acyl-CoA and
serine, and is considered the rate-limiting step in sphingolipid de novo synthesis [73].

3.2. FXR and Non-Alcoholic Fatty Liver Disease (NAFLD)

Non-alcoholic fatty liver disease (NAFLD) is defined as the accumulation of fat in
the liver (hepatic steatosis) not related to alcohol consumption. Histologically, when
hepatic steatosis manifests with signs of inflammation with hepatocyte injury, with or
without fibrosis, NAFLD is defined as non-alcoholic steatohepatitis (NASH) [74]. While
genetic predisposition has been reported [75], NAFLD is strongly associated with lifestyles
predisposing to insulin resistance, altering the lipid metabolism along the adipose tissue-
liver axis. In the adipose tissue, insulin promotes triglycerol synthesis and storage, and
inhibits lipolysis. In hepatocytes, it activates glycogen storage and de novo lipogenesis,
and inhibits gluconeogenesis. When insulin-resistance develops, adipocytes continue to
release FAs that are taken up by the liver and are rapidly oxidized or esterified and stored
in lipid droplets and in very-low density lipoprotein (VLDL). When the intracellular level
of FAs exceeds lipid droplet and VLDL formation capacity, FAs levels build up and become
toxic to hepatocytes, cause oxidative stress, and promote inflammation and fibrosis through
a variety of mechanisms; events that facilitate the progression to NASH. The expression
and activation state of the fuel-sensing enzyme AMP-activated protein kinase (AMPK) is
a major molecular determinant of insulin resistance. AMPK activation by a decrease in
the AMP:ATP ratio results in the inhibition of FA synthesis and induction of β-oxidation
by phosphorylation of acetyl-CoA carboxylase (ACC) [76]. It has been shown that overall
AMPK activation is reduced in livers characterized by steatosis and inflammation [77].
Intracellular thiamine (vitamin B1) levels act as a fuel sensor, thereby regulating AMPK
signaling pathways [78]. In the liver, thiamine is taken up by the organic cation transporter
1 (OCT1). Oct1-/- mice, characterized by hepatic thiamine deficiency and constitutive
activation of AMPK, display reduced triglyceride levels in the liver and are resistant to
high fat diet-induced steatosis [79]. Another important molecular determinant in NAFLD
onset and progression is the FA transporter CD36. Clinical studies have shown that CD36
expression level is higher in the liver of NAFLD patients (Figure 2). Consistently, the
soluble CD36 level is elevated in the plasma of NAFLD patients and positively correlates
with the histological grade of hepatic steatosis [80].

While being a direct BA sensor, FXR must fine tune lipid and BA metabolism to
preserve the bile content equilibrium, thereby protecting the liver from BA- as well as
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lipid-induced toxicity. The role of FXR in obesity, insulin resistance and NAFLD is complex,
also because the chromosomal deletion of the FXR gene has been shown to cause funda-
mental dysregulations in other organs, i.e., the brain, changing neuronal signaling that
might be involved in appetite and satiety control [28,81]. Whole body and liver-specific
FXR -/- mice develop steatosis and NASH; however, whole-body but not liver-specific
FXR-/- mice are less prone to gain weight and to develop insulin resistance than the wild
type animals [82–84]. Taken together, the data suggests that the loss of hepatic FXR is suffi-
cient to induce NAFLD/NASH. FXR activation indirectly downregulates the expression of
OCT1 via SHP-1 repression of the hepatic nuclear transcription factor HNF4α-mediated
transactivation of OCT1 transcription, thereby inducing thiamine depletion and AMPK
activation, which inhibits lipogenesis and stimulates FA β-oxidation [79,85]. Furthermore,
FXR represses the expression of the sterol regulatory element-binding protein 1c (SREBP-1c,
Figure 2) in both a SHP-1-dependent and –independent manner [86,87]. Transgenic mice
overexpressing nuclear SREBP-1c in adipose tissues spontaneously develop NASH [88].
SREBP-1c is a transcription factor enhancing de novo lipogenesis and triglycerol synthesis
by inducing the expression of ACC, FAS and glycerol-phosphate acyl transferase [89]. Ad-
ditionally, SREBP-1c induces the expression of the nuclear receptor peroxisome proliferator-
activated receptor γ (PPARγ) [90], which transactivates the transcription of the gene en-
coding for the FA transporter CD36 [91]. Notably, mice with PPARγ liver-specific deletion
are resistant to steatosis [92–94]. Concomitantly, FXR indirectly promotes FA oxidation.
A study focusing on the role of FXR in a mouse model of diabetic nephropathy showed
that treatment with the FXR ligand obeticholic acid induced the expression of renal CPT1,
ACOX and CYP4A14, all three known to be under the regulation of PPARα, and which
would result in increased fatty acid oxidation towards lipid catabolism under conditions
of pathological cellular lipid accumulation [95]. High fat diet alone did not increase the
expression of these genes in the kidney in this study and the mode of regulation of these
genes by activated FXR is unclear and likely indirect. While some evidence has been
presented that FXR may directly upregulate PPARα in human hepatocytes and in skate
fish over non-canonical FXREs identified in the human and skate PPARα promoter regions,
no regulation could be confirmed in mice nor could a functional FXRE site be identified in
this species [96–98]. As FXR and PPARα are known to function as nutrient sensors modu-
lating hepatic homeostasis—simply put, active under fed and fasted physiological states,
respectively—it should be noted that not only species differences in the function of these
nuclear receptors but also the dysregulation and alterations of the crosstalk between the
two pathways under pathological states require much more detailed studies to resolve their
relative impact in the context of cellular fat accumulation and the clearance thereof via fatty
acid oxidation; the understanding of which would be essential to safely and appropriately
target either FXR, PPARα or both in the treatment of NAFLD [99–103]. FXR activation also
induces the degradation of 1-deoxysphingolipids, atypical sphingolipids formed when
acyl-CoA are condensed with alanine instead of serine. 1-deoxysphingolipids, found ele-
vated in the plasma of patients with NAFLD or diabetes [104,105], are toxic metabolites that
accumulate in the mitochondria, causing mitochondrial dysfunction and ER stress [106,107].
FXR induces the expression of the CYP4F family members, hydroxylases involved in the
metabolism of long chain fatty acids and currently the only known degradation pathway
of 1-deoxysphingolipids [105,108]. Noteworthy, the overall anti-lipogenic effect of hepatic
FXR has been reported for FXRα2 but not for FXRα1, the other main hepatic isoform [8].

3.3. FXR, Arachidonic Acid Breakdown, and Inflammation

FXR indirectly reduces lipid-induced hepatic inflammation by decreasing intracel-
lular FA levels. However, animal studies demonstrated that FXR also exerts a direct
anti-inflammatory effect. Low-density lipoprotein receptor-/- (LDLr-/-) mice fed a high fat
diet develop steatosis but not NASH, whereas the liver of the LDLr-/-/FXR-/- mice are char-
acterized by steatosis and inflammation [109]. FXR-/- mice exposed to lipopolysacchride,
have higher hepatic expression of pro-inflammatory cytokines. Consistently, FXR activation
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diminishes lipopolysaccharide-induced inflammation in wild type animals, inhibiting the
migration of macrophages and their secretion of pro-inflammatory cytokines [110,111]. A
number of in vivo and in vitro studies support the hypothesis that the anti-inflammatory
capacity of FXR depends on the ability of repressing NF-kB signaling [95,112–114]. In
hepatocytes, FXR regulates arachidonic acid metabolism and the balance between anti-
inflammatory (epoxyeicosatrienoic acids, EETs) and pro-inflammatory (leukotrienes, LTBs)
arachidonate metabolites. Hepatic gene expression of mice with diet-induced NASH
revealed a switch in the expression pattern of arachidonate-partitioning genes, notably
the downregulation of members of the CYP2C family, which convert arachidonic acid
to EETs, and upregulation of the epoxide hydrolase 2 (EPHX2), which inactivates EETs
to dihydroxyeicosatrienoic acids. These mice are characterized by a pro-inflammatory
LTB4/EET ratio [115]. In the same study, in vitro experiments showed that pharmacologi-
cal activation of FXR can reprogram arachidonate metabolism by inducing the expression
CYP2Cs, thereby favoringthe synthesis of EETs over LTBs. Moreover, it was shown that
the FXR-induced repression of NF-kB activation might be EET-dependent [115]. In another
study, it has been proposed that the acetylation state of FXR protein, which can be regu-
lated by a number of environmental factors including diet, reduces the FXR sumoylation,
preventing the inhibition of NF-κB activity [116]. The role of FXR in Kupffer cells seems to
be bi-functional (Figure 2), modulating the cellular metabolic and inflammatory responses
depending on the environmental stimuli as well as on the concomitant activation of the
G-protein-coupled receptor TGR5 sensitive to bile acids, which is highly expressed in Kupf-
fer cells but not in hepatocytes [117]. Apart from organ-resident immune cells, peripheral
blood mononuclear cells such as CD4+ and CD8+ T cells as well as monocytes and B cells
express FXR as evidenced by Schote et al. [118]. In these cells, FXR activation appears to be
regulated through cytokines, which occurs in relation to liver surveillance and infiltration.
Subsequently, cholesterol and BAs modulate B and T cell mediated immune responses.
Other cell types involved in the inflammatory response, such as mast cells, dendritic cells,
and natural killer T cells, express FXR and might also contribute to the organ inflammatory
state [119–121]. For instance, the activation of FXR in mast cells has pro-inflammatory
characteristics promoting liver damage. Patients with primary sclerosing cholangitis, an
autoimmune liver disease characterized by bile duct destruction, have elevated serum
histamine, which suggests a higher density of activated mast cells in the injured organ [122].
Dendritic cells in the liver are of anti-inflammatory and tolerogenic nature, but become
pro-inflammatory upon onset of hepatic injury [120]. Studies have revealed that dendritic
cells respond to treatment with BA derivatives, which reduce the production of tumor
necrosis factor-α and lead to the maintenance of the tolerogenic status (Figure 2) [123].
Similar observations were made for natural killer T cells, where FXR activation reduced
the expression of osteopontin, interleukin-1β and interferon-γ (Figure 2) [123]. Overall, the
role of FXR in inflammation strongly depends on the considered cell type and the given
variation of stimuli in the tissue environment, especially in the frame hepatotoxicity.

4. FXR and Drug-Induced Hepatotoxicity

Drug-induced liver injury (DILI) is a rare adverse reaction to drugs, natural products
or other xenobiotics that occurs either as a predictable or as an unpredictable event with
many medications in everyday use. DILI can be of hepatocellular or cholestatic nature,
depending on the characteristics of the perpetrator drug and the molecular mechanism of
toxicity thereof [124,125].

4.1. FXR and Drug-Induced Hepatocellular Injury

In vitro and in vivo data, mostly gathered from studies with acetaminophen (APAP),
indicate that FXR protects against drug-induced hepatocellular injury (Table 1). Whole-
body FXR-/- mice are more sensitive to APAP than wild type mice [126]. Interestingly, an
increased sensitivity to APAP-induced toxicity was found only in the whole-body FXR
K.O.-/-, not in hepatocyte-specific or macrophage-specific FXR-/- -mice. One possible ex-
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planation is that normal FXR expression and activity in one of the two main liver cell types
is sufficient to exert the protective effect. Another possibility is that the intestinal FXR
substantially contributes to the protection of the liver from APAP toxicity [126]. Treatment
with (i) synthetic FXR agonists inducing FXR activation or with (ii) flavonoids, such as
schaftoside or saffron (Table 1), increasing FXR expression protect from APAP hepatotoxic-
ity [127,128]. FXR transcriptional activity is regulated by deacetylation mediated by the
class III NAD+ dependent histone deacetylase sirtuin 1 (SIRT1) [129,130]. It has been shown
that the liver of mice treated with triptolide, a diterpenoide epoxide found in the herbal
plant Tripterygium wilfordii causing DILI, is characterized by downregulation of FXR and
SIRT1 (Table 1). Moreover, triptolide-induced DILI is prevented either by FXR and SIRT1
activation [131]. The data suggest that alteration of the FXR/SIRT1 axis might be involved
in DILI. In vivo and in vitro experiments showed that FXR activation protects from valproic
acid-induced steatosis, reducing oxidative stress and repressing the PPARγ pathway [132].
Combination treatment with the antibiotics amoxicillin and clavulanic acid frequently leads
to DILI with characteristics of obstructive cholestasis, because of an immune-mediated
damage to the epithelium of interlobular ducts [124]. Interestingly, experiments in collagen-
sandwich cultured human hepatocytes showed that clavulanic acid, but not amoxicillin,
altered the expression of a number of genes related to BA synthesis and transport, reducing
the intracellular BA level. Further gene reporter experiments in U2OS cells and in primary
human hepatocytes indicated that clavulanic acid inhibited FXR activation by synthetic
and natural agonists [133].

4.2. FXR in Drug-Induced Cholestasis

Drug-induced cholestasis comprises 20–40% of all DILI cases, with an associate mor-
tality as high as 10% [134,135]. In most cases, drug-induced cholestasis is of hepatocellular
nature and is the result of impaired bile formation due to the direct inhibition by drugs
and/or metabolites of BSEP transport activity, resulting in intrahepatic BA accumulation.
Strong inhibition of BSEP is considered one of the mechanisms contributing to the severe
cases of hepatotoxicity, which led to market withdrawal of drugs such as the antidiabetic
troglitazone and the antidepressant nefazodone, or to black-box warnings for hepatotoxicity
such as in the case of the anti-pulmonary arterial hypertension medication bosentan [125].
Currently, in vitro prediction of BSEP inhibition by new molecular entities in development
is routinary performed to aid decision making on DILI risk. Recent evidence suggests that
inhibition of the phospholipid flippase MDR3, also under the regulation of FXR, might
contribute to drug-induced cholestasis. Experiments in LLC-PK1 cells co-expressing human
MDR3 and BSEP, and displaying vectorial BA and lipid transport in Transwell® system,
demonstrated that drugs inducing cholestasis such as the antifungal azoles are potent
inhibitors of BSEP as well as MDR3 [136]. Drug-induced cholestasis is largely, but not
only, the result of transporter inhibition. In some instances, drug exposure can trigger an
immune-mediated destruction of the biliary epithelium, resulting in obstructive cholesta-
sis [124]. FXR plays a key role in the regulation of bile formation, and it is conceivable that
a higher FXR expression level and activation state might contribute to the ability of the
cells to maintain sub-toxic intracellular BA levels, either by increasing BSEP and MDR3
capacity, and/or by inducing the MRP3 and MRP4 BA efflux activity.
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Table 1. Effects of pharmacologic activation of FXR on drug-induced liver injury.

Compound Etiopathogenesis of Liver Disease Type of Study Outcome Ref.

GW4064 Acetaminophen-induced toxicity Mouse
- Reduced serum ALT, AST and

TNFα levels
- Reduced liver necrosis

[126]

GW4064 Acetaminophen-induced toxicity

In vitro

Mouse

- Upregulation of glutathione
cycle genes

- Reduced serum ALT, AST and
LDH levels

- Reduced liver necrosis

[130]

GW4064 Amoxicillin/Clavulanic
acid-induced toxicity In vitro

- GW4064 failed to activate FXR in
cells treated with clavulanic acid. [133]

Schaftoside Acetaminophen-induced toxicity Mouse

- Upregulation of glutathione
cycle genes

- Reduced serum, AST and LDH
levels

- Reduced hepatic oxidative stress
and inflammation

[127]

Saffron Acetaminophen-induced toxicity Rat

- Reduced serum ALT, AST and
LDH levels

- Reduced hepatic glycogen
depletion, sinusoidal dilation,
vacuolization, bile stasis and
necrosis

[128]

OCA Tripterygium-induced toxicity Mouse
- Reduced serum ALT, AST, ALP

and TBA
- Reduced histological alterations

[131]

OCA Valproic acid-induced toxicity

In vitro

Mouse

- Upregulation of glutathione
cycle genes

- Reduced hepatic oxidative stress
- Reduced hepatic steatosis
- Reduced hepatic oxida-tive

stress
- Upregulation of glutathione

cycle genes
- Downregulation of PPARγ gene

[132]

ALP = alkaline phosphatase, ALT = alanine aminotransferase, AST = aspartate transaminase, FXR = farnesoid X
receptor, LDH = lactate dehydrogenase, PPARγ = peroxisome proliferator-activated receptor, OCA = Obeticholic
acid, TBA = total bilirubin.

4.3. FXR and Drug ADME

Experimental evidence supporting the protective role of FXR in DILI are growing.
Nevertheless, rigorous drug-drug interactions studies are required before considering the
pharmacological activation of FXR as an efficacious and feasible DILI risk-lowering strategy.
In fact, several transporters and enzymes involved in BA and lipid metabolism that are
regulated by FXR are polyspecific and play a major role also in the hepatic metabolism
and clearance of several widely prescribed drugs, including APAP and valproic acid. If
observed protective effects of FXR activation result from reduced intracellular levels of the
perpetrator drug and/or its toxic metabolites, then the efficacy of the drug itself would be
changed alongside its safety profile. Drug metabolism consists of four phases (0–3), each
of which contribute to the overall plasmatic and/or hepatic drug levels and the resulting
systemic and hepatic toxicity. Phase 0 describes the transport from the space of Disse into
hepatocytes across the sinusoidal membrane, and is, for most drugs, mediated by organic
anion transporting polypeptides (OATP) and by organic anion (OAT) and cation (OCT)
transporters. Among others, OATP1B1 and OCT1 are downregulated by liganded FXR,
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whereas OATP1B3 expression level is induced by FXR activation [46,137]. Extensive genetic
evidence demonstrates the pivotal role of OATP1B1, OATP1B3 and OCT1 in the pharma-
cokinetic/pharmacodynamic (PK/PD) inter-patient variability of several widely prescribed
drugs, such as statins, metformin, methotrexate and fexofenadine [138–144]. Phase I and
phase II reactions chemically modify the parent molecules to increase the water solubility,
thereby facilitating the excretion in the bile. Phase I metabolism describes a series of redox
and hydrolysis reactions meant to increase water solubility of lipophilic molecules. The
most relevant enzymes involved in phase I metabolism belong to the CYP450 superfamily.
The 18 CYP450 families are involved in the oxidation of BAs, lipids and hormones, with
CYP1A2, CYP2C9, CYP2D6 and CYP3A4/5 being also largely involved in drug oxidation,
accounting for the oxidation of more than 70% of marketed drugs [145]. Notably the
expression of CYP3A4 and CYP2C9 is increased upon FXR activation [53,115]. Induction or
inhibition of CYPs under polypharmacy are among the most frequent reasons for drug-drug
interactions, resulting in altered PK/PD and drug toxicities. Phase II metabolism mainly
consists in the conjugation of drugs and/or their metabolites with hydrophilic groups
to further increase the polarity of the parent molecule. The most common conjugation
reactions are glucoronidation and sulfation. UDP-glucuronosyltransferase enzymes (UGTs)
catalyze the covalent addition of sugars to hydroxyl, carboxyl or amino groups [146]. It
has been shown in human primary hepatocytes isolated from liver tissue and in HepG2
cells that UGT2B4 transcription is induced by FXR activation [147]. Phase III metabolism
describes the elimination of drugs and metabolites from the hepatocyte in the canaliculi or
back into the blood stream, a transport reaction primarily mediated by MRP2, localized
on the canalicular membrane, and MRP3 and 4, localized on the sinusoidal membrane.
FXR activation seems to induce the expression of MRP2 and 3, and to repress that of
MRP4 [64,65,148]. Although clinical data correlating FXR expression and activation, and
drug metabolism are missing, it is conceivable that the hepatic clearance of drugs whose
hepatic metabolism involves transporters and enzymes under the regulation of FXR, might
be affected, to some extent, by the expression and the activation state of FXR.

5. FXR Agonists—A Double-Edged Sword

Many high-affinity ligands for FXR are in development for the treatment of liver
diseases [6], with a handful advancing into clinical trials [149–154]. In 2010, the semi-
synthetic FXR agonist obeticholic acid (OCA) received the orphan drug status, and was
approved for primary biliary cholangitis treatment in 2016 [155]. In 2018 a double-blinded,
placebo-controlled phase II study evaluating the effect of OCA in patients with alcoholic
hepatitis was terminated early [NCT02039219], as hepatotoxicity was documented in the
post-marketing reports. Additional side effects were observed and described in the past
years, such as atherogenesis and pruritus [153,156,157]. In 2021, the Food and Drug Agency
submitted a Drug Safety Communication raising awareness that OCA treatment provoked
severe hepatotoxicity in 25 patients with primary biliary cholangitis with advanced cirrho-
sis [158]. In parallel, the naturally occurring primary BA chenodeoxycholic acid, which
is approved for treating a rare autosomal recessive disorder called cerebrotendinous xan-
thomatosis, has received a black box warning as hepatotoxic effects occurred in some
instances [159,160]. With the purpose of further investigation and amelioration of OCA
treatment, preclinical and clinical trials are being conducted to study the effects of OCA
treatment in comparison or combination with other drugs. Recently, it was found that
both OCA and Px-102, two structurally different FXR agonists, damage mitochondria,
inducing oxidative stress both in vitro and in vivo (male Sprague–Dawley rats and male
C57/bl6 mice) [161]. Additionally, it was shown in another study that high doses of OCA
induced hepatotoxicity. The overall survival of wild-type but not FXR-/- mice was reduced,
indicating that the hepatotoxicity is not an off-target effect of OCA but stems from the
constitutive activation of FXR [162]. A more recent clinical study confirmed that the treat-
ment with OCA, especially when combined sequentially with ursodeoxycholic acid and
fibrates, improves biochemical liver values and pruritus in patients with primary biliary
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cholangitis [160]. Nevertheless, the Food and Drug Agency considered re-evaluating to
which extent OCA should be promoted or prohibited as a treatment for liver disease. Nu-
merous FXR-based therapies underwent phase II or III clinical examinations to validate
the safety and efficacy profiles when treating NASH, i.e., EDP305, tropifexor, cilofexor,
nidufexor, TERN.101, Px-104, EYP001, MET409. Although all of these effectively reduced
liver steatosis and fibrosis, class- and dose-related adverse events occurred. These adverse
events are similar to those seen in response to OCA treatment, such as pruritus, elevated
plasma levels of cholesterol and low-density lipoprotein, and diminished quantities of
high-density lipoproteins.

6. Conclusions

We provided compelling evidence indicating that hepatic FXR preserves the integrity
and function of hepatocytes under chronic and acute stress of varying nature. Yet, although
not covered in the review article, it is not to be excluded that intestinal FXR also contributes
to hepatoprotection by preserving the integrity of the intestinal mucosa and, in turn,
sparing the liver from exposure to pathogens and toxins (e.g., secondary BAs). The myriad
of signaling modalities of FXR, interconnected with pathways involved in inflammation
and general cell function and health (autophagy, cellular energy metabolism), the existence
of several isoforms in humans (and an additional gene NR1H5 encoding FXRβ in other
species), with differing signaling capacities, and the specific expression thereof across
several tissues involved in BA and lipid homeostasis present a large complexity in the study
and targeting of FXR for therapeutic purposes. While extensive preclinical studies have
underscored the therapeutic potential of pharmacological activation of FXR in liver diseases,
the clinical translation is hampered by unexpected side effects, including liver failure.
Although not surprising, the discrepancy between animal and clinical studies remain
unresolved and require further studies addressing the role of genetic predisposition and
environmental factors, i.e., diet and microbiota, on the efficacy and safety of FXR agonists.
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ABCG ATP binding cassette subfamily G
ACC Acetyl-CoA carboxylase
AMPK AMP-activated protein kinase
APAP Acetaminophen (Paracetamol)
BA Bile acid
BSEP Bile salt efflux pump
CD36 Cluster of differentiation 36; fatty acid translocase
CoA Coenzyme A
CPT1 Carnitine palmitoyltransferase-1
CYP Cytochrome P450 superfamily
DILI Drug-induced liver injury
EET Epoxyeicosatrienoic acid
EPHX2 Epoxide hydrolase 2
FA Fatty acid
FABP Fatty acid binding proteins
FAS Fatty acid synthetase
FGF Fibroblast growth factor
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FXR Farnesoid X receptor
HNF4α Hepatocyte nuclear factor 4 alpha
LDLr Low-density lipoprotein receptor
LRH-1 Liver receptor homolog-1
LTB Leukotriene
MDR3 Multidrug resistance protein 3
MRP Multidrug resistance associated protein
NAFLD Nonalcoholic fatty liver disease
NASH Nonalcoholic steatohepatits
NF-κB Nuclear factor kappa B
NTCP Sodium-taurocholate cotransporting polypeptide
OAT Organic anion transporter
OATP Organic anion transporting polypeptides
OCA Obeticholic acid
OCT Organic cation transporter
OSTα/β Organic solute transporter alpha/beta
PPAR Peroxisome proliferator-activated receptor
RXR Retinoid X receptor
SHP-1 Small heterodimer protein 1
SIRT1 Sirtuin 1; class III NAD+ dependent histone deacetylase
SREBP-1c Sterol regulatory element-binding protein 1c
UGT UDP-glucuronosyltransferase enzymes
VLDL Very-low density lipoprotein
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