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Abstract

Farnesoid X receptor controls bile acid metabolism, both in the liver and intestine.
This potent nuclear receptor not only maintains homeostasis of its own ligands,
i.e., bile acids, but also regulates glucose and lipid metabolism as well as the
immune system. These findings have led to substantial interest for FXR as a
therapeutic target and to the recent approval of an FXR agonist for treating
primary biliary cholangitis as well as ongoing clinical trials for other liver
diseases. Given that FXR biology is complex, including moderate expression in
tissues outside of the enterohepatic circulation, temporal expression of isoforms,
posttranscriptional modifications, and the existence of several other bile acid-
responsive receptors such as TGRS, clinical application of FXR modulators
warrants thorough understanding of its actions. Recent findings have
demonstrated remarkable physiological effects of targeting FXR specifically in
the intestine (iFXR), thereby avoiding systemic release of modulators. These
include local effects such as improvement of intestinal barrier function and
intestinal cholesterol turnover, as well as systemic effects such as improvements
in glucose homeostasis, insulin sensitivity, and nonalcoholic fatty liver disease
(NAFLD). Intriguingly, metabolic improvements have been observed with both
an iFXR agonist that leads to production of enteric Fgfl5 and increased energy
expenditure in adipose tissues and antagonists by reducing systemic ceramide
levels and hepatic glucose production. Here we review the recent findings on the
role of intestinal FXR and its targeting in metabolic disease.
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1 Introduction

The bile acid-activated farnesoid X receptor (FXR, NR1H4) is a major regulator
of bile acid homeostasis and is, accordingly, most highly expressed in liver and
intestine, i.e., the organs that physically constitute the enterohepatic circulation of
bile acids. FXR belongs to the nuclear receptor family of ligand-activated transcrip-
tion factors that are activated by hydrophobic molecules such as steroids, hormones,
and fatty acids. Upon their activation these receptors control a wide array of
processes in health and disease and, importantly, can be specifically targeted by
pharmacological means. In fact, approximately 13% of all FDA-approved drugs
target members of the nuclear receptor family (Overington et al. 2006). The identifi-
cation of FXR as a bile acid-activated nuclear receptor in 1999 (Makishima et al.
1999; Parks et al. 1999; Wang et al. 1999), and the subsequent discovery of TGRS



Potential of Intestine-Selective FXR Modulation for Treatment of Metabolic. .. 209

(GPBAR1) as a bile acid-activated membrane-bound G protein-coupled receptor
(Maruyama et al. 2002), has led to the identification of a series of novel physiologi-
cal functions for bile acids that go far beyond their “classic” roles in the generation
of bile flow and facilitating the uptake of dietary fats and fat-soluble vitamins
(Hofmann and Hagey 2014; Kuipers et al. 2014). These novel functions in the
regulation of glucose and lipid metabolism and in modulation of inflammation
have raised substantial interest in designing therapeutic approaches that are based
on interference with the bile acid-sensing machinery. Already in 2016, the FXR
agonist obeticholic acid (OCA, Ocaliva also known as INT-747), an analogue of the
natural FXR ligand chenodeoxycholic acid (CDCA), developed by Intercept
Pharmaceuticals was the first treatment approved for primary biliary cholangitis
(PBC) in 20 years and is currently under investigation in clinical trials for other
liver diseases (Nevens et al. 2016). Fundamental studies on FXR have not only
delineated a wide array of physiological functions for this nuclear receptor, but also
pinpointed tissue-specific actions at its major sites of expression, the liver and
intestine, as well as in other organs where expression is moderate yet with evident
biological function. For instance, FXR activation in the kidney has nephroprotective
effects (Herman-Edelstein et al. 2018), FXR modulates adipocyte differentiation in
white adipose tissue (Abdelkarim et al. 2010), and it may even be involved in the
etiology of depression through actions in the brain (Chen et al. 2018). In line with a
“hormone-like function,” bile acid pool size and composition, the rate of intestinal
absorption of the individual bile acid species, and the efficiency of hepatic uptake of
these intestine-derived bile acids during their enterohepatic cycling are increasingly
recognized as important metabolic cues. For instance, some of the (immediate)
beneficial metabolic effects of bariatric surgery have been attributed to altered bile
acid metabolism (Spinelli et al. 2016; Albaugh et al. 2018), in particular via
FXR-dependent changes in microbiome composition (Ryan et al. 2014). Yet, the
exact contribution hereof and their underlying mechanisms, including a potential
specific role of iFXR, remain to be elucidated.

FXR biology appears to be complex. Apart from its widespread organ and tissue
expression, there are multiple FXR isoforms, posttranslational modifications, and
regulatory cofactors that eventually all contribute to FXR activity. Therefore, mean-
ingful pharmacological manipulation of FXR activity for therapeutic purposes is also
complex but, at the same time, offers great opportunities for pursuit of novel
strategies to develop selective modulators in a tissue- or function-specific manner.
This has collectively been designated as the search for selective bile acid receptor
modulators (SBARMs, as discussed by Massafra et al. 2018). This is not an easy task
as, for instance, mice treated with the FXR ligand GW4064 showed binding of
activated FXR to 6,345 binding sites on the genome in the liver upon ChipSeq
analysis yet to 3,872 other sites in the intestine and to 1,449 joint sites in both organs.
These sites were reported to change dramatically in obesity, illustrating both the
complexity and the great potential of FXR modulation (Thomas et al. 2009; Lee
et al. 2012).

The intestine is an attractive candidate for tissue-specific FXR modulation, as
therapeutics can be administered orally, and, if bioavailability can be limited to the
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gut, systemic release is avoided and side effects potentially prevented. At the same
time, intestine-derived factors released upon treatment can exert systemic beneficial
effects. Tissue-specific intestinal FXR (iFXR) modulators indeed appear to induce
systemic metabolic improvements in obese mice, through actions in adipose tissue
and liver (Fang et al. 2015; Pathak et al. 2018). However, these effects were
paradoxically shown to occur with both activation and inhibition of iFXR, indicating
that modulating the interplay of iFXR with its surroundings is not as straightforward
as theoretically contemplated (Jiang et al. 2015a; Fang et al. 2015).

This review will focus on the physiological consequences of pharmacological
modulation of iFXR. First, the characteristics and physiological function of endoge-
nous iFXR will be outlined, starting with its role in modulation of bile acid
homeostasis, since this aspect has to be taken into consideration when one plans to
interfere with iFXR activity (Fig. 1). Recent findings on the physiological effects of
selectively manipulating iFXR in pathophysiological settings will be discussed in
the context of prospective applications of this promising therapeutic target.

1.1 Role of iFXR in Control of Bile Acid Metabolism

Because bile acids are “natural detergents”, their hepatic synthesis rate, transport
across cell membranes, and circulating pool size need to be tightly regulated, to
ensure optimal concentrations in the intestinal lumen to facilitate nutrient absorption
and, at the same time, prevent cytotoxicity at the sites where bile acids accumulate.
Besides in hepatocytes (Goodwin et al. 2000), FXR in the distal ileum also
contributes to the regulation of hepatic bile acid synthesis upon activation by
circulating bile acids, thereby completing an effective negative feedback loop. In
fact, under physiological conditions, signaling through iFXR appears to dominate de
novo bile acid synthesis in rodents (Inagaki et al. 2005; Kim et al. 2007), and this
regulation appears to be conserved in humans (Sjoberg et al. 2017). In short, the
primary bile acids cholic acid (CA, 3a,7a,12a-trihydroxy-5p-cholan-24-oic acid)
and CDCA (3a,7a-dihydroxy-5p-cholan-24-oic acid) are synthesized from choles-
terol and conjugated to either taurine or glycine before their secretion into bile via
the bile salt export pump (BSEP, ABCBI11). In rodents the primary bile acids
o- and P-muricholic acid (3a,6p,7a-trihydroxy-5p-cholan-24-oic acid and
3a,60,7p-trihydroxy-5p-cholan-24-oic acid, respectively) are also synthesized.
Upon secretion into the intestine, primary bile acids can be deconjugated by gut
microbial bile salt hydrolases (BSH) and subsequently converted into secondary bile
acids by bacterial 7a-dehydroxylases, leading to formation of deoxycholic acid
(DCA) from CA and lithocholic acid (LCA) from CDCA. Likely due to the high
prevailing bile acid concentrations, the microbial content is the lowest in the
proximal part of the small intestine (10°/g in duodenum) and gradually increases
(10”/g in ileum) toward the large intestine, where microbial counts are the highest
(10"%/g in colon) (Mowat and Agace 2014). The capacity to deconjugate and
dehydroxylate bile acids, consequently, increases along the intestinal tract. Bile
acid deconjugation, which occurs largely in the distal part of the small intestine, is
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Fig. 1 Overview of intestinal FXR signaling. Following ingestion of a meal, conjugated bile acids
are released from the gallbladder into the duodenum where they form mixed micelles that aid in the
digestion of fats and fat-soluble vitamins. More distally, BAs can be deconjugated and converted
into secondary bile acids by intestinal microbiota or/and transported into enterocytes via ASBT in
the ileum. Upon bile acid uptake, iFXR can be activated, leading to transcription of SHP, FGF15/
19, and OSTA/B, among others. Conjugated muricholic acids antagonize FXR activation in mice,
and glycoursodeoxycholic acid (GUDCA) may do so in humans. At the basolateral side of the
enterocytes, bile acids are transported by OSTo/p into portal blood. FGF15/19 is also secreted
basolaterally, and both classes of compounds are transported to the liver. Upon reaching the liver,
FGF15/19 inhibits hepatic bile acid synthesis. Activation of iFXR and FGF15/19 decreases
hydrophobicity of the bile acid pool that stimulates transintestinal cholesterol excretion, predomi-
nantly upstream of the ileum. Bile acids stimulate TGRS in the apical membrane of intestinal L
cells, leading to release of glucagon-like peptide (GLP1), a process that appears to be modulated by
FXR. Importantly, GCG expression, encoding preproglucagon and ultimately GLPI, is also
suppressed by FXR. FXR activation furthermore maintains intestinal barrier function by stimulation
of tight junction formation and suppressing inflammation in immune cells. Both GLP-1 and FGF15/
19 have distinct systemic effects by activating their respective receptors in various organs
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required for passive diffusion across the intestinal membrane. Active transport by the
apical sodium-bile acid transporter (ASBT) is also confined to the ileum. This
ecosystem ensures a sufficiently high bile acid concentration in the upper intestine
to enable fat absorption. CDCA can be epimerized at the C7 position by some
bacterial species to yield ursodeoxycholic acid (UDCA), a relatively hydrophilic bile
acid (Fedorowski et al. 1979). Thus, there is a mutual interaction between the
microbiome and bile acids, which might benefit bile acid-metabolizing strains
(Friedman et al. 2018). Each bile acid species with its specific number and orienta-
tion of hydroxyl groups and, hence, hydrophobicity (Heuman 1989) differs in its
ability to activate FXR (and TGRS5). Therefore, local bile acid concentrations as well
as composition will determine ensuing physiological responses. CDCA has been
recognized as the most potent endogenous ligand of FXR, followed by DCA, LCA,
and CA, whereas TGRS is most potently activated by LCA, followed by DCA
(Pathak et al. 2017). In contrast, TBMCA is a natural FXR antagonist in mice
(Mueller et al. 2015; Sayin et al. 2013), while glycoursodeoxycholic acid
(GUDCA) was recently reported to act as an FXR antagonist in humans (Sun et al.
2018a). LCA is the most hydrophobic bile acid species present in the adult human
bile acid pool and is considered the most toxic (i.e., cholestatic), whereas the
hydrophilic UDCA strongly stimulates bile flow (i.e., choleretic) and is being used
in the treatment of cholestatic conditions such as PBC and intrahepatic cholestasis of
pregnancy (Lefebvre et al. 2009; Cariello et al. 2018).

Bile acids are excreted from ileocytes (i.e., ileal enterocytes), into the blood by the
basolaterally localized transporters OSTo/p and subsequently travel to the liver.
After hepatic uptake by the basolateral transporter NTCP (SLC10A1), intracellular
bile acids can activate hepatic FXR to regulate bile acid synthesis by inducing small
heterodimer partner (SHP, NROB2), which suppresses the expression of CYP7AI
and CYP8BI (cholesterol 7 alpha-hydroxylase and sterol 12-alpha-hydroxylase
respectively), encoding key enzymes in the conversion of cholesterol to bile acids
(Lu et al. 2000; Goodwin et al. 2000). Importantly, iFXR induces production of
fibroblast growth factor 19 (FGF19) in humans and Fgfl5 in mice that also
contributes to the regulation of hepatic bile acid synthesis (Kim et al. 2007).
Composition, and hence hydrophobicity, of the bile acid pool is an important
determinant of several physiological functions of circulating bile acids. This
hydrophobicity is determined by the ratio in which the distinct primary bile acids
are being formed as well as by their conversion into secondary species in the gut. For
example, stimulation of iFXR in mice with the selective FXR agonist PX20606
leads to a very hydrophilic bile acid pool in mice, consisting almost exclusively of
muricholic acids, that drives increased excretion of cholesterol from enterocytes into
the intestinal lumen, mostly in the duodenum (described below, de Boer et al. 2017).
Importantly, iFXR also contributes to control of (postprandial) gallbladder filling,
through FGF15/19-induced relaxation of the gallbladder smooth muscle, hence
modulating the dynamics of the enterohepatic circulation of bile acids (Choi et al.
2006).

Of note, the nuclear receptors pregnane X receptor (PXR; NR112), vitamin D
receptor (VDR; NrlIl), constitutive androstane receptor (CAR; NR113), as well as
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the sphingosine 1-phosphate receptor 2 (SIPR2) are all also activated by bile acids
(recently reviewed by Shapiro et al. 2018; Massafra et al. 2018). As activation of
FXR modulates bile acid composition as well as bile acid concentrations in the
various body compartments, manipulating FXR activity inevitably also affects the
activities of the other bile acid-responsive receptors.

A large variation in bile acid composition is observed in the general human
population (e.g., Luo et al. 2018), reflecting the interplay between bile acid sensors
and factors such as lifestyle, diet, and the microbiome in the maintenance of bile acid
homeostasis. Furthermore, various disease states are characterized by altered bile
acid composition: this does not only concern liver diseases (Armstrong and Guo
2017; Trauner et al. 2017) but also cystic fibrosis (Bertolini et al. 2019) and
metabolic diseases such as type 2 diabetes (e.g., Brufau et al. 2010). This widely
varying “endogenous FXR activating capacity” has to be taken into account in the
development of new therapeutic strategies based on interference with FXR activity
rather than assuming that a one-size-fits-all procedure will be successful. Along the
same line, it is evident that preclinical studies in murine models are of limited
translational value because of the presence of large amounts of hydrophilic
muricholates with antagonistic actions. Therefore mouse models with a humanized
bile acid pool are urgently needed.

2 Intestinal FXR Isoforms and Posttranscriptional Regulation

The majority of intestinal bile acids is taken up via ASBT in the terminal ileum,
leading to activation of FXR in ileocytes. However, FXR is expressed along the
entire length of the small intestine as well as the colon (as deduced from human
and mouse literature using Genevestigator analysis, data not shown, Zimmermann
et al. 2004). Yet, the physiological role of FXR in the proximal part of the gastroin-
testinal tract, and its potential ligands, is still ill-defined. Next to these local distribu-
tion patterns, there are additional levels of regulation that may impact on
physiological outcome of FXR activation in the various parts of the intestine.
First, it is well known that multiple isoforms of FXR exist in humans and in rodents,
with differences in spatiotemporal expression patterns, and that FXR is subject to
posttranslational modification. These aspects may all contribute to fine-tuning of
iFXR activity and will be further discussed in the next paragraphs.

2.1 Farnesoid X Receptor Isoforms

Human FXRa (or NR1H4) is expressed from a single gene locus located on chromo-
some 12 (12g23.1) and murine FXR on chromosome 10 (10:89454234—-89533585).
Differential promoter regulation and alternative splicing result in four different
isoforms (FXRal, FXRa2, FXRa3, and FXRa4) both in humans and in mice
(Zhang et al. 2003; Huber et al. 2002). Two promoters, present in front of exon 1
and 3, induce either expression of FXRal,2 or a3,4 (Fig. 2a). A point of caution,
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Fig. 2 (a) The farnesoid X receptor gene structure and predicted isoforms. (b) FXR protein
domains and reported sites for modifications by acetylation, phosphorylation, SUMOylation, and
O-GlcNAcylation as detailed in the text

generally overlooked, is that public databases (NCBI, ENSEMBL) only contain
three RefSeq transcripts of mouse FXR, missing the o2 isoform. Moreover two
additional splice variants of the human ol isoform are reported that encode the
same protein. Besides FXRa, mice have a functional pseudogene FXRp, which
appears nonfunctional in primates, and that is activated by the cholesterol synthesis
intermediate lanosterol (Otte et al. 2003). FXRf will not be considered in this chapter.

Expression of human FXR is highest in ileum, followed by liver, duodenum,
kidney, and colon (Vaquero et al. 2013). Genevestigator database analysis showed a
similar order in mice, with the exception of a relatively high Fxr expression in the
kidney, comparable to that in the liver (data not shown, Zimmermann et al. 2004;
Boesjes et al. 2014). FXRa1-4 isoforms were reported to be equally expressed in the
liver, while FXRa3 and FXRo4 predominate in duodenum, jejunum, and ileum
(Zhang et al. 2003; Boesjes et al. 2014). Regulation of FXR target genes is reported
mostly in an isoform-independent manner; however, some genes (e.g., IBABP)
appear to be more responsive to FXRa2/FXRa4 than to FXRal/FXRa3, due to
the lack of the additional amino acids next to the DNA-binding domain (MYTG
motif) (Zhang et al. 2003). The lack of this MYTG motif in FXRa2 and FXRo4
in general results in higher transcriptional activity (Gray and Squires 2015). The
presence of the tyrosine phosphorylation site in the MY TG motif was suggested to
be responsible for differences in variant activity (Gray and Squires 2015). Whether
MYTG is increasing or decreasing the activity of FXR seems to be species-
dependent. In mice, hepatic FXRa2 was proven to be more effective than FXRo4
in reducing HDL- and VLDL-cholesterol levels and in switching hydrophobicity of
the bile acid pool due to differential regulation of Cyp8b1 expression. In addition,
hepatic FXRa2 caused an increased fecal neutral sterol excretion without affecting
intestinal cholesterol absorption when compared to hepatic FXRa4 (Boesjes et al.
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2014). Furthermore, a cell-specific pattern of FXR isoforms seems to determine the
tissue sensitivity to FXR agonists, which may also be specific for different target
genes (Zhang et al. 2003; Vaquero et al. 2013). Selective effects of the different
isoforms specifically on iFXR targets have to the best of our knowledge not been
reported.

The transcription factor GATA binding protein 4 (GATA4) suppresses bile acid
metabolism-related genes in the jejunum: this regulator of intestinal development
defines jejunal versus ileal identity (Walker et al. 2014; Thompson et al. 2017).
Disruption of the microbiota with antibiotics resulted in jejunal expression of Asbt in
a Gata4-dependent manner that confines Asbt expression to the ileal part of the
intestine (Out et al. 2015). Bile acid-mediated activation of FXR in the small
intestine therefore appears to be mainly restricted to terminal ileum by an interaction
between GATA4 and the microbiota (Out et al. 2015).

2.2 Posttranscriptional Regulation of FXR by Phosphorylation,
Acetylation, O-GIcNAcylation, or SUMOylation

Posttranslational regulation of FXR has been reported and has been related to
various metabolic changes. These modulations can have both repressing and
activating effects on FXR function (summarized in Fig. 2b). While most of these
interactions with protein-modifying enzymes have been described for hepatic
FXR, these enzymes are also present in the intestine, and they are therefore likely
to act accordingly in enterocytes. In the next sections, we will discuss the different
posttranslational modifications of FXR that need to be taken into account when
studying the impact of pharmacological iFXR modulation, particularly in metabolic
disease states.

Protein kinase C (PKC) has been shown to phosphorylate FXR at serine (S)135
and S154 in the DNA-binding domain, leading to recruitment of coactivator PGCla
and enhanced FXR transcriptional activity (Zhang et al. 2004; Gineste et al. 2008).
In contrast, phosphorylation of S250 by AMPK, one of the main sensors of cellular
energy levels, leads to repression of FXR, which, when left uncontrolled, leads to
bile acid accumulation and hepatic injury (Lien et al. 2014; Becares et al. 2017).
Phosphorylation of FXR by PKC ( that is stimulated by ATP8B1 was shown to be
one of the determinants of translocation to the nucleus (Frankenberg et al. 2008).
Nuclear translocation was later shown to apply to all isoforms of FXR in a tissue-
and species-independent manner (Vaquero et al. 2013). As a result, probably due to
insufficient capacity of BSEP, accumulation of hepatic bile acids occurs when the
phospholipid-transporting ATPase ATP8B1 does not function properly. Mutations
in ATP8BI1 cause progressive familial intrahepatic cholestasis type 1 (PFICI1, Bull
et al. 1998). As extrahepatic manifestations of mutations in ATP8BI occur as well,
including diarrhea that often does not resolve after liver transplantation, a similar
regulation of FXR activity by ATP8B1/PKC-induced phosphorylation may occur in
enterocytes. However, ATPS8BI encodes for a phospholipid flippase, which may
primarily affect the endothelial membrane and perhaps have secondary effects on
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FXR. Yet, regulation of apical localization of proteins in endothelial cells by
ATP8B1 was shown to be independent from its flippase activity (Verhulst et al.
2010). Direct evidence of FXR phosphorylation in the intestine has not been
reported (Frankenberg et al. 2008).

FXR was shown to control expression of miR-34a and its target (among others)
sirtuin 1 (SIRT1), a mediator of the beneficial effects of caloric restriction in rodents
(Lee and Kemper 2010). The activity of several transcription factors involved in
regulation of metabolic genes, including FXR, can in turn be altered by SIRT1-
mediated deacetylation. Interestingly acetylated FXR levels are remarkably
increased in fatty livers of obese mice, suggesting a decreased activity of SIRTI.
Indeed, administration of SIRT1 agonists to these obese mice decreased FXR
acetylation and had beneficial metabolic effects (Kemper et al. 2009). In addition,
both acetylation of K157 and K217 were shown to stabilize FXR, coinciding with a
decreased capability to heterodimerize with retinoid X receptor (RXR) (Kemper
et al. 2009).

Increased acetylation of FXR at K217 in obese mice was shown to be associated
with inhibition of SUMO2 modification at the K277 position, resulting in increased
hepatic inflammation and metabolic dysfunction (Kim et al. 2014). In addition,
SUMOylation of K122 and K275 leads to decreased recruitment of FXR to target
gene promotors and increased interaction with nuclear factor-kappa beta (NF-kB)
(Balasubramaniyan et al. 2013). Recently, another human SUMOylation site was
identified (i.e., L325) in an FXR domain that is responsible for transcriptional
coactivation. Posttranslational modification of this site was required to achieve
efficient ligand activation (Bilodeau et al. 2017). Whereas posttranslational
modifications have been primarily reported for hepatic FXR, remarkably little is
known about acetylation and SUMOylation of iFXR in the intestine, i.e., in an organ
with high metabolic rate.

In liver, O-GlcNAcylation of FXR (S62 in the AF-1 domain) occurs in response
to glucose and was shown to increase FXR protein levels and transcriptional activity
(Berrabah et al. 2014). Pathophysiology in relation to FXR O-GlcNAcylation has
not yet been reported, but it has been suggested that this modification might
affect FXR-mediated control on bile acid production (Benhamed et al. 2015).
Additionally, in vitro methylation of FXR was reported in hepatocytes on K206
(Balasubramaniyan et al. 2012), and in a large proteomic analysis, ubiquitylation of
hepatic FXR was identified as well (Wagner et al. 2012). As conjugated and
unconjugated BAs seem to differentially activate FXR in different cell lines, an as
yet undefined posttranscriptional modification of FXR or the recruitment of different
coactivators to the transcription complex was proposed (Vaquero et al. 2013). Thus,
it seems that conjugated BAs require an additional cellular mechanism to activate
FXR, which, although the exact mechanism remains ill-defined, might have physio-
logical implication along the length of the small intestine where unconjugated bile
acids can be taken up proximally by passive diffusion and conjugated ones only in
the ileum by active ASBT-mediated transport.
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23 FXR in Development and Aging

An intriguing yet poorly explored aspect of FXR biology concerns its potential
role(s) during the different phases of life. It is well established that bile acid
metabolism in the fetus and newborn shows specific features, in part due to the
development of the newborn’s microbiome and in part dependent on the develop-
mental pattern in the bile acid synthesis cascade, i.e., during the late fetal and early
postnatal phase, a phase of physiologic cholestasis may occur that gives rise to
increased ligand availability (Suchy et al. 1981; Stahl et al. 1993; Hill et al. 2017).
Yet, surprisingly little is known about expression and activity of FXR during this
period of continuous adaptive change. As a first step to gain a basic understanding of
this period that is crucial for metabolic homeostasis later in life, we have performed a
database search of iFxr expression in the intestine during the mouse life cycle
(Genevestigator, Zimmermann et al. 2004), which revealed very high expression
levels in utero that decrease somewhat after birth and remain relatively constant
throughout life (Fig. 3a). To further specify iFxr expression in early life that was only
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Fig. 3 (a) Genevestigator analysis of intestinal Fxr (Nr1h4) expression during the murine life
course, showing highest expression prior to birth. (b) Intestinal and hepatic Fxr isoform expression
in utero, showing increasing expression from embryonic day 15 until birth with highest expression
of Fxr a3/a4 in the intestine and predominating expression of the al/a2 isoforms in the liver that is
highest in adult mice
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represented by a single time point in the database analysis, we determined mRNA
levels of FXR isoforms a1/2 and «3/4 in intestine and livers of developing mouse
embryos and compared these to adult levels. Figure 3b shows that in intestine
isoforms o3/4 dramatically increase from embryonic day 15 after pregnancy to
day 19, while expression of «l/2 lags behind. Fetal expression in the intestine
appeared to be higher than in adults. In contrast, in the fetal liver, isoforms al/2
dominate over a3/4 and increase from day 15 until birth, but hepatic expression
appears to be lower in the fetus than in the adult. It should be emphasized that the
physiological relevance hereof awaits further study.

Postnatally, various metabolic changes occur that have been associated with
age-related development of metabolic diseases. For example, decreased conversion
of cholesterol into bile acids potentially contributes to risk of cardiovascular disease
which is decreased in aging (Charach et al. 2017), implying changes in bile acid
receptor activity (Uranga and Keller 2010; Joyce and Gahan 2016). Indeed, it has
been shown that FXR expression in kidney and liver is decreased in aged mice
(Xiong et al. 2014; Wang et al. 2017), whereas our analysis did not show this for iFxr
(Fig. 3b). In contrast, aging of both whole-body and liver-specific Fxr/Shp double
knockout mice showed reversal of body weight gain, adiposity, and glucose/insulin
tolerance associated with aging (Kim et al. 2017). Intestine-specific FXR reactiva-
tion restores bile acid homeostasis in young and aged mice that lack FXR, which
protects them from hepatocellular carcinoma development that is associated with
age-related changes in bile acid metabolism (Degirolamo et al. 2015). Obesity has
also shown to decrease Fxr expression in adipose tissue (Cariou et al. 2006), and
diabetes suppresses hepatic Fxr expression (Duran-Sandoval et al. 2004). In con-
trast, iFXR expression levels are not susceptible to obesity in mice and rats (Chen
et al. 2010; Stenman et al. 2012).

3 Biology of Intestinal FXR

Understanding the physiological functions of iFXR allows prediction of the relevant
metabolic processes that can be targeted by modulating its activity as well as of the
potential side effects that could arise. Beneficial and adverse effects may both stem
from either direct local FXR activity or from its transduction to other sites of the
body by mediators such as hormones and growth factors or specific lipid species but
also through adaptations in bile acid metabolism that lead to changes in bile acid
pool composition, pool size, and/or cycling frequency.

3.1 iFXR, Intestinal Barrier Function, and Immunity

Composition of the microbiome, intestinal immune function, and integrity of the
intestinal barrier are the major lines of defense at the intestinal surface, the largest
surface of our body that is exposed to the outside world, and are all regulated by
iFXR. Gut dysbiosis includes all three aspects and is a key feature of obesity and
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associated metabolic dysfunction, although we are only beginning to understand the
mechanisms underlying these complex relationships (Teixeira et al. 2012; Sun et al.
2018b). It is well known that bile acids exert direct antibacterial effects in the small
intestine, likely one of the reasons why bacterial numbers are low in the upper GI
tract where bile acids enter (Binder et al. 1975; Ding et al. 1993). Vice versa, the
microbiome also interacts with bile acid metabolism and iFXR signaling. Feeding
the antioxidant tempol to mice inhibits iFXR signaling by altering the microbiome
leading to an accumulation of intestinal tauro-pf-muricholic acid (T-p-MCA), a
potent FXR antagonist (Li et al. 2013). Importantly, iFXR was found to mediate
the anti-obesity effects of tempol in high-fat diet-fed mice. Likewise, it was recently
postulated that metformin, the first-line medication in the treatment of diabetes, acts
in part by reducing numbers of Bacteroides fragilis, a bacterial species with bile
acid-deconjugating activity, leading particularly to increased abundance of the FXR
antagonist glycoursodeoxycholic acid (GUDCA) in humans. On the basis of
an additional series of mouse experiments, showing that high-fat diet-fed mice
colonized with Bacteroides fragilis showed more severe glucose intolerance and
less sensitivity to the benefits of metformin treatment, it was concluded that metfor-
min acts at least in part through the B. fragilis-GUDCA-iFXR axis to improve
metabolic health (Sun et al. 2018a). Administration of the FXR agonist GW4064
abrogated small intestinal bacterial overgrowth and decreased bile duct ligation-
induced intestinal permeability and inflammation in mice (Inagaki et al. 2006;
Verbeke et al. 2015). Fxr-deficient mice are much more susceptible to these
pathologies, i.e., tenfold higher aerobic bacterial counts were observed in lymph
nodes in bile duct-ligated Fxr-deficient mice and even with a sham operation the
lymph nodes of these mice already contained more aerobic bacteria than those of
control animals. In accordance, the epithelial barrier of Fxr-deficient mice appeared
to be deteriorated (Inagaki et al. 2006). Positive effects of iFXR activation are
possibly in part mediated by the FXR targets inducible nitric oxide synthase
(ANOS) and IL18 (Verbeke et al. 2015). A genetic variant in human FXR is
associated with inflammatory bowel disease (Attinkara et al. 2012), and FXR
activity in the ileum appears to be decreased in patients with Crohn’s disease
(Nijmeijer et al. 2011). In a chemically induced colitis mouse model, the inflamma-
tory response could be suppressed by the FXR agonist OCA in a Fxr-dependent
manner (Vavassori et al. 2009). Furthermore, FXR agonism was shown to suppress
expression of Toll-like receptor 4 (TLR4) and NF-kB regulated pro-inflammatory
genes in colon macrophages, as also observed in liver (Vavassori et al. 2009; Wang
et al. 2008). Similar outcomes of FXR agonism have been observed in a mouse
model of intestinal ischemia and could therefore be relevant for pathologies in which
aberrant gut-liver axis signaling plays a role (van Erpecum and Schaap 2015;
Ceulemans et al. 2017). Indeed, the anti-inflammatory actions of FXR extend well
beyond the intestine, for instance, also in blood leukocytes (Gadaleta et al. 2011a).
Moreover, OCA treatment has similar effects in lipopolysaccharide-induced lung
and kidney injury in mice, suggesting a general mechanism of action (Gai et al.
2016; Fei et al. 2019). Indeed, direct interaction of FXR with NF-kB signaling
has been identified in many cell types as the underlying mechanism for NF-kB
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transrepression. This interaction may also explain reported bidirectional effects, as
inflammation can in turn inhibit FXR activity, one of many ways by which metabo-
lism and inflammation are intertwined (Gadaleta et al. 2011b; Verbeke et al. 2016).
For instance, activation of membrane-bound TLR4 downregulates FXR expression
in human monocytes, whereas intracellular TLRs such as TLR9 upregulate Fxr
expression in human monocytes and in enterocytes of mice with colitis (Renga
et al. 2013).

3.2 Modulation of Intestinal Cholesterol Metabolism by iFXR

The intestine plays an important role in the maintenance of cholesterol homeostasis
by mediating its absorption from bile and diet as well as by active export, a process
referred to as transintestinal cholesterol export (TICE, Temel and Brown 2015;
de Boer et al. 2018). The majority of (dietary and biliary) cholesterol is absorbed
proximally in the small intestine, and the presence of bile acids is an absolute
requirement for absorption to occur (Voshol et al. 2001). The hydrophobicity of
the intestinal bile acids impacts on lipid absorption in general, including cholesterol,
due to the greater potency of hydrophobic bile acid species to incorporate lipid-
soluble nutrients within the mixed micelles that are required for transport. Whether
or not differences in bile acid pool composition contribute to the large variability in
fractional cholesterol absorption between human subjects has remained unresolved
so far (Bosner et al. 1999).

Besides absorption, the intestine can also regulate cholesterol turnover via TICE,
a process that is subject to different modes of control. This route accounts for about
30% of fecal cholesterol loss in chow-fed mice as well as in humans (recently
reviewed by de Boer et al. 2018). Inhibition of cholesterol absorption through
inhibition of the cholesterol import transporter NPC1L1 by ezetimibe also increases
the TICE pathway (Nakano et al. 2016; Jakulj et al. 2016), conceivably by
preventing reuptake of cholesterol that is effluxed into the intestinal lumen by
ABCGS5/8 in enterocytes, leading to an increased net removal of cholesterol (de Boer
et al. 2018). Interestingly, stimulation of FXR by the nonsteroidal agonist PX20606
(Abel et al. 2010) induced a strong increase of cholesterol removal via the TICE
pathway in mice that was dependent on iFxr, i.e., an effect that was maintained in
mice expressing Fxr only in the intestine (de Boer et al. 2017). Moreover, the effect
on fecal cholesterol loss was completely additive to that of ezetimibe, causing
extremely augmented cholesterol turnover upon combined treatment. Mechanistic
experiments indicated a critical role for bile acid pool composition in the stimulation
of TICE. In mice, iFXR activation and FGF19 administration were shown to shift the
balance of the bile acid pool toward hydrophilic bile acid species, i.e., the muricholic
acids, due to a relatively strong repression of Cyp8bI expression (de Boer et al.
2017). These hydrophilic bile acid species may stimulate the activity of ABCGS5/
8 and hence cholesterol export into the lumen (Berge et al. 2000; Bonamassa
and Moschetta 2013; de Boer et al. 2017). However, additional iFXR-dependent
mechanisms may be operational as well, since fecal cholesterol excretion was only
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modestly increased in high-fat diet-fed Cyp8bI-deficient mice that show a similar
hydrophilic bile acid pool composition (Bonde et al. 2016). Whether or not thera-
peutic targeting of iIFXR may be beneficial for treatment of hypercholesterolemia to
prevent cardiovascular disease in humans remains to be established. Stimulation of
TICE via modulation of bile acid pool composition is not expected to be conserved
in humans based on the marked differences in pool composition between humans
and mice. In fact, in humans CYPSBI repression will theoretically lead to a CDCA-
dominated, hydrophobic bile acid pool and hence more effective cholesterol absorp-
tion and less TICE.

An additional layer of complexity in the role of iFXR in control of cholesterol
absorption was recently described by Kim et al. (2018), showing that iFXR-
mediated release of Fgfl5 from the murine ileum signals to the proximal small
intestine to repress expression of Npclll and, thereby, cholesterol absorption. In a
series of experiments, exploiting Shp-deficient and Fgfl5-deficient mice, data were
presented to indicate that ileum-derived Fgf15 as well as i.v. injected FGF19 led to
phosphorylation of SHP which suppressed activity of sterol regulatory transcription
factor 2 (SREBPF2) that regulates sterol-activated transcription of Npclll in
enterocytes of the upper small intestine. Thus, FGF15/19 may not only modulate
the cholesterol-solubilizing capacity of mixed micelles in the lumen of the small
intestine but also the expression of the cholesterol transporter at the apical membrane
of the enterocytes. Consequently, the overall effect of iFXR activation and Fgf15
release in mice is a strong acceleration of cholesterol turnover by stimulation of
TICE and reduction of fractional cholesterol absorption, the latter by a dual mode of
action. Whether this also applies to humans, with a more hydrophobic bile acid pool,
remains to be established. At the same time, obviously, suppression of hepatic bile
acid synthesis, which comprises a very important pathway for cholesterol turnover
in humans as well as rodents, will impair (hepatic) cholesterol turnover. This may
underlie (part of) the reported LDL elevations upon pharmacological FXR activation
(Pencek et al. 2016; Neuschwander-Tetri et al. 2015).

3.3 Role of iFXR in Control of Glucose Metabolism

In the past decade, several studies have reported a role for FXR in control of glucose
metabolism, in most cases employing whole-body Fxr knockout mouse models
and/or systemically acting FXR modulators. Yet, some interesting features
concerning specific roles of iFXR in control of intestinal and whole-body glucose
metabolism with potential therapeutic potential have also been reported. To the best
of our knowledge, only a single report so far has demonstrated a role for iFXR,
particularly in the proximal small intestine, in the kinetics of glucose absorption.
Employing different stable isotopically labeled glucose tracers and compartment
modelling, van Dijk et al. (2009) demonstrated that absorption of glucose is delayed
in whole-body Fxr-deficient mice, due to an increased flux of glucose molecules
through the glucose-6-phosphate pool in enterocytes before entering the blood-
stream. Thus, while uptake of glucose by enterocytes was similar in wild-type and
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Fxr-deficient mice, the residence time of glucose molecules within the enterocytes
was longer in Fxr-deficient mice due to enhanced hexokinase 1 and 2 (Hk1/2)-
mediated phosphorylation. Glucose-6-phosphate subsequently requires dephosphor-
ylation by glucose-6-phosphatase before glucose can be released via this indirect
pathway into the blood. Indeed, the expression of HkI and Hk2 was sixfold higher in
the proximal part of the small intestine of Fxr-deficient mice compared to the
controls while all other transporters and enzymes involved in glucose handling
were unaffected. Whether or not the kinetics of intestinal glucose absorption is
modulated upon pharmacological FXR activation remains to be established.

Effects of a deficiency in iFXR on systemic glucose metabolism have been
studied in more detail. Fxr and Tgr5 are co-expressed in enteroendocrine L cells,
and activation of TGRS by luminal bile acids regulates intestinal production of the
incretin glucagon-like peptide 1 (GLP-1) that in turn stimulates pancreatic insulin
secretion and glucose homeostasis (Pathak et al. 2017; Thomas et al. 2009). GLP-1
and gastric inhibitory peptide (GIP) are the most important incretins and the basis of
incretin mimetic therapies for type 2 diabetes, as well as dipeptidyl peptidase-4
(DPP-4) inhibitors that prevent the degradation of endogenous incretins (reviewed in
Ahrén 2012). FXR appears to modulate Tgr5 expression, stimulating GLP-1, yet
FXR also suppresses preproglucagon, encoding GLP-1 (Trabelsi et al. 2015). A
dynamic interaction between FXR and TGRS was subsequently proposed to poten-
tiate GLP-1 action in the control of glycemic control (Kim and Fang 2018).

Low serum FGF19 levels were associated with high fasting plasma glucose levels
and type 2 diabetes (Fang et al. 2013), and FGF19 action has been implicated in
hepatic glucose metabolism (Potthoff et al. 2011). However, long-term central
effects of FGF19 have also been shown to contribute to glucose lowering upon a
single intracerebroventricular injection (Fu et al. 2004; Morton et al. 2013). Interest-
ingly, a role for the central nervous system was recently confirmed by showing its
dependence on p-Klotho specifically in the nervous system, while the acute glucose-
lowering effects were shown to depend on p-Klotho in adipose tissue (Lan et al.
2017).

Paradoxically, there is recent evidence supporting that inhibition, rather than
activation, of iFxr improves glucose metabolism during metabolic disease
conditions. Mice with iFxr deficiency are protected from diet-induced obesity and
insulin resistance (Li et al. 2013; Jiang et al. 2015a; Xie et al. 2017). In addition,
obese iFxr-deficient mice treated with tempol, which reduces microbiota species
with high BSH activity and therefore increases levels of the FXR antagonist
T-p-MCA, lacked the observed decrease in blood glucose and insulin levels that
occur in control animals, indicating the significance of iFXR for this approach
(Li et al. 2013). These effects were associated with decreased ceramide levels and
could be reversed by ceramide administration (Jiang et al. 2015b). The translational
potential of these studies, however, remains uncertain, as humans do not produce
muricholic acids. To overcome this translational issue, mice with a humanized bile
acid pool have recently been generated by deleting the Cyp2C cluster (Takahashi
et al. 2016).
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34 iFXR and Energy Metabolism

The potential of iFXR to control energy homeostasis has attracted strong interest in
the development of therapeutics in the management of various metabolic syndrome-
associated morbidities. FGF15/19 is an important mediator of these effects. Trans-
genic mice constitutively expressing FGFI9 in muscle have increased brown
adipose tissue size and energy expenditure resulting in reduced body weight upon
high-fat diet feeding. FGF19 treatment of obese mice has similar effects (Tomlinson
et al. 2002; Fu et al. 2004). Despite a low sequence similarity between murine Fgf15
and human FGFI9, both genes are syntenic, and their biological function in the
regulation of bile acid homeostasis is well conserved. As FGF19 protein has a
stability superior to Fgfl5, transgenic expression and treatments have almost
exclusively been performed with FGF19. The interaction between iFXR and the
microbiome is also one of the major routes by which microbiota impact host
metabolism and therefore represents an indirect approach to target iFXR (Sayin
et al. 2013; Degirolamo et al. 2014; Sun et al. 2017). Besides beneficial metabolic
effects, it was also shown that microbiota-induced obesity in mice requires iFxr
(Li et al. 2013; Zhang et al. 2016; Parséus et al. 2017).

Next to suppression of bile acid synthesis, many other hepatic processes are under
iFXR control as well, depending for a large part on FGF15/19 signaling.

3.5 Hepatic Metabolism and iFXR

Hepatic activation of FXR exerts beneficial effects in nonalcoholic fatty liver disease
(NAFLD) by repressing de novo lipogenesis and promoting fatty acid oxidation and
VLDL clearance (Zhang and Edwards 2008). Clinical trials with OCA have shown
initial improvements in histological features of NASH (Neuschwander-Tetri et al.
2015), although more studies are needed to assess long-term efficacy and safety.
Release of FGF15/19 by iFXR activation and subsequent binding to fibroblast
growth factor receptor 4 (FGFR4) and its co-receptor f-Klotho on hepatocytes
initiates a signaling cascade that not only suppresses bile acid synthesis but also
gluconeogenesis and promotes protein synthesis (Kir et al. 2011). Furthermore,
FGF15/19 decreases hepatic lipogenesis (Fuchs et al. 2016) and could indirectly
stimulate mitochondrial fatty acid oxidation (Tomlinson et al. 2002; Fu et al. 2004).
Despite these premises, there is also evidence supporting that iFXR inhibition rather
than activation could improve NAFLD. Mice lacking iFXR expression remain lean
during a high-fat diet challenge, possibly as a consequence of lower intestinal
production of ceramides, resulting in the downregulation of Srebplc and thus
decreased lipogenesis (Jiang et al. 2015a). Similar results were obtained with
pharmacological ASBT inhibition that reduces iFXR ligand availability and para-
doxically also with inhibition of iIFXR (described below). A successful phase II
clinical trial was recently reported in NASH patients with NGM282 an FGF19
analogue (Harrison et al. 2018). FGF19 administration in mice also represses hepatic
gluconeogenesis via cAMP response element-binding protein (CREB) (Potthoff
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et al. 2011). These effects of FGF19 seem analogous to the actions of insulin;
however, they occur independently and through different pathways (Kir et al. 2011).

3.6 Temporal Regulation of iFXR and Oncogenic Effects

Besides studies on iFXR that are based on tissue-specific receptor deficiency, tissue-
specific constitutively active overexpression has also been applied, albeit mostly to
evaluate effects on tumorigenesis. These studies showed that transgenic mice with an
intestine-specific constitutive expression of Fxr (iVP16FXR) were protected from
hepatocellular carcinoma (Degirolamo et al. 2015). Intestinal FXR targets such as
Fgfl5, Shp, and Osta/fp were affected in iVP16FXR mice, and a 30% reduction in
bile acid pool was observed, as well as both decreased inflammation and tissue
damage in intestine and in liver in models of cholestasis (Modica et al. 2012).
Metabolic effects from this constitutively active model are however difficult to
translate, as endogenous FXR activity oscillates and occurs predominantly postpran-
dially. We and others identified iFXR as a modulator of hepatic diurnal rhythm
through FXR-FGF15 signaling (Stroeve et al. 2010), and plasma Fgf15 also showed
an FXR-dependent circadian rhythm (Katafuchi et al. 2015). In line with a physio-
logical function in the postprandial phase is the observation of suppressive actions of
FXR on the intracellular quality control mechanism, autophagy, that is mostly active
in the fasted state (Lee et al. 2014; Seok et al. 2014). As autophagy is a pathway that
degrades superfluous components in the cell, both inactive and overly active
autophagies are detrimental. Therefore, autophagy is highly interlinked with the
circadian clock, and strict temporal regulation is warranted (Toledo et al. 2018).
FGF19 also transduces a suppressive signal on autophagy in the liver (Byun et al.
2017). Moreover, regulation by FXR of Sgstm1 encoding P62, an important factor in
selective autophagy, occurred especially in the intestine (Williams et al. 2012).
Likewise, the second proteolytic quality control mechanism, the unfolded protein
response (UPR) that is known to respond to a meal (Liu et al. 2018), also has a
cytoprotective function if kept at bay. Sustained activation of the UPR, however, for
example, during chronic ER stress, can lead to disease (Fu et al. 2012) and aging
may downregulate hepatic FXR due to sustained ER stress, leading to hepatic
steatosis (Xiong et al. 2014). For instance, constitutive activity of ATF6, one of
the three UPR sensors in the intestine, leads to loss of intestinal barrier function and
microbiota-dependent tumorigenesis (Coleman et al. 2018). Albeit less established,
recent findings have also identified hepatic FXR as a regulator of the other two UPR
sensors PERK and IREl1oa/XBP1 (Liu et al. 2018; Han et al. 2018). These
interactions suggest that a tight temporal regulation of iFXR is required to maintain
cellular homeostasis, as both over- and underrepresentation of iFXR output has been
implicated in tumor development.

3.6.1 Oncogenic Potential of iFXR Modulation
As FGF15/19 is an endocrine member of the FGF family that has been implicated in
the control of cellular proliferation and development, modulating iFXR may come
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with some potential carcinogenic risks. Indeed, Fgf15 overexpression induces hepa-
tocyte proliferation in mice, independently of hepatic bile acid levels, both with and
without previous partial hepatectomy (Kong et al. 2012). FGF19 transgenic mice
develop hepatocellular carcinomas that is dependent of FGFR4 (Nicholes et al.
2002; French et al. 2012), and as a result FGF19 has been coined an oncogene
(Cui et al. 2018). Interestingly, FGF19 but not Fgf15 induces hepatocellular carci-
noma at supraphysiological levels in mouse models of metabolic syndrome, perhaps
due to the low stability of the latter (Zhou et al. 2017). In humans, increased FGF19
expression was found in hepatocellular carcinoma and correlated with tumor pro-
gression (Miura et al. 2012). In contrast, in mouse colon, Fgfl5 deficiency resulted
in increased cellular proliferation, crypt-villus length, and advanced neoplasia
(Cheng et al. 2018). Similar effects were also observed in Asbt-deficient mice,
possibly due to increased TGRS signaling (Thulesen 2004; Raufman et al. 2015).
Additionally, Fxr deficiency promotes intestinal tumor development in different
models of colon cancer, by increasing cell proliferation and inflammation (Modica
et al. 2008; Maran et al. 2009). In line with a metabolic rheostat function for FXR,
potential carcinogenic risks exist upon unbalanced activation as well as deactivation
that must be taken into account when designing drugs that target iFXR.

4 Approaches for Intestine-Specific Targeting of FXR

As interference with bile acid-responsive receptors can invoke potent physiological
responses, generation of novel modulators with selectivity for a single receptor or
even a subset of its target genes has gained substantial interest (Massafra et al. 2018).
Studies reporting pharmacological approaches to either activate or inhibit iFXR and
the physiological consequences will be discussed below.

4.1 Selective Activation of iFXR: Fexaramine

The observation that the FXR agonist fexaramine (Fex) is poorly absorbed by the
intestine but still mediates potent activation of iFXR opened up an avenue to
specifically target iFXR (Fang et al. 2015). Obese mice treated for 5 weeks showed
reduced fat mass and metabolic improvement as well as reduced systemic inflamma-
tion. These beneficial effects were attributed to increased energy expenditure due to
brown adipose tissue activity, browning of white adipose tissue, and a shift in bile
acid composition favorable for TGRS activity. Indeed, in line with a role for TGRS
in activating brown adipose tissue (Watanabe et al. 20006), the effects were partially
dependent on whole-body 7Tgr5 (Fang et al. 2015). These findings were recently
confirmed in obese leptin receptor-deficient db/db mice and extended by showing
a change in microbiota composition upon Fex treatment and reversal of the
Fex-induced metabolic improvement after antibiotic treatment (Pathak et al. 2018).



226 T. van Zutphen et al.

4.2 Selective Inhibition of iFXR

Similar to the situation in obese mice treated with tempol, which reduces microbial
conversion of the FXR inhibitor T-p-MCA, treatment of mice with a microbial
BSH-resistant synthetic iFXR inhibitor, glycine-p-MCA, also reduced blood glucose
and insulin levels (Jiang et al. 2015b). These effects were associated with reduced
systemic ceramide levels and could be reversed by ceramide administration. Similar
beneficial results were obtained by administering caffeic acid phenethyl ester
(CAPE), which inhibits BSH and increases T-p-MCA levels. (Xie et al. 2017).
Despite the fact that the translational relevance of these studies is limited, since
humans do not produce muricholic acids, this work substantiates the claim that
modulation of microbial species that control bile acid metabolism appears to be a
viable approach for targeting host metabolism.

4.3 Indirect Pharmacological Approaches That Target iFXR

Another viable approach to modulate iIFXR activity is through manipulation of
intestinal bile acid transporters. In this scenario, Asbt deficiency or Abst inhibition
will have an antagonizing effect, whereas Osta/ Ostf deficiency or blockade will
result in activation of iIFXR. Indeed, Asbt-deficient mice show increased fecal bile
acid excretion, decreased ileal Fgf15 expression, increased hepatic Cyp7al expres-
sion, and a bile acid pool predominantly consisting of cholic acid. In contrast,
Osta-deficient mice show increased ileal Fgfl5 expression, suppressed hepatic
Cyp7al expression (reviewed in Dawson 2017), and decreased lipid absorption
accompanied by modestly improved insulin sensitivity (Wheeler et al. 2014).
Despite the fact that Osta-deficient mice suffer from bile acid-induced hepatic injury
in the postnatal period (Ferrebee et al. 2018), approaches to stimulate iFXR
by pharmacological inhibition of OSTo/OSTp have recently been investigated,
supporting a role for this transporter as a drug target and its inhibitor clofazimine
as a modulator of iFXR (van de Wiel et al. 2018).

Remarkably, inhibition of ASBT, which prevents iFXR activation, has also been
shown to be beneficial for glycemic control (Chen et al. 2012; Wu et al. 2013; Rao
et al. 2016), similar to bile acid sequestrants, which decrease iFXR signaling as a
consequence of reduced bile acid reabsorption (Handelsman 2011). Pharmacological
interventions such as bile acid-binding resins and ASBT or OSTa-f inhibitors
increase fecal bile acid loss by preventing their reuptake by enterocytes or their
subsequent release into portal blood. Obviously, potential adverse effects of an
increased exposure of the colon to bile acids need to be taken into account during
evaluation of these approaches. Increased fecal loss of bile acids will be
compensated for by increased hepatic bile acid synthesis from cholesterol, thus
inducing cholesterol synthesis and hepatic LDL receptor expression and accelerating
LDL uptake from the blood compartment (Slijepcevic and van de Graaf 2017).
ASBT inhibition was shown to reduce hepatic lipid accumulation in high-fat diet-fed
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mice (Rao et al. 2016), although this beneficial effect could also result from fat
malabsorption due to a decreased bile acid pool.

5 Perspective

Beyond its well-known functions in regulating bile acid homeostasis and ensuring
cellular protection from bile acid toxicity, intestinal FXR is clearly also involved in
the regulation of various aspects of energy metabolism, cellular proliferation, and
intestinal barrier function, among others. These pleiotropic effects favor intestinal
FXR as a potentially attractive target for a variety of diseases but, at the same time,
also provide a basis for relevant adverse effects. In particular, the mitogenic risk of
intestinal FXR modulation is of concern. More studies are needed to reconcile
discordant findings surrounding intestinal FXR targeting in energy metabolism
and to define the role of FXR in each relevant disease state. The translational
value of murine studies must be verified for each pathway and disease under
evaluation. The generation of mouse models with a “humanized” bile acid pool
will constitute a valuable first step in clarifying some of these issues (Takahashi et al.
2016). Particularly, the consequences of iFXR modulation on intestinal carbohydrate
metabolism require additional studies since, in our opinion, this aspect of iFXR
biology has not sufficiently been addressed so far. Also, the potential consequences
of posttranscriptional modulation of iFXR have not been sufficiently addressed to
date. Importantly, as humans have highly varying inter-individual bile acid and
microbiota profiles, “personalized medicine” approaches are likely to be relevant
for effective intestinal FXR modulation. Notably, the only treatment with proven
therapeutic benefits in humans so far, both with respect to hypercholesterolemia and
glucose metabolism, is based on sequestration of bile acids, i.e., reduction of iFXR
activation. Last but not least, the long-term effects of intestinal FXR agonism and/or
antagonism need to be assessed, since for both beneficial effects have been reported
in mouse studies, particularly with respect to the potential consequences of
manipulating circadian rhythms of bile acid signaling.
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