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Abstract

Bile acids are a group of chemically different steroids generated at the host/microbial interface. Indeed, while primary bile
acids are the end-product of cholesterol breakdown in the host liver, secondary bile acids are the products of microbial
metabolism. Primary and secondary bile acids along with their oxo derivatives have been identified as signaling molecules
acting on a family of cell membrane and nuclear receptors collectively known as “bile acid-activated receptors.” Members
of this group of receptors are highly expressed throughout the gastrointestinal tract and mediate the bilateral communica-
tions of the intestinal microbiota with the host immune system. The expression and function of bile acid-activated receptors
FXR, GPBARI, PXR, VDR, and RORyt are highly dependent on the structure of the intestinal microbiota and negatively
regulated by intestinal inflammation. Studies from gene ablated mice have demonstrated that FXR and GPBARI are essen-
tial to maintain a tolerogenic phenotype in the intestine, and their ablation promotes the polarization of intestinal T cells
and macrophages toward a pro-inflammatory phenotype. RORYt inhibition by oxo-bile acids is essential to constrain Th17
polarization of intestinal lymphocytes. Gene-wide association studies and functional characterizations suggest a potential
role for impaired bile acid signaling in development inflammatory bowel diseases (IBD). In this review, we will focus on
how bile acids and their receptors mediate communications of intestinal microbiota with the intestinal immune system,
describing dynamic changes of bile acid metabolism in IBD and the potential therapeutic application of targeting bile acid
signaling in these disorders.
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Introduction

The inflammatory bowel diseases (IBD), encompassing
Crohn’s disease (CD), ulcerative colitis (UC), are chronic
relapsing disorders caused by a dysregulated intestinal
immune response to luminal antigens in genetically predis-
posed subjects that have emerged as a public health chal-
lenge worldwide. Traditionally regarded as a disease of
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westernized nations, the prevalence of IBD is rising rapidly
worldwide among ethnicities and nationalities in whom IBD
were previously uncommon [1]. While changes in the com-
position of the intestinal microbiota are recognized as the
main drivers of dysregulated intestinal immunity seen in
IBD, the chemical mediators that support this altered com-
munication are still incompletely defined. Bile acids are ste-
roidal molecules generated at the interface of the host and
the intestinal microbiota [2]. Together, they represent one
of the largest family of biologically active mediators found
in mammalians acting on family of G-protein and nuclear
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receptors (Fig. 1 and Table 1). In this article, we will review
the role of these steroids as signaling molecules placed at the
interface between the intestinal microbiota and host immune
system and how dysregulation of bile acid signaling might
have mechanistic relevance in the development of IBD.

Bile Acid Metabolism

Bile acids are the end-product of cholesterol metabolism
generated in the liver by a chain of enzymatic reactions that
involve the products of 17 genes organized in two main met-
abolic pathways, known as “classic” and “alternative” [2].
These liver pathways generate mainly two primary bile acids,
i.e., cholic acid and chenodeoxycholic acid (CA and CDCA).
In the classic pathway, the first and rate limiting step is the
cholesterol-7a-hydroxylase (CYP7AT1), an enzyme that con-
verts cholesterol in 7a-OH-cholesterol. In the alternative
pathway, the first step is represented by the C27 hydroxyla-
tion of cholesterol by the sterol 27-hydroxylase (CYP27A1)

[2]. The classical pathway, in humans, accounts for ~80%
of total bile acid pool in physiological settings [2, 3]. The
alternative pathway or “acidic,” because the C27 hydroxyla-
tion generates a COOH group, mainly converts cholesterol to
CDCA [2, 3]. The main final products of the two pathways
in the liver are 3a-7a di-hydroxylated cholesterol deriva-
tives, i.e., CDCA, and 3a-7a-12a-tri-hydroxylated deriva-
tives, i.e., CA. In hepatocytes, these primary bile acids are
amidated (i.e., conjugated) with glycine (G) or taurine (T),
giving rise to the bile salts (GCDCA and GCA, and TCDCA
and TCA) [2, 3]. In addition, bile acids can be conjugated
with the glucuronic acid by the uridine 5 diphospho-gluc-
oronosyltransferases (UGT1A1, 2B4 and 2B7), or sulfated
by the sulfotransferases (SULT2A1 and SULT2AS) at posi-
tions C3 and C7 [2, 3]. In humans, the conjugation with G
is prevalent and accounts for ~90% of the bile acid pool.
Conjugated bile acids are secreted in the intestine, becom-
ing the substrate of an array of bacterial enzymes. These
bio-transformations give rise to two secondary bile acids,
i.e., lithocholic acid and deoxycholic acid (LCA and DCA).
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Fig. 1 Hepatic bile acid metabolism. a Bile acids are synthesized in
the liver from cholesterol by two metabolic pathways known as the
classical (or neutral) and the alternative (acidic) pathway. In the clas-
sical pathway, cholesterol is metabolized to 7a-hydroxycholesterol by
CYP7ALI and then to CA by CYP8ALI or to CDCA by CYP27A1. On
the other hand, in the acid pathway, CYP27A1 converts cholesterol
into 27-hydroxycholesterol which is then metabolized by CYP7B1
into CDCA. The entero-hepatic circulation of bile acids is mediated
by several bile acid transporters in the liver and intestine and regu-
lated by the FXR/SHP and FGF19/FGFR4 pathways. After their syn-
thesis, primary bile acids are excreted into bile through the bile salt
export pump (BSEP). b After secretion in the duodenum majority of

BA are transported back to the liver through the portal blood. BAs
are reabsorbed in the liver by NTCP. In the hepatocyte, other trans-
porters including MRP2 on the canalicular membrane and MRP3/
MRP4, OSTo/OSTp on the basolateral membrane are also capable of
BA transport into systemic circulation. ¢ Finally, BAs are also filtered
by the glomeruli and then reabsorbed in renal tubules, again limiting
their renal loss. ASBT sodium-dependent bile acid transporter, BSEP
bile salt export pump, FGF15 fibroblast growth factor 15, FGF-R4
FGF receptor 4, MDR2 multidrug resistance protein 2, MRP2/3/4
multidrug resistance-associated protein 2/3/4, NTCP sodium tauro-
cholate co-transporting polypeptide, OSTa/p organic solute trans-
porter a/p, SHP small heterodimer partner
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Table 1 Endogenous bile acids and their chemical structures

Bile acid name Abbreviation R R1 R2 R3
Dihydroxy bile acids
R, ~ o
Ry
HO" ™} R
1

Chenodeoxycholic acid CDCA WOH H H OH
Taurochenodeoxycholic acid TCDCA ~OH H H NHCH2CH2S03H
Glycochenodeoxycholic acid GCDCA WOH H H NHCH2COOH
Ursodeoxycholic acid UDCA _OH H H OH
Tauroursodeoxycholic acid TUDCA _»OH H H NHCH2CH2503H
Glycoursodeoxycholic acid GUDCA LOH H H NHCH2C00H
Deoxycholic acid DCA H H OH OH
Taurodeoxycholic acid TDCA H H ~OH NHCH2CH2SO3H
Glycodeoxycholic acid GDCA H H WOH NHCH2COOH
Hyodeoxycholic acid HDCA H OH 4 OH

Trihydroxy bile acids

Cholic acid CA ~OH H WOH OH
Taurocholic acid TCA ~OH H WOH NHCH2CH2S03H
Glycocholic acid GCA WOH H WOH NHCH2COOH
Ursocholic acid UCA _LOH H WOH OH
Tauroursocholic acid TUCA _LOH H WwOH NHCH2CH2S03H
Glycoursocholic acid GUCA _LOH H WOH NHCH2COO0H
Hyocholic acid HCA H OH  OH OH
oxo bile acid metabolites

R, o
OH
R R,

3-oxocholic acid 3-oxoCA 0 WOH  (OH -
3-oxolithocholic acid 3-oxoLCA 40 H H -
7-oxocholic acid 7-0x0CA WOH 0 WOH -
7-oxochenodeoxycholic acid 7-oxoCDCA «OH 40 H -
12-oxocholic acid 12-0x0CA WOH WOH 0 -
12-oxodeoxycholic acid 12-0xoDCA WOH H 40 -
Rodents specific bile acids

a-muricholic acid a-MCA WwOH LOH H OH

B-muricholic acid B-MCA _»OH LOH H OH

w-muricholic acid w-MCA _LOH WOH -y OH
Tauro-a-muricholic acid Ta-MCA WOH LOH H NHCH2CH2SO3H
Tauro-B-muricholic acid TB-MCA _LOH LOH H NHCH2CH2SO3H
Tauro-w-muricholic acid Tw-MCA _LOH WOH -y NHCH2CH2S03H

@ Springer



Digestive Diseases and Sciences (2021) 66:674-693

677

The “gateway reaction” of bile acid metabolism by intestinal
bacteria is the enzymatic hydrolysis of the C-24N-acylamide
bond operated by bile salt hydrolases (BSHs) which are
found in all major bacterial phyla of the intestinal microbiota
and some human gut archaea (Table 2 [4-14]). This first step
is followed by the 7a-dehydroxylation of the OH in the C7
position, a reaction mediated by 7a-dehydroxylase express-
ing bacteria such as Clostridium and Eubacterium (Fig. 1).
These reactions give rise to two main secondary bile acid,
i.e., the 3a-mono-hydroxylated bile acids (i.e., LCA from
CDCA), and 3a-12a-di-hydroxylated bile acids (i.e., DCA
from CA) [2, 3, 5]. Additionally, the C7 p-epimerization of
CDCA by Bacteroides, Clostridium, Escherichia, Eubac-
erium (and others) originates the 7p epimer of CDCA, i.e.,
the 3a,7p-dihydroxy-5p-cholanoic acid, known as ursode-
oxycholic acid (UDCA) (Fig. 1 and Table 1 and 2) [15].
In addition to secondary bile acids, the intestinal micro-
biota generates 3, 7, and 12 oxo-bile acid analogues which
contribute for a significant fraction (20-30%) of the bile
acid metabolites produced by gut microbiota in the colon
(Table 1). The bacterial genes involved in generation of oxo-
bile acids are the 3o, 7o and 12a-hydroxysteroid dehydroge-
nases (HSDHs), which are mainly found in Clostridium clus-
ters XIVa (i.e., C. scindens, C. hiranonis, and C. hylemonae),
1V, and XI (Table 2) [5]. These oxo-bile acids are gaining

growing attention because the ability of some 3-oxo-bile
acids to bind to the retinoid-related orphan receptor (ROR)
yt [16, 17]. In humans, the bile acid pool consists of CA
(=40%), CDCA (=~40%), DCA (~20%), with a glycine over
taurine conjugation ratio of 3—1 [18].

In rodents, there are additional bile acids, the a- and
B-muricholic acids (MCA), generated in the liver from
CDCA [19, 20]. These bile acids represent the product of
specific murine gene, Cyp2c70, which is absent in human,
and as such Cyp2c70~'~ mice present a bile “humanized”
bile acid profile [20-22]. Accordingly, the T conjugated
of a- and B-MCA are primary bile acids in mice, while
®-MCA, generated from the two MCAs in the intestine, is
a secondary bile acid. As such, there is almost no CDCA in
mice, and while >90% of bile acids are T conjugated, the
bile acid pool is made up by TCA (~60%) and Ta-MCA and
TB-MCA (= 40).

The large majority of bile acid species that reach the ter-
minal ileum is reabsorbed by the intestinal epithelial cells
(IEC) and transported back to the liver through the portal
vein, completing a cycle in the so-called “entero-hepatic cir-
culation” [2, 3]. A number of transporters and transcription
factors are involved in the regulation of bile acid synthesis
and metabolism in the liver and intestine and are described
in Figs. 1 and 2 [2, 3, 15].

Table 2 Bacterial enzymes involved in bile acid metabolism and their distribution among the intestinal microbiota

Bacterial enzymes

Distribution of enzymes among microbial species microbiota

Bile Salt Hydrolase (BSH) Gram positive:

Lactobacillus (i.e., L. salivarius, Lactobacillus acidophilus, Lactobacillus johnsonii, Lactoba-

cillus plantarum)

Bifidobacterium (i.e., Bifidobacterium longum, Bifidobacterium bifidum, Bifidobacterium ado-
lescentis, and Bifidobacterium animalis) Enterococcus (i.e., Enterococcus faecium)
Clostridium spp. (i.e., Clostridium perfringens, Clostridium innocuum, Clostridium Sordellii)

Gram negative:

Bacteroides spp. (i.e., Bacteroides vulgatus, Bacteroides fragilis subsp. fragilis)

3a Hydroxysteroid Dehydrogenase (HSDH)

Most prevalent intestinal bacteria:

Clostridium perfringens, Peptostreptococcus productus, Egghertella lenta;
Intestinal bacteria present in lower numbers (< 105 /g wet weight feces):
Clostridium scindens, Clostridium hylemonae, Clostridium hiranonis

3B Hydroxysteroid Dehydrogenase (HSDH)
7a/p Hydroxysteroid Dehydrogenase (HSDH)

Several species of Clostridium and Rumminococcus.

Bacteroides thetaiotaomicron, Bacteroides Fragilis, Clostridium sp. 25.11.C, Clostridium

absonum, Clostridium sordellii, Clostridium scindens, Clostridium hylemonae, Clostridium
hiranonis, Clostridium bifermentans, Clostridium limosum, Escherichia coli, and Rumino-

coccus sp.
12a/p Hydroxysteroid Dehydrogenase (HSDH)

12a/B-HSDH have been detected among members of the genus Clostridium:

12a-HSDH have been detected in Clostridium leptum, Clostridium group P, Eggerthella
lenta, Clostridium perfringens, Clostridium scindens, Clostridium hylemonae, Clostridium
hiranonis; 123-HSDH have been detected in Clostridium tertium, Clostridium difficile,
Clostridium paraputrificum

7a/p Dehydroxylase

Clostridium (i.e., Clostridium scindens, Clostridium hylemonae, Clostridium hiranonis,

Clostridium sordellii, Clostridium Leptum, Clostridium Bifermentas), Eubacterium sp.
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Fig. 2 Intestinal bile acid metabolism. a The two primary bile acids,
CA and CDCA, are then secreted into bile ducts and transported to
the intestine and converted by the intestinal microbiota into second-
ary bile acids, respectively, DCA and LCA, or in the respective oxo-
and di-oxo-derivatives. (b) In the gastrointestinal tract, the BAs are
picked up by ASBT which transports them inside the enterocyte. BAs
exit the enterocytes on the basolateral side via the IBABP/OSTa /
OSTp. Moreover, in the enterocite bile acids bind FXR which down-
regulates ASTB and upregulates the expression of IBABP and OSTa
/OSTp. Activation of FXR also induces the expression of SHP and
the production of FGF15 which is then released into the portal circu-

Bile Acid-Activated Receptors and Intestinal
Immune Cells

Bile acids function as ligands for various receptors col-
lectively known as “bile acid-activated receptors (BAR),”
a family of cell membrane and nuclear receptors (Table 3)
mainly expressed in the entero-hepatic system [15]. The
best characterized of these receptors are the farnesoid-
x-receptor (FXR, NR1H4), a nuclear transcription factor
activated by primary bile acids, originally described in
1995 and deorphanized in 1999 [23-25], and the G-Protein
Bile Acid-activated Receptor (GPBAR)-1, also known as
TGRS, a seven-transmembrane G-protein-coupled receptor
discovered in 2002 [26, 27] (Table 3). In addition, primary
and secondary bile acids activate other nuclear receptors
including the pregnane-x-receptor (PXR) [28], the con-
stitutive androstane receptor (CAR) [29] and the vitamin
D receptor (VDR) [30], and G-protein-coupled receptors
including the sphingosine 1-phosphate receptor (SP1R)2

@ Springer

lation. In intestinal L cells, bile acids bind GPBAR1 which induces
the production of GLP-1 which stimulates the secretion of insulin by
the pancreas. (¢) Expression levels of the GPBAR1, FXR, VDR, and
RORC genes along the gastrointestinal tract extrapolated from https
://www.proteinatlas.org/. Consensus Normalized eXpression (NX)
levels created by combining the data from the three transcriptomics
datasets (HPA, GTEx and FANTOMY) using the internal normaliza-
tion pipeline. ASBT sodium-dependent bile acid transporter, FGF15
fibroblast growth factor 15, IBABP ileal bile acid-binding protein,
MRP2/3 multidrug resistance-associated protein 2/3, OSTo/p organic
solute transporter o/f3, SHP small heterodimer partner

[31] and M3 muscarinic receptors (Table 3). HDCA and
HCA are ligands for liver-X-receptor a and p (LXRa/p,
NR1H3), whose physiological ligands, in humans, are
oxysterols [32], while UDCA functions as GPBAR1 ago-
nist [33] and is neutral toward FXR (Table 3). In contrast,
G-UDCA [34], Ta- and Tp-MCA have been character-
ized as FXR antagonists [35, 36]. Some oxo-derivatives,
such as the3-oxoLCA, activate the RORyt [16, 37, 38].
Together with RORY1, the RORyt (or y2) is encoded by
RORGC, a gene located on chromosome 1q21.3. However,
while RORy1 co-regulates (often in co-operation with
ROR) the transcription of several circadian and metabolic
genes in adipose tissues and liver, expression of RORyt
is restricted to specific subsets of immune cells of lym-
phoid lineage, i.e., T helper 17 (Th17) cells, innate lym-
phoid 3 cells (ILC3s), and yd T cells [37-42]. In contrast,
the majority of the bile acid-activated receptors (FXR,
GPBARI1, VDR, LXRs, and PXR) have been detected in
myeloid cells (Table 4) [43, 44].
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Table 3 Bile acid-activated receptor and gene and protein tissue distribution

Receptor

Natural bile acid agonists

Synthetic ligands

Main tissue distribution

Farnesoid-X-Receptor (FXR)
(NR1H4)

Liver-X-Receptor (LXR)
(NR1H3)

Costitutive Androstane Receptor
(CAR) (NR1I3)

Vitamin D receptor (NR111)
Pregnane-X-Receptor (NR1H2)

Rtinoid Related Orphan Receptor
(ROR)yt ((NR1F3)

G-protein bile acid receptor 1
(GPBARU1) also known as
TGRS

Sphingosine-1-phosphate recep-
tor 2 (S1PR2)

Muscarinic receptor M3

CDCA >CA>LCA>DCA CDCA
Antagonists
AB-muricholic acids

Hyo-DCA
LCA, CDCA

LCA
CDCA-LCA

3o0x0-LCA

LCA>DCA>CDCA>UDCA>CA.
Oleanolic acid, Betulinc acid, and
Ursolic acid

LCA

DCA-LCA

GW4064, 6-ECDCA (OCA)
BARS501, Fexaramine,
Px-104, Tropifexor, Cilofexor,
Nidufexor, EYP0OO1, TERN-
101, and MET409

BARS501 BARS502, INT-767, and
INT-777

Hepatocytes, ileal epithelial cells

Hepatocytes, macrophages
Hepatocytes

Intetsinal epithelial cells

Hepatocytes

Intestinal epithelial cells

Th17, type 3 innate lymphoid
cells (ILC3)

Intestinal epithelial cells ileum
and colon, ileal endocrine L
cells, biliary epithelial cells,
gallbladder, adipose tissue

Hepatocytes

CNS, smooth muscle cells

Table 4 Main function of bile acid receptors in immune cells

Cell type Receptor  Bile acid ligands Function
Monocyte/Macrophages cells GPBAR1 LCA>DCA>CDCA>UDCA>CA Anti-inflammatory effect (}IL-6, IFN-g, TNF-a and 1IL-10),
Differentiation from M1 to M2 phenotype
FXR CDCA>DCA>LCA>CA Anti-inflammatory effect (|IL-1b, TNF-a NLRP-3, Caspase-1)
VDR 3-0x0-LCA, isoallo-LCA, LCA Anti-inflammatory effect (| IL-1, IL-6, IL-8, IL-12, and TNFa)
DC (Dendritic cells) GPBAR1 LCA>DCA>CDCA>UDCA>CA Anti-inflammatory effect (| TNF-a, IL-12)
FXR CDCA>DCA>LCA>CA Anti-inflammatory effect (|IL-6, IL-1b, TNF-a)
VDR 3-0x0-LCA, isoallo-LCA, LCA Inhibition of differentiation and maturation of dendritic cells
ILCs (Innate lymphoid cells) RORfyt Inverse agonist) Increase differentiation and function of ILC3
Isoallo-LCA
3-oxo-LCA
NKt (Natural Killer T cells) GPBAR1 LCA>DCA>CDCA>UDCA>CA Anti-inflammatory effect (|IFN-g, TNF-a, and 1IL-10), Polari-
zation toward the NKt10 phenotype
FXR CDCA>DCA>LCA>CA Anti-inflammatory effect (|IFN-g, TNF-a), Less induction of
apoptosis (] Osteopontin)
T cells VDR 3-0x0-LCA, isoallo-LCA, LCA Inhibits T cell proliferation
Promotes a shift from a Th1 to a Th2 phenotype
Inhibits differentiation of Th17 (JRORyt), Increases differen-
tiation of Treg (tFoxP3)
RORyt (Inverse agonist) Increases differentiation of Th17 (fRORyt), Inhibits differen-

Isoallo-LCA
3-oxo-LCA

tiation of Treg (| FoxP3)
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Table 5 Alterations of microbiota composition in IBDs. References
[45-50]

Crohn’s disease Ulcerative colitis

| Bacterial diversity | Bacterial diversity

1 Proteobacteria 1 Proteobacteria

Enterobacteriaceae Enterobacte-
1 E. coli riaceae
1 K. Pneumoniae 1 E. coli

1 Pasteurellaceae

1 Neisseriaceae

1 Fusobacteria 1 Fusobacteria

1 Fusobacteriaceae 1 F. varium
| Firmicutes

| Clostridiales

| F. prausnitzii

| Firmicutes
| Clostridiales
| F. prausnitzii

| E. rectale | E. rectale
Ruminococcaceae Ruminococ-
1 R. gnavus caceae
1 R. gnavus
Fungal diversity Fungal diversity
1 Candida 1 Candida
Bile Acids in IBD

Intestinal Microbiota: Dysbiosis and IBD

The composition of the intestinal microbiota is altered in a
substantial proportion of IBD patients (Table 5 [45-50]).
Indeed, while healthy individual harbors ~ 100-150 [51-58]
diverse intestinal species, a marked decrease in bacterial
diversity [45—48], accompanied by the expansion of fungi
and bacteriophages, a condition known as dysbiosis, has
been documented in both UC and CD patients, although
the its incidence varies from one study to another [48-50].
At the phylum level IBD patients are characterized by an
expansion of the Proteobacteria (with a strong increase in
Enterobacteriaceae, including Escherichia coli, and Kleb-
siella pneumonia, Pasteurellaceae and Neisseriaceae) and
Fusobacteria (mainly F. varium in UC and Fusobacte-
riaceae in CD patients), and a reduction in the other phyla,
specially Firmicutes, including Clostridiales, F. prausnitzii,
and E. rectalis. The dysbiosis is thought to impact on the
ability of the intestinal microbiota to produce metabolites
with protective function such as short-chain fatty acids
(SCFAs), tryptophan metabolites and bile acids [45, 46,
59-65]. The relevance of dysbiosis in the pathogenesis of
inflammation characteristic of IBD has been demonstrated
by various experimental studies. For example, E. coli and
K. pneumoniae isolated from CD patients and F. varium
from UC patients have been individually shown to induce
experimental colitis [66—69]. The cause—effect relationship
between dysbiosis and IBD is also supported by the positive
results obtained from recent trials with probiotics and fecal

@ Springer

microbiota transplant (FMT) [70-73], a procedure approved
for the treatment of Clostridium difficile infections but not
for IBD [74, 75].

Bile Acid Metabolism in IBD

Several studies over the years have investigated the composi-
tion of the bile acid pool in patients with IBD. In general, these
studies have shown that a bile acid malabsorption occurs in
IBD patients, although a reduction in bile acid pool occurs
only when the disease involves both the ileum and colon. A
seminal study by Vantrappen et al. that included 13 unoper-
ated CD patients, 10 UC patients, and 10 normal subjects was
the first to demonstrate that CD patients, but not UC, have a
reduced bile acid pool size when compared to normal subjects
and that the decrease in bile acid pool size inversely correlated
with the Colitis Disease Activity Index (CDAI) [76], CDAL
In addition, this study was the first to demonstrate that the
percentage of unconjugated bile acids increases in both CD
and UC patients in comparison with control subjects (4.64%
and 7.02% versus 2.59% in healthy subjects) (Fig. 3). Similar
results have been reported for another cohort of CD patients
by Rutgeerts et al. [77]. This study published in the early 1980
was designed to investigate the contribution of the colonic dis-
ease to the bile acid metabolism in patients with active disease
[77]. The kinetic of primary bile acids revealed an increased
turnover in patients with ileal dysfunction and the severity of
CA loss (but not CDCA) correlated with the extent of ileal
disease. Further on, while the kinetic of secondary bile acids
was normal in CD patients with ileitis without colon involve-
ment, a severe loss of secondary bile acids was documented
in CD patients with ileocolic involvement. On the other hand,
patients with ileal bile acid malabsorption and colonic involve-
ment have a lowered bile acid pool size due to the absence of
secondary bile acids. Together, these two studies established
that a bile acid malabsorption occurs in CD patients and that
the colon has an important role in the preservation of a normal
bile acid pool size [78, 79] . A decreased excretion of second-
ary bile acids has been detected also in UC and attributed to a
reduced transit time (diarrhea), reduced fecal pH, and impaired
7-alpha-dehydroxylase activity [80—83]. Over the years, sev-
eral other studies have confirmed that a bile acid malabsorption
occurs in IBD patients with ileocolic disease. In a recent study
involving a cohort of 41 IBD patients and 29 healthy subjects
[84], Duboc et al. have shown that while fecal bile acid content
is the same in non-relapsing IBD and healthy individuals, the
proportion of conjugated bile acids increases and that of sec-
ondary bile acids decreases during disease flare. Furthermore,
a higher proportion of 3-OH-sulfate bile acids was found in the
feces of patients with active IBD compared with patient with
non-active disease and healthy controls. Similar results have
been also recently reported [59]. In the later study, authors
have performed an untargeted LC-MS metabolomic and
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Fig. 3 Bile acid pool in inflammatory bowel diseases (IBDs). (a) In
a healthy condition, the majority of bile acids are actively reabsorbed
by the enterocytes by apical transporter ASBT and are transported
back to the liver in the portal blood, thus limiting BA loss through
feces to 3—5% of daily secreted BAs. BAs reaching the colon are
metabolized by the intestinal microbiota which transforms primary
bile acids into secondary bile acids. (b) In patients with IBDs, the

shotgun metagenomic profiling of stool sample from a cohort
of CD, UC, and non-IBD control subjects, showing a severe
reduction in fecal DCA and LCA in IBD patients with active
disease, associated with an increase in the content of primary
bile acids (Fig. 2). These data point to an altered microbiota as
the cause of impaired bile acid metabolism, and a direct corre-
lation between dysbiosis and alteration of the bile acid pool has
been investigated extensively also in mouse models [59]. Data
obtained in germ-free animals demonstrated that these mice
had a strong decrease in the content of secondary bile acids,
along with a robust increase in the content of conjugated bile
acids and of 3-OH-sulfate bile acids, highlighting the essential
role of the gut microbiota in deconjugation, dehydroxylation,
and desulfation of bile acids. Because secondary bile acids are
preferential ligands for GPBARI1, and this receptor is highly
expressed in the colon, one might speculate that these changes
could further aggravate the immune dysfunction seen in IBD
patients.

alterations of the intestinal epithelium reduce the reabsorption of bile
acids exerted by ASBT and therefore increase the quantity of bile
acids that are eliminated with the feces. Furthermore, patients with
IBDs have a dysbiosis of the intestinal bacterial flora which strongly
decreases the enzymatic capacity of the microbiota resulting in a
lower ability to metabolize primary bile acids into secondary bile
acids. ASBT sodium-dependent bile acid transporter

Bile Acid-Activated Receptors in IBD

FXR in Rodent Models of Intestinal Inflammation
and IBD Patients

While the liver is the tissue that hosts the higher expres-
sion of FXR, gene and protein, the receptor is diffusely
expressed in gastrointestinal tract with the higher expres-
sion in the terminal ileum (https://www.proteinatlas.org/
ENSGO00000012504-NR 1H4/tissue). FXR expression in
the intestine is positively induced by luminal bile acids and
is negatively regulated by inflammation [85]. Intestinal
FXR exerts an essential role in regulating bile acid absorp-
tion and synthesis by modulating the expression/activ-
ity of bile acid transporters in IEC (Intestinal Epithelial
cells) and by regulating the liver expression of CYP7A1
[86]. FXR activation in IEC decreases the absorption of
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Table 6 Anti-inflammatory activities of FXR in the intestine

Intestinal epithelial cells (IEC)

Higher expression on IEC in the terminal ileum. FXR regulates bile acid uptake by IEC and their secretion in portal circulation [86,91, 92]
by modulating the expression/activity of the following transporters: ileal apical Na+-dependent bile salt transporter (ASBT/
SLC10A2) (inhibition), IBABT and organic solute transporters (OST)o/p (induction) and nuclear receptors (SHP)

Induction of FGF15/19 secretion by IEC

Intestinal immune cells

FXR deficient mice develop a pro-inflammatory phenotype with age [89, 93]

Activation of FXR promotes a tolerogenic phenotype by intestinal macrophages

FXR expression in the intestine is negatively regulated by TLR4 and positively regulated TLR 9 via Interferon regulated Factor [90]
(IRF)7

FXR exerts antibacterial effects [88, 92]

FXR represses NLRP3 inflammasome assembly [94]

FGF15/19

FGF19-reduced bile acid synthesis and pool size, modulated its composition and protected mice from intestinal inflammation and  [88]
preservation of the intestinal epithelial barrier integrity, inhibition of inflammatory immune response, and modulation of micro-

biota composition. Effect of FGF19-M52 were FXR dependent.
Levels of FGF19 in CD patients were reduced

luminal bile acids by repressing the expression of the api-
cal sodium-dependent bile acid transporter (ASBT). Fur-
ther on, once bile acids have entered the enterocytes, the
receptor promotes their transport across the enterocytes
and their secretion in the portal circulation by inducing the
expression of the ileal bile acid-binding protein (I-BABP)
and the heterodimeric organic solute transporter alpha and
beta (OSTa/p). Consistent with this function, intestinal
bile acid absorption is markedly increased in FXR ™~ mice
[87] (Table 6) [86, 88-94]).

In addition, intestinal FXR regulates the synthesis and
excretion of the Fibroblasts growth factor (FGF) 15 (the
mouse ortholog of human FGF19). The FGF15/19 secreted
in the portal circulation by IEC is transported to the liver
where it binds to the FGF-R4/Bkloto complex on hepato-
cytes membranes and represses the activity of CYP7A1 and
bile acid synthesis in hepatocytes. FXR in IEC maintains
the intestinal barrier, as demonstrated by the fact that mice
lacking FXR experience a bacterial overgrowth, increased
intestinal permeability, and high rate bacterial translocation
to mesenteric lymph nodes [88]. In addition, FXR directly
regulates the intestinal immune system. This view was firstly
developed by P. Vavassori and A. Mencarelli while working
in this laboratory, by demonstrating that FXR ™~ naive mice
were characterized by a state of intestinal inflammation char-
acterized by a mild to moderate cellular infiltration of the
colonic mucosa and increased expression of pro-inflamma-
tory cytokines, compared to wildtype mice [89]. Addition-
ally, using two complementary murine models of intestinal
inflammation, the intra-rectal administration of trinitroben-
zensulfonic acid (TNBS), and oral administration of dextran
sodium sulfate (DSS), it was demonstrated that FXR gene
ablation worsens the severity of intestinal inflammation in
these models. Ancillary to these results, treating mice with
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the potent semi-synthetic FXR ligand 6-Ethyl CDCA (also
known as INT-747 and then christened as obeticholic acid)
reversed the severity of colitis and repressed the expression
of various pro-inflammatory cytokines (TNFa, IL-1f, IL-6)
in wild type, but not in Fxr™'~ mice. In addition to direct
regulation of immune response by acting as intestinal mac-
rophages, intestinal FXR interacts with Toll like receptors
(TLRs). Dr. B. Renga and A. Mencarelli, while working
in this laboratory, were able to demonstrate that in human,
monocytes activation of membrane TLRs (i.e., TLR2,
4, 5 and 6) downregulates, while activation of intracellu-
lar TLRs (i.e., TLR3, 7, 8, and 9) upregulates the expres-
sion of FXR and its target gene SHP (small heterodimer
partner) [90]. Intestinal inflammation induced in mice by
TNBS downregulates the expression of FXR in a TLR4- and
TLR9-dependent manner. Protection against TNBS colitis
by CpG, a TLR-9 ligand, was abrogated by FXR gene abla-
tion. In contrast, activation of FXR rescued TLR9 ™~ and
MyD88~'~ mice from colitis. A putative IRF7 (interferon
regulatory factor 7) response element was detected in the
FXR promoter, and its functional characterization revealed
that IRF7 is recruited on the FXR promoter under TLR9
stimulation. Together, these data demonstrated that intestinal
expression of FXR is selectively modulated by TLR9Y, link-
ing microbiota-sensing receptors to host’s immune and met-
abolic signaling. Despite that the animal studies have shown
a potent role for FXR in regulating intestinal barrier integrity
and immunity, there is no clear evidence of a similar role in
clinical settings (Table 7 [89, 95-100]). In general, there is
a consensus that the expression of intestinal FXR, gene and
protein, is reduced in IBD patients with active disease [95].
Despite that this reduction could be secondary to intestinal
inflammation, some data also suggest that a reduced FXR
expression could be due to genetic factors. Consistent with
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Table 7 FXR in IBD
FXR signaling in CD
A cross-sectional study in individuals with (n=74) and without (n=71) CD [96]
Finding: Decreases in glycochenodeoxycholic acid, taurocholic acid and lithocholic acid were seen in CD with increases in glyco-
deoxycholic acid and glycocholic acid relative to the total plasma bile acid profile
Interpretation: specific changes in the plasma bile acid composition lead to reduced activation of FXR and PXR target genes
in vitro and in vivo
Gene/protein expression of FXR
Reduced expression of FXR in the ileum and colon of patients with Crohn disease and Ulcerative colitis [89, 95, 97]
FXR expression is inversely correlated with neoplastic progression and severity of inflammation in UC. Patients with primary
sclerosing cholangitis (PSC)-UC have diminished FXR expression in the proximal colon compared to UC patients. This finding
could contribute to the higher risk of proximal neoplasia in PSC patients
Genetic variations
Seven common tagging SNPs and two functional SNPs in FXR were genotyped in 2355 Dutch IBD patients (1162 CD and 1193 [98]
UC) and in 853 healthy controls
None of the SNPs was associated with IBD, UC or CD, nor with clinical subgroups of CD
mRNA expression of villus marker Villin correlated with FXR and SHP in healthy controls, a correlation that was weaker in UC
patients and absent in CD patients
To evaluate FXR-1G>T as a genomic biomarker of severity in CD and propose a plausible molecular mechanism. A retrospective  [96, 100]

study (n=>542) was conducted in a Canadian cohort of CD patients

Conclusions: female carriers of the FXR-1GT genotype had the greatest risk of surgery (OR=14.87 95% CI=4.22-52.38,
p<0.0001) and early progression to surgery (OR=6.28, 95% CI=3.62-10.90, p <0.0001)

Five FXR variants (rs3863377, rs7138843, rs56163822, rs35724, rs10860603) were genotyped in 1138 Swiss individuals (591 [99]
non-IBD, 203 UC, 344 CD). The FXR SNP rs3863377 is significantly less frequent in IBD cases than in non-IBD controls (allele
frequencies: p=0.004; wild-type vs. SNP carrier genotype frequencies: p =0.008), whereas the variant rs56163822 is less preva-
lent in non-IBD controls (allele frequencies: p =0.027; wild-type vs. Conclusions: The substitution — 1G> T in rs56163822 lead

to reduced FXR protein expression and activity

this view, the —1 G > T substitution in rs56163822, an FXR
SNP that is significantly more frequent in IBD patients than
control subjects, has been associated with a reduced expres-
sion of the FXR transcription [99]. Further on, the FXR-
1G> T could be a genomic biomarker for severity in CD,
as demonstrated by the fact that female CD carriers of this
genotype had the greatest risk of surgery and early progres-
sion to surgery (see Table 7) [100].

Table 8 Main functional roles of GPBARI in the intestine

Importantly, a profound reduction in FXR expression in
the proximal colon has been observed in UC patients and
primary sclerosing cholangitis (PSC) [95]. FXR expres-
sion is inversely correlated with neoplastic progression
and severity of inflammation in these patients. This find-
ing could contribute to the higher risk of colon cancers in
PSC-UC patients.

GPBARI natural ligands: LCA>DCA >CDCA>UDCA>CA

Selective GPBARI ligands: INT-777, BAR501, Dual FXR, and GPBARI1 ligands: BAR502 and INT-767

Epithelial cells

GPBAR is expressed on IEC of ileum but the higher expression has been detected in the colon. GPBARI is essential for maintaining [101]
intestinal barrier integrity. GPBAR1 deficient mice develop an increased intestinal permeability destroyed architecture of intestinal

epithelial tight junctions and abnormal distribution of zonulin-1

Intestinal immune cells

GPBARI is expressed by intestinal immune cells including DC, monocytes and macrophages and NKT cells (see Table 3). [102]
GPBARI ligands (BAR 501) exerts anti-inflammatory effect (| IL-6, IFN-y, TNF-a, and 1IL-10) in murine models of colitis and

promotes differentiation of from M1 to M2 phenotype

Intestinal nerve system

GPBARI expressed on enteric neurons and mediates the effects of bile acids on colonic motility. GPBARI1 deficiency causes consti-

[103-105]

pation in mice. Laxative properties of bile acids could be mediated by GPBAR1
GPBARI is expressed in a subset of colon-innervating sensory neurons with the Mas-gene-related GPCRs Mrgpra3 and Mrgprc11

and mediates perception of colonic-originating sensation

Intestinal endocrine cells

GPBARI is by L type intestinal endocrine cells and promotes GLP1 release
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Table9 GPBARI in IBD .
GPBARI expression in IBD

GPBARI gene expression is increased in area of inflammation in Crohn’s disease patients

GPBARI genetic in IBD

Six nonsynonymous mutations were identified in addition to 16 other novel single-nucleotide

[101]

[106]

polymorphisms of GPBAR1 (TGRS5) were detected in 267 PSC patients and 274 healthy controls.
Five of the nonsynonymous mutations (W83R, V178M, A217P, S272G and Q296X) were found

to reduce or abolish TGRS function

Fine mapping of the previously reported PSC and UC associated locus at chromosome 2q35 in large
patient panels revealed an overall association between the GPBARI single-nucleotide polymor-
phism rs11554825 and PSC (p=0.010) and UC (p=8.5x10(=7)

GPBAR1 in Intestinal Inflammation and IBD Patients

GPBARI1 was first discovered as a membrane receptor for
bile acids in 2002. The receptor belongs to the superfamily
of G-protein-coupled receptor (GPCR), and its expression
has been detected in several tissues including epithelial cells
in the intestine and biliary tracts, immune cells and enteric
nerves (https://www.proteinatlas.org/ENSG00000179921
-GPBARI/tissue). The expression of the receptor is higher
in the distal ileum and colon, while in contrast to FXR,
GPBARI is not expressed by liver parenchymal cells. Some
of the functions of GPABRI in the intestine and its role
in IBD are summarized in Table 8 [101-105] and Table 9
[101, 106].

In the last few years, several animal and human stud-
ies have investigated the role of the receptor in modulat-
ing intestinal inflammation [101-106]. Cipriani et al. while
working in this laboratory reported in in 2011 that mice har-
boring a disrupted GPBARI1 develop an altered intestinal
morphology characterized abnormal colonic mucous cells
structure and an altered molecular architecture of epithe-
lial tight junctions with increased expression and abnormal
subcellular distribution of zonulin 1 resulting in increased
intestinal permeability and susceptibility to develop severe
colitis in response to DSS at early stage of life [101]. These
findings have been confirmed later, and more detailed char-
acterization of immune response in Gpbarl ™~ mice chal-
lenged with DSS or TNBS has shown that the receptor plays
a major role in regulating intestinal immunity. Mice lacking
the receptor develop a severe inflammation, which is mainly
due to a decrease in IL-10 function and inability to produce
a counter-regulatory response in the setting of inflamma-
tion [102]. As such, generation of both Treg and M2 mac-
rophages and IL10 signaling was significantly impaired in
these mice [102]. Importantly, treating wildtype mice with
BARS501, a GPBARI1 agonist rescued from intestinal inflam-
mation in a Gpbarl-dependent manner (Table 8). There is
a robust evidence that GPBAR1 regulates IL-10 production
in response to inflammatory stimuli, and protective effects
exerted by GPBARI agonist are severely hampered in IL-
10-deficient mice. GPBARI is also essential for regulation
of GLP-1, and it is now well known that both GLP-1 and
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GLP-2 along with their receptor maintain intestinal barrier
function [107]. Further on, GPBAR1 mediates some of the
functional effects of bile acids in the intestine including ileal
and colonic motility and secretion, as demonstrated by the
fact that the intestinal transit time is severely increased in
Gpbarl ™~ mice in comparison with control mice [103].

In addition to ileal cells, GPBARI is highly expressed
by biliary epithelial cells, the cholangiocytes. As such,
GPBARI has been investigated for its role in patients with
primary biliary cholangitis (PBC) and primary scleros-
ing cholangitis (PSC) and IBD associated with PSC [43,
108-110]. Importantly mutation analysis of GPBAR1 has
revealed a robust association of between the GPBARI1
single-nucleotide polymorphism rs11554825 and PSC and
UC, although a strong linkage disequilibrium precluded
demarcation of GPBAR1 from neighboring genes [106].
Because GPBARI1 exerts a robust immunoregulatory effect
in the liver, this receptor appears an important candidate for
developing treatment for patients with IBD associated with
immune-mediated cholangiopathies [111, 112] (Tables 8
and 9).

RORyt and IBD

RORyt is selectively expressed by Th17 lymphocytes and
innate lymphoid cell group 3 (ILC3), acting as a critical
transcription factor for Th17 cell differentiation in chronic
inflammation and autoimmune diseases [113]. On the other
hand, ROR-yt-dependent ILC3 provide a protective immu-
nity [114-117]. Recently, S. Hang et al. [16] and X. Song
et al. [17] have shown that oxo-bile acid derivatives, specifi-
cally the 3-oxo-LCA, can bind RORyt by acting as an inverse
agonist. Both groups have shown that in a mouse models of
colitis, the binding of RORyt decreases IL-17 production
and Th17 cell number and attenuates intestinal inflamma-
tion. These data are consistent with finding that pharmaco-
logic inhibition of ROR-yt provides therapeutic benefits in
mouse models of intestinal inflammation and reduces the
frequencies of Th17 cells but not ILC3s [118]. Studies in
patients with IBD have shown that Th17 lymphocytes are
involved in the pathogenesis of both CD and UC [119-123].
IL-17 expression in the mucosa and serum is increased in
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IBD patients and correlates with an increase in the expres-
sion of RORyt and the number of Th17 cells [124-126].
Despite that these data might suggest that transient inhi-
bition of RORYt could be an effective in IBD and secuki-
numab a IL-17A blocking mAB has been shown beneficial
in rheumatoid arthritis, a phase 2 clinical trial in active CD
patients was interrupted for lack of efficacy and higher rate
of adverse events in comparison with placebo [127]. Small
molecules inverse agonist of RORyt may be, therefore, an
alternative and effective approach to control Th17 immunity
in IBD while boosting ILC3 function [128].

Vitamin D Receptor (VDR) and IBD

The VDR is a nuclear receptor activated by 1,25-dihydrox-
yvitamin D. The receptor is involved in the regulation of
human metabolism, immunity, and cancer [129-131]. VDR
is also activated by the secondary bile acid LCA and its
metabolites (3-oxoLCA and iso-alloLCA) [17, 30]. VDR
is mainly expressed in bone and intestine [132], but also
in immune cells [133], and modulates both the innate and
adaptative immune responses [129]. VDR activation blocks
B cell proliferation and differentiation [134, 135], inhibits
T cell proliferation [136], promotes a shift from a Thl to
a Th2 phenotype [137, 138], and drives T cell maturation
facilitating the induction of T regulatory cells [139-142]
and reducing the Th17 cell formation [143, 144]. In addi-
tion, it inhibits the production of inflammatory cytokines
by monocytes such as IL-1, IL-6, IL-8, IL-12, and TNF«
[145], and the differentiation and maturation of dendritic
cells [146—148]. Results from preclinical models in mice
have widely shown that vitamin D reduces the severity of
colitis [149-151]. Vitamin D dietary deficiency exacerbates
the symptoms in IL-10~~ mice in a model of enterocolitis,
whereas dietary vitamin D supplementation improves diar-
rhea and prevents weight loss [152]. In addition to immune
cell modulation, the VDR seems to be involved in regulating
IEC homeostasis. Transgenic expression of human VDR in
murine IEC is reported to protect mice from colitis by reduc-
ing IEC apoptosis and promoting the maintenance of intesti-
nal mucosal barrier [153]. Accordingly, IEC-specific VDR
KO mice show a more severe colitis and higher expression of
TNF-a, IL-1p, and MCP-1 than wild-type mice [154, 155].

VDR signaling plays a beneficial role in clinical IBD
[156, 157]. First of all, VDR polymorphisms (Taql, Bsml,
Fokl, and Apal) are associated with susceptibility to CD
and UC [158]. In general, the distribution of VDR in intes-
tinal tissue in patients with IBD correlates with mucosal
inflammation. Low vitamin D levels in the plasma are asso-
ciated with a poor prognosis, such as higher risk of sur-
gery or increased risk of clinical relapse, in patients with
UC [159]. In another study, Zator et al. proposed that low
vitamin D levels may lead to earlier cessation of TNF-a

therapy [160]. Furthermore, in a randomized double-blind
placebo-controlled study, Jorgensen et al. showed that daily
oral supplementation with 1200 IE vitamin D3 increased
serum vitamin D levels and reduced the risk of relapse in
CD patients from 29% to 13% (p =0.06) [161]. However, the
obtained result was not statistically significant; thus, further
studies with larger populations are needed. In another clini-
cal study, vitamin D (300,000 IU administered intramuscu-
lar) decreased the serum erythrocyte sedimentation rate and
high-sensitivity C-reactive protein levels, in UC patients in
remission after 90 days [162]. The beneficial effects of VDR
signaling may be attributed to alterations in the resident
microbiota. In two recent studies, the microbiota of CD and
UC patients changed after early vitamin D administration
[163, 164]. Other groups reported that vitamin D deficiency
might worsen colitis through multiple effects including alter-
ations of the gut microbiome [153, 165-168]. To date, how-
ever, we have only few available randomized double-blind,
placebo-controlled studies investigating therapeutic effects
of vitamin D in IBD.

PXR

PXR is a promiscuous receptor that, in addition to many
endo- and xeno-compounds, accomodates LCA, thus func-
tioning as LCA sensor [28].The human PXR is activated
by the intestinal restricted antibiotic rifaximin, and its acti-
vation represses the intestinal immune response in a NF-
KB-dependent manner [169, 170]. Additionally, probiotic
metabolites activate intestinal PXR [171]. Several studies
have investigated the genetic associations of the PXR gene
polymorphism with IBD. Although a meta-analysis that
included 6 studies suggested that 3 PXR SNPs (rs1523127,
rs2276707, and rs6785049) had no obvious influence on
the risk of IBD in Caucasians patients, further studies are
needed to confirm the results [172]. PXR is expressed in
human CD4+ and CD8+ T lymphocytes, CD19+ B lym-
phocytes, and CD 14+ monocytes, and its activation in both
mouse and human T cells inhibits T cell proliferation and
CD25 and IFN-y expression in vitro. In vivo PXR activa-
tion by pregnenolone 16a-carbonitrile (PCN a human PXR
agonist) is protective against DSS-induced colitis due to the
activation of phase II enzymes and cellular efflux transport-
ers, such as GSTal, MDR1a, and MRP2, which alleviates
the expression of the pro-inflammatory cytokines IL-6,
TNF-a, MCP-1, and IL-1p [169]. The protective effects are
abrogated by PXR gene ablation. Mechanistically, PXR acti-
vation inhibits the activating effects of TNF-a on NF-«B.
Rifaximin is an agonist for human, but not rodent, PXR.
Using primary fetal human colon epithelial cells, Mencarelli
et al. in this laboratory were able to show that rifaximin
represses the expression of IL-6, TNF-a, and IL-8 mRNAs
and promotes the expression of TGF-f by repressing
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lipopolysaccharide-induced NF-kB DNA-binding activity.
These protective effects were abrogated PXR gene silencing
in human macrophages [170]. As an antibiotic, rifaximin
inhibits bacterial translocation, adhesion, and internalization
[173]. Consistent with this view a randomized, double-blind
placebo-controlled study has demonstrated that treating CD
patients with a high dose formulation of rifaximin results
in a higher 12-week clinical remission rate than placebo
[174]. Rifaximin also effectively maintains remission in CD
patients who had achieved remission with a standard therapy
(100% of rifaximin-treated versus 87% of placebo-treated
patients) [174].

Sphingosin1-Phosphate Receptor 2 (S1PR2)

The sphingosinel-phosphate (S1P) receptor 2 (S1PR2) is
expressed in the ileum and colon and is activated by con-
jugated primary bile acids (GCA and TCA and GCDCA
and TCDCA) [109]. Preliminary data suggest that SIPR2
deletion exacerbates intestinal inflammation caused by DSS
in mice and that a SIP/S1PR2 pathway modulates MHC-II
expression and regulates CD44T-cell proliferation via the
extracellular signal-regulated kinase (ERK) pathway [175,
176]. Zonulin-1 expression is increased by S1P analogue
and decreased by S1PR2 antagonist. Several S1P modulators
with differing selectivity toward S1P receptors have been
advanced for clinical development for IBD. The S1PR1
antagonist ozanimod (RPC1063) has provided encouraging
results in the Phase 2 TOUCHSTONE trial, and a Phase
3 trial in patients with moderate-to-severe UC is ongoing
[177]. Etrasimod, a S1Pr1, S1pR3, and S1Pr5 antagonist,
has also been investigated in patients with moderately to
severely active UC. At the dose of 2 mg etrasimod was found
more effective than placebo in producing clinical and endo-
scopic improvement, suggesting that further investigations
are warranted [178]. Both ozanimod and etrasimod inhibit
various S1PRs but not S1PR2; therefore, the role of SIPR2
in IBD remains to be proven.

Conclusions: Are Bile Acid-Based Therapies
an Opportunity in IBD?

The data discussed so far illustrate that not only a dysregu-
lation of bile acid signaling mediates the dysfunctional
communication between the intestinal microbiota and
immune system in IBD, but that bile acid-based therapies
could by exploited for treating IBD. A number of the bile
acid-activated receptors are altered in IBD patients, and
restoring bile acid signaling might be beneficial in IBD as
demonstrated for VDR and PXR. The two main bile acid
receptors FXR and GPBARI1, however, have been poorly
investigated for their therapeutic potential in this setting,
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despite the fact that a defective expression of FXR, gene
and protein, increases the propensity to develop inflamma-
tion in mice and in humans. At the moment, there are no
FXR agonists under development for IBD, but several non-
selective and intestinal FXR selective agents are currently
available. It could be anticipated, however, that there will
be several drawbacks in using FXR ligands in treating
IBD. First of all, FXR ligands cause side effects, the most
common of which being itching. This side effect is dose
dependent, and almost all currently available synthetic
FXR ligands cause itching in a dose-dependent manner
[179]. Additionally, FXR ligands exert profound effects
on bile acid synthesis and cholesterol metabolism [109].
Because one of the main mechanisms involved in FXR-
dependent inhibition of bile acid synthesis is the FGF15-/
FGF-19-mediated repression of Cyp7Al, activation of
intestinal FXR will result in liver repression of bile acid
synthesis. The biological relevance of this effect in IBD
patients remains unclear, but casts severe doubt that an
FXR ligand could ever be developed for IBD.

In contrast, there is an increasing interest for GPBAR1
agonists. The expression of GPBARI1 is restricted to the
intestine, and the receptor is not expressed by liver paren-
chymal cells. Data from preclinical models suggest that
GPBARI ligand [102] exerts profound immune modula-
tory effects in rodent models of colitis. Potential side effects
of a GPBARI1 ligand might include, again, itching since
GPBARI1 (TGRY5) activation has been associated with bile
acid-induced pruritus in rodents, and its ablation attenuated
pruritus caused by topical application of bile acid to the
skin [103]. Because there are no GPBARI ligands currently
under development, it is unclear whether or not the recep-
tor mediates itching in humans. However, UDCA which we
have shown to be a weak GPBARI1 ligand has been used to
treat IBD and experimental data suggest a potential useful
role for this agent in this setting [180—185]. Another poten-
tial complication of a GPBARI1 ligand could be diarrhea.

RORyt ligands hold potential in treating IBD, and works
are in progress to identify RORyt reverse agonists (i.e.,
antagonists) to target intestinal inflammation.

Finally, there are several approaches that could be used
for indirect modulation of intestinal FXR, GPBARI1, and
RORyt by harnessing the intestinal microbiota by using
probiotics or fecal microbial transplantation [6, 186—191].
Development of live bio-therapeutics engineered to pro-
duce ligands for beneficial receptors is another appealing
possibility.

In conclusion, moving from the intestinal surface that
promotes nutrient absorption, bile acids and their receptors
have been revealed as an essential component of the chemi-
cal communications between the intestinal microbiota and
the host. Altered bile acid signaling impacts on intestinal
homeostasis and promotes the immune dysfunction seen in
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IBD, making bile acid receptors an interesting therapeutic
target in IBD.
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