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Emerging roles of bile acids in mucosal immunity and
inflammation
Mei Lan Chen1, Kiyoshi Takeda2 and Mark S. Sundrud1

Bile acids are cholesterol-derived surfactants that circulate actively between the liver and ileum and that are classically recognized
for emulsifying dietary lipids to facilitate absorption. More recent studies, however, have revealed new functions of bile acids; as
pleotropic signaling metabolites that regulate diverse metabolic and inflammatory pathways in multiple cell types and tissues
through dynamic interactions with both germline-encoded host receptors and the microbiota. Accordingly, perturbed bile acid
circulation and/or metabolism is now implicated in the pathogenesis of cholestatic liver diseases, metabolic syndrome, colon
cancer, and inflammatory bowel diseases (IBDs). Here, we discuss the three-dimensional interplay between bile acids, the
microbiota, and the mucosal immune system, focusing on the mechanisms that regulate intestinal homeostasis and inflammation.
Although the functions of bile acids in mucosal immune regulation are only beginning to be appreciated, targeting bile acids and
their cellular receptors has already proven an important area of new drug discovery.
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INTRODUCTION
Immune cells at mucosal surfaces, including the skin, lung, and
gut, are charged with the rapid detection and elimination of
pathogenic microorganisms, while also maintaining tolerance
toward commensal bacteria and innocuous antigens.1–3 This
challenge is particularly onerous for immune cells in intestinal
mucosae, where both resident and circulating immune cells are
continuously exposed to a barrage of foreign antigens and
metabolites derived from the commensal flora, food, and host
metabolism.4–6 To meet this challenge, humans and rodents
deploy diverse arsenals of immune cells to survey and safeguard
the intestinal tract, including conventional CD4+Foxp3+ T
regulatory (Treg) cells, CD4+RORγt+ (Th17) cells, CD8+ tissue-
resident memory (Trm) cells, intraepithelial lymphocytes (IELs),
mucosa-associated invariant T (MAIT) cells, innate lymphoid cells
(ILCs), secretory (s)IgA+ plasma cells, and specialized antigen-
presenting cells (APCs), such as CD103+ dendritic cells (DCs) and
CX3CR1

+ phagocytes.7–16 This network of mucosal immune cells
acts in concert with each other, as well as with the intestinal
epithelium, to enforce barrier function, prevent mucosal infections
and maintain a symbiotic relationship with the commensal
flora;17–21 disruption of this balance, whether due to genetic or
environmental insults, precipitates chronic intestinal inflammation
characteristic of the inflammatory bowel diseases (IBDs), Crohn’s
disease (CD), and ulcerative colitis (UC).22,23 Local dysregulation of
mucosal immune responses in the gut is also now recognized for
having important and far-reaching impacts on immune tolerance
and hypersensitivity in distal tissues, including joints, the lung, and
the central nervous system (CNS).24–28

Much of our recent understanding of intestinal immune
regulation has centered on the microbiota. However, bile acids
(BAs) represent another unique, dynamic, and fundamental

feature of gastrointestinal physiology. Historically considered
simple emulsifying agents produced by the liver to facilitate the
absorption and/or elimination of dietary fats in the intestinal
lumen, more recent studies have revealed that BAs are also
pleotropic, hormone-like signaling metabolites that regulate
mucosal homeostasis and inflammation via direct interactions
with both germline-encoded cellular receptors and luminal
bacteria.29–31 BAs shape microbial colonization in the gut due to
intrinsic bacteriostatic activities, but are also metabolized by many
commensal bacteria in the intestinal lumen.32–34 Thus, the size
and composition of an individual’s microbiome dictates that of
one’s circulating BA pool. In addition, BAs interact directly with a
variety of transmembrane and nuclear receptors expressed in
hepatocytes, intestinal epithelial cells (IECs), as well as innate and
adaptive immune cells to regulate mucosal immune function.35–37

Finally, it is essential to understand that BAs produced in the liver
and metabolized in the intestine are maintained in vivo through a
highly efficient and tightly orchestrated enterohepatic circulatory
system, in which BAs synthesized in hepatocytes are actively
transported into bile ducts, stored in the gall bladder, deposited
into the duodenum following food intake, reabsorbed in the
ileum, and returned to the liver via portal circulation (Fig. 1).38

Each step of enterohepatic circulation is directly responsive to
dietary patterns, linked by hormone-like signaling events, and acts
in synergy with the others to maintain a functional BA pool that is
both capable of meeting digestive demands and not toxic to the
gastrointestinal tract.39 Indeed, BAs are highly pro-inflammatory
and cytotoxic when dysregulated; this is due to their detergent-
like activities and best exemplified in cholestatic liver diseases
(e.g., biliary atresia), where mutations in hepatic BA transporters
prompt BA accumulation in the liver, leading to chronic
inflammation, hepatocellular necrosis and liver failure.40–42
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Disrupted BA reabsorption in the ileum also precipitates BA
malabsorption (BAM)/BA diarrhea (BAD), an under-appreciated
and often mis-diagnosed condition in which reduced BA
reabsorption—due to genetic mutations (type 2/primary BAM),
ileal resection (type 1), or gastrointestinal disease (type 3)—results
in abnormally high BA concentrations and water secretion in the
colon.43 Still, steady-state signaling through BA receptors is now
recognized as essential for proper regulation of glucose and lipid
metabolism, insulin sensitivity, as well as intestinal immunity.23,29

Even extra-intestinal functions of BAs have begun to emerge,
ranging from the ability of BAs to directly promote hematopoietic
stem/progenitor cell (HSPC) expansion in the fetal liver,44 to BA-
dependent signaling in the CNS that regulates neuroinflammation
and neurodegeneration.45 Thus, whereas much remains to be
learned about the multifaceted functions of BAs in vivo, existing
data already paint a picture that BAs, like the microbiota,
represent an important and dynamic aspect of human health
and disease.

Fig. 1 Bile acid biosynthesis and circulation. Primary bile acids (BAs; e.g., cholic acid [CA] and chenodeoxycholic acid [CDCA]) are synthesized
by hepatocytes via two pathways (i.e., classical, alternative) of orchestrated cholesterol catabolism mediated by the cytochrome P450 (CYP)
enzymes CYP7A1, CYP8B1, CYP27A1, and CYP7B1. Bile acid-CoA:amino acid N-acyltransferase (BAAT) catalyzes the conjugation of primary BAs
to glycine or taurine (G/T), which enables their active transport into bile ducts and storage in the gall bladder. The majority (90–95%) of BAs
postprandially secreted into the small intestine are actively reabsorbed in the terminal ileum and circulate back to the liver. Both re-circulating
BAs and fibroblast growth factor (FGF)-15/19—induced by BA-dependent farsenoid X receptor (FXR) activation in ileal epithelial cells and
secreted into portal circulation—independently restrict de novo BA synthesis in the liver by suppressing expression of CYP7A1, the rate-
limiting enzyme in the classical BA biosynthetic pathway
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THE OLD: BILE ACID SYNTHESIS, ENTEROHEPATIC
CIRCULATION AND MICROBIAL METABOLISM
Two major classes of BAs exist in mammals: primary and
secondary. Whereas primary BAs are synthesized via cholesterol
catabolism in hepatocytes, secondary BAs are derivatives of
primary BAs generated by microbial metabolism in the intestine
(Fig. 1).34,39 The most abundant primary BAs in humans are cholic
acid (CA) and chenodeoxycholic acid (CDCA), whereas rodent
hepatocytes produce CA together with the 6β-hydroxylated form
of CDCA, termed muricholic acid (MCA). In both humans and
rodents, hepatic BA biosynthesis proceeds via two overlapping,
but non-redundant pathways, termed the ‘classical’ and ‘alter-
native/acidic’ pathways (Fig. 1).46 Cytochrome P450 (CYP) enzymes
are key regulators of both biosynthetic pathways, and evolu-
tionary divergence between human and rodent CYP genes
underlies the distinctive patterns of hepatic BA production in
these species; mouse Cyp2c70 efficiently converts CDCA to MCA,
whereas its human ortholog, CYP2C9, does not.47 The relative
contribution of the classical and alternative/acidic pathways to
primary BA production in various physiological settings remains
incompletely understood, though the classical pathway—defined
by the activities of the cholesterol hydrolases CYP7A1, CYP8B1,
and CYP27A1—is thought to account for the majority (~75%) of
primary BAs that are produced at steady-state.39,46 The alternative
pathway, by contrast, is considered a compensatory pathway that
is upregulated during periods of hepatic stress or disease and
results in the near-exclusive production of CDCA. Irrespective of
the originating pathway, the final step of BA biosynthesis in
hepatocytes is the conjugation of primary BAs to the amino acids,
taurine or (less frequently) glycine; this is executed by the BA-CoA:
amino acid N-acyltransferase (BAAT) enzyme, and allows BAs to
retain their amphipathic structure, which is critical for their lipid
emulsifying activities in the acidic environment of the duodenum
(Fig. 1).48 In addition, amino acid conjugation renders BAs
membrane impermeant, and necessitates active transport by a
host of BA transporters expressed in the liver and ileum.49

BA reabsorption in the ileum follows a tightly orchestrated
pathway of trans-cellular transport. Luminal BAs reaching the
ileum are first bound and transported across the apical surface of
enterocytes by the apical sodium-dependent BA transporter
(ASBT; encoded by SLC10A2).50 Upon entry into the cytoplasm,
BAs are rapidly bound and chaperoned to the basolateral surface
by the ileal BA-binding protein (IBABP; encoded by FABP6), where
they are transported across the basolateral membrane—and into
the underlying mucosal tissue—by the heterodimeric organic
solute transporter α/β (OSTα/β; encoded by SLC51A/B) complex.51

BAs reabsorbed in the ileum accumulate in the mucosa and
ultimately diffuse into fenestrated capillaries for portal re-
circulation to the liver. This enterohepatic circulation of BAs is
completed approximately six to eight times each day in humans,
depending on dietary patterns, and maintains a circulating BA
pool of between 4 and 6 g in healthy adults.38,52

Both the hepatic synthesis of BAs and their reabsorption in the
ileum are linked by an intricate network of hormone-like signaling
events in hepatocytes and IECs. De novo BA biosynthesis in
hepatocytes is subject to direct feedback inhibition by the existing
pool of BAs re-circulating to the liver from the ileum; this involves
direct binding of BAs to the nuclear receptor (NR), farsenoid X
receptor (FXR; encoded by NR1H4), FXR-dependent trans-activa-
tion of small heterodimer partner (SHP; encoded by NR0B2), and
SHP-mediated repression of CYP7A1 expression, the rate-limiting
enzyme in hepatic BA biosynthesis.46,53 BA-dependent activation
of FXR in ileal epithelial cells further suppresses hepatic BA
synthesis through an endocrine pathway involving the hormone-
like fibroblast growth factor (FGF)-15/19 (FGF-15 in mice; FGF-19 in
humans); BA-activated FXR drives FGF-15/19 expression in IECs,
which in turn is secreted into portal circulation, transits to the liver,
binds to its heterodimeric receptor on hepatocytes (FGFR4/

βKlotho) and restricts hepatic BA synthesis by suppressing CYP7A1
expression (Fig. 1).54 Intriguingly, FXR not only drives expression of
FGF-15/19 in IECs, but it also directs expression of the signaling
subunit of the FGF-15/19 receptor, βKlotho, in hepatocytes,
thereby conditioning the liver for feedback regulation by FGF-
15/19.55 Such tight and integrated control over BA synthesis and
circulation serves as a rheostat to maintain a functional, but not
toxic, circulating BA pool.
The small portion of BAs (5–10%) that escape reabsorption in

the ileum are mostly unconjugated (see below) and enter the
large intestine for bacterial metabolism; these are either passively
reabsorbed in the colon and re-enter the circulating BA pool, or
are excreted in the feces (Fig. 1). Many bacterial taxa in the
mammalian gut (e.g., Firmicutes, Bacteroides, Eubacterium, and
Clostridium) express bile salt hydrolase (BSH) enzymes that
deconjugate taurine- and glycine-conjugated BAs.34 As only
conjugated BAs are actively recycled in the ileum, this is one
mechanism by which microbial metabolism directly impacts ileal
BA reabsorption. Indeed, one cause of type 3 BAM is bacterial
overgrowth in the small intestine, which prompts excessive BA
deconjugation and reduced ileal reabsorption.56 Other enteric
bacteria express hydroxysteroid dehydrogenase (HSDH) enzymes,
including Bacteroides, Clostridium, Eubacterium, Lactobacillus, and
Escherichia, which convert (through 7-dehydroxylation) primary BA
precursors into secondary BA products. The most common
secondary BAs are deoxycholic acid (DCA; the 7-dehydroxylation
product of CA) and lithocholic acid (LCA; the 7-dehydroxylation
product of CDCA). However, recent advances in mass spectro-
metric BA analysis have now led to the identification and
characterization of more than 20 distinct secondary BA species
in humans and rodents.57 This diversity of primary BAs and their
secondary metabolites underscores the complex and dynamic
nature by which BAs can influence mucosal immune responses, as
each BA species has unique physiochemical properties (e.g.,
hydrophobicities, critical micelle concentrations, membrane per-
meabilities), as well as varying affinities for host receptors and
transporters (see below).
BAs also reciprocally regulate microbial colonization in the

intestinal tract, due to both direct bacteriostatic activities and BA-
dependent signaling in IECs. For example, the constitutively high
concentrations of BAs in the small intestinal lumen (1–10mM)
approaches most critical micelle concentrations; this not only
facilitates emulsification of dietary lipids, but also leads to direct
lysis of bile-sensitive bacteria. Accordingly, both clinical and
experimentally induced liver injury decreases BA secretion and
leads to bacterial overgrowth in the small bowel.58–61 Bile duct
ligation drives a similar elevation in small bowel bacterial levels,61–64

whereas feeding rodents either bile or conjugated BAs during states
of relative BA-insufficiency reduces small bowel bacterial growth to
normal levels.65–67 However, the potent antimicrobial activity of BAs
observed in vivo is not evident at physiological concentrations
in vitro.33,68–71 Therefore, two additional mechanisms have been
proposed to explain the antimicrobial activities of BAs in vivo. First,
BAs present in bile fluid in vivo exist as mixed micelles, together with
phospholipids, long-chain fatty acids, and bilirubin; the bacteriostatic
functions of BAs are enhanced in the presence of other bile
constituents, particularly long-chain fatty acids.72,73 Second, recent
studies have revealed that BA-dependent FXR activation in IECs
promotes antimicrobial peptide expression.35,74,75 Thus, the anti-
microbial effects of BAs in vivo, as well as their immunoregulatory
functions (described below), likely involve a number of synergistic
mechanisms.
In contrast to the small intestine, BA concentrations are orders

of magnitude lower in the colon (10–50 μM), due to active
reabsorption in the ileum, and this favors bacterial colonization
and BA metabolism. Still, reports of BA-bug interactions in the
colon that regulate mucosal inflammation are beginning to
emerge. For example, mice fed a milk-fat diet display elevated
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levels of taurine (t)-conjugated CA in feces, as well as overgrowth
of Bilophila wadsworthia, a pathobiont associated with human
ulcerative colitis.76,77 Expansion of B. wadsworthia is causative in a
mouse model of colitis induced in IL-10-deficient mice by either a
milk-fat diet or a tCA-supplemented diet.76 Future studies
interrogating the interplay between BAs and the microbiota—
and how these interactions are altered by dietary modification—
should lead to important new insights in the understanding and
treatment of IBDs.

THE NEW: BILE ACIDS AS ACTIVE SIGNALING METABOLITES
The interactions between BAs and the microbiota, as well as their
basic functions in dietary fat absorption, have been recognized for
many decades. However, it was not until the turn of this century
that interest in BA metabolism was re-invigorated by the discovery
that the human genome encodes dedicated BA receptors. The first
BA receptor described was FXR,78 as detailed above, FXR is now
recognized as a master regulator of both BA biosynthesis in the
liver and BA-dependent endocrine signaling in the ileum.
However, additional cell surface and nuclear BA receptors have
been identified over the last 15 years, most notably the
membrane-type bile acid receptor (M-BAR), which is also named
Takeda G-protein receptor 5 (TGR5) and encoded by the GPBAR
locus.79 In addition, other nuclear receptors—pregnane X receptor
(PXR; encoded by NR1I2) and vitamin D receptor (VDR; encoded by
NR1I1)—are directly bound and modulated by specific endogen-
ous BA species.80,81 Further, constitutive androstane receptor
(CAR; encoded by NR1I3) is activated through an indirect
mechanism following cellular BA exposure.82,83 As a rule, these
receptors are broadly expressed in both parenchymal and
hematopoietic compartments, particularly within the gastrointest-
inal tract, and display preferential affinities for distinct BA
species.84,85 Whereas FXR and TGR5 are considered dedicated
BA receptors, which bind to BAs with high-affinity and transduce
an array of metabolic and anti-inflammatory signaling pathways,
PXR, VDR, and CAR reflect non-specific BA “sensors”, which
detoxify BAs through the induction of CYPs, BA sulfotransferases
(SULTs), and BA transporters during periods of BA overload
(Fig. 2).86,87 Importantly, both therapeutic BAs (e.g., ursodeoxy-
cholic acid [UDCA]) and semi-synthetic BA receptor agonists have
shown efficacy in animal models of cholestatic liver diseases, type
2 diabetes (T2D) and inflammatory diseases.41,88 In addition, the
semi-synthetic FXR agonist, obeticholic acid (OCA; a.k.a., INT-747)
—a 6α-ethyl derivative of CDCA—is now in clinical development
for the treatment of non-alcoholic fatty liver disease (NAFLD)
and T2D.89 The development of small molecule BA receptor
modulators has proven key in the evolution of our understanding
that BAs are active, and therapeutically relevant, signaling
metabolites.

Farsenoid X receptor
Interaction between BAs and the FXR ligand-binding domain
(LBD) promotes FXR:DNA-binding to FXR response elements
(FXREs), both as a monomer and as a heterodimer with liver X
receptors (LXRs) (encoded by NR1H3 and NR1H2). As typical for
ligand-bound nuclear receptors, FXR undergoes a conformational
change upon BA binding, which displaces negative co-regulators
(NCoRs) and recruits co-activators (NCoAs).90,91 Further, as the
preferred substrate for FXR is tCDCA, optimal FXR activation—at
least in the liver—requires active BA internalization by transpor-
ters.92 Functionally, BA-dependent FXR activation in IECs inhibits
ASBT expression (SLC10A2) and promotes the expression of both
IBABP (FABP6) and OSTα/β (SLC51A/B) to enforce efficient BA trans-
cellular export.49,74 However, a growing body of literature also
indicates that FXR activity is critical for mucosal immune home-
ostasis and is generally decreased during chronic intestinal
inflammation.

FXR-deficiency increases, whereas small molecule FXR agonist
treatment suppresses, mucosal inflammation in several mouse
models of colitis, including dextran sulfate sodium (DSS)- and
2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis.93

Mechanistically, colonic tissue from colitic mice treated with the
FXR agonist INT-747 display reduced pro-inflammatory cytokine
(e.g., IL-1β, IL-6) and chemokine (e.g., CCL2) expression,93 and
these phenotypes have been attributed to BA- and FXR-
dependent transcriptional responses in IECs that enforce barrier
function and antimicrobial peptide production and that limit
bacterial translocation across the epithelial barrier (Fig. 2).
However, INT-747-dependent FXR activation also represses TLR4-
induced pro-inflammatory gene expression in IECs,94 and restricts
inflammatory cytokine and chemokine expression in cultured
human CD14+ monocytes and DCs.93 Thus, FXR appears to limit
mucosal inflammatory responses via synergistic activities in both
IECs and innate immune cells. Whether FXR activation in mucosal
immune cells involves active internalization of conjugated BAs or
passive membrane diffusion of unconjugated BAs remains unclear
and will be an important area of future investigation.
Mechanistically, BA-dependent FXR activation has been

reported to repress NF-κB activity by preventing nuclear co-
receptor clearance from NF-κB-binding sites in the Tnf and Il1b
locus.95,96 In addition, FXR activation by INT-747 in mice with
chemically induced colitis appears to exert systemic anti-
inflammatory effects, including elevated serum IL-10 levels,
retention of DCs in the spleen and increased Treg cell numbers.97

These effects have been linked to reduced mucosal expression of
Madcam1—the endothelial ligand for α4β7 integrin-dependent
leukocyte extravasation into the colonic lamina propria—as well
as CXCL3, the ligand for CCR2 that is expressed on inflammatory
macrophages and DCs and that mediates leukocyte homing to
inflamed peripheral tissues.97,98 By contrast, colons of colitic mice
treated with INT-747 display elevated CCL25 expression, which,
together with reduced CXCL3 expression, may favor CCR9-
dependent recruitment of Treg cells to inflamed mucosal tissues.97

BA-dependent FXR activation also directly trans-activates expres-
sion of the glucocorticoid receptor (GR; encoded by NR3C1), a
widely recognized anti-inflammatory receptor of corticosteroids
that remain gold-standard therapeutic modalities in IBDs.99 Finally,
a recent study has shown that FXR suppresses assembly of NLRP3-
containing inflammasomes by physically interacting with both
NLRP3 and Caspase-1 (Fig. 2).100 In contrast to most other FXR
functions, which require BA-dependent activation of FXR tran-
scriptional activity, this study showed that BAs act as a danger-
associated molecular pattern (DAMP) in macrophages to activate
inflammasomes together with ATP, and that FXR-dependent
suppression of inflammasome assembly occurs in the absence
of BA binding.100

Consistent with these anti-inflammatory functions of FXR in the
intestine, FXR transcriptional activity is consistently impaired
during chronic mucosal inflammation, in both mice and human
IBD patient biopsies.96,101 On one hand, inflammatory cytokines
(e.g., TNF, IL-1β) have been shown to promote a physical
association between FXR and the NF-κB p50 and p65 subunits,
which limits FXR transcriptional activity.96 At the same time,
chronic mucosal inflammation is associated with type 1 BAM,
which by definition restricts BA-dependent FXR activity in IECs and
mucosal phagocytes.50,74

An important consideration for understanding FXR activity in
complex inflammatory diseases, such as IBDs, is the preferential
binding of discrete BA species to FXR. Both CA and CDCA (i.e.,
primary BAs) are potent FXR agonists, whereas the more
hydrophobic secondary BAs (e.g., DCA, LCA) generated through
microbial metabolism in the gut, display reduced affinities for
FXR.30,78 There are also important functional differences between
the FXR-regulating activities of human- and rodent-specific BAs;
whereas CDCA (preferentially produced in humans) is a potent
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FXR activator, β-MCA (the rodent-specific derivative of CDCA) acts
as an FXR antagonist.102 Thus, understanding the full scope of BA-
dependent FXR functions in mucosal immune regulation will
require meticulous attention to the circulating BA pool in both
experimental animal models and human patients, and how these
parameters change in response to diet, inflammation and
dysbiosis.

Transmembrane G-protein-coupled bile acid receptor
The discovery of FXR as a dedicated BA receptor established the
notion that BAs are active signaling metabolites. However, BA-
dependent FXR activity is seen primarily in parenchymal cells of

the gastrointestinal tract, namely hepatocytes and ileal IECs, that
express BA transporters (e.g., NCTP in hepatocytes; ASBT in IECs)
and that are specialized to internalize conjugated BAs during
enterohepatic circulation. Thus, it was not until the discovery that
conjugated BAs could also transduce signals through a dedicated
transmembrane BA receptor, coined TGR5/M-BAR, that it became
clear additional cell types may be permissive to BA-dependent
signaling in vivo.103 Indeed, TGR5 is highly expressed not only in
hepatocytes and IECs, but also in several hematopoietic cell
lineages, most notably monocytes and macrophages;79,104 a
growing body of literature has now established that BA-
dependent TGR5 signaling potently suppresses pro-inflammatory
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by specialized enterocytes expressing the apical sodium-dependent bile acid transporter (ASBT), the cytoplasmic BA chaperone, ileal bile acid-
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(in mucosal Th17, Th1 cells) suppress oxidative stress induced by high BA concentrations in the ileum. b The minority (~ 5%) of conjugated 1°
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of drug metabolizing enzymes (DMEs), which in turn promotes the detoxification and clearance of excess BAs. LCA, as well as deoxycholic acid
(DCA) are high-affinity agonists of the cell-surface BA receptor, Takeda G-protein receptor 5 (TGR5), expressed on colonic DCs and
macrophages; DCA-dependent TGR5 activation limits TNF and IL-12 secretion by DCs, blocks NLRP3 inflammasome activation in M1
macrophages and promotes differentiation of IL-10-secreting M2 macrophages. These anti-inflammatory functions of BA-dependent
TGR5 signaling act in concert with bacterial metabolites (e.g., short chain fatty acids (SCFAs)) to enforce the development, recruitment and
expansion of Foxp3+ T regulatory (Treg) cells in the colon
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macrophage function, both systemically and in the intestinal
mucosa (Fig. 2).105,106

TGR5 activation by either endogenous BAs or the synthetic
TGR5 agonist 6α-ethyl-23(S)-methylcholic acid (S-EMCA/INT-777)
suppresses lipopolysaccharide (LPS)-induced inflammatory cyto-
kine expression, whereas these responses are both elevated and
unaffected by BAs in macrophages lacking TGR5.107,108 TGR5
activates adenylate cyclase, which drives increased cyclic AMP
(cAMP) production and leads to activation of the cAMP-responsive
transcription factor, cAMP response element binding protein
(CREB). BA- and TGR5-dependent CREB activation, in turn,
suppresses TLR4-mediated NF-κB transcriptional activation of
multiple pro-inflammatory cytokine genes (e.g., TNF, IL1A, IL1B,
IL6, and IL8), and this is reversed by treatment with adenylate
cyclase inhibitors.107 In addition, in vivo activation of TGR5 by
another selective small molecule agonist, BAR501, has been
shown to switch mucosa-associated macrophage phenotypes
from M1 (pro-inflammatory) to M2 (tissue-protective) during
chemically induced colitis.109 In this setting, TGR5 activation
promotes epidermal growth factor receptor (EGFR)–SRC kinase
(SRC) signaling, as well as STAT3 phosphorylation/activation,
which suppresses pro-inflammatory cytokine (e.g., TNF, IFN-β, IL-
6, and IL-12) expression and promotes Treg cell recruitment to
inflamed colonic tissue.109 TGR5-dependent cAMP production has
also been shown to suppress activation of the NLRP3 inflamma-
some, a multiprotein complex that activates capase-1-dependent
processing of IL-1β and IL-18. Here, TGR5-dependent cAMP
production leads to protein kinase A (PKA) activation, and
subsequent phosphorylation of NLRP3 at Ser 291, resulting in
ubiquitination and degradation of the inflammasome.110 These
synergistic anti-inflammatory pathways downstream of TGR5 not
only acutely suppress innate immune responses, but also
influence the downstream priming of inflammatory T cell
responses. Specifically, BA-dependent TGR5 activation directs the
differentiation of human monocytes into tolerogenic DCs that
secrete low levels of TNF and IL-12, cytokines that are required for
the priming of pro-inflammatory Th1 responses commonly
elevated in IBD patients.111 In addition, mucosa-associated
macrophages isolated from Crohn’s disease patient biopsies
express high levels of TGR5 and ex vivo treatment of these cells
with BAs leads to reduced inflammatory cytokine expression,
including TNF.108 Thus, whereas BA-dependent TGR5 signaling,
like that of BA-dependent FXR activation, generally suppresses
mucosal inflammatory responses, perturbed BA circulation and/or
metabolism during chronic intestinal inflammation may limit
endogenous TGR5 activation. In addition, altered microbial
metabolism of primary BA precursors into secondary BA products
during states of dysbiosis, at least conceptually, stands to have an
important influence on the balance between FXR and TGR5
activation. Unlike FXR, TGR5 displays the highest affinity for the
secondary BAs, LCA, and DCA, whereas primary BAs—that act as
potent FXR agonists—show lower affinities for TGR5.74,103,112

Together, these data illustrate that the dedicated BA receptors,
FXR and TGR5, are critical regulators of BA metabolism, BA
circulation, as well as intestinal immune function, which has
cemented their status as possible therapeutic targets for the
treatment of mucosal inflammatory diseases (Fig. 2).

Pregnane X receptor, constitutive androstane receptor and
vitamin D receptor
In contrast to the anti-inflammatory functions of “tonic” BA
signaling through FXR and TGR5, BAs are also lipophilic detergents
that damage cellular membranes and have potent cytotoxic and
pro-inflammatory effects at high concentrations. Accordingly,
mammals use at least three additional nuclear receptors—PXR,
VDR, and CAR—to act as low-affinity BA “sensors” and to promote
BA detoxification and protect tissues from BA-driven injury.113 It is
worth noting that the term BA ‘sensors’ is used when discussing

PXR, VDR, and CAR because, unlike FXR and TGR5, these nuclear
receptors are also activated by food- and bacteria-derived
metabolites (i.e., xenobiotics), where they can also influence
mucosal immunity and homeostasis.113–115

Pro-inflammatory functions of BAs are classically recognized in
cholestatic liver diseases, where BA accumulation in the liver
following loss of hepatic BA efflux activity incites chronic
inflammation, hepatocellular necrosis and liver failure.65,116,117

More recent studies, however, indicate that BA reabsorption in the
ileum is also potentially pathogenic, and that mechanisms exist in
both ileal IECs and mucosal immune cells to actively prevent BA-
driven intestinal injury. First, BA accumulation in ileal IECs lacking
the basolateral BA transporter, OSTα, leads to villous blunting and
IEC proliferation in the ileum that is rescued by ablating ASBT-
dependent BA import.118 In addition, circulating subsets of pro-
inflammatory CD4+ T helper (TH) cells—including IL-17A-secreting
Th17 and IFNγ-producing Th1 cells—adapt to high local BA
concentrations in the ileum by upregulating the xenobiotic
transporter, multidrug resistance protein 1 (MDR1, encoded by
ABCB1 in humans, Abcb1a and Abcb1b in mice) (Fig. 2).119 Here, TH
cells deficient in MDR1 display localized dysfunction in the ileal
mucosa, and transfer Crohn’s disease-like ileitis in lymphopenic
(i.e., Rag1−/−) hosts, which is again rescued by genetic or
pharmacologic blockade of ileal BA reabsorption.120 Notably, BA-
induced injury, whether in OSTα-deficient IECs or MDR1-deficient
T cells, is associated with oxidative stress and overexpression of
inflammatory cytokines, akin to the phenotype of hepatocytes in
cholestatic livers.116–119

PXR, VDR, and CAR all serve to protect cells from BA-driven
injury through the transcriptional activation of drug- and BA-
detoxifying enzymes—cytochrome P450 enzymes (i.e., CYPs), BA
sulfotransferases (i.e., SULTs), and uridine 5′-diphospho-glucur-
onosyltransferase (i.e., UGTs)—as well as transporters, such as
multidrug resistance-associated protein 3 (MRP3, encoded by
ABCC3) (Fig. 2).85,121,122 Here again, protective functions of PXR,
VDR, and CAR against BA-driven injury have been largely
characterized in settings of cholestasis; all three of these nuclear
receptors protect mice from LCA-induced liver toxicity.80,81,83,86

Still, there is increasing evidence that PXR, VDR, and CAR are also
protective in settings of chronic intestinal inflammation. Notably,
mucosal biopsies from IBD patients display reduced expression of
PXR, VDR, and CAR target genes, and IBD-associated polymorph-
isms in each of these loci have been reported.123–125 Pharmaco-
logic activation of CAR and PXR has been shown to modulate the
gut microbiome, reducing Bifidobacterium, Anaeroplasma, and
Dorea species, and promoting an increase in primary conjugated
BAs.126 Still, BA-dependent functions of these nuclear receptors
during normal physiology—particularly for PXR and CAR—are
only beginning to be interrogated, and it is currently unclear
whether PXR, VDR, and CAR enforce mucosal homeostasis through
their functions in hepatocytes, IECs, mucosal immune cells, or
some combination thereof.
PXR selectively binds LCA and has emerged as an intrinsic

regulator of IEC function under homeostatic conditions.81

Intestines of PXR-deficient mice show decreased villus to crypt
ratio, increased neutrophil infiltration, and enhanced basal MPO
activity.114 In addition, small bowel inflammation and increased
epithelial expression of NF-κB target genes, including IL-1β, TNF,
and iNOS, have been reported in PXR knockout mice. Reciprocally,
activation of PXR with the xenobiotic agonist, pregnenolone-16α-
carbonitrile (PCN),127 confers protection against DSS-induced
colitis and promotes mucosal healing, which likely involves a
series of cytoprotective mechanisms in IECs (Fig. 2).128 First, PXR
activation has been reported to stimulate p38 MAP kinase activity
and IEC motility, thereby facilitating mucosal wound healing.129

Second, PXR activation promotes TGFβ expression in IECs, which
limits TNF, IL-8, CCL5, and CCL20 expression.128,130 Third, PXR
activation with rifaximin, a gut-specific human PXR agonist,
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promotes an inhibitory interaction between PXR and NF-κB p65,
which in turn suppresses LPS-driven inflammatory gene expres-
sion.131 This function of PXR is particularly noteworthy, consider-
ing that rifaximin is approved for use in several chronic
gastrointestinal diseases and has shown clinical efficacy in mod-
erate to severe Crohn’s disease.132 Finally, LCA-dependent PXR
activation has been shown to reduce TLR4 mRNA stability,
diminish TLR4 signaling and protect mice from experimental
necrotizing enterocolitis (NEC);133 PXR activation by bacterial-
derived indole metabolites has also been reported to modulate
TLR4 signaling and maintain epithelial barrier function.114 Whether
PXR regulates mucosal immune cell function intrinsically remains
an open question, but at least one previous study has suggested
that PXR regulates the pro-inflammatory function of Kupffer cells,
a specialized lineage of liver-resident macrophages implicated in
numerous inflammatory liver diseases.134

The role of VDR in BA-dependent mucosal immune regulation
has been obscured by the more classical endogenous VDR
agonists, such as 1,25-dihydroxyvitamin D3 (a.k.a., calcitriol).135

Still, vitamin D insufficiency is an established risk factor in IBDs,
and reduced VDR expression is commonly observed in mucosal
biopsies from IBD patients.123 Consistent with these human data,
mice in which VDR is conditionally ablated in IECs display reduced
colonic antimicrobial activity, gut dysbiosis and an increased
susceptibility to chemically induced colitis.136,137 By contrast,
reconstituting VDR-deficient IECs with a human VDR transgene
renders mice highly resistant to both chemically and T cell
transfer-induced colitis.138 In this scenario, VDR activity suppresses
IκBα degradation, thus limiting NF-κB activation and attenuating
p53 upregulated modulator of apoptosis (PUMA)-mediated IEC
apoptosis.138 Like PXR, VDR preferentially binds LCA, and is
thought to accelerate BA detoxification in IECs through the
induction of CYP3A expression.80 However, it is not clear from
these studies whether the protective functions of VDR in IECs is
due to interaction with 1,25-dihydroxyvitamin D3, LCA, or both.
Nonetheless, other studies have shown directly that LCA-
dependent VDR activation suppresses pro-inflammatory cytokine
expression in IECs during experimental colitis, and that the anti-
inflammatory effects of LCA in these models are abolished in mice
lacking VDR.136,138

Of course, VDR is recognized as an important regulator of both
innate and adaptive immune cell function, negatively regulating
monocyte-derived macrophage activation, inhibiting DC matura-
tion, promoting Treg cell differentiation and suppressing pro-
inflammatory Th1 and Th17 responses.139–141 However, the vast
majority of these studies have focused on the immunoregulatory
functions of VDR following activation by 1,25-dihydroxyvitamin D3,
and it remains unclear whether VDR-dependent transcriptional
activity is the same or different when bound by 1,25-dihydrox-
yvitamin D3 or LCA. Still, one recent study interrogated LCA-
dependent VDR functions in CD4+ TH cells directly. Here, the
authors identified unconjugated LCA as a potent suppressor of
mouse and human TH cell activation.142 Reduced TH cell activation
and Th1 cell differentiation in the presence of LCA was associated
with lower ERK-1/2 phosphorylation and decreased expression of
Th1-promoting transcription factors, namely T-BET, STAT1, and
STAT4; all of these anti-inflammatory effects of LCA were sensitive
to shRNA-mediated VDR depletion.142

CAR is a PXR-related xenobiotic-sensing nuclear receptor, and as
such is also recognized for its role in drug and BA metabolism in
the liver. Unlike PXR and VDR, however, there is no experimental
evidence that BAs are direct ligands of CAR. Rather, CAR is
phosphorylated at steady-state and sequestered in a multiprotein
cytoplasmic complex comprised of heat shock protein 90 (Hsp90),
Hsp70 and the cytoplasmic CAR retention protein (CCRP).143

Release of CAR from this inhibitory complex, and subsequent
nuclear translocation, is triggered by either direct binding of small
molecule ‘super-agonists’ (e.g., the phenobarbital derivative

agonist, 4-bis[2-(3,5-dichloropyridyloxy)]benzene [TCPOBOP])144

or by a poorly understood indirect pathway that stems from
transmembrane receptors and that induces protein phosphatase
2A (PP2A)-mediated CAR dephosphorylation; this indirect activa-
tion of CAR occurs in the presence of numerous pharmaceutical
compounds (e.g., phenobarbital) as well as hydrophobic BAs, such
as LCA.86,143,145–148 Another distinctive feature of CAR (vis-à-vis
most other nuclear receptors) is that CAR displays constitutive (i.e.,
ligand-independent) transcriptional activity, due to a truncated C-
terminal activation function 2 (AF2) motif in the LBD that stables a
transcriptionally active conformation.149 Nuclear CAR trans-acti-
vates target gene expression by binding to cognate DNA
regulatory elements either as a monomer or as a heterodimer
with retinoid X receptor (RXRα; encoded by NR2B1),149,150 whereas
constitutive CAR activity is inhibited by the binding of andros-
tanes, such as 5α-Androstan-3β-ol.151

As with PXR and VDR, polymorphisms in the CAR (NR1I3) locus
have been associated with IBDs, and the expression of CAR and a
number of its target genes have been found to be reduced in
inflamed mucosal biopsies from CD and UC patients.152 In mice, the
small molecule CAR agonist, TCPOBOP, reduces severity of DSS-
induced colitis, which is associated with reductions in both
monocyte and macrophage mucosal infiltration and in pro-
inflammatory cytokine expression (Fig. 2).153 Like PXR, CAR is
thought to regulate IEC function in the context of wound healing;
the selective human CAR agonist 6-(4-chlorophenyl)imidazo[2,1-b]
[1,3]thiazole-5-carbaldehyde O-(3,4-dichlorobenzyl)oxime (CITCO)154

increases IEC migratory activity.152 In addition, a series of recent
studies suggest that CAR-dependent transcriptional activity in IECs is
influenced by the enteric flora. For example, dysbiosis induced by a
high-fat diet leads to elevated expression of CAR target genes in
the mouse intestine.155 Second, introduction of a normal micro-
biome into germ free (GF) mice suppresses the expression of CAR, as
well as CAR-regulated CYPs, in IECs in a TLR2-dependent manner.115

Rawls and colleagues reported a similar finding, in which intestines
of GF mice display increased transcriptional activity associated with
xenobiotic metabolism, compared with conventionally housed
specific pathogen-free (SPF) counterparts.156 Together, these data
support a model in which microbe-mediated BA deconjugation
decreases intestinal reabsorption, leading to reduced levels
of mucosa-associated BAs and less need to detoxify them. Of
course, while these studies raise intriguing new concepts in the
interplay between CAR, the microbiota and mucosal homeostasis,
much remains to be learned about whether these observations are
due to CAR functions in IECs, mucosal immune cells and/or
hepatocytes. In addition, it will be important to understand if
microbiota-dependent alterations in mucosal CAR activity reflect
direct responses to BAs or microbial metabolites. Clearly, future
studies will be important to elucidate the diverse and cell type-
specific functions, not only of dedicated BA receptors, but also of
non-specific BA sensors during mucosal homeostasis and inflamma-
tion (Fig. 2).

THE IMPLICATIONS: TARGETING BILE ACIDS AND THEIR
RECEPTORS IN MUCOSAL INFLAMMATORY DISEASES
BAs and their receptors have emerged as important targets for the
treatment of human metabolic and inflammatory diseases.
Ursodeoxycholic acid (UDCA) is an endogenous hydrophilic
secondary BA produced at low levels in both humans and
rodents, and has been used pharmacologically for many years in
the treatment of a range of cholestatic disorders, including biliary
atresia, to stimulate bile flow and protect hepatocytes from
membrane-damaging BAs, such as LCA.40,88,157 Indeed, a series of
recent reports indicate that UDCA is also protective in mouse
models of IBDs. For example, UDCA ameliorates DSS-induced
colitis in mice, and this is associated with expansion of anti-
inflammatory enteric bacterial species, including cluster XIVa
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Clostridium and Akkermansia muciniphila, which are generally
depleted in IBD patients.158,159 Whether the therapeutic effects of
UDCA in rodent colitis models is translatable to human IBD
patients, and the extent to which this activity involves direct
effects on hepatic BA production, the gut flora, and/or the
mucosal immune system remains to be elucidated. Nonetheless,
these data raise the possibility that elevated BA accumulation in
the intestinal mucosa, due to either altered BA metabolism or
increased intestinal permeability, contribute to IBD-associated
mucosal inflammation. Another BA derivative, NorUDCA, has
marked anti-inflammatory and anti-fibrotic effects in PSC and
NASH patients.160 The FXR agonist, obeticholic acid (OCA),
represents the first-in-class synthetic BA receptor modulator, and
has shown efficacy in clinical trials of primary biliary sclerosis
(PBC), primary sclerosing cholangitis (PSC), and non-alcoholic
steatohepatitis (NASH).66,89,161 Small molecule agonists of the
dedicated transmembrane BA receptor, TGR5, are also in active
clinical development and have shown promise in suppressing
inflammation in mouse models of atherosclerosis, T2D and IBD;
these have yet to enter clinical testing.79 Vitamin D3 supplementa-
tion has shown efficacy in treating some IBD patients, supporting
further clinical studies of the molecular links between VDR and
intestinal inflammation. PXR and CAR are also ligand-regulated
nuclear receptors that appear to safeguard the intestinal mucosa
during periods of BA overload. However, given that PXR and CAR
also have established functions in hepatic drug metabolism and
stimulating these nuclear receptors could trigger drug–drug
interactions,162 further studies are needed to understand the
risk:benefit ratios of systemically targeting these nuclear receptor
pathways and to develop approaches that enable topical delivery
of PXR and/or CAR agonists to sites of intestinal inflammation.

Indeed the success of treating human IBDs with rifaximin,163–165

which activates PXR locally in the intestine but is poorly absorbed
into circulation, provides a clinical proof-of-concept for targeting
BA sensors in the intestinal mucosa. Finally, manipulating
enterohepatic BA circulation, with either well-established BA
sequestrants (e.g., cholestyramine) or more recently developed
small molecule ASBT inhibitors, is another avenue for clinical
intervention in circumstances where elevated BA levels in the
intestinal mucosa trigger tissue injury.166,167 However, considering
that low-level BA-dependent signaling (i.e., through FXR and
TGR5) is generally protective, it is possible that the most effective
BA-directed therapies for mucosal inflammatory disorders will
involve a combination of intestinal BA reabsorption inhibitors and
FXR/TGR5 agonists. Ultimately, while the use and utility of BA-
directed therapies in human IBDs remains to be seen, the
emergence of these modalities offer several points of clinical
intervention and will continue to play a key role in the march
toward a better, more comprehensive understanding of BAs in
mucosal immune regulation.

CONCLUDING REMARKS
BAs have emerged as important and pleotropic signaling
metabolites involved in the regulation of metabolism and
inflammation through interactions with both microbiota and host
receptors. The dynamic three-dimensional interplay between BAs,
the microbiome and the mucosal immune system represents an
important new frontier in the field of Mucosal Immunology (Fig. 3).
Still, focused efforts are needed to dissect the dynamics and
functional consequences of the circulating BA pool in health and
mucosal inflammatory disease, as well as to elucidate the relative
functions of both dedicated BA receptors and non-specific BA
sensors. If successful, these insights stand to generate a truly
integrated view of mucosal inflammation that, in turn, can be
leveraged for the design of more rational, personalized, and
effective human therapies.
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