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Introduction
Owing to continuous exposure to different for-
eign antigens and a wide variety of metabolites, 
intestinal immune cells are faced with the chal-
lenges of detecting and eliminating detrimental 
pathogenic microorganisms, regulating intestinal 
metabolite pool, and maintaining intestinal 
homeostasis.1 In addition to interacting with 
each other, immune cells also play critical roles 
in interacting with intestinal epithelia, microor-
ganisms, and various metabolites. Therefore, the 
balance of network connecting immune cells 
with other components in the intestine is 
extremely important for intestinal homeostasis 
and even overall health.2 Impairment of the bal-
ance could precipitate many chronic inflamma-
tory diseases in the intestine, such as inflammatory 
bowel disease (IBD).3 As an important class of 
metabolites, up to now, bile acids have been 

known for their roles in not only facilitating 
digestion and absorption but also regulating 
intestinal mucosal immune responses, owing to 
the increasing understanding of bile acids from 
recent basic studies. Bile acids regulate intestinal 
mucosal homeostasis and inflammation through 
interaction with bile acid receptors and signal-
ing.4 On the one hand, bile acids contribute to 
shaping the microbiota community. On the other 
hand, bile acids, especially secondary bile acids, 
are also metabolized by many intestinal microor-
ganisms.5 Via different receptors and respective 
signalings, such as farsenoid X receptor (FXR) 
and G-protein bile acid-activated receptor 1 
(GPBAR1), bile acids regulate intestinal mucosal 
homeostasis and inflammation.6 In this paper, we 
provide an overview of the roles of bile acids in 
regulating metabolism and immune responses, 
and discuss the possibilities that allow us to 
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transform the advances of basic data to applica-
tion in clinical use.

Bile acid metabolism
Bile acids are metabolic products of cholesterol. 
The human liver synthesizes about 200–600 mg 
of bile acids every day and excretes them into the 
feces (Figure 1). Hepatocytes use cholesterol to 
synthesize primary bile acids through multiple 
steps, which is the main way the liver clears cho-
lesterol.4,7,8 The conversion of cholesterol into 
bile acids involves 17 distinct enzymes located in 
different cellular architectures such as cytosol, 
endoplasmic reticulum, and peroxisomes, of 
which cholesterol 7α-hydroxylase is the key 

enzyme.9–11 Bile acids synthesized directly from 
hepatocytes using cholesterol are called primary 
bile acids, containing cholic acid (CA) and che-
nodeoxycholic acid (CDCA). CA and CDCA are 
amidated with glycine or taurine in the liver to 
form the conjugated bile salts. Secondary bile 
acids, including lithocholic acid (LCA) and deox-
ycholic acid (DCA), are produced through the 
7-α dehydroxylation of primary bile acids under 
the action of intestinal bacteria after the deamina-
tion of conjugated bile acids performed by bile 
salt hydrolases (BSHs).12 The structural differ-
ence between CA and CDCA is the number of 
hydroxyl groups: three hydroxyl groups (3α, 7α, 
12α) and two hydroxyl groups (3α, 7α), respec-
tively. There are no hydroxyl groups on the C-7 

Figure 1. Bile acid biosynthetic pathways. In liver, cholesterol 7α-hydroxylase (CYP7A1) and mitochondrial 
sterol 27-hydroxylase (CYP27A1) are the key enzymes which initiate the classic pathway and the alternative 
pathway, respectively. Through the classic pathway, CYP7A1 converts cholesterol to 7α-hydroxycholesterol, 
which is then converted to 7α-hydroxy-4-cholesten-3-one by 3β-hydroxysteroid dehydrogenase (HSD3B7). 
Sterol 12α-hydroxylase (CYP8B1) catalyzes 7α-hydroxy-4-cholesten-3-one into 7α,12α-dihydroxy-4-cholesten-
3-one, which successively transforms into 7α,12α-dihydroxy-4-cholesten-3-one and 5β-cholestan-3α,7α,12α-
triol under the effect of aldos-keto reductase 1D1 (AKR1D1) and AKR1C4 and sterol 27-hydroxylase (CYP27A1), 
respectively, finally leading to the generation of 3α,7α,12α-trihydroxy-5β-cholestanoic acid (CA). Also, 
7α-hydroxy-4-cholesten-3-one can be converted to 5β-cholestan-3α,7α-diol by AKR1D1 and AKR1C4, and 
finally transformed into 3α,7α-dihydroxy-5β-cholestanoic acid (CDCA) by CYP27A1. In the alternative pathway, 
cholesterol can be directly converted to 27-hydroxycholesterol by CYP27A1, which is finally transformed 
into CDCA following the catalyzation of oxysterol 7α-hydroxylase (CYP7B1) and other enzymes. Then CA and 
CDCA are amidated with glycine or taurine in the liver to form the conjugated bile salts (GCA and GCDCA, TCA 
and TCDCA). When secreted into the intestine, conjugated bile acids are converted to secondary bile acids 
[lithocholic acid (LCA) and deoxycholic acid (DCA)] after the deamination performed by bile salt hydrolases 
(BSHs) and subsequent 7α-dihydroxylation by bacterial 7α-dehydroxylase. The 7β epimerization of CDCA leads 
to the formation of ursodeoxycholic acid (UDCA), which is a secondary bile acid in humans.
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position of DCA and LCA.11,13 The primary bile 
acids that flow into the intestine tract assist diges-
tion and absorption of lipid substances and food, 
and a part of them is hydrolyzed to remove the 
7α-hydroxyl group and then converted into sec-
ondary bile acids by bacteria in the distal intes-
tine.14 An amount of ursodeoxycholic acid 
(UDCA) can be produced along with the synthe-
sis of secondary bile acids, which have the same 
function of dissolving gallstones as CDCA.

On average, 95% of the various bile acids in the 
intestine are reabsorbed by the intestinal wall, 
and the rest is excreted into feces. There are two 
main ways to reabsorb bile acids: (1) conjugated 
bile acids are actively reabsorbed at the ileal site 
and (2) deconjugated bile acids are passively 
reabsorbed in different parts of the small intestine 
and large intestine. The reabsorption of bile acids 
mainly depends on active reabsorption. Most 
LCA exists in free form without being reabsorbed. 
Reabsorbed bile acids in the intestine, including 
primary and secondary bile acids, conjugated and 
deconjugated bile acids, enter the liver through 
the portal vein, where deconjugated bile acids are 
converted into conjugated bile acids by hepatic 
enzymes, then secreted and recirculated to the 
gallbladder for storage. This process is called 
“enterohepatic circulation of bile acids”. The 
physiological significance of enterohepatic circu-
lation of bile acids is (1) to regulate bile acid syn-
thesis by feedback inhibition and (2) to absorb 
and transport cholesterol, fats, and nutrients to 
the liver for distribution to other tissues/organs.15 
In humans, a total bile acids pool of 3–5 g is not 
enough to facilitate lipid digestion and absorp-
tion, which can be solved by the enterohepatic 
circulation of bile acids. After each meal, entero-
hepatic circulation can be completed approxi-
mately two to four times so that the limited bile 
acids can exert the maximum emulsification to 
maintain digestion and absorption of lipid food.16 
Once enterohepatic circulation is disrupted, such 
as by severe diarrhea or large ileal resection, 
digestion and absorption of lipid food are 
impaired, leading to increased incidence of gall-
stone owing to the accumulation of cholesterol.17 
As amphipathic molecules, bile acids contain 
both hydroxyl and carboxyl or sulfonic acid 
groups that are hydrophilic, and hydrocarbon 
cores as well as methyl groups that are hydropho-
bic. These groups with adverse properties located 
on different sides of cyclopentane poly hydro 
phenanthrene nucleus make bile acid surfactant, 

thus decreasing the surface tension between oil 
and water as well as increasing the emulsification 
of lipids. In addition, amphipathic properties of 
bile acids contribute to expanding contact surface 
between lipase and substrates, which can acceler-
ate digestion of lipids.

The effects of bile acids and receptors on the 
intestinal mucosal immune system
Crosstalk of bile acid receptors plays a significant 
regulatory role in the intestinal immune system 
(Figure 2). The roles of bile acids and their recep-
tors, such as GPBAR1 and FXR, in regulating 
intestinal immunity and homeostasis have been 
investigated by many studies (Table 1). As typical 
for ligand-bound nuclear receptors, FXR under-
goes a conformational change such that corepres-
sors are released and coactivator are recruited, thus 
activating FXR, the first described nuclear receptor 
for bile acids. FXR can be activated by endogenous 
CDCA > DCA > LCA > CA with decreasing affin-
ity.18,19 In addition to the inhibition of apical 
sodium-dependent bile acid transporter (ASBT) 
expression and promotion of ileal bile acid-binding 
protein and bile acid transporters OST α/β to 
enforce efficient bile acid transcellular export,20,21 
bile acid-dependent FXR activation is also reported 
to be crucial for mucosal immune homeostasis, 
which is often decreased during intestinal inflam-
mation. In several mouse colitis models, including 
dextran sulfate sodium (DSS)- and 2,4,6-trini-
trobenzene sulfonic acid (TNBS)-induced colitis, 
mucosal inflammation is decreased in the presence 
of FXR agonist treatment while increased in FXR-
deficient mice.22 The expression of pro-inflamma-
tory cytokine (e.g. IL-1β, IL-6) and chemokine (e.g. 
CCL2) is found to be diminished in murine colitis 
treated with INT-747, an agonist of FXR, which is 
the original name of obeticholic acid (OCA). These 
phenotypes have been associated with the strength-
ened intestinal barrier function and increased anti-
microbial peptide production that contributes to the 
limitation of bacterial translocation across the intes-
tinal epithelial barrier in the presence of FXR acti-
vation.22 In human CD14+ monocytes and DCs 
(dendritic cell) cultured in vitro, the expression of 
inflammatory cytokine and chemokine is restricted 
by INT-747-dependent FXR activation.22 Similarly, 
the expression of TLR4-mediated pro-inflamma-
tory genes is also repressed by FXR activation with 
INT-747 in intestinal epithelial cells (IECs).23 FXR 
activation has been reported to repress NF-κB 
activity by preventing nuclear coreceptor clearance 
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from NF-κB-binding sites in the Tnf and Il1b 
loci.24,25 Also, FXR activation displays an anti-
inflammatory effect, resulting in elevated levels of 
serum IL-10, the persistence of spleen DCs, and 
augmented numbers of regulatory T-cells (Treg 
cells).26 A recent study has shown that assembly of 
NLRP3 inflammasomes can be suppressed by 
FXR, which physically interacts with NLRP3 and 
caspase-1.27 Interestingly, this study showed that 
bile acids promoted NLRP3 activation as a damage-
associated molecular pattern and the inhibition of 

inflammasome by FXR occurs without binding of 
bile acids.27

GPBAR1, also called TGR5, discovered as a mem-
brane receptor for bile acids in 2002, belongs to the 
G protein-coupled receptor (GPCR) superfam-
ily.43,44 The expression of GPBAR1 is detected on 
the membrane of most cells covering the intestinal 
and biliary tracts, such as epithelial cells, immune 
cells, and enteric nerves. GPBAR1 can be activated 
by LCA > DCA > CDCA > UDCA > CA according 

Figure 2. Potential roles of bile acids in regulating immune response in intestinal mucosa. Bile acids in 
the intestine are actively reabsorbed into lamina propria through sodium-dependent bile acid transporter 
(ASBT) and organic solute transporter (OST)-α/β complex or by passive absorption, where they interact with 
a variety of mucosal immune cells. The activation of farsenoid X receptor (FXR) and TGR5 commonly inhibits 
inflammasome assembly and reduces the associated pro-inflammatory cytokine expression in macrophages 
and DC (dendritic cell). Bile acids suppress pro-inflammatory ability of monocytes and concomitantly facilitate 
monocytes to differentiate into DC with poor production of IL-12 and TNF-α. The differentiation of Th17 cells 
is decreased while regulatory T-cell (Treg cell) differentiation is increased by bile acids, characterized by 
down-regulated pro-inflammatory cytokines such as IL-17A/F and TNF-α and up-regulated anti-inflammatory 
factors such as IL-10 and TGF-β, respectively. Strikingly, via vitamin D receptor (VDR), colon-resident Foxp3+ 
Treg cells simultaneously expressing RORγt can be modulated by bile acids, thus ameliorating mucosal 
inflammation. TGR5 activation in intestinal epithelial cells strengthens tight junction and protects intestinal 
barrier integrity. In Lgr5+ crypt stem cells, TGR5 activation promotes stem cell renewal and inhibits apoptosis, 
thus maintaining intestinal epithelial homeostasis. The activation of FXR and pregnane X receptor (PXR) by 
bile acids in intestinal epithelium can also exhibit an anti-inflammatory effect with decreased levels of pro-
inflammatory cytokines.
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to the affinity. LCA is the strongest natural agonist of 
GPBAR1, but GPBAR1 also responds to (un)conju-
gated DCA, CDCA, UDCA, and CA.45–50 As a new 
target in the treatment of liver, cardiovascular, and 
metabolic diseases, GPBAR1 is receiving a great deal 
of attention and interest at present.51–55 In vivo exper-
imental results have demonstrated that Gpbar1 defi-
ciency results in the destroyed architecture of 
epithelial tight junctions in the intestine and abnor-
mal distribution of zonulin-1.28 Particularly, 
GPBAR1 expressed in enteric neurons is currently 
known for the necessary roles in the regulation of 
intestinal motility56 while GPBAR1 in innate immune 
cells delivers suppressive signals to inflammatory 
responses.29,30 Endogenous bile acids or the synthetic 
GPBAR1 agonist 6α-ethyl-23(S)-methylcholic acid 
(S-EMCA/INT-777) can activate GPBAR1 and 
suppress expression of inflammatory cytokines 
induced by LPS (lipopolysaccharide), whereas bile 
acids or GPBAR1 agonist could not exert such an 
anti-inflammatory function in Gpbar1-deficient mac-
rophages.40,41 In vivo activation of GPBAR1 by the 
steroidal ligand BAR501, a small molecule agonist, 
attenuates inflammation in murine models of colitis 
by contributing to the polarization of mucosa-associ-
ated macrophages from M1 to M2.31 Bile acids are 
also reported to inhibit the activation of NLRP3 
inflammasome via the GPBAR1–cAMP–PKA 
(cyclic adenosine monophosphate-protein kinase A)
axis, indicating that bile acids function not only in 
modulating the metabolic system but also in fine-
tuning inflammatory responses.42 Furthermore, bile 
acid-dependent GPBAR1 activation is found to 
induce the differentiation of human monocytes into 
IL-12 and TNF-α hypo-producing DC via the 
GPBAR1–cAMP pathway.29 Collectively, FXR and 
GPBAR1, as two classical regulators of bile acid 
metabolism, generally play an anti-inflammatory role 
in the intestinal mucosal immune system.

In addition to FXR and GPBAR1, bile acids also 
play important roles through other receptors such 
as pregnane X receptor (PXR), constitutive 
androstane receptor (CAR), and vitamin D recep-
tor (VDR). Diet antigens or bacteria-derived 
metabolites such as xenobiotics can activate these 
nuclear receptors, whereby they act on the intesti-
nal mucosal immunity and homeostasis.32,57,58 It is 
notable that expression of PXR, VDR, and CAR 
target genes, which commonly promote bile acid 
detoxification and protect tissue damage from bile 
acids,31 is decreased in mucosal biopsies from IBD 
patients.59–61 There has been a historical study  
on the roles of PXR as a sensor of LCA in 

coordinately regulating the expression of genes 
that reduce the concentrations of LCA to avoid 
toxic damage to the host.62 Evidence has shown 
that a distinct intestinal pathology with destroyed 
epithelium structure is present in Pxr-deficient 
mice32 and PXR signaling in non-hematopoietic 
compartments is indispensable to the mainte-
nance of the barrier functions and the balance of 
intestinal inflammatory signaling network.32 
Interestingly, the expression of toll-like receptor 4 
(TLR4) is up-regulated in IECs of Pxr-deficient 
mice,32 which is consistent with previous results 
showing that TLR4 mRNA stability is decreased 
in the presence of PXR activation dependent on 
LCA.33 Recently, a critical mechanism has been 
elucidated: PXR activation in the colon can 
repress the expression of NF-κB target genes, thus 
decreasing the susceptibility to colitis induced by 
DSS in mice.34 The activity of p38 MAP kinase 
and IEC motility can also be stimulated by PXR 
activation, thereby accelerating the mucosal 
wound repairing and improving the level of TGF-
β, which limits expression of several inflammatory 
cytokines and chemokines, including TNF, IL-8, 
CCL5, and CCL20.35,36 Considerable advances 
have been made in the understanding of PXR dur-
ing recent years, and in addition to its detoxifying 
roles, it also exerts potent cytoprotective and anti-
inflammatory effects on intestinal epithelial cells.63

Bile acids control many aspects of physiological 
processes, including cell differentiation and inflam-
matory responses by VDR, which is another nuclear 
receptor of bile acids and is expressed throughout 
the body.64–66 As a risk factor for IBD, vitamin D 
deficiency and reduced expression of VDR com-
monly occur in patients with IBD.59 In several 
chemically-induced colitis models, VDR-deficient 
mice display impaired production of antimicrobial 
peptides, increased epithelium permeability, and 
gut dysbiosis.67,68 In different experimental colitis 
models, mice with transgenic human VDR in IECs 
exhibit high resistance to colitis, demonstrating that 
the activation of epithelial VDR signaling provides 
protection to the mucosal barrier that inhibits coli-
tis, whereas activation of non-epithelial immune 
VDR has no such an effect.69 Recently, two bile 
acid metabolites, 3-oxoLCA and isoalloLCA, have 
been identified as important regulators for T-cells 
by VDR in mice.37 In addition to VDR, RORγt 
had been shown to be able to act as oxo-bile acid 
receptor, such as 3-oxoLCA, a derivative from 
LCA.37 For a long time, RORγt was recognized as 
a critical transcriptional factor that drives Th17 
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differentiation in several inflammatory diseases, 
while a recent study revealed a new role different 
from previous understanding.38 The differentiation 
of Th17 cells has been observed to be reduced 
while the Treg cell differentiation is markedly 
increased in the intestinal lamina propria of mice 
under the effects of 3-oxoLCA and isoalloLCA, 
respectively. Mechanistically, the physical binding 
of 3-oxoLCA to the RORγt, the key transcription 
factor that drives the differentiation of Th17 cells, 
can inhibit the activity of RORγt, leading to a lower 
proportion of Th17 cells, and the increased differ-
entiation of Treg cells is due to the isoalloLCA-
induced up-regulation of mitochondrial reactive 
oxygen species, which increases the expression of 
transcription factor Foxp3, suggesting that bile 
acids play a critical role in immune responses by 
skewing the differentiation of Th17/Treg cells.39 
Consistent with these results, another study has 
reported that the gut bile acid pool is significantly 
influenced by daily diets and microbial factors, and 
that via bile acid receptors the population of colon-
resident Foxp3+ Treg cells simultaneously express-
ing RORγ can be modulated by bile acid 
metabolites, which contributes to the regulation of 
intestinal inflammation.37 Interestingly, a recent 
study has identified the secondary bile acid 3β-
hydroxydeoxycholic acid (isoDCA) as a potent 
regulator of the differentiation of peripheral Treg 

cells for its ability to induce increased expression of 
Foxp3 by inhibiting the immunostimulatory prop-
erties of DCs. By using the approach of engineered 
Bacteroides strains that specifically produce isoDCA 
when colonized with Clostridium scindens in mice, 
the increased population of Treg cells expressing 
RORγt in the colon is found to be associated with 
the isoDCA-producing consortia, which can 
enhance extrathymic differentiation dependent on 
non-coding sequence 1.70 Altogether, these results 
indicate that bile acids and their signaling play a 
protective role in maintaining intestinal homeosta-
sis. Understanding how such a complex mecha-
nism between bile acid metabolites and microbiota 
ultimately impacts the intestinal epithelial immune 
system should be an important hot topic of intesti-
nal mucosal immunity in the coming years.

Characteristics of bile acid metabolism in 
gut-associated diseases
IBD, including Crohn’s disease (CD) and ulcera-
tive colitis, is a chronic, recurrent, and multifac-
torial disease, involving the environment, genetics, 
metabolism disorders, and immunity.71–76 Bile 
acids are important metabolites in humans which 
play roles in maintaining the intestinal homeosta-
sis and immune environment, besides their piv-
otal roles in dietary lipid absorption and 

Table 2. Dynamic changes of bile acids in sera and stool in different gut disorders.

Disease Sub-disease Sera Stool References

IBD Active IBD Reduced secondary 
bile acids*

Reduced secondary bile acids**
 Increased conjugated bile acids*
 Increased sulfated bile acids**

Lloyd-Price et al.80

 IBD in remission Reduced secondary 
bile acids*

Reduced secondary bile acids*
Increased conjugated bile acids*

Lloyd-Price et al.80

CRC Increased DCA Increased DCA in MP
Increased glycocholate and 
taurocholate in S0

Sakanaka et al.88

IBS Increased primary 
bile acids and 
amino-conjugated 
bile acids in IBS-D 
and IBS-C

Increased total bile acids, 
sulfated bile acids, conjugated 
bile acids, and UDCA in IBS-D

Fryer et al.89

*p < 0.05.
**p < 0.01.
CRC, colorectal cancer; DCA, deoxycholic acid; IBD, inflammatory bowel disease; IBS, irritable bowel syndrome; IBS-C, 
constipation-predominant IBS; IBS-D, diarrhea-predominant IBS; MP, multiple polypoid adenomas with low-grade 
dysplasia; S0, stage 0 intramucosal carcinoma [polypoid adenoma(s) with high-grade dysplasia]; UDCA, ursodeoxycholic 
acid.
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cholesterol metabolism (Table 2). Of note, 
impaired metabolism of bile acids has been impli-
cated in the pathogenesis and development of 
IBD.77–80 A study on bile acid metabolism in IBD 
patients has demonstrated an increased propor-
tion of conjugated bile acids and a reduced pro-
portion of secondary bile acids in the feces of IBD 
patients, especially during the active period, even 
though the total concentrations of fecal bile acids 
are not significantly different between IBD 
patients and healthy controls. Furthermore, a 
much higher proportion of 3-OH-sulfated bile 
acids has been reported in the feces of patients 
with active IBD compared with IBD patients in 
remission and healthy controls. Nevertheless, any 
other significant differences in serum bile acid 
concentrations are not observed between IBD 
patients and healthy controls except that the con-
centration of secondary bile acid is reduced in the 
sera of IBD patients, suggesting an impaired 
luminal bacterial bile acid metabolism in IBD 
patients.81 Primary sclerosing cholangitis (PSC) 
is highly associated with IBD and is a risk factor 
for colon cancer.82,83 Several studies have demon-
strated a reduced total bile acid pool in PSC-
associated IBD patients and a decreased 
proportion of secondary bile acids in the stool of 
active IBD patients.81,84 A pilot study of fecal bile 
acids and microbiota in patients with IBD and 
PSC has illustrated that PSC-associated IBD 
patients present a higher proportion of conju-
gated bile acids in stool, although statistical sig-
nificances are not observed. Furthermore, DCA, 
a secondary bile acid, is also observed to be ele-
vated in stool from PSC-associated IBD, while 
the proportion of UDCA in stool is not different 
between PSC-associated IBD and IBD alone.84 
In addition to the significantly reduced total stool 
bile acid pool in PSC-associated IBD, the serum 
bile acid pool is increased in these patients as 
compared with IBD alone. Correspondingly, 
patients with PSC-associated IBD demonstrate 
enrichment in bacteria from the Fusobacterium 
and Ruminococcus taxa, and a decrease in bacteria 
from the genera Veillonella, Dorea, Blautia, 
Lachnospira, and Roseburia.84 These results align 
with previous findings, displaying an increase of 
Fusobacterium and Ruminococcus in stools from 
patients with PSC-IBD.85 However, a recent 
study on the fecal bile acid pool in patients with 
PSC-associated IBD revealed that there is no 
substantial difference in the fecal bile acid profiles 
of patients with IBD-associated PSC compared 
with IBD alone or healthy controls. However, 

microbiota diversity is significantly decreased in 
those with PSC-IBD compared with IBD alone 
or healthy controls.86 This discrepancy between 
the two studies may be associated with the differ-
ent methods of fecal collection or bile acid analy-
sis. The enterohepatic circulation of bile acids 
principally depends on the absorption of bile acid 
in the terminal ileum and colon, which could be 
disturbed in IBD. A study using a real-time poly-
merase chain reaction method to detect the 
expression of bile acid transporter in mucosal 
biopsy specimens from patients with CD or ulcer-
ative colitis demonstrates an altered mRNA 
expression of important intestinal bile acid trans-
porters.87 The most striking observation in CD 
patients is the down-regulation of ASBT mRNA, 
which may be associated with altered bile acid 
profiles in IBD patients.

In IBD, the inflammation of the intestinal wall is 
an important contributing factor to the etiopatho-
genesis of diarrhea, causing the impaired ability of 
solute and water reabsorption,90 destruction of 
epithelium integrity, disturbance of the intestinal 
microorganism homeostasis, and deficiency of 
specific transport mechanisms in the gut.91 
Actually, the diarrhea is in consequence of the 
impaired capacity of absorptive fluid, which is 
physiologically estimated to be 4.5–5 l/day. Bile 
acid malabsorption (BAM) is a symptom that 
occurs frequently in patients with IBD, especially 
in patients with ileal CD. It has been reported 
that patients with only colon disease have mark-
edly decreased ileal bile acid absorption.92 These 
results are also supported by a study in pediatric 
IBD, showing that 86% of CD patients with per-
sistent diarrhea have no or only mild disease 
activity.93 Interestingly, another study found that 
expression of apical sodium/bile acid cotransport-
ing polypeptide responsible for ileal bile acid 
reabsorption in ileal biopsies from the non-
inflammatory site of CD patients was significantly 
reduced,94 suggesting that the diarrhea may be a 
potential protective mechanism whereby the 
accumulated toxic bile acids are diluted and 
excreted outside the body in time that epithelial 
integrity and function can be protected from the 
damage of toxicity of bile acids. This idea is sup-
ported by the observation that, despite elevated 
levels of colonic bile acids, bile acid-induced diar-
rhea is not associated with significant alterations 
in mucosal histology. Also, bile acids have been 
shown to impair the intestinal epithelium integ-
rity, causing increased intestinal permeability. 
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This observation has gained further new support 
from the latest findings showing that GPBAR1 is 
very crucial for the integrity of the intestinal 
mucosa and plays important roles in the develop-
ment of experimental colitis.28 In fact, increased 
mucosal permeability with destroyed epithelial 
tight junction induced by the accumulation of 
bile acids in the intestine can also be present in 
asymptomatic CD patients.95,96 Bacterial over-
growth is a frequent phenotype in patients with 
active IBD,97 which may have a dramatic influ-
ence on bile acid metabolism. Steatorrhea often 
occurs due to the impaired ability of unconju-
gated bile acids to form micelles once the colonic 
bacteria transit into the proximal parts of the 
small intestine, leading to premature and 
increased deconjugation of bile acid conjugates. 
In addition, kidney stone disease has a high clini-
cal correlation with CD,98 and its pathogenesis is 
closely related to the damaged intestinal bile acid 
metabolism because DCA increases oxalate 
absorption.99 In patients with CD, malabsorbed 
bile acids and fatty acids bind calcium ions in the 
intestine, thereby preventing the formation of 
oxalate. Reabsorbed oxalic acid is increased and 
secreted into the urine, promoting the formation 
of hyperoxaluria and kidney stones. Pigment gall-
stone disease in patients with CD has the same 
mechanism. Because of BAM, enhanced reab-
sorption of unconjugated bilirubin from the intes-
tinal lumen leads to an acceleration of its 
enterohepatic circulation with biliary hypersecre-
tion of bilirubin.100,101

Bile acids affect the intestinal environment by 
controlling the growth and maintenance of com-
mensal microbiota, maintaining barrier integrity, 
and regulating the immune system,102,103 which 
plays an important role in the development of 
colorectal cancer (CRC). All of these risk factors, 
including high-fat diet, unhealthy lifestyles such 
as long-term sedentariness, obesity, diabetes, and 
accumulation of toxic bile acids in sera, contrib-
ute to the development of CRC.104–109 A previous 
study has demonstrated that tauro-β-muricholic 
acid and DCA could induce the abnormal prolif-
eration and irreversible DNA damage in Lgr5+ 
cells, while selective activation of intestinal FXR 
could suppress Lgr5+ cell cancerous growth and 
curb CRC progression in mice,110 which may be 
one of the reasons that a high-fat diet easily 
induces CRC. DNA replication errors during 
intestinal stem cell divisions with a high rate usu-
ally occur, which is implicated in the incidence of 

CRC.111,112 In fact, the continuous renewal and 
persistent differentiation of intestinal stem cells at 
the bottom of crypts are required for the mainte-
nance of intestinal epithelial barrier, and this pro-
cess is tightly regulated by the Wnt-dependent 
signaling pathway. Once the intestinal crypt 
structure is damaged, the Wnt signaling pathway 
is disrupted and the Lgr5+ stem cells at the bot-
tom of the crypt are easily exposed to antigen cues 
in the intestinal lumen, thereby increasing the 
possibility of malignant transformation, which 
might be one reason why chronic inflammation in 
the intestine, such as in IBD, easily induces CRC. 
Furthermore, another study about liver cancer 
also demonstrated that bile acids can be used as a 
messenger signaling molecule to control the accu-
mulation of NKT cells and antitumor immunity 
in the liver.113 According to data from epidemio-
logical and experimental studies, the develop-
ment of CRC is involved in a high-fat diet.114 
More importantly, high-fat diet-related CRC has 
been reported to be associated with excessive bile 
acids, which play a critical role in the develop-
ment of CRC. Using a mouse model of spontane-
ous tumors, increasing lines of evidence have 
shown that DCA can accelerate the transition 
from intestinal adenoma to adenocarcinoma,115 
and that DCA can cause the dysbiosis and play 
important contributing roles in carcinogenesis. 
Further studies on the effects of DCA have shown 
that the carcinogenic effect was mediated by 
DCA-induced alteration of the microbial com-
munity.116 The pathogenesis of CRC is usually 
considered to be a multi-step process which 
involves cell mutation from adenoma to adeno-
carcinoma. The most common mutant genes in 
CRC are APC, KRASras, p53, PI3K, and 
TGFb.117 In the normal intestinal tissue of mice, 
mRNA expression of FXR is the highest in fully 
differentiated epithelial cells, and FXR-deficient 
mice have damaged intestinal barrier with 
increased intestinal immune cell infiltration.118 
The expression of FXR is reduced in colon tumor 
tissues, where APC mutation is frequently 
observed.119 A recent study has demonstrated 
that the loss of APC function in mouse colon 
mucosa and human colon cells silences the 
expression of FXR through Fxr gene CpG meth-
ylation and decreases the expression of down-
stream targets genes involved in the metabolic 
balance of bile acids such as small heterodimer 
partner (Shp) and Ibabp, while increasing the lev-
els of pro-inflammatory or oncogenic factors such 
as COX-2 and c-MYC.120 Taken together, the 
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carcinogenic effects of bile acids on the develop-
ment and progression of CRC may be compre-
hensive, involving gut dysbiosis, stem cell renewal, 
apoptosis of epithelial cells, and genetic suscepti-
bilities, and more efforts are needed to elucidate 
the underlying mechanisms of bile acid regulation 
of the carcinogenesis.

Therapeutic targeting of bile acids in 
intestinal diseases
Based on pleiotropic roles of bile acids in the regu-
lation of intestinal physiology and immune 
responses, new therapeutic interventions targeting 
bile acids and their receptors or signaling have 
been developed recently. Either using pharmaceu-
tical targeting bile acid transporter and receptors 
or, alternatively, indirectly changing the signature 
of the bile acid pool can be exploited as the target 
therapy for a variety of diseases. Gut dysbiosis is 
usually associated with the development of IBD.121 
The risk of CRC in patients with ulcerative colitis 
is six times higher than in the general popula-
tion.122 Recently, several studies have confirmed 
that manipulating the signature of the luminal bile 
acid pool to prevent or treat diseases can be 
achieved by the application of probiotics, which 
can significantly contribute to the normalization 
of gut microbiota and the improvement of mucosal 
barrier function.123,124 Studies in animal models 
also demonstrate that such an approach may also 
be useful for the treatment of intestinal diseases. 
For example, under the effect of the BSHs of 
Lactobacillus johnsonii La1, the Giardia growth can 
be prevented by the production of secondary bile 
acids that show powerful toxicity to the parasite.125 
Similarly, a bile acid signature characterized by 
inhibition of Clostridium difficile infection has been 
created under the 7-dehydroxylating activity of C. 
scindens.126 The dedicated bile acid receptors FXR 
and GBPAR1 have been prime targets for drug 
development. To date, some specific agonists 
have emerged, including PX-102, Ec001, LJN452, 
and GW4064 etc. Some published FXR agonists 
that have reached Phase I human clinical testing at 
least included OCA, EDP-305, cilofexor (GS-
9674 or Px-201), tropifexor (LJN452), TERN-
101 (LY2562175), Px-102/104, nidufexor 
(LMB763), EYP001(PXL007), AGN-242266 
(AKN-083), WAY-450, and MET409. WAY-
450 and Px-102/104 have been abandoned for 
undisclosed reasons. GW4064 was discovered to 
be the first synthetic FXR ligand in 2000. 
Administration of GW4064 to mice led to 

abrogated bacterial overgrowth in small intestine 
and decreased intestinal permeability and inflam-
mation induced by bile duct ligation.127,128 While 
extensively used as an experimental tool molecule 
for its selectivity toward FXR over many years, 
GW4064 never proceeded to a drug because of its 
low plasma bioavailability, hepatocellular toxicity, 
and poor pharmacokinetic properties.129 LJN452, 
also called tropifexor, as a new safe drug candi-
date, could activate FXR with favorable proper-
ties, and it has progressed into clinical trials for the 
treatment of primary biliary sclerosis (PBC) and 
non-alcoholic steatohepatitis (NASH).130,131

BAR502 was a dual FXR/GPBAR1 agonist, repre-
senting a promising hit compound in treatment of 
NASH. Moreover, BAR502 displayed the abilities 
of modulating the expression of canonical FXR 
genes, increasing survival, and attenuating the level 
of alkaline phosphatase in serum without inducing 
pruritus in mouse model of cholestasis.132,133 In 
addition, another representative dual FXR/
GPBAR1 agonist, INT-767, the corresponding 
sulfated derivative of BAR502, was proved effec-
tive to alleviate liver damage, restore lipid and glu-
cose metabolism, and reduce insulin resistance 
and pro-inflammatory response in rat model of 
NASH.134 INT-767 had also been characterized in 
different animal models by decreasing inflamma-
tion and improving metabolism, in which INT-
767 was effective to reduce ethanol-induced 
inflammation and steatosis in mice.135–137 INT-
777 was a potent and selective GPBAR1 agonist. 
In mouse model, GPBAR1 activation by INT-777 
could stimulate GLP-1 release from enteroendo-
crine L-cells and increase energy expenditure, pre-
venting obesity and diabetes.138,139 BAR501, a 
GPBAR selective ligand, was derived from modifi-
cation of UDCA and shown to exert a potent anti-
inflammatory effect in mouse NASH model.140,141 
Furthermore, BAR501 was reported to regulate 
activation of intestinal macrophage, rescuing mice 
from colitis. Particularly, GPBAR1 activation by 
BAR501 could shift the polarization of mac-
rophage from pro-inflammatory M1 phenotype to 
anti-inflammatory M2 phenotype, which reversed 
the colonic inflammation in response to TNBS 
while not influencing the ratio of resident versus 
inflammatory monocytes.31 Likewise, administra-
tion of BAR501 to mice treated with a high-fat diet 
revealed ameliorated steatosis and fibrosis as well 
as attenuated fat liver deposition.133,142 Recently, 
GPBAR1 agonism by BAR501 was reported to 
regulate the severity of liver injury by modulating 
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the expression of CCL2 and CCR2 in mouse 
model of acetaminophen-induced liver toxicity.143 
The GPBAR1 selective agonist BAR501 has been 
affirmed as a promising compound in IBD because 
of its properties of attenuating inflammation and 
regulating immune response by shifting mac-
rophage in colon from M1 phenotype to M2 phe-
notype.31 Moreover, other GPBAR1 agonists 
include but are not limited to 3-aryl-4-isoxazole-
carboxamide, betulinic acid, oleanoic acid, and 
BIX02694 and they were reported to attenuate the 
severity of colitis and production of pro-inflamma-
tory cytokines in mice.28,31,41,88,89 In the last two 
decades, GPBAR1 non-steroidal agonists with 
improved selectivity had been developed and could 
be classified as follows: 3-aryl-4-isoxazolecarboxa-
mides, 3-aminomethylquinolines, 2-phenoxynico-
tinamides, 4-phenylpyridines and pyrimidines, 
3,4,5-trisubstituted 4,5-dihydro-1,2,4-oxadia-
zoles, nipecotamide derivatives, oximes, and 
diazepine.144

OCA, the first synthetic bile acid receptor modu-
lator approved by the FDA for treatment of PBC, 
was used for patients in 2016.145 In mice, OCA 
was able to protect mice against DSS-induced 
injury, alleviate disease severity and maintain the 
integrity of intestinal epithelial barrier.21,22 
TC-100, a potent and selective FXR agonist pro-
duced from the introduction of a hydroxyl group, 
was endowed with improved physicochemical 
profiles, thus providing a novel therapeutic agent 
for enterohepatic disorders such as IBD.146 FXR 
selectivity can also be targeted by BAR701 and 
BAR704. Noteworthy, BAR704 can also weakly 
antagonize GPBAR1, which is in contrast to 
GPBAR1 transactivation of OCA. Similarly, 
BAR704 treatment in mouse fibrosis model 
turned out to shift liver macrophage from M1 to 
M2 phenotype.147 So far, however, only OCA has 
been put into human clinical use. Indeed, severe 
and adverse drug side effects emerged, such as 
pruritus, gastrointestinal problems, increased risk 
of acute liver decompensation, and increased low-
density lipoprotein cholesterol levels that was 
related to increasing cardiovascular risk.148–150 
Similarly, application of GPBAR1 agonists for 
drug development has been hindered by side 
effects including inhibition of gallbladder empty-
ing, diarrhea, itching, and other syndrome.151 One 
of the potential mechanisms causing pruritus dur-
ing chronic OCA administration could be imput-
able to OCA residual activity toward GPBAR1.146 
Therefore, the intestinal selective FXR agonists 

have gained substantial interest because of their 
beneficial effects without activation of liver FXR. 
As one of the earliest synthetic FXR agonists,152 
fexaramine has become a typical intestine-
restricted FXR agonist with potent beneficial met-
abolic effects while avoiding the side effects that 
come with liver FXR activation because it was 
poorly absorbed by intestine.153 Further on, 
chronic administration of fexaramine to diet-
induced obesity mice could increase expression of 
mucosal defensin and reduce intestinal permeabil-
ity, stabilizing the gut barrier,153 which might pro-
vide the possibility of fexaramine treatment in 
IBD. Concerning intestinal diseases, results from 
preclinical and experimental studies of intestinal 
inflammation in the DSS-induced mouse colitis 
model suggest that several FXR agonists could be 
excellent candidate drugs that display favorable 
properties in the intervention and treatment of 
IBD.22,154 Similarly, DSS-induced intestinal 
inflammation was aggravated in Fxr−/− mice, and 
genetic variation of FXR was reported to be asso-
ciated with human IBD, implicating the critical 
role of FXR in IBD.155 FXR activation alleviated 
inflammation and preserved the integrity of the 
intestinal epithelial barrier,21,22 which was 
destroyed in IBD. Mice lacking GPBAR1 often 
develop a severe intestinal inflammation when 
challenged with DSS or TNBS due to inability to 
produce enough anti-inflammatory cytokines.31 
All of these results suggest that directly or indi-
rectly FXR and GPBAR1 play very critical roles in 
IBD. Due to the function of limiting fluid secre-
tion into the gut,156 FXR agonists may also play a 
positive role in diarrheal treatment. In addition to 
intestinal immune responses regulated by 
GPBAR1 described above, secretion and motility 
are both regulated by GPBAR1 and its signal-
ing,28,50,56,88,157,158 indicating that targeting 
GPBAR1 could be a promising method to treat 
some disorders in intestine. GPBAR1 appears to 
play different roles in coordinating intestinal 
responses in different areas of the gastrointestinal 
(GI) tract. For instance, in small intestine, activa-
tion of GPBAR1 on L-cells resulted in decreased 
motility and slowing of gastric emptying, while 
GPBAR1 activation on epithelial cells enhanced 
secretion of 5-hydroxytroptamine, therefore inten-
sifying peristalsis.151 Specifically, evidence from 
mice showed that effects of bile acid on colonic 
motility were mediated by GPBAR1, and defi-
ciency of GPBAR1 led to constipation in mice.56 
Another study in rat revealed that activation of 
GPBAR1 in colonic epithelium and cholinergic 
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enteric neurons by GPBAR1 agonist such as 
INT777 could inhibit colonocytes and cholinergic 
submucosal neurons and therefore reduce basal 
and stimulated chloride secretion, indicating 
colonic GPBAR1 as a potential target against 
secretory diarrhea-associated GI disorders.158 As 
hydrophilic secondary bile acid with minute 
amounts in human, UDCA has historically been 
used to treat cholestatic disorders such as biliary 
atresia for many years because of its ability to 
stimulate bile flow and prevent contact between 
hepatocytes and the toxic bile acids such as 
LCA.159–161 The promising roles of UDCA in the 
treatment of intestinal disorders, including IBD, 
have been indicated in several mouse and cell 
studies.162 Experiments with different animal 
models of IBD have revealed that UDCA and its 
derivatives exhibit pleiotropic properties in regu-
lating the intestinal homeostasis, including attenu-
ating cytokine levels, inhibiting the production of 
antimicrobial peptides, and preventing cell apop-
tosis.163–166 The effect of UDCA on intestinal 
mucosal immune cells curbs the activation of 
immune cells and the production of pro-inflam-
matory cytokines.167 Very recently, UDCA has 
formally been recognized as a GPBAR1 agonist 
despite its weak GPBAR1 agonistic effect and was 
reported to treat mouse colitis, and experimental 
data characterized by the limitation of pro-inflam-
matory cytokines and the alleviation of colon 
inflammation suggested a potential effective can-
didate for UDCA in treating IBD.149,168–170 Worth 
mentioning is the FXR antagonistic effect of 
UDCA since study from patients with non-alco-
holic fatty liver disease showed that short-term 
treatment with UDCA increased bile acid genera-
tion by blunting FXR activity.171 Intriguingly, 
recent studies have demonstrated that LCA exhib-
its an absolutely distinct role in contrast to its typi-
cal characteristic of toxicity to organs, in fact, 
which is necessary to fully exert the protection of 
UDCA on gut during inflammation.169 Recently, 
3-oxoLCA and isoalloLCA, two derivatives of 
LCA from gut-residing bacteria, have been found 
to modulate Th17 and Treg cell differentiation in 
the intestine, which might represent a promising 
new idea for treatment for IBD.39 In addition, 
isoDCA can also increase Foxp3 induction and 
enhance the generation of Treg cells, suggesting 
that this secondary bile acid contributes to immu-
nological balance in the colon and has the possi-
bility to serve as a novel drug targeting IBD.70 
There have been exciting advances in the 

last decade to better understand how bile acid 
signaling regulates intestinal homeostasis; how-
ever, areas exist where there are knowledge gaps in 
humans. It is extremely important and equally 
challenging to understand the complex roles of 
bile acids as signaling intermediates between host 
and microbes in our intestine. Understanding this 
dialogue will provide great potential and opportu-
nity to develop more specific and effective drugs.

Conclusions
Bile acids are receiving a great deal of attention 
and interest as critical regulators of the intestinal 
immune system and microbiota. In this review, we 
describe the current understanding of the impor-
tance of bile acids in health and diseases and some 
emerging advances that have been made during 
recent years with respect to our knowledge of bile 
acids’ roles in the intestinal mucosal immune sys-
tem. The greater appreciation of bile acids in the 
treatment of gut-associated diseases will lift the 
discovery of new drugs to target bile acid signaling 
to new heights, which will assure the importance of 
this area in the future. However, the unwanted 
side effects of bile acids and derivative (OCA) and 
non-steroidal FXR agonists are pruritus and hepa-
totoxicity, and these problems cannot be ignored. 
Furthermore, a lot of effort is needed to identify 
which bile acids function as a specific target drug 
and to elucidate the mechanism. In addition, 
although many concepts based on in vitro experi-
ments or mice have been proposed, the transfor-
mation from basic studies to clinical application 
must be achieved as soon as possible.
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