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SUMMARY

Inflammatory bowel diseases (IBD) and colorectal cancer (CRC) are heterogeneous intestinal
diseases that threaten the health of an increasing number of individuals as their lifestyles

become Westernized. New insights have been discovered with the development of various omics
techniques, revealing that gut microbiota-derived metabolites play important roles in maintaining
intestinal homeostasis and modulating the progression of intestinal diseases from both metabolic
and immunological perspectives. Clinical metagenomic and metabolomic studies revealed a link
between microbial bile acid (BA) metabolism, IBD and CRC progression. Several BA-derived
metabolites have recently been demonstrated to play a role in intestinal immunity, providing
fresh insights into how BAs affect the course of IBD and CRC. In this review, recent studies

on the involvement of gut microbiota-derived BAs in intestinal immunity, inflammation and
tumorigenesis are discussed, together with human omics data to provide prospective insights into
future prevention and therapy of IBD and CRC.

In Brief

Cai et al. reviews recent studies that reveal novel mechanistic links between gut microbiota-
derived bile acids and host immunity, intestinal inflammation, and tumorigenesis. Bile acid-related
human omics data are summarized and bile acid-targeted therapeutics for the prevention and
treatment of inflammatory bowel disease and colorectal cancer are discussed.
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INTRODUCTION

The entire human gut microbiota system is now considered as a “microbial organ” that
contributes to a variety of physiological processes including the metabolic function of
fermenting non-digestible dietary fiber, the anaerobic metabolism of peptides and proteins,
protective activity against pathogens, and even immune-system modulation (Guarner and
Malagelada, 2003, Rooks and Garrett, 2016). The host and gut microbiota interact and
produce a wide range of metabolites or components either from anaerobic fermentation

of exogenous undigested dietary components, such as short-chain fatty acids (SCFASs), or
endogenous substances generated by microorganisms and the host, such as bile acid (BA)
metabolites (Jia et al., 2018). Studies in humans and mice have demonstrated that BAs,
especially secondary BAs (SBASs) derived from bacterial metabolism of BAs produced in the
liver, modulate intestinal inflammation (Schirmer et al., 2019, Lavelle and Sokol, 2020) and
tumorigenesis (O’keefe, 2016, Wang et al., 2019). Of note, several studies recently defined
the immunomodulatory properties of BAs in the intestine (Li et al., 2021, Song et al., 2020,
Campbell et al., 2020). Crosstalk between gut microbiota, BAs, and the host, influence
immunological functions, metabolic phenotypes, and risk factors for numerous diseases
including obesity, diabetes, non-alcoholic fatty liver disease (NAFLD), inflammatory bowel
disease (IBD) and various cancers (Schroeder and Backhed, 2016, Li et al., 2013, Sun et al.,
2021).

Although many studies have shed light on the intricate and indispensable role that the gut
microbiota plays in the physiological and pathological states of their hosts, much remains
unexplored. With the emerging omics technologies that are integrated into gut microbiota-
related studies, new insights have been generated that reveal critical associations between
certain BAs derived from microbial metabolism, and human health. In this review, the
interaction between gut microbiota and BA metabolism will be summarized, as well as the
underlying mechanisms as revealed by contemporary human and mouse omics research.
The role of gut microbiota and BA metabolites in intestinal immune response, inflammation
and tumorigenesis will be discussed, with implications for the development of preventive
strategies, new therapeutics and potential diagnostic tools for clinical applications.

Characterization of gut microbiota-BA axis

It is well established that the gut microbiota performs several BA biotransformative
reactions and the composition and abundance of gut microbiota are in turn, also influenced
by BAs. Here, we will highlight a number of studies that characterized this gut microbiota-
BA axis and provide context for the later discussion on the role of gut bacteria and BAs in
IBD and colorectal cancer (CRC).

Gut microbiota mediates BA metabolism in the host

BAs are produced in the liver by the oxidation of cholesterol catalyzed by a series

of cytochromes P450 (CYPs) via two biosynthetic pathways: the classic and alternative
pathways (Axelson et al., 2000). Gut microbiota influences the expression of cholesterol
7a-hydroxylase (Cypral), oxysterol 7a-hydroxylase (Cyp7b1), and sterol 27-hydroxylase
(Cyp27al) in mice (Sayin et al., 2013). Bile acid-CoA synthetase (BACS) and bile acid-
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CoA: amino acid N-acyltransferase (BAAT) carry out the conjugation of primary BAs
(PBAs) with either taurine or glycine in different proportions in the liver before they are
transported into the gallbladder (Johnson et al., 1991, Killenberg, 1978). Conjugated BAs
are secreted into the gallbladder from hepatocytes after meals and enter the intestine by bile
flow where they function to facilitate dietary lipid and vitamin absorption (Gonzalez, 2012).
BAs are reabsorbed via a combination of active transport in the distal ileum and passive
absorption along the whole intestine, and then recirculated via the portal vein back to the
liver (Chiang, 2013, Gonzalez, 2012). This process is known as enterohepatic circulation
which happens about 4 to 12 times per day in humans (Chiang, 2013) (Figure 1).

About 5-10% of BAs are secreted into the colon where they are mainly biotransformed by
the gut microbiota or excreted into feces (Gonzalez, 2012). The BA biotransformations
carried out by the gut microbiota include deconjugation, oxidation and epimerization

of the 3-, 7- and 12-hydroxy groups, 7-dehydroxylation, esterification and desulfatation
(Gerard, 2013, Ridlon et al., 2016, Ridlon et al., 2006) (Table 1). Bile salt hydrolases
(BSH) mediate the gateway reaction of SBA production by hydrolyzing the C-24 A-acyl
bond that binds BAs to taurine or glycine; these reactions occur mostly in the lower

small intestine and proximal colon, coinciding with the major colonization site of BSH-
producing bacterial populations (Ridlon et al., 2006). Gram-positive gut bacteria have the
most diverse distribution of BSH, including Clostridium, Enterococcus, Bifidobacterium,
and Lactobacillus, while the distribution of BSH in the Gram-negatives is only detected

in members of the phylum Bacteroidetes (Jones et al., 2008, Patel et al., 2010, Yao et al.,
2018). A more recent next-generation sequencing-based study on the human gut microbiome
from 11 populations from six continents revealed the prevalence of BSH in 12 different
phyla, including the two dominant phyla Bacteroidetes and Firmicutes in the human gut
(Song et al., 2019).

Production of the SBAs, deoxycholic acid (DCA) and lithocholic acid (LCA), by removing
the 7a/p-hyroxy group from PBAs, has been discovered in several strains, including C.
scindens, C. hiranonis and C. hylemonae (Ridlon et al., 2016). Different from oxidation

and epimerization, 7a/p-dehydroxylation is limited to free BAs and is a multistep pathway
carried out by several BA-inducible (b6a/) genes (Funabashi et al., 2020). Recently,
Faecalicatena contorta S122 (S122), which is more prevalent and abundant than C. hiranonis
or C. scinden in humans, was shown to harbor putative ba/ operons and could convert
cholic acid (CA)/chenodeoxycholic acid (CDCA) to DCA/LCA (Jin et al., 2022). Moreover,
Eggerthella lentais capable of oxidizing and epimerizing BA hydroxyl groups as revealed
by several functional studies (Macdonald et al., 1979, Devlin and Fischbach, 2015, Harris et
al., 2018) while “baF-like genes” have been identified in £. /enta (Devlin and Fischbach,
2015). Recently, bai genes were identified in E. /enta, however, without any further
functional characterization (Lee et al., 2021). Collectively, it remains inconclusive whether
E. lenta could produce DCA or LCA.

Pyridine nucleotide-dependent hydroxysteroid dehydrogenases (HSDH) encoded by the gut
microbiota, carry out the oxidation/reduction of hydroxy groups at the 3-, 7- and 12- carbons
of BAs (Doden and Ridlon, 2021). Epimerization (a.<>) requires two position-specific

BA a- and B-HSDHs of intraspecies or interspecies origin that function together with the
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generation of a stable oxo-BA intermediate (Ridlon et al., 2006). Amide conjugation of

the cholate backbone with the amino acid phenylalanine, tyrosine and leucine was recently
identified as a novel mechanism of BA transformation that was strongly positively correlated
with the presence of Clostridium bolteae in mice fed a high-fat diet (Quinn et al., 2020).

The mechanism by which these amino acid-conjugated BAs are synthesized and what their
physiobiological functions are in humans remain unknown.

BAs reshape the gut microbiota composition

Hydrophobic BAs at high concentrations can exert direct antimicrobial activities mainly
through membrane damage. BAs can alter membrane lipid composition (Taranto et al.,
2006), and increased BA concentrations can solubilize membranes and dissociate integral
membrane proteins (Coleman et al., 1980). Gram-positive bacteria are often more sensitive
to BAs such as oxbile(oxgall)than Gram-negative bacteria (Begley et al., 2005), whereas
Gram-negatives, particularly Bacteroides, have been found to be more sensitive to free BAs
(Devlin and Fischbach, 2015, Watanabe et al., 2017). Unconjugated BAs are generally more
hydrophobic than the corresponding conjugated forms, and SBAs are more hydrophobic
than the corresponding PBAs and thus unconjugated BAs and SBAs are more likely to
cause noxious effects (Martinez-Augustin and Sanchez De Medina, 2008). BAs could

also shape the composition of gut microbiota by indirect effects through BA receptors,
especially farnesoid X receptor (FXR), encoded by NR1H4. FXR induces genes involved

in enteroprotection to inhibit bacterial overgrowth and mucosal injury in the ileum (Inagaki
et al., 2006). Mice lacking FXR have increased ileal levels of bacteria and a compromised
epithelial barrier (Inagaki et al., 2006). In healthy volunteers, the FXR agonist obeticholic
acid (OCA) inhibited the synthesis of endogenous BAs and significantly increased

the abundances of several Gram-positive strains including Streptococcus thermophilus,
Lactobacillus casei and paracasei, Bifidobacterium breve, and Lactococcus lactis, suggesting
that FXR activation alters the small intestinal microbiota in response to changes in
endogenous BA concentrations (Friedman et al., 2018).

Several studies found that administration of BAs could shift the composition of the BA
pool and gut microbiota. For example, in Apc™"* mice, CA increased opportunistic
pathogens such as Prevotellaand Desulfovibrio, and decreased beneficial bacteria such

as Ruminococcus, Lactobacillus and Roseburia (Wang et al., 2019). Similarly, diets
supplemented with CA simplified the composition of the microbiota, resulting in the
expansion of several strains in the classes Clostridia and Erysipelotrichi (Islam et al.,
2011). CA was efficiently transformed to DCA by 7a-dehydroxylation as intestinal DCA
concentrations are increased in rats (Islam et al., 2011), indicating that the shift of gut
microbiota composition after CA administration could be due to the potent antimicrobial
activity of DCA. In mice fed a DCA-supplemented diet, the abundances of Parabacteroides
and Bacteroides were significantly increased while the BSH producers Lactobacillus,
Clostridium X1, and Clostridium X/V were decreased compared to the control group (Xu
et al., 2021a). Taken together, these data demonstrate that BA supplementation reshapes the
composition of gut microbiota.
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In addition, decreased BA levels caused by clinically- and experimentally-induced liver
injuries could lead to intestinal bacterial overgrowth (Clements et al., 1996, Ilan, 2012,
Wigg et al., 2001). For example, bile duct ligation resulted in an increase of bacteria in the
small intestine, which enabled bacterial translocation across the epithelial barrier causing
systematic infection that can be reversed by BA administration (Lorenzo-Zuniga et al., 2003,
Fouts et al., 2012).

The role of microbial BAs in intestinal immunity and IBD

IBD, including Crohn’s disease (CD) and ulcerative colitis (UC), are multifactorial chronic
diseases that are heterogeneous at the clinical, immunological, molecular, genetic, and
microbial levels (Mulder et al., 2014). Globally, a rapid rise in the incidence and prevalence
of IBD poses important challenges to the Western world and in newly industrialized
countries (Molodecky et al., 2012, Kaplan, 2015). In this section, we will summarize
recent use of BA-related human omics data in the study of experimental IBD and discuss
the underlying mechanisms by which BAs and its microbial producers influence disease
occurrence and progression.

Correlations between microbial BA metabolism and human IBD

Various omics platforms including metagenomics, metabolomics, proteomics, and
transcriptomics have been applied to dissect the complex interactions between genetic
makeup, microbiota composition, environmental factors, and mucosal immune responses
in IBD. Of note, next generation sequencing techniques such as 16S rRNA sequencing

and shotgun metagenomics were introduced to analyze microbial genomes, and targeted/
untargeted metabolomics have been applied to the study the composition and abundance of
gut metabolites (Table 2).

As part of the Integrative Human Microbiome Project, an IBD multi-omics database
(1IBDMDB) was introduced to leverage a systematic view of the etiology of the IBD-
associated gut microbiome (Lloyd-Price et al., 2019). BAs were featured predominantly

in the network as overall chemical classes. PBAs, such as unconjugated CA, its taurine and
glycine conjugates (taurocholic acid and glycocholic acid; TCA and GCA, respectively)
and glycochenodeoxycholate (GCDCA), were enriched in dysbiotic samples from CD
patients, whereas SBAs, such as LCA and DCA, were obviously reduced, implying

that SBA-producing bacteria are depleted in IBD-related dysbiosis (Lloyd-Price et al.,
2019). Members of the Roseburia genus were metatranscriptionally and metagenomically
associated with BAs, implying its essential participation in the BA dysregulation observed in
IBD (Lloyd-Price et al., 2019).

In another study, untargeted LC-MS metabolomic profiling and shotgun metagenomic
sequencing were performed with cross-sectional stool samples from discovery and
validation cohorts of CD, UC, and non-1BD control subjects in an integrated multi-omics
framework (Franzosa et al., 2019). One hundred twenty-two robust microbiota-metabolite
associations were identified and validated with the largest metabolite cluster enriched in IBD
containing 12 putative BAs, including matches to CA, CDCA and their structural variants
(Franzosa et al., 2019). The PBAs CA and CDCA were enriched in IBD patients along with
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potential microbial mechanistic associations, while the SBAs DCA and LCA were depleted
in CD, but without meeting the threshold for false discovery rate significance (Franzosa

et al., 2019). Similarly, levels of Ruminococcaceae and the bai genes were found to be
significantly lower in UC pouch patients compared with noninflamed familial adenomatous
polyposis pouch patients (Sinha et al., 2020). As a result, CDCA levels were significantly
increased, whereas levels of DCA and LCA were decreased in UC pouch patients (Sinha et
al., 2020). Taken together, PBAs are overabundant while SBAs are reduced/deleted in IBD,
consistent with disrupted BA transformation activities.

BAs are not only highly associated with disease occurrence but also able to predict early
remission in IBD. In a recently published study, fecal metagenomics, serum metabolomics
and proteomics were performed to reveal microbial determinants that predict differential
responses to anti-cytokine and anti-integrin therapies in IBD. Serum SBAs such as
glycolithocholate, glycodeoxycholate and ursodeoxycholate (UDCA) enrichment predicted
early remission in IBD patients undergoing anti-cytokine therapies (Lee et al., 2021).
Furthermore, the diversity of microbial species and the abundance of ba/ genes were
positively correlated with the likelihood of remission associated with anti-cytokine response,
suggesting that microbial signatures could preferentially favor responses to biologic
therapies in IBD (Lee et al., 2021).

Other than BAs, a metagenomic analysis of the human microbiome revealed that BSH
abundance was associated with human IBD. The abundance of cluster BSH genes
predominantly from phylum Proteobacteria were increased and the abundance of those
predominantly from phylum Firmicutes were decreased in human IBD (Jia et al., 2020).
These data are consistent with the findings of increased levels of phylum Proteobacteria and
deceased levels of phylum Firmicutes in IBD patients (Huttenhower et al., 2014), indicating
an association between BSH abundance and IBD occurrence.

BAs control the differentiation of T cells and skew macrophage polarization

T lymphocytes, blood cells that originate in the bone marrow, mature in the thymus

and function in peripheral tissues, are divided into three subsets, naive T cells, memory

T cells and regulatory T (Tyeg) cells (Dong, 2021, Kumar et al., 2018). Naive T cells
respond to new antigens and differentiate into effector T cells such as helper CD4* T cells
and cytotoxic CD8" T cells to defend against infection, whereas Tieq cells suppress the
immune response and prevent autoimmunity (Kumar et al., 2018, Dong, 2021). Unique
lymphocyte populations function cooperatively to maintain the intestinal barrier system,
among which forkhead box protein P3 (FOXP3)-expressing Treq Cells are involved in
maintaining homeostasis of the intestinal immune system (Tanoue et al., 2016). About 65%
of the Tyeq cell population in the colon and 35% in the small intestine express retinoic acid
receptor-related orphan receptor yt (RORyt, an isoform of RORvy) (Tanoue et al., 2016).
ROR1yt is one of the key regulators of pro-inflammatory T helper 17 (Ty17) cells, while
interleukin 10 (1L-10) produced by Tyeq cells could suppress pro-inflammatory Ty17 cell
differentiation in the intestine (Sefik et al., 2015, Tanoue et al., 2016). Hence, a balanced
ratio of Ty17 and Tyeq cell population is critical for maintenance of the intestinal immune
system.
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LCA and DCA derivatives act as important signaling molecules that regulate the
differentiation of T17 and Tyeg cells, which further remodel intestinal inflammation (Figure
2A, B) (Hang et al., 2019, Li et al., 2021, Campbell et al., 2020). Distinct derivatives

of LCA and DCA including iso-, 3-0xo-LCA/DCA, allo-, 3-oxoallo- and isoalloLCA are
produced by the cooperation of 5a/p-reductase and 3a/B-HSDH (Devlin and Fischbach,
2015, Sato et al., 2021). 3-OxoLCA directly binds to ROR~yt and inhibits the differentiation
of T17 cells, while isoalloLCA enhances the differentiation of anti-inflammatory Tyeq
cells through the production of mitochondrial reactive oxygen species that increase FOXP3
expression (Hang et al., 2019). Different from the previously identified bacterial metabolite
butyrate that increases Tyeq differentiation dependent on the intronic Foxp3 conserved
noncoding sequence (CNS) 1 enhancer (Arpaia et al., 2013), isoalloLCA-enhanced Tygq
differentiation requires CNS3 (Hang et al., 2019). The nuclear receptors vitamin D receptor
(VDR) and FXR did not contribute to the promoting activities of isoalloLCA on Ty cells
or the suppressive activities on Ty17 cells (Hang et al., 2019). A later study further revealed
that isoalloLCA increased the binding of NR4A1 at the Foxp3locus, resulting in enhanced
Foxp3 gene transcription and thus Tyeq cell differentiation (Li et al., 2021). A biosynthetic
gene cluster in phylum Bacteroidetes consisting of a 5p-reductase, 5a.-reductase, and 3p-
HSDH was identified to convert 3-oxoLCA to isoalloLCA (Li et al., 2021). Both levels

of isoalloLCA and related biosynthetic genes were significantly reduced in IBD patients,
suggesting the importance of isoalloLCA and this biosynthetic pathway in maintaining
intestinal homeostasis (Li et al., 2021).

In addition to T lymphocytes, macrophages also function as an important compartment

of the immune system and exhibit either a classically activated pro-inflammatory M1
phenotype or an alternatively activated anti-inflammatory M2 phenotype (Murray and Wynn,
2011). DCA was enriched in a high-fat diet-induced colon inflammation mouse model as a
result of the increased percentage of Gram-positive bacteria, especially genus Clostridium.
Mechanistically, DCA promoted macrophage polarization toward the M1 phenotype at

least partially through Toll-like receptor 2 transactivated by M2 muscarinic acetylcholine
receptor, resulting in increased production of proinflammatory cytokines (Wang et al.,
2020).

BA receptors mediate the regulation of intestinal inflammation

BA receptors have been reported to be involved in the regulation of intestinal inflammation
by BAs. Another DCA derivative, iSoDCA, increased Foxp3induction by inhibiting

the immunostimulatory properties of dendritic cells (DC), resulting in the expansion

of peripheral Tyeq cells in the colon (Campbell et al., 2020). Transplantation of an
engineered isoDCA-producing consortia to germ-free mice promoted colon RORyt* Treg
cell generation in a CNS1 dependent manner (Campbell et al., 2020). Ablating FXR in
DCs led to a similar transcriptional profile with isoDCA and potentiated peripheral Tyeg
cell generation, indicating an interaction between FXR and isoDCA in maintaining the anti-
inflammatory phenotype in DCs (Campbell et al., 2020). In germ-free mice, transplantation
of Bacteroides species induced colon RORy™ T cells via VDR and FXR, while genetic
disruption of the BA deconjugation enzyme, BSH, in Bacteroides species, significantly
abolished this induction (Song et al., 2020). Restoration of the intestinal BA pool increased
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the RORy™ Tyeq population and ameliorated host susceptibility to inflammatory colitis under
minimal-diet treatment (reduced nutrients) with a decreased effect of dietary components on
this Treg population (Song et al., 2020). These studies establish that BA receptors mediate
the effect of BAs on the regulation of Teq cell populations.

The role of FXR in IBD has been investigated in both mice and humans. A novel
engineered FGF19 analogue FGF19-M52 protected mice from intestinal inflammation
coupled with modulation of the microbiota composition and this anti-inflammatory activity
was completely abolished in Fxr-null mice (Gadaleta et al., 2020). In CD patients,
circulating FGF19 levels were reduced which indicates that the FGF19 analogue could be
a therapeutic agent in the treatment of intestinal inflammation with concomitant disrupted
BA homeostasis (Gadaleta et al., 2020). These results suggest that FXR and its target gene
encoding FGF19 play a protective role in IBD. However, amide conjugation of the cholate
with the amino acids, phenylalanine and tyrosine (Phe-chol and Tyr-chol), were identified
as potent FXR agonists and found to be enriched in the dysbiotic state associated with CD
patients (Quinn et al., 2020). These compounds boosted the expression of intestinal FXR
target genes Fgfl5and Shp while decreasing the expression of hepatic Cyp7al and Cyp8b1
in mice (Quinn et al., 2020). Further studies are needed to explore whether Phe-chol and
Tyr-chol contribute to intestinal inflammation caused by microbial dysbiosis and whether
FXR is involved in the mechanisms of action.

In response to BA-induced cytotoxicity, CD4* T effector (Tef) cells also showed anti-
inflammatory properties dependent on the constitutive androstane receptor (CAR, encoded
by NR1/3)-multidrug resistance protein 1 (MDR1)-1L10 axis (Cao et al., 2017, Chen et al.,
2021) (Figure 2C). In mouse ileum, T cells upregulated MDR1 which mitigated oxidative
stress and maintained homeostasis in Tg¢ cells exposed to conjugated BA toxicity (Cao et
al., 2017). Furthermore, blocking ileal conjugated BA reabsorption in transferred Ragz~'~
mice restored MDR1-deficient T cell homeostasis and suppressed CD-like small bowel
inflammation (Cao et al., 2017). Mechanistically, the nuclear xenobiotic receptor CAR was
recently identified as a regulator of MDR1 expression which induces the expression of
detoxifying enzymes and drug transporters in small intestine lamina propria T cells, and
the key anti-inflammatory cytokine I1L-10 (Chen et al., 2021). CAR deficiency in T cells
exacerbated BA-driven ileitis in T cell-reconstituted RagZ~/~ or Rag2~'~ mice, whereas it
was suppressed by pharmacological activation of CAR, suggesting that CAR activation in T
cells as a novel strategy to treat CD (Chen et al., 2021).

G protein-coupled bile acid receptor 1 (GPBAR1, also known as TGR5), another important
BA receptor, was found to be involved in the pathogenesis of IBD by mediating the effects
of SBAs (Figure 3A). LCA and DCA promoted regeneration of the intestinal organoids

via activation of TGR5 in intestinal stem cells (ISCs) through activation of the SRC/yes-
associated protein 1 (YAP) regenerative machinery (Sorrentino et al., 2020). Mice with
TGRS disruption in ISCs developed more severe colitis than the wild-type group, and TGR5
activation by the TGR5 agonist INT-777 promoted stem cell reconstitution, suggesting

that TGRS is required for intestinal epithelium regeneration (Sorrentino et al., 2020).

LCA treatment lost its beneficial effects in mice with TGR5-deficient immune cells, thus
highlighting the important role of TGR5 in immune cell signaling (Sinha et al., 2020).
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In another study, LCA inhibited NLRP3 inflammasome activation via the TGR5-cAMP-
Protein kinase A (PKA) axis, leading to improved inflammation management (Guo et al.,
2016). TGRS activation by LCA induced PKA kinase activation, which phosphorylated and
ubiquitinated NLRP3 and blocked NLRP3 inflammasome-dependent inflammation in bone
marrow-derived macrophages and mice, suggesting TGR5 as a potential target for NLRP3
inflammasome-related inflammation like IBD (Guo et al., 2016).

Several earlier IBD investigations in mouse models revealed that a detrimental role for
SBAs in intestinal inflammation through disrupting the intestinal mucosal barrier, increasing
proinflammatory cytokines production and contributing to dysbiosis (Liu et al., 2018,

Xu et al., 2021a, Xu et al., 2021b) (Figure 3A). In murine colitis models, fecal SBAs

were increased and DCA supplementation induced intestinal inflammation, which was
associated with BA metabolic disturbances and intestinal dysbiosis (Xu et al., 2021a, Xu

et al., 2021b). In contrast, DCA/LCA supplementation via rectal administration showed anti-
inflammatory effects partly dependent on TGR5 signaling in three murine colitis models
(Sinha et al., 2020), which is consistent with the depletion of SBAs in IBD patients (Lloyd-
Price et al., 2019, Sinha et al., 2020) . Curiously, DCA exerted both pro-inflammatory

and anti-inflammatory effects in these studies. This might result from different routes of
administration and different types of colitis models. The inconsistent results from mouse
studies suggests that findings from experimental mouse IBD studies should be evaluated and
the findings translated to human IBD with caution.

The role of microbial BAs in CRC

In the United States, CRC is the third leading cause of cancer deaths in men and women
according to 2020 American Cancer Society statistics (Siegel et al., 2020). IBD and CRC are
closely associated and IBD is considered a major risk factor for CRC (Schmitt and Greten,
2021). In this section, we will first summarize recent BAs-related human omics findings in
CRC and then delve into the underlying mechanisms based on our earlier discussion of how
BAs operate as intestinal immune system regulators.

Correlations between microbial BA metabolism and human CRC

Similar to IBD, CRC is also a heterogeneous disease closely correlated with the gut
microbiota. Given the link between gut microbiota and colon tumorigenesis along with the
heterogeneity of CRC, multi-omics techniques have been applied to understand the etiology
of the disease, discover prognostic or predictive biomarkers, and develop therapeutic or
preventive agents (Table 2).

The abundance of SBA synthesis-related genes is significantly associated with human CRC.
In an unbiased meta-analysis of eight studies of CRC from seven different countries, the
bai genes were highly enriched in stool from CRC patients at both the genomic and
transcriptomic levels, which could potentially be used as a surrogate microbiome marker
for CRC diagnosis (Wirbel et al., 2019). In another worldwide metagenomic study of the
human microbiome, the abundance of BSH genes predominantly from phylum Firmicutes
is negatively associated with CRC (Jia et al., 2020) in agreement with previous studies
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showing the depletion of Firmicutes in CRC patients (Ahn et al., 2013), indicating a
relationship between BSH abundance and human CRC.

In a whole-genome shotgun metagenomics and metabolomics study on fecal samples
obtained from patients with different stages of colorectal neoplasia, microbiome and
metabolome shifts were investigated during multistep tumorigenesis. DCA was significantly
increased in patients with multiple polypoid adenomas and the only species found to be
significantly correlated with DCA in this study was Bilophila wadsworthia (Yachida et al.,
2019), which utilizes taurine-conjugated BAs for sulphite reduction and promotes colitis in
genetically-susceptible /207~ mice (Devkota et al., 2012).

In a nested case-control study within the European Prospective Investigation into

Cancer and Nutrition (EPIC) cohort, pre-diagnostic plasma levels of seven conjugated

BA metabolites including the PBAs GCA, TCA, GCDCA, taurochenodeoxycholic acid
(TCDCA) and glycohyocholic acid (GHCA) and the SBAs glycodeoxycholic acid (GDCA)
and taurodeoxycholic acid (TDCA) were found to be positively correlated with risk of
colon cancer while unconjugated BAs and tertiary BAs were not associated with cancer
risk (Kuhn et al., 2020). Additional studies found that SBAs were elevated in the adenoma
group and positively correlated with Bacteroides in a fecal metabolomics study (Weir et al.,
2013) while UDCA was decreased in stool samples in CRC patients compared to healthy
controls (Weir et al., 2013). Thus, several studies demonstrate that DCA may contribute to
CRC pathogenesis while additional studies are needed to establish the role of other BAs,
especially primary BAs, in human CRC.

Mechanism actions of BAs in intestinal tumorigenesis

SBA derivatives 3-0xoLCA, isoalloLCA and isoDCA were identified as T cell regulators

by inhibiting the differentiation of T17 cells or increasing the differentiation of Teq cells
with increased expression of Foxp3in intestinal lamina propria (Hang et al., 2019, Campbell
et al., 2020). Although the increasing population of FOXP3* Treg cells is beneficial for
alleviating intestinal inflammation, it impedes the effectiveness of anti-tumor immunity and
reduces the efficacy of immunotherapies as increased number of tumor-infiltrating Tyeq cells
is associated with poor prognosis in various cancer types (Tanaka and Sakaguchi, 2017).
However, the correlation between Tyeq cell infiltration and CRC remains inconclusive as
several clinical studies showed controversial results (Tanaka and Sakaguchi, 2017, Saito et
al., 2016). Two FOXP3*CD4"* Treg cell subpopulations impact CRC diagnosis in distinct
ways as CRC patients with abundant infiltration of FOXP3!° Treg cells (unstable FOXP3 and
non-expression of native T cell marker CD45RA) was correlated with better prognosis than
those with predominantly FOXP3i (stable FOXP3 and expression of native T cell marker
CD45RA) Treg cells (Saito et al., 2016). The role of gut microbiota-derived BA metabolites
in immune response during CRC progression needs to be further investigated.

Secondary hydrophobic BAs generated from microbial reactions, including DCA, LCA
and UDCA, are the most widely studied BA metabolites in CRC. Increased DCA and
LCA concentrations in the colon stimulate cellular responses including activation of the
Whnt/B-catenin and NF-xB signaling pathways, leading to DNA oxidative damage and
enhanced mitotic activities (Nusse and Clevers, 2017, Jia et al., 2018), and activation of
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intrinsic apoptotic pathways including mitochondrial oxidative stress, cytochrome C release
and cytosolic caspases (Gadaleta et al., 2017, Jia et al., 2018). SBAs also regulate intestine
tumorigenesis by activating the BA receptors FXR and TGR5 (Figure 3B). Colon FXR

was found to play a protective role in carcinogenesis in several studies (Sun et al., 2021).
Compared to FXR, the role of TGR5 in CRC is less studied. TGR5 is overexpressed

in colon tumor tissues in azoymethane/dextran sulfate sodium (AOM/DSS)-induced CRC
mouse model, and activation of TGR5 by UDCA inhibited malignant tumor progression

by suppressing YAP signaling and inhibiting cell proliferation (Zhang et al., 2021).
Interestingly, TGRS activation by INT-777 in ISCs promoted YAP activation and protracted
YAP-driven intestinal regeneration (Sorrentino et al., 2020), whereas TGRS activation by
UDCA and INT-777 in CRC cell lines suppressed YAP expression and inhibited cell growth
(Zhang et al., 2021). Mice with depletion of TGR5 in ISCs were more susceptible to colitis
compared to controls (Sorrentino et al., 2020). However, in vivo studies are lacking to
validate the role of TGRS in intestinal cancer cells.

Gut microbiota-BA axis as a novel target for the treatment of IBD and CRC

Manipulation of SBA production-related microbial elements including BSH and bar genes
are under explored as targets for the gut microbiota-BA axis. BSH abundance or activity

is correlated with multiple human diseases including IBD and CRC (Jia et al., 2020). A
targeted chemoproteomic strategy was developed to profile the altered BSH activity both
in vitro and within the gut microbiota in a mouse model of colitis, which may prove

useful for the future diagnosis of diseases associated with altered BSH activity (Parasar

et al., 2019). Efforts have also been made to discover potent and specific BSH inhibitors.
A high-throughput screening based on a high-purity BSH from a chicken Lactobacillus
salivarius strain was performed and several potent BSH inhibitors such as riboflavin and
phenethyl caffeate (CAPE) were identified (Smith et al., 2014). In a subsequent study, a
potent, selective, covalent pan-BSH inhibitor, Compound 7, was reported using a rational
design approach and its inhibitory activity was confirmed both /n vitro and /n vivo (Adhikari
et al., 2020). More recently, a second-generation gut-restricted BSH inhibitor compound
AAA-10 was developed with enhanced potency, reduced off-target effects and durable /n
vivo efficacy (Adhikari et al., 2021). These inhibitors are far from ready to be put into
clinical application as new drug candidates, but they can still be used as chemical probes to
better understand the effects of BAs on host metabolism.

Compared with BSH, our knowledge of the ba/ genes is more limited and efforts to

better understanding the role of basgenes on host physiology are underway. A model

for the 7a-dehydroxylation pathway in C. scindens based on the characterization of

native or recombinant enzymes encoded by the basoperon was proposed in which CA

was characterized as a substrate (Ridlon et al., 2016). A recent study reconstituted 7a.-
dehydroxylation /n vitro, and then transferred this pathway into a nonproducing commensal
bacterial species C. sporogenes to establish a complete eight-step conversion of CA to
DCA catalyzed by a set of six necessary and sufficient enzymes (Funabashi et al., 2020).

In comparison to SPF mice colonized with WT Faecalicatena contorta S122, SPF mice
colonized with baiH mutant S122 demonstrated reduced intestinal inflammation, indicating
the potential of baiH as a drug target in colitis treatment (Jin et al., 2022). These studies
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expand our understanding of 7a-dehydroxylation and yielded novel insights into target ba/
genes to manipulate the gut microbiota. To our knowledge, no inhibitors of the Bai proteins
have been described.

Manipulation of BAs receptors FXR and TGR5 signaling is under investigation as a
therapeutic strategy to treat intestinal inflammation and tumorigenesis. OCA, a BA analogue
and potent FXR agonist that was approved by the FDA for the treatment of primary biliary
cholangitis (PBC), exerted a protective effect in DSS- and 2,4,6-trinitrobenzene sulfonic
acid (TNBS)-induced colitis mouse models with decreased pro-inflammatory cytokine
production and preserved epithelial barrier function (Gadaleta et al., 2011). UDCA, a
therapeutic BA and TGR5 agonist approved by the FDA for the treatment of PBC (Floreani
and Mangini, 2018), reduced the risk for advanced adenoma in men but not in women by
shifting the microbial community composition (Pearson et al., 2019). An ongoing clinical
trial has included UDCA as part of a combination chemotherapy for metastatic colorectal
cancer (clinicaltrials.gov identifier: NCT00873275).

CONCLUSION AND OUTLOOK

Gut microbiota and its SBA metabolites interact with the host and help maintain intestinal
homeostasis through different BA receptors and cell signaling pathways. Recent human
omics studies have validated what was found in murine models and deepened our
understanding of the associations between BAs and their microbial producers, and intestinal
inflammation and tumorigenesis. However, most human omics studies either focus on
metagenomics or BA-related metabolomics instead of integrating these data and clarifying
the connections between the change of abundance or/and function of gut microbiota and
BA concentrations. The field is just beginning to explore how we can manipulate the gut
microbiota for therapeutic purposes. Notably, BSH inhibitors have been developed without
further /n vivo validation in animal models whereas recombinant Bai proteins have been
purified without small molecular ligands having been developed.

Of great interest, the newly discovered immunomodulatory properties of SBA derivatives
expanded our knowledge of BAs as cell signaling factors. However, most studies focused on
the effects of SBA derivatives on the differentiation of Tyeq and T17 cells without including
a thorough examination of other T cell subtypes. More studies need to be done to define

the role of BAs in the adaptive immune system and thus better facilitate the development of
therapeutic agents or diagnostic tools on IBD and CRC.

In summary, targeting gut microbiota-BA axis has tremendous potential in clinical prognosis
and therapeutics for CRC and IBD but substantial efforts must be devoted to deepening our
knowledge of the mechanistic links and translation into clinical practice.
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Figure 1. Gut Microbiota Regulates BA Metabolism in the Enterohepatic Circulation.
BAs are synthesized from cholesterol in the liver via oxidation catalyzed by cytochromes

P450 (CYPs) and conjugation catalyzed by bile acid-CoA synthetase (BACS) and bile
acid-CoA: amino acid N-acyltransferase (BAAT). Subsequently, BAs are secreted into
intestine post prandial. Most BAs (90-95%) are reabsorbed into liver by portal vein blood
and only a small portion (5-10%) are excreted into feces. Gut microbiota inhabiting the
intestines carry out biotransformations to convert primary bile acids (PBAs) into secondary
bile acids (SBAs) and convert conjugated BAs into unconjugated BAs. Major microbial
biotransformation reactions include deconjugation mediated by bile salt hydrolases (BSH),
7a/p-dehydroxylation mediated by ba/ genes, and oxidation and epimerization mediated by

hydroxysteroid dehydrogenases (HSDH).
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Figure 2. Gut Microbiota-derived BAs Regulate Immune Response in Colon.
(A) Bacterial epimerization and isomerization generate distinct BAs derivatives. 3-

Oxodeoxycholic acid (DCA)/lithocholic acid (LCA) is generated from DCA/LCA, and
iISODCA/LCA is generated by 3-oxoDCA/LCA by the actions of 3a-HSDH and 3p-HSDH
respectively. Furthermore, allo-, 3-oxoallo-, isoalloLCA are produced by the cooperation
of 5a/B-reductase (5AR/BR) and 3a/p-HSDH. (B) BA metabolites control colon T cell
differentiation and dendritic cell (DC) activity. 3-OxoLCA binds to retinoic acid receptor-
related orphan receptor -yt (ROR+yt) and directly inhibits the differentiation of T helper

17 (Tw17) cells, while isoalloLCA enhances the differentiation of anti-inflammatory
regulatory T (Tyeg) cells by inducing production of mitochondrial reactive oxygen species
and increasing binding of nuclear hormone receptor NR4AL1 at the Foxp3locus, leading
to enhanced Foxp3 gene transcription. Moreover, isoDCA inhibits immunostimulatory
properties of DC dependent on farnesoid X receptor (FXR), resulting in the expansion

of peripheral Tyg cells. (C) In small intestine lamina propria CD4™ T effector (Tefr) cells,
the nuclear receptor constitutive androstane receptor (CAR) regulates multidrug resistance
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protein 1(MadrI) expression and induces anti-inflammatory cytokine interleukin 10 (IL-10)
to detoxify BAs exposure in the lumen. VDR, vitamin D receptor.
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Figure 3. BA Receptors in IBD and CRC.
(A) G protein-coupled receptor 1 (TGRS5) activation by secondary bile acids (SBAS)

drive intestinal epithelium regeneration and prevents intestinal inflammation. Primary BAs
(PBAs) are biotransformed to SBA via a series of gut microbiota-mediated reactions.
Microbial dysbiosis disrupts biotransformation and alters the composition of intestinal

BA pool, leading to colitis occurrence and progression. In intestinal stem cells (ISCs),
TGRS activation activates SRC/yes-associated protein 1 (YAP) signaling, triggering 1ISC
renewal and proliferation. In macrophage, TGR5 activation blocks NLRP3 inflammasome
phosphorylation and ubiquitination, thus inhibiting intestinal inflammation. Therefore,
deoxycholic acid (DCA)/lithocholic acid (LCA) supplementation promotes 1SCs stemness
and inhibits NLRP3 inflammasome activity, alleviating colitis occurrence. (B) BA
receptors FXR and TGR5 are activated by BA derivatives or other agonists, stimulating
targeted pathways to regulate intestinal stemness, inflammation and tumorigenesis. FXR
activation reshapes the BA profiles, antagonizes Wnt/p-catenin signaling and suppresses
transactivation of suppressor of cytokine signaling 3 (SOCS3) gene, thus curtailing

CRC progression. TGR5 activation by UDCA suppresses YAP signaling, which inhibits
cell proliferation and malignant tumor progression. CDCA, chenodeoxycholic acid; Fex,
fexaramine; UDCA, ursodeoxycholic acid.
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Enzymes catalyzing
biotransformation
reactions

BA transformations

Microbial producers

References

Bile salt hydrolases (BSH)

conjugated
BAs—unconjugated BAs

Clostridium

Bacteroides
Bifidobacterium
Enterococcus
Lactobacillaceae (family)

(Coleman and Hudson, 1995, Kishinaka
etal., 1994, Stellwag and Hylemon,
1976, Yao et al., 2018, Elkins et al.,
2001, Tanaka et al., 2000, Wijaya et al.,
2004)

BA-inducible (Bai) operon

CDCA—LCA
CA—DCA

Clostridium scindens
Clostridium hylemonae
Clostridium hiranonis
(reclassified as Peptacetobacter
hiranonis) Clostridium leptum

(Doerner et al., 1997, Ridlon et al.,
2016, Kitahara et al., 2000, Kitahara et
al., 2001)

3a-hydroxysteroid
dehydrogenases (HSDH)

DCA—3-0xoDCA

Eggerthella lenta
Ruminococcus gnavus
Clostridium perfringens

(Harris et al., 2018, Doden et al., 2021,
Macdonald et al., 1976)

3B-HSDH

3-0xoDCA—isoDCA

Eggerthella lenta
Ruminococcus gnavus
Peptostreptococcus productus
(reclassified as Blautia producta)

(Harris et al., 2018, Doden et al., 2021,
Edenharder et al., 1989)

7a-HSDH

CDCA—T7-0xoLCA

Eggerthella lenta
Clostridium scindens
Escherichia coli

(Harris et al., 2018, Doden et al., 2021)

7B-HSDH

7-0xoLCA—urso-DCA

Ruminococcus gnavus

(Doden et al., 2021)

12a-HSDH

DCA—12-o0xoLCA

Clostridium scindens
Clostridium hylemonae
Clostridium hiranonis
(reclassified as Peptacetobacter
hiranonis) Clostridium leptum
Eggerthella lenta

(Harris et al., 2018, Harris and
Hylemon, 1978, Doden et al., 2018)

12p-HSDH

12-oxoLCA—epiDCA

Clostridium paraputrificum

(Doden et al., 2021)

*
CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; LCA, lithocholic acid.
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Bile acids (BAs)

IBD

CRC

Increased (Lloyd-Price et al., 2019, Franzosa et al., 2019,

CA Jacobs et al., 2016, Sinha et al., 2020) °
TCA Increased (Lloyd-Price et al., 2019,Jansson et al., 2009) Increased (Kuhn etzgll.,7)2020, Brown etal.,
Primary BAs GCA Increased (Lloyd-Price et al., 2019, Jansson et al., 2009) Increased (Kuhn et al., 2020)
CDCA Increased (Franzosa et al., 2019, Jacobs et al., 2016) -
TCDCA Increased (Lloyd-Price et al., 2019, Jacobs et al., 2016) Increased (Kuhn et al., 2020)
. Increased (Kuhn et al., 2020, Brown et al.,
GCDCA Increased (Lloyd-Price et al., 2019, Jansson et al., 2009) 2017, Cross et al., 2014)
DCA Decreased (Lloyd-Price et al., 2019, Franzosa et al., 2019, Increased (Wirbel et al., 2019, Yachida et al.,
Sinha et al., 2020) 2019)
TDCA - Increased (Kuhn et al., 2020)
Secondary BAs GDCA ) Increased (Kuhn etzgll.,7)2020, Brown et al.,
Decreased (Lloyd-Price et al., 2019, Franzosa et al., 2019, .
LCA Sinha et al., 2020) Increased (Wirbel et al., 2019)
UDCA - Decreased (Weir et al., 2013)

*

CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid; GDCA,
glycodeoxycholic acid; LCA, lithocholic acid; TCA, taurocholic acid; TCDCA, taurochenodeoxycholic acid; TDCA, taurodeoxycholic acid;
UDCA, ursodeoxycholic acid
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