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A wide variety and large number of bacterial species live in the gut, forming the gut microbiota. Gut microbiota not
only coexist harmoniously with their hosts, but they also induce significant effects on each other. The composition
of the gut microbiota can be changed due to environmental factors such as diet and antibiotic intake. In contrast,
alterations in the composition of the gut microbiota have been reported in a variety of diseases, including intestinal,
allergic, and autoimmune diseases and cancer. The gut microbiota metabolize exogenous dietary components
ingested from outside the body to produce short-chain fatty acids (SCFAs) and amino acid metabolites. Unlike
SCFAs and amino acid metabolites, the source of bile acids (BAs) produced by the gut microbiota is endogenous
BAs from the liver. The gut microbiota metabolize BAs to generate secondary bile acids, such as lithocholic acid
(LCA), deoxycholic acid (DCA), and their derivatives, which have recently been shown to play important roles in

immune cells.
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| 1. Introduction

The mucous membranes of the oral cavity, stomach, gut, and skin form the boundary between the inside and
outside of the human body. These mucosal and skin surfaces are inhabited by numerous bacteria W2, |n
particular, a wide variety and large number of bacterial species live in the gut and form the gut microbiota. The
estimated number of bacterial cells in the human body is approximately 3.8 x 1013 [, Furthermore, the estimated
number of human cells is approximately 3 x 1013, Thus, the number of bacteria in the human body is equivalent to
the number of human cells. In addition, the total mass of bacteria in the human body is estimated to be
approximately 0.2 kg W. Although a wide variety of bacteria are present in the human gut microbiota, the
predominant bacteria are Bacteroidetes, Firmicutes, Actinomycetes, Proteobacteria, and Velcomicrobia at the
phylum level. Moreover, the environments of the small and large intestines are significantly different, with varying
types of intestinal bacteria inhabiting each part. More specifically, the predominant bacterial families in the small
intestine are Lactobacillaceae and Enterobacteriaceae, while those in the colon are Bacteroidaceae,
Prevotellaceae, Rikenellaceae, Lachnospiraceae, and Ruminococcaceae [Bl. Human gut microbiota and humans
not only coexist, but they also influence each other. The composition of the gut microbiota in humans can be
affected by environmental factors such as diet and antibiotic intake. The development of metagenomic analysis of

the gut microbiota has allowed researchers to perform comparative analyses of the gut microbiota between healthy
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and diseased individuals, who have in turn identified a correlation between various diseases and changes in the
gut microbiota composition. For instance, alterations in the composition of the gut microbiota have been reported in
a variety of diseases, including intestinal diseases (e.g., inflammatory bowel disease and colorectal cancer), liver
diseases (e.g., nonalcoholic fatty liver disease and liver cancer), systemic metabolic diseases (e.g., diabetes and
atherosclerosis), immune-related diseases (e.g., allergic and autoimmune diseases), and neuropsychiatric
diseases (e.g., Alzheimer’s and depression) &8 |n addition, changes in the composition of gut microbiota have
been associated with the persistence of symptoms in many patients with post-coronavirus disease 2019 (COVID-
19) symptoms, also known as acute post-COVID-19 syndrome (PACS) or long-term COVID &2,

However, various metabolites produced by the activity of the gut microbiota have also been found to affect their
respective hosts. The gut microbiota metabolize exogenous dietary components ingested from outside the body to
produce short-chain fatty acids (SCFAs), such as propionic acid, butyric acid, and acetic acid, and amino acid
metabolites, such as serotonin (5-HT), dopamine, histamine, and gamma-amino butyric acid (GABA). These
SCFAs have a variety of important physiological and pathological roles Q9L |n addition, 5-HT, dopamine,
histamine, and GABA, which are involved in neurotransmission, are produced by the gut microbiota as amino acid
metabolites 121131,

Unlike SCFAs and amino acid metabolites stemming from diets, bile acids (BAs) are synthesized from cholesterol
in the liver (Figure 1). The newly produced BAs in the liver are called primary BAs, and chenodeoxycholic acid
(CDCA) and cholic acid (CA) are the major primary BAs in humans 24151 |n addition to these two BAs, previous
research has shown that muricholic acids and hyocholic acids are produced in mice 3161 and pigs 7,
respectively. The gut microbiota metabolize these primary BAs to produce secondary bile acids, such as lithocholic
acid (LCA), deoxycholic acid (DCA), and ursodeoxycholic acid (UDCA) [18I11920] " \yhich play important roles in
mitochondria and autophagy at the cellular level 2122 Fyrthermore, they are physiologically and pathologically
important to the host as well as to the composition of the gut microbiota 24123l |n particular, among secondary BAs,
LCA, DCA, and their derivatives have recently been shown to have a significant effect on immune cells 24251[26]127]
(281[29]130] This research focuses on current knowledge of the role of LCA, DCA, and their derivatives on immune

cells.
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Figure 1. Modification of exogenous dietary components and endogenous bile acids by the gut microbiota. The gut
microbiota metabolize exogenous dietary components ingested from outside the body to produce short-chain fatty
acids (SCFAs), such as propionic acid, butyric acid, and acetic acid, and amino acid metabolites, such as serotonin
(5-HT), dopamine, histamine, and gamma-amino butyric acid (GABA). The gut microbiota also metabolize
endogenous bile acids (BAs). Cholesterol is converted to cholic acid (CA) or chenodeoxycholic acid (CDCA) in the
liver. These newly produced BAs in the liver are called primary BAs, which are then conjugated with glycine or
taurine (G/T). Conjugated primary BAs are secreted into the intestine upon food intake, and they are subsequently
deconjugated and then converted to secondary BAs. Approximately 95% of BA in the intestine is reabsorbed and
transported to the liver, while the remaining BA is excreted in the feces. A portion of BA reabsorbed from the

intestine is transferred to the systemic circulation.

2. Lithocholic Acid, Deoxycholic Acid, and Their Derivatives
from Gut Microbiota

Primary BAs, such as CDCA and CA, are primarily synthesized in the liver from cholesterol via two synthetic
pathways, namely the classical (or neutral) pathway and the alternative (or acidic) pathway 24131 More than 16
enzymes, including cytochrome P450 7A1 (CYP7Al), CYP8B1, and CYP27A1l, are involved in primary BA
synthesis in the liver 2233l Primary BAs are then conjugated with glycine or taurine by bile acid-CoA amino acid N-
acyltransferase in the liver 34l and they are transferred to hepatic bile canaliculi via the bile salt export pump or
multidrug resistance-associated protein 2. Consequently, BAs in the gallbladder are secreted into the small
intestine in response to food intake [B2l28] whereas glycine or taurine-conjugated BAs are deconjugated by bile salt

hydrolases (BSHs) in gut bacteria (Figure 2) BZ. Various gut bacteria in the ileum and colon, including
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Lactobacillus, Bifidobacterium, Enterococcus, Clostridium, and Bacteroides spp., have been shown to possess
BSH enzyme activity [B8IBAMAN4LA243] | achnoclostridium — scindens  (formerly  Clostridium — scindens),
Peptacetobacter hiranonis (formerly Clostridium hiranonis), and Lachnoclostridum hylemonae (formerly Clostridium
hylemonae) can 7a-dehydroxylation of BAs. 7a-dehydroxylation of the CDCA and CA is carried away by enzymes
encoded in the bile acid-inducible (bai) operon to produce 3-0xo0-A*LCA and 3-oxo-A*-DCA, respectively [12120]144]
Both 3-x0-A%LCA and 3-oxo-A*-DCA are intracellular intermediates that are not released in appreciable amounts
into the environment.
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Figure 2. The metabolism of bile acids by gut microbiota to produce LCA, DCA, and their derivatives. In the

intestine, glycine or taurine-conjugated primary BAs (CDCA and CA) are deconjugated by gut bacteria. CDCA and
CA are then converted to 3-oxo-A*-LCA and 3-oxo-A*-DCA, respectively. (a) 3-oxo-A*-LCA and 3-oxo-A*-DCA are

converted to 3-oxoLCA and 3-oxoDCA, respectively, which are then converted to LCA and DCA, respectively.

There are direct (b) and indirect (c) pathways to produce alloBAs. The direct pathway is conducted by a single

bacterial strain, while the indirect pathway is carried out by multiple bacterial strains. In the direct pathway (b), 3-
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ox0-A*-LCA and 3-oxo-A*-DCA are converted to alloLCA and alloDCA, respectively, which are in turn converted to
isoalloLCA and isoalloDCA, respectively. In the indirect pathway (c), 3-oxo-A*-LCA and 3-oxo-A*-DCA are
converted to LCA and DCA, and then to 3-oxo-A%LCA and 3-oxo-A%DCA, respectively. 3-oxo-A*-LCA and 3-oxo-
A*-DCA are then converted to alloBAs.

There are both direct and indirect pathways to produce alloBAs, which are essentially BAs with a flat shape due to
the trans-orientation of the A and B rings of BAs [43]. On the one hand, the direct pathway is conducted by a single
bacterial strain, while on the other hand, the indirect pathway is carried out by multiple bacterial strains 12145 |n
the direct pathway, 5a-reductase and BaiAl (3a-hydroxy bile acid-CoA-ester 3-dehydrogenase 1) convert 3-0xo-
A*-LCA and 3-0x0-A*-DCA to alloLCA and alloDCA, respectively. AlloDCA is subsequently converted to isoalloDCA
by 3a-HSDH and 33-HSDH in Lachnoclostridium scindens. In addition, isoalloLCA can be indirectly produced from
3-0x0-LCA by eleven bacterial genera, namely Bacillus, Bacteroides, Bifidobacterium, Catenibacterium, Collinsella,
Eggerthella, Lachnospira, Lactobacillus, Parabacteroides, Peptoniphilus, and Mediterraneibacter 2. Moreover, a
mixture of Lachnoclostridium scindens, which can produce LCA from CDCA “8 Eggerthella lenta, which can
produce 3-0xo-LCA from LCA ¥4, and Parabacteroides merdae, which can produce isoalloLCA from 3-oxo-LCA 22
can synthesize isoalloLCA from LCA. In addition, 5B-reductase, 5a-reductase, and 3B-HSDH enzymes can
synthesize isoalloLCA from 3-oxo-LCA, while 3-oxo0-A%-LCA can be produced from 3-oxo-LCA by 5B-reductase. 3-
oxo-alloLCA is then produced from 3-oxo-A*LCA by 5o-reductase. IsoalloLCA is produced from 3-oxo-alloLCA by
3B-HSDH 22481 5g-reductase converts 3-oxo-A%DCA to 3-oxo-DCA and 5B-reductase converts 3-oxo-A%DCA to
3-oxo-alloDCA. 3a-HSDH converts 3-oxo-DCA and 3-oxo-alloDCA to deoxycholic acid (DCA) and alloDCA,
respectively 12451 |soDCA and isoLCA are generated from DCA and LCA by 3B-HSDH, respectively 29, The

chemical structures of LCA, DCA, and their derivatives are shown in Figure 3.

R-H: 3-oxo0-A%-LCA .
R-H: LCA R-OH: 3-ox0-A4-DCA R-H: 3-oxo-LCA

R-OH: DCA R-OH: 3-oxo-DCA

R-H: IsoLCA R-H: AlloLCA R-H: IsoalloLCA
R-OH: IsoDCA R-OH: AlloDCA R-OH: IsoalloDCA
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Figure 3. Chemical structures of LCA, DCA, and their derivatives.

Approximately 95% of BA in the intestine is reabsorbed and transported to the liver, and the remainder is excreted

in the feces. LCA can be sulfonated and converted to LCA 3-sulfate (LCA-3-S) by sulfotransferase in the liver 49
1501,
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