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Abstract: The digestive tract is replete with complex and diverse microbial communities that are
important for the regulation of multiple pathophysiological processes in humans and animals,
particularly those involved in the maintenance of intestinal homeostasis, immunity, inflammation,
and tumorigenesis. The diversity of bile acids is a result of the joint efforts of host and intestinal
microflora. There is a bidirectional relationship between the microbial community of the intestinal
tract and bile acids in that, while the microbial flora tightly modulates the metabolism and synthesis
of bile acids, the bile acid pool and composition affect the diversity and the homeostasis of the
intestinal flora. Homeostatic imbalances of bile acid and intestinal flora systems may lead to the
development of a variety of diseases, such as inflammatory bowel disease (IBD), colorectal cancer
(CRC), hepatocellular carcinoma (HCC), type 2 diabetes (T2DM), and polycystic ovary syndrome
(PCOS). The interactions between bile acids and intestinal flora may be (in)directly involved in the
pathogenesis of these diseases.
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1. Introduction

Intestinal microorganisms are composed of bacteria, archaea, eukaryotes, and viruses,
and more than 99% of them are bacteria [1]. Approximately 10!* bacteria are known to
constitute the intestinal flora in the adult gut, and this number is 10 times the number
of human somatic cells [2]. The intestinal flora co-exists harmoniously with the host,
participate in the digestion and the absorption of nutrients, and also help to maintain
the integrity of the host’s immune system so as to prevent pathogen colonization [3].
Additionally, intestinal flora consists of various bacteria in low or high abundance, which
co-evolve with the host. While the host provides nutrients and a suitable survival place
for the intestinal flora, the intestinal flora assists the host in absorbing nutrients, such as
vitamins and short-chain fatty acids, in a more efficient manner in order to drive growth
processes and to support the functions of the intestinal system and the immune system [4].

Bile acids are a group of hydroxylated steroid acids, consisting of a 24-carbon steroid
nucleus and a 5-carbon side chain with a carboxyl group at the C-24 position. As the
main components of bile, bile acids, in addition to possessing anti-bacterial activity, are
amphipathic molecules with physiological detergent features. They are indispensable
for emulsifying and absorbing lipid-soluble nutrients and drugs [5-7]. Bile acids also
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function as signaling molecules to bind and to activate a membrane G-protein-coupled bile
acid receptor 1 (GPBART1 or Takeda G-protein-coupled receptor 5 (TGR5)) and a nuclear
receptor—the farnesoid X receptor (FXR)—involved in the regulation of lipid, glucose,
and energy metabolism [8]. Approximately 80 known bile acids have been identified in
mammals, and these include bile acids synthesized in the liver and secondary bile acids
produced based on modifications caused by intestinal bacteria [9].

Gastrointestinal homeostasis is subject to the joint regulation of bile acids and intestinal
bacteria. Many types of bacteria reside in the intestine, and they are involved in the
regulation of the synthesis, metabolism, and reabsorption of bile acids. In turn, bile acid
pool and composition, regulate the growth and the population of bacteria in the intestine.
As bile acids are continuously circulated within the enterohepatic circle, they undoubtedly
play a critical regulatory role in the gut—liver and microbial—host axes. Interestingly,
intestinal flora participates in the transformation of bile acids into more hydrophobic
secondary bile acids, which modulate immune responses to pathogens [10]. In this review,
we summarize the distribution of intestinal flora in different age groups and gastrointestinal
fragments, and the physiological characteristics of bile acids. Additionally, we classify
the microbial communities in the digestive tract on the species, features, and nature of
their relationships with the host. We conclude that while the intestinal flora modulates
the metabolism, synthesis, and reabsorption of bile acids, bile acids control the growth
and diversity of the intestinal flora. Homeostatic imbalances in this crucial bidirectional
interaction may lead to the development of pathologies such as inflammatory bowel disease
(IBD), hepatocellular carcinoma (HCC), colorectal cancer (CRC), type 2 diabetes (T2DM),
and polycystic ovary syndrome (PCOS).

2. Architecture and Composition of the Intestinal Flora

The gut microbiota exists throughout the life of the host. The diversity of bacteria
in the intestines of infants is very low at first, and it gradually accelerates during the
course of early development. The intestinal floras in newborn babes are mainly of the
Enterobacteriaceae and Staphylococcus species, and the intestinal flora during lactation are
mainly of the Bifidobacterium species. After the consumption of a solid diet, the bacteria
colonizing the intestine are found to be mostly the anaerobic strains [11-13]. A low level
of Bacteroidetes and a high level of Bifidobacterium are also found in adolescence, followed
by the formation of intestinal microbial communities dominated by Bacteroidetes and
Firmicutes, which are involved in carbohydrate and amino acid metabolism, fermentation,
and oxidative phosphorylation [14,15]. Studies have shown that aging is associated with a
number of important changes, including a decrease in the diversity of the intestinal flora;
decreases in the proportions of Firmicutes and Bacteroidetes; decreases in the abundances
of Ruminococcaceae, Lachnospiraceae, and Bacteroidaceae; increases in the abundances of
opportunistic pathogens; and decreases in the populations of the bacteria crucial for
producing short-chain fatty acids required for the maintenance of structural integrity
and the prevention of inflammation in the intestine [16-18].

The composition of the intestinal microbiota varies throughout the digestive tract.
Food is mixed with saliva before entering the stomach and intestine. The oral microbiota
is complex and diverse: ~1000 species of bacteria have been identified to date [19,20].
Esophageal microbial communities mainly include Firmicutes, Bacteroidetes, Actinobac-
teria, Proteobacteria, and Fusobacteria [21,22]. Most of the bacteria in the host’s body
are localized in the gastrointestinal tract, and there are significant differences in bacterial
diversity and quantity between the stomach and the intestine. There are 10 to 10® bacteria
per gram of stomach content, mainly including Firmicutes, Bacteroidetes, Clostridium, Acti-
nobacteria, along with Streptococcus and Haemophilus. Helicobacter pylori is the dominant
bacterium in the stomach [23,24]. The small intestine consists of the duodenum, jejunum,
and ileum. There are 10° bacteria per gram of duodenal content, and Firmicutes and
Actinobacteria are the main bacteria [16]. The bacterial density in the jejunum is high; there
are 10*-107 bacteria per gram of content—mainly Gram-positive aerobic bacteria and facul-
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tative anaerobic bacteria, such as Lactobacillus, Enterococcus, and Streptococcus. The numbers
of ileal anaerobic bacteria close to the ileocecal valve, gradually exceed those of aerobic
bacteria, and Streptococcus is the dominant bacteria in this segment of the intestine [25]. The
colon, located in the lower part of the large intestine, contains 10'1-10'? bacteria per gram
of content, which are mainly anaerobic bacteria, including Firmicutes and Bacteroidetes.
There is a high population density and diversity. The ratio of Firmicutes to Bacteroidetes is
related to the susceptibility to diseases. In the large intestine, Bacteroides, Bifidobacterium,
Streptococcus, Enterobacteriaceae, Enterococcus, Clostridium, Lactobacillus, and Ruminococcus are
the dominant bacteria. In addition, the colon also contains several pathogenic bacteria, such
as Campylobacter jejuni, Salmonella enteritidis, Vibrio cholerae, Escherichia coli, and Bacteroides
fragilis [23]. The distribution of bacteria in the digestive tract is shown in Figure 1.

Oral cavity 101'—10'2 CFU/mL (pH 6.2—7.5)
... —| Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, Spirochaetes,
Fusobacteria

Esophagus (pH < 4.0)
Streptococcus, Veilonella, Prevotella, Proteobacteria, Rothia

Stomach 10—10° CFU/mL (pH 1-—2)
Prevotella, Rothia, Streptococcus, Veillonella, Enterococcus

Duodenum 10—10° CFU/mL (pH 5.7 —6.4)
Bifidobacterium, Prevotella, Clostridium, Streptococcus, Veillonella,
Lactobacillus, Enterococcu

. Jejunum 10*—107 CFU/mL (pH 5.7—6.4)
Bifidobacterium, Prevotella, Clostridium, Streptococcus, Lactobacillus,
Enterococcu
Ileum 107 —10° CFU/mL (pH 7.3—7.7)

Clostridium, Peptostreptococcus, Lactobacillus, Enterococc

Cecum 10°—10" CFU/mL (pH 5.5—6.8)
Lachnospira, Ruseburia, Ruminococcus, Fecalibacterium, Fusobacteria

Colon 10" —10" CFU/mL (pH 5.5—6.8)
Bifidobacterium, Clostriditm, Ruminococcus, Lactobacillus,
Peptostreptococcus, Streptococcus, Enterococcus, Enterobacterium,
Prevotella, Bacteroides

Figure 1. Distribution of gastrointestinal bacteria: The distribution of intestinal bacteria in the
digestive tract varies, and there are many types and quantities of bacteria in the oral cavity. Following
their entry into the esophagus, the colonization of bacteria is reduced. Due to the secretion of gastric
acid, most bacteria in the stomach cannot survive, allowing more acid-tolerant bacteria, such as
Prevotella, Roche, and Streptococcus, to dominate. The number of bacteria increases from the duodenum
to jejunum and ileum. These bacteria include Clostridium, Lactobacillus, and Enterococcus. A large
number of bacteria exist in the colon, including Bifidobacterium, Clostridium, Ruminococcus, Bacteroides,
Streptococcus, and Prevotella.

The intestinal flora is mainly classified according to natural attributes, including Fir-
micutes, Bacteroidetes, Proteobacteria, Actinobacteria, Verrucomicrobia, Fusobacteria, and
Cyanobacteria. Approximately 98% of the intestinal flora are composed of four main types
of bacteria—Firmicutes, Bacteroidetes, Proteobacteria, and Actinomycetes—and the classi-
fication of the bacteria is shown below in Table 1. The most common bacterial genera are
Bacteroides, Clostridium, Peptococcus, Bifidobacterium, Eubacterium, Ruminococcus, Enterococcus
faecalis, and Peptostreptococcus [17]. Furthermore, most of the bacteria in Bacteroidetes
belong to Bacteroidetes and Prevotella, and the Firmicutes are mainly Clostridium, Eubacteria,
and Ruminococcus.
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Table 1. Classification of bacterial species in the intestinal flora: According to classification by
natural properties, intestinal bacteria can be divided into six categories for the most part: Firmicutes,
Bacteroidetes, Proteobacteria, Actinobacteria, Fusobacteria, and Verrucomicrobia. Each category
includes bacterial species.

Phylum Class Order Family Genus Species
. , Faecalibacterium
L Faecalibacterium o
Clostridiaceae prausnitzii
1 1 Clostridium Clostridium spp.
Clostridia Clostridiales Lachnospiraceae Coprocococcus Coprococcus eutactus
Firmicutes Peptostreptococcaceae Peptostreptococcus Peptostreptococcus
anaerobius
Veillonellaceae Veillonella Veillonella parvula
Lactobacillal Lactobacillaceae Lactobacillus Lactobacillus acidophilus
Bacilli actobacifiales Enterococcaceae Enterococcus Enterococcus faecalis
Bacillales Listeriaceae Listeria Listeria iuanuii
Flavobacteria Flavobacteriales Flavobacteriaceae Flavobacterium
Bacteroides fragilis
Bacteroidaceae Bacteroides Bacteroides caccae
) Bacteroides pyogenes
Bacteroidetes Bacteroidetes Bacteroidales Porphyromonadaceae Porphyromonas
pay Parabacteroides Parabacteroides distasonis
Rikenellaceae Alistipes Alistipes finegoldii
Prevotellaceae Prevotella Prevotella spp.
. Escherichia Escherichia coli
teobact i i
Gamma proteobacteria Enterobacteriales Enterobacteriaceae Enterobacter Enterobacter areogenes
Proteobacteria Delta proteobacteria Desulfovibrionales Desulfovibrionaceae Desulfovibrio Desulfovibrio intestinalis
Desulfobacterales Desulfobacteraceae Desulfobacter
Epsilon proteobacteria Campylobacterales Helicobacteraceae Helicobacter Helicobacter pylori
. Actinomycetaceae Actinobaculum
Actinomycetales ;
. . Corynebacterium
Corynebacteriaceae Corynebacterium i :
Actinobacteria Actinobacteria glutamicum
¢ Bifidobacterium
Bifidobacteriales Bifidobacteriaceae Bifidobacterium adolescentis
Bifidobacterium longum
Fusobacteria Fusobacteria Fusobacteriales Fusobacteriaceae Fusobacterium Fusobacterium nucleatum
Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae Akkermansia Akkermansia muciniphila

In addition to the classification according to natural properties, intestinal flora can be
classified according to their relationships with the host. The relationship with the host can
be mutually beneficial (i.e., symbiotic), conditionally pathogenic, or exclusively pathogenic.
The beneficial bacteria mainly promote intestinal peristalsis, prevent constipation and
diarrhea, promote the synthesis of vitamins, discharge exogenous harmful substances,
and occlude the invasion of pathogens, including Bifidobacterium, Lactobacillus, Lactococcus,
Enterococcus faecalis, Eubacterium, Peptococcus, Clostridium, and Rothia [26,27]. Under certain
conditions, conditionally pathogenic bacteria are invasive and cause harm to the human
body. The conditionally pathogenic microorganisms often include Escherichia coli, Entero-
coccus, Ruminococcus, Bacteroides, Vibrio desulphurization, Candida albicans, and Pseudomonas
aeruginosa as well as Proteobacteria [28]. Pathogenic bacteria generate toxic metabolites,
which increase the reabsorption of harmful substances in the intestine, thereby causing
abnormalities in intestinal peristalsis and heightened invasion of the intestinal tract by
pathogenic bacteria, including Escherichia coli, Staphylococcus, Proteobacteria, Streptococcus,
Peptostreptococcus, Fusobacteria, Clostridium, Klebsiella, Prevotella, Clostridium tetanus, and
Veillonellaceae [29,30].

3. Bile Acids

Bile acids are steroid molecules synthesized from the precursor cholesterol in the liver
by a series of 17 enzymes. Two synthetic pathways have been identified for the synthesis of
bile acids: the classical pathway and the alternative pathway [31]. The classical pathway is
initiated by the rate-limiting enzyme cholesterol 7x-hydroxylase (CYP7A1) together with
a series of hydroxylation, isomerization, and steroid side-chain oxidation and cleavage
reactions—including the sterol 12c-hydroxylase and the steroid 27-hydroxylase—to syn-
thesize two primary bile acids: cholic acid (CA) and chenodeoxycholic acid (CDCA).
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The alternative pathway is initiated by the steroid 27-hydroxylase and the oxysterol
7«-hydroxylase to mainly synthesize CDCA [32]. Bile acids are conjugated with glycine
and taurine by bile acid coenzyme A synthase and bile acid: amino-acid transferase at the
C24 position in the liver to form conjugated bile acids and to increase their solubility [33,34].
The conjugated bile acids in the liver are excreted by the bile salt export pump (BSEP),
and the sulfated and glucuronidated bile acids produced by sulfotransferase and UDP-
glucuronosyltransferase are transported by multidrug resistance protein 2 [35]. Importantly,
bile acids are temporarily stored in the gallbladder and secreted into the small intestine after
food is ingested. Secondary bile acids are produced under the action of intestinal bacteria,
and approximately 95% of bile acids are actively reabsorbed in the ileum and terminal
colon by the apical sodium/bile acid transporter (ASBT) [9]. Inside intestinal cells, bile
acid binds to ileal bile acid-binding protein (IBABP), allowing for its secretion to the portal
vein by basolateral organic solute transporter o/ (OST-oc/OST-3) and finally uptake into
liver cells by sodium taurocholate co-transporting polypeptide (NTCP) and organic anion
transporting polypeptide 1 (OATP1) [36,37]. In the liver, free bile acids are re-conjugated
with glycine/taurine, and they re-enter the intestine with bile composed of reabsorbed and
newly synthesized conjugated bile acids. The repeating circulation process of bile acids
between the liver and the intestine is known as enterohepatic circulation [38,39]. Notably,
only ~5% of bile acids are disposed via feces, and the portion of bile acids lost in feces
is replenished by the synthesis in the liver. The human body experiences approximately
8-10 cycles of enterohepatic circulation daily, which is critical for the regulation of lipid
metabolism and homeostasis [40,41].

Notably, great differences exist in the composition of bile acids between humans and
mice, which is caused by the species—specific transformation of many bile acids in humans
and mice. Bile acids in the human body are mainly composed of CA, CDCA, and deoxycholic
acid (DCA) at a ratio of around 40:40:20. The ratio of glycine to taurine conjugated bile acids
is approximately 3:1, and together those conjugated bile acids account for more than 90% of
human bile acids [42]. DCA is synthesized from CA under the action of intestinal bacterial
enzymes but differs from CA in the number of hydroxyl groups. The amounts of lithocholic
acid (LCA) and ursodeoxycholic acid (UDCA) circulating in the human body are low, at
approximately 2-5%. UDCA is a secondary bile acid produced by intestinal-bacteria-mediated
7-OH isomerization of CDCA [9]. The bile acids in the gallbladders of healthy individuals are
mainly composed of CA, CDCA, and DCA. DCA and LCA are the main bile acids in feces.
The differences in bile acid components in the gallbladder and the feces reflect the degree of
bile acid modification by intestinal bacteria [43]. In mice, most bile acids are taurocholic acid
(TCA), tauro-p-muricholic acid (T-MCA), T-«MCA, and T-wMCA [44]. Moreover, UDCA
is a primary bile acid generated by the enzymatic action of CYP2C70 in mice. CDCA and
UDCA undergo 63-hydroxylation to produce «MCA and BMCA—the more hydrophilic bile
acids that are abundant in mice [45,46]. LCA can be converted to UDCA by 7a-hydroxylase,
to hyodeoxycholic acid (HDCA) by 6x-hydroxylase, or to murideoxycholic acid (MDCA) by
63-hydroxylase [47]. The gut bacteria also synthesize very small amounts of oxo-, iso-, and
epi-bile acids. The diversity of secondary bile acids and the composition of bile acid pools are
influenced by intestinal microbes in different individuals. The gut microbiome can regulate
the production of secondary bile acids, which in turn affects bile-acid-mediated digestive,
absorptive, signaling, and other functions. The structures of bile acids are shown in Table 2.

On the basis of whether the C12 position contains a hydroxyl (-OH) group, bile acids
can be divided into 12-OH and non-12-OH bile acids. This enzymatic process is mainly
catalyzed by CYP8B1, which can determine the ratio of non-12-OH to 12-OH bile acids in
addition to the bile hydrophobicity by promoting the biosynthesis of CA [48]. The 12-OH
bile acids mainly include CA, DCA, UCA, and T/G-conjugated bile acids. Non-12-OH
bile acids mainly include CDCA, LCA, MCA, MDCA, UDCA, HCA, HDCA, and T/G-
conjugated bile acids. Notably, an increased ratio of 12-OH to non-12-OH bile acids is
mostly associated with metabolic diseases, such as obesity, diabetes, and nonalcoholic fatty
liver disease [49]. Studies have shown that TDCA or GDCA can promote the proliferation
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of hepatic stellate cells and the formation of hepatic fibrosis by activating the TGR5-ERK1/2
and P38 MAPK signaling pathways [50].

Table 2. The structures of bile acids: The structural formula of bile acids and bile acid intermediates
along with the hydroxyl positions are presented below, and the hydrophobicity of bile acid can be
assessed according to their stereoscopic configurations.

Structural Formula Abbreviation C3 C6 Cc7 C12

CA 30-OH H 70-OH 12x-OH

CDCA 30-OH H 70-OH H
DCA 30-OH H H 120-OH

LCA 30-OH H H H

«-MCA 30-OH 6p3-OH 70-OH H

B-MCA 30-OH 63-OH 73-OH H

w-MCA 30-OH 60-OH 73-OH H
3-oxoCA 0XO0 H 7x-OH 12x-OH

IsoCA 33-OH H 7x-OH 120-OH
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Table 2. Cont.
Structural Formula Abbreviation C3 Cé6 C7 C12
7-oxoDCA 3a-OH H oxo 12x-OH
7-epiCA 3a-OH H 73-OH 12x-OH
12-oxoCDCA 3x-OH H 70-OH 0X0
12-epiCA 30-OH H 7a-OH 123-OH
3-oxoCDCA 0X0 H 70-OH H
IsoCDCA 3p3-OH H 70-OH H
7-oxoLCA 30-OH H 0XO0 H
UDCA 30-OH H 73-OH H
3-oxoDCA 0X0 H H 12x-OH
IsoDCA 33-OH H H 120-OH
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Table 2. Cont.

Structural Formula Abbreviation C3 Cé6 C7 C12
12-oxoLCA 3a-OH H H 0X0
EpiDCA 30-OH H H 123-OH
HDCA 3a-OH 60-OH H H
UCA 30-OH H 73-OH 120-OH
HCA 30-OH 60-OH 70-OH H

Finally, according to the number of hydroxyl groups, bile acids can also be divided
into mono-, di- and tri-hydroxy bile acids. The hydrophilicity of bile acids is proportional
to the number of hydroxyl groups they contain, and it also depends on the position and
the stereochemical structure of the hydroxyl groups. The formation of 73-OH, 6&x-OH and
63-OH leads to more hydrophilic bile acids than the modification with 7a-OH. UDCA
containing 7p3-OH is the most hydrophilic bile acid among the whole group of di-hydroxy
bile acids. Furthermore, MCA (6x-OH, 63-OH) and HCA (6x-OH) are more hydrophilic
tri-hydroxy bile acids than other tri-hydroxy bile acid subfamily members.

4. Interaction between Intestinal Flora and Bile Acids

The gastrointestinal microbiota is a natural ecosystem crowded with more than
10" bacteria. Approximately 99% of the functional genes in the human body are de-
rived from microorganisms, and these genes play multiple regulatory roles—particularly
the production of secondary bile acids by the intestinal flora to regulate the pathophysio-
logical functions of the host [51]. Secondary bile acids are produced from host-synthesized
primary bile acids by the intestinal flora. Therefore, intestinal flora diversifies the bile
acids of the host and also, in combination with the primary bile acid metabolism, directly
affects the composition, size, and concentration of the bile acid pool in the host [52]. The
bile acid pool is a synergistic readout between host and intestinal flora. The diversity
of bile acids affects the growth and the proliferation of the intestinal flora to shape the
microbial community in the intestine. In the gut microbiome-bile acid-host axis, bile acids
can regulate the gut microbiome, and vice versa the gut microbiome regulates the bile
acid pool, and those mutual influences are heavily involved in the regulation of multiple
diseases such as IBD, CRC, HCC, T2DM, and PCOS.
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4.1. Effects of the Intestinal Flora on Bile Acids
4.1.1. The Intestinal Flora Is Involved in Bile Acid Metabolism

The effects of the intestinal flora on bile acid composition and secondary bile acid
synthesis mainly include four aspects: deconjugation, dehydroxylation, and oxidation
isomerization of bile acids.

e  Deconjugation

Deconjugation of bile salts is a pervasive function of the gut microbiota, and is cat-
alyzed by bile salt hydrolase (BSH) enzymes to generate free bile acids with a C-24 car-
boxylic acid group. BSH is an enzyme that catalyzes the hydrolysis of the amide bonds
between the C-24 position of the bile acids and the acidic side of amino acids. BSH belongs
to the cholylglycine hydrolase family, which contains at least nine members. The subunit
size and composition, optimal pH value, kinetic characteristics, substrate specificity, and
regulation of all BSH family members are different [43,53,54]. BSH is widely expressed in
the intestinal flora and enriched in the ileum and colon. Mostly, BSH containing bacteria
are Gram-positive bacteria, such as Bifidobacterium, Lactobacillus, Clostridium, Enterococcus,
and Listeria, along with Gram-negative bacteria, such as Bacteroides, Stenotrophomonas, and
Brucella [55,56]. There are three main hypotheses for BSH function: First, BSH converts
conjugated bile acids to free bile acids, allowing for the release of glycine or taurine, both
of which can serve as an energy resource—glycine is catabolized to ammonia and car-
bon dioxide, and taurine is catabolized to ammonia, carbon dioxide, and sulfate [57-59].
Second, BSH is thought to integrate cholesterol into bacterial membranes through the
formation of intermolecular bonds between bile salts and membrane fatty acids, which may
change the fluidity and charge of the membranes [60]. Finally, BSH is also known to play
a role in Gram-positive bacteria tolerance by generating free bile acids as a detoxification
mechanism [61]. The deconjugation pathways of bile acids are shown in Figure 2 below.

NH;

§
HO

Figure 2. Deconjugation pathways of bile acids: Hydrolysis of conjugated bile acids to free bile acids
and glycine or taurine by bile salt hydrolase (BSH).

e Dehydroxylation

Bile acid dehydroxylation is one of the key transformations mediated by intestinal
microorganisms. Bacterial 7/ 3-dehydroxylase activities in the anaerobic, Gram-positive
phylum Firmicutes (genera Clostridium, Enterococcus, Bifidobacterium, Listeria, and Lactobacillus)
and Gram-negative phylum Bacteroidetes (genus Bacteroides) convert the primary bile acids,
CA, and CDCA to the secondary bile acids, DCA and LCA, respectively. The polycistronic
operons of these bacteria consist of bile-acid-inducible (Bai) genes in several species of Clostrid-
ium [43,44]. For example, CA is transported into bacteria through BaiG; subsequently, BaiB
links CoA in an ATP-dependent manner to form cholyl-CoA. Cholyl-CoA is first oxidized by
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BaiA2 and then twice by BaiCD to generate 3-oxo-A4-cholyl-CoA. BaiF then transfers CoA
from 3-oxo-A4-cholyl-CoA to CA, generating 3-oxo-A4-CA and cholyl-CoA. 3-Oxo-A4-CA is
then dehydroxylated at the position of C7 by BaiE, which is followed by the step of deoxy-
cholic acid reduction by BaiN and BaiA2 [62-65]. Importantly, BaiA, BaiB, and BaiE are three
key enzymes in the 7o -dehydroxylation pathway of bile acids. The BaiB gene encodes bile
acid coenzyme A ligase, which catalyzes the thioesterification of bile acids to CoA after the
primary bile acids are taken up by bacterial cells [66,67]. BaiA encodes 3x-HSDH, and the
BaiE gene encodes bile acid 7«-dehydratase catalyzing the rate limiting and irreversible step
in the bile acid 7«-dehydroxylation pathway. The dehydroxylation pathways of bile acids are
shown below in Figure 3.

WM&WMWWMM ﬁf

[ NADH NAD‘

D BaiN

== 3-ox0-A % 6-CA 3-ox0- A-DCA

:X: ]/H;.O - t NAD' o L.

——0 BaiE ai ==

=0 NADH @&=>=9

i *=—0

e o =2

=—=e Cholyl -CA 3-0x0-A*-CA 3-0x0-DCA ._0_.‘$'

== . *~—0

=== NAD Cholyl NAD*

== K BaiF k ‘;;‘igz K =>e
NADH CA NADH

= : | ==

="

*=—>=e

==

=9

3-oxo-cholyl-CA 3-oxo- A *cholyl-CA

WMHWWWWHMMW\Q

Figure 3. Biotransformation of primary bile acids by Clostridium species: Primary bile acids (CA and
CDCA) are biotransformed to the secondary bile acids DCA and LCA, respectively. The processes
include multiple steps catalyzed by several enzymes and bile acid transporters encoded by bile
acid-inducible (BAI) genes.

e Oxidation and isomerization

Bacterial 3-, 7- and 12-hydroxysteroid dehydrogenases (HSDHs) catalyze the hydrox-
ylation/isomerization of primary and secondary bile acids to their respective oxo-, epi-,
and iso-bile acids. The isomerization of bile acid hydroxyl groups is a reversible stereo-
chemical conversion from « to 3 configuration, resulting in stable oxygen-containing bile
acid intermediates. The reduction and oxidation (REDOX) of bile acid hydroxyl groups
largely depend on the REDOX potential of the mucosal environment. Mucosal surfaces
with high REDOX potential are conducive to the production of oxygen-containing bile acids,
while the intestinal lumen, with low REDOX potential, prefers to catalyze the reduction
of oxygen-containing bile acids [43]. The oxidative isomerization pathway of bile acids is
shown in Figure 4.

Specifically, 3/ -HSDHs catalyze the reversible stereospecific oxidation/reduction
between 3-oxygen bile acids and 3«- or 33-hydroxyl bile acids, and the enzyme activities
of 3a/-HSDHs have been detected in some intestinal bacteria, including Firmicutes,
Digestive streptococcus, and Clostridium perfringens [68]. Furthermore, 3/ 3-HSDHs have
different requirements for different pyridine nucleotide cofactors. While nicotinamide
adenine dinucleotide (NAD(H)) is generally required for 3x-HSDHs, 33-HSDHs prefer to
count on nicotinamide adenine dinucleotide phosphate (NADP(H)) as their cofactor [43].
Di-hydroxy more than tri-hydroxy bile acids are prone to undergoing REDOX reactions.
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CA is converted to 3-oxo-CA and 3-iso-CA under the action of 3a-HSDH and 33-HSDH,
respectively. CDCA becomes 3-oxo-CDCA and 3-iso-CDCA, and DCA is converted to
be 3-oxo-DCA by 3a-HSDH [69,70]. In contrast to -hydroxyl isomers, iso-bile acids are
more hydrophilic and less toxic to bacteria. For example, the isomerization of DCA is
able to destroy the hydrophobic/hydrophilic surface properties of the bile acids, which
may reduce the detergent properties and toxicity of DCA against bacteria, preventing
DCA-induced DNA and membrane damage [62,68].

30-HSDH " 3p-HSDH
— —_—

7a-HSDH 7p-HSDH
— —_—
12a-HSDH 12p-HSDH
— e

3a-HSDH 3B-HSDH
— —_—

7a-HSDH 7B-HSDH
—

3a-HSDH 3p-HSDH
— —_—

7a-HSDH 7p3-HSDH
_ —_—

12-oxoLCA 12-epiDCA

Figure 4. Oxidative and isomerization pathways of bile acids: Under the action of the «/f3-hydroxy
steroid dehydrogenase (HSDH) enzyme of the intestinal bacteria, primary bile acids produce oxy-
genated bile acid intermediates, which change the stereospecificity of bile acids, reduce their toxicity,
and enrich the bile acid types.

7x/pB-HSDHs catalyze the reversible stereospecific oxidation/reduction between
7«- and 7p3-hydroxyl bile acids. The 7o/ 3-HSDHs are widely expressed in Clostridium,
Eubacterium, Fusobacterium, Bacteroidetes, and Escherichia, and prefer to use NADP(H) as
a cofactor [71]. The affinity of 7ot/ 3-HSDHs for di-hydroxy bile acids is higher than for
tri-hydroxy bile acids. The conversions of CA into 7-oxo-DCA and CDCA into 7-oxo-LCA
and UDCA by the 7a-HSDH and 7p3-HSDH enzymes, respectively, produce the more
hydrophilic intermediates and decrease toxicity against bacteria [66,69,72]. CDCA is more
hydrophobic and toxic to bacteria than UDCA. Furthermore, for increasing the hydrophilic-
ity of the bile acid pool and decreasing cytotoxicity, UDCA has been used as a veritable bile
acid candidate in the treatment of biliary tract diseases [73,74].

The 12/ 3-HSDHs are responsible for the reversible stereospecific oxidation/reduction
reactions between 12x- and 123-hydroxyl bile acids. Clostridium possesses 12«-HSDH and
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123-HSDH enzyme activities, requiring NAD(H) or NADP(H) as a cofactor [75]. The
12x-HSDHs reversibly convert bile acid at the C12 position from an « configuration to a
12-oxygen bile acid, and subsequently 123-HSDHs convert 12-oxygen bile acid to a 123
configuration and consequently form epi-bile acids [41]. 12a-HSDH is responsible for the
conversion of CA to 12-oxo-CDCA and 12-epi-CA, and of DCA to 12-oxoLCA, which is
further transformed to be epi-DCA by 123-HSDH.

4.1.2. The Intestinal Flora Affects Compositions of the Bile Acid Pool

The intestinal flora enriches the diversity of bile acids and also modulates their synthe-
sis and transportation. FXR is a nuclear receptor highly expressed in the gastrointestinal
tract and liver. CDCA, CA, DCA, and LCA, along with their glycine and taurine-binding
bile acids are agonists of FXR; UDCA and T-«/[3-MCA are antagonists of FXR [76]. The
presence of BSH in the intestinal flora reduces T-FMCA, which is an intestinal FXR antago-
nist. In hepatocytes, FXR induces SHP to inhibit CYP7A1 and CYPSBI gene transcription,
and bile acids enter the bile via BSEP and are reabsorbed into enterocytes. FXR induces
IBABP and OSTo/ 3 to expel bile acids from the portal circulation [77]. FXR also induces
the expression of fibroblast growth factors (FGF15/FGF19), which travels to the liver via the
portal vein, activating the FGFR4/ 3-Klotho heterodimer-JNK1/2 and ERK1/2 signaling
pathways to subsequently inhibit the expression of CYP7A1 and bile acid synthesis [78].
On the other hand, ileal Kruppel-like factor 15 (KLF15) upregulates hepatic CYP7A1 and
bile acid synthesis by inhibiting ileal production of FGF15 in mice [79]. In addition to sup-
pressing bile acid synthesis, active FXR transactivates the expression of BSEP to stimulate
bile acid secretion from the liver to the biliary duct but inhibits the expression of NTCP
and reduces bile acid reabsorption from the blood to the liver [80]. Notably, intestinal flora
regulation of bile acid transportation is mainly recognized through its regulatory effects on
the bile acid reuptake transporter. While a small portion is reabsorbed via passive diffusion
in the small intestine and colon, approximately 95% of bile acids are actively reabsorbed
by ASBT, which is known to be regulated by the transcription factor GATA4 in intestinal
epithelial cells. Intestinal bacteria can stimulate the expression of GATA4 and inhibit the
expression of ABST, decreasing the reabsorption of bile acids by the ileum—the terminal
region of the small intestine [81,82]. Studies have shown that bacteria are involved in
the amino acid modification of bile acids in the intestine. In normal mice, bacteria can
mediate the conjugation of bile acids with phenylalanine, tyrosine, and leucine, in addition
to glycine and taurine, but only glycine- and taurine-conjugated bile acids can be detected
in germ-free mice [83].

4.2. Effects of Bile Acids on the Intestinal Flora
4.2.1. Bile Acids Inhibit the Growth and Proliferation of Bacteria

Bile acids can stimulate the growth of bacteria with bile-acid-metabolizing enzymes
but inhibit the growth of bile-acid-sensitive bacteria, thereby maintaining the homeosta-
sis of the intestinal flora and intestinal barrier function to prevent bacterial migration.
Due to their stronger protective capacity, Gram-negative and other susceptible bacteria
species are largely resistant to bile acid-induced membrane and DNA damage, and cell
death [54]. The sensitive bacteria—such as Spirochetes, Staphylococcus, Pneumococcus, and
Enterococcus—are subjected to bile-acid-induced membrane damage in a dose-dependent
manner. Unconjugated bile acids often demonstrate stronger antibacterial ability than
their conjugated counterparts [62,84]. Furthermore, the deficiency of bile acids in the
intestine can cause excessive growth of bacteria and potent pathogens, increasing the risks
for inflammation, bacterial translocation, membrane damage, hydrophobicity, and ion
transmembrane flow [85]. Additionally, bile acids can directly bind to phospholipids in
bacterial membranes and destroy the membrane structures, resulting in bacterial membrane
damage and ultimately cell death [61,86]. Bile-acid-activated FXR negatively regulates
bile acid synthesis and also induces iNOS and IL-18 to inhibit bacterial overgrowth and
maintain the integrity of the intestinal epithelial layer [87].
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4.2.2. Bile Acids Affect the Composition of the Intestinal Flora

The effect of the intestinal flora on the composition of bile acids is not unidirectional,
as bile acids can also affect the structure of the intestinal flora. CA can inhibit the growth
of Gram-negative bacteria in the gastrointestinal tract and also potentiate the abundance
of Firmicutes, such as Clostridium XIVa, along with bile acid 7x-dehydroxylase-containing
bacteria [51,88]. DCA can inhibit Gram-positive bacteria, such as Clostridium perfringens,
Bacteroides fragilis, Lactobacillus, and Bifidobacteria, mainly by destroying bacterial membrane
integrity and causing bacterial death [89-91]. Long-term supplementation with exogenous
DCA reduces BSH-containing bacteria and induces inflammation in murine intestines.
DCA in the diet and gut dysbiosis can induce an imbalance in bile acid metabolisms, such
as enhanced levels of TMCA, or suppression of the intestinal FXR-FGF15 pathway and
therefore stimulate the de novo synthesis of bile acids in the liver [92]. In addition, UDCA
can improve the imbalance in the intestinal flora by normalizing the ratio of Firmicutes
to Bacteroidetes and stimulating the growth of BSH-rich bacteria, while accelerating the
healing of the ulcerated epithelium. Further investigation revealed that UDCA has anti-
inflammatory, anti-apoptotic, and anti-oxidative effects in the murine intestine [93,94].
IsoalloLCA has an inhibitory effect on the growth of Gram-positive bacteria, such as
Clostridioides difficile, in the intestinal tract, and the germination of Clostridioides difficile
spores in the intestine depends on the presence of endogenous bile acids but has no effect on
Gram-negative bacteria [95]. A higher concentration of bile acids in the lumen is conducive
to the growth of bacteria with 7x-dehydroxylase activity, whereas a lower concentration
is mainly beneficial for the growth of Gram-negative bacteria. Bile acids also affect the
integrity of intestinal epithelial cells and mucosal immune response, thereby indirectly
regulating the composition of the microbial community [96,97].

4.3. Role of the Intestinal Flora and Bile Acids in Related Diseases

Under normal conditions, the intestinal flora builds up a dynamic balance with the host
and the external environment. Interruption of this balance may cause various functional
abnormalities in the host, such as an abnormal barrier function and immune function
and inflammation, causing disease onset. Several diseases are closely related to the small
metabolites (e.g., short-chain fatty acids and bile acids) dependent connective relationships
between the intestinal flora and the host. As an important part of intestinal micro-ecology,
the intestinal flora can directly participate in bile acid metabolism to affect biological
functions and environmental homeostasis in the intestine. Any abnormality in bile acid
metabolism may alter the community structure of the intestinal flora, which is closely
related to the development of diseases, such as IBD, CRC, HCC, T2DM, and PCOS.

4.3.1. Inflammatory Bowel Disease

IBD refers to the chronic and recurrent inflammatory diseases of the digestive tract,
mainly including ulcerative colitis (UC) and Crohn’s disease [98]. Several factors including
genetic and environmental factors and the state of intestinal micro-ecology play important
roles in the pathogenesis of IBD. It is thought that IBD results from an abnormal and
persistent immune response to the gut microbiome catalyzed by an individual’s genetic
predisposition. Cytokines are produced and inflammatory cells are recruited, leading
in turn to damage to the intestinal mucosal barrier, often taking the form of ulcers [99].
Micro-ecological imbalance is also a typical inducer for the pathogenesis of IBD. Intestinal
ecological imbalance causes an intestinal immune response, along with dysregulations
in lipopolysaccharide (LPS), teichoic acid, and bile acids, which are crucial events in the
process of IBD’s development [100].

Ecological imbalance of the intestinal flora in IBD patients results in a poor bacterial
diversity, including an enhanced proportion of Bacteroidetes but a reduction in Firmicutes.
At the genus level, the proportion of Bacteroides was found to increase while the proportion
of Clostridium XIVa was found to decrease [101,102]. While harmful bacteria such as Pro-
teobacteria and Actinobacteria increased, bacteria such as Ruminococcus, Lachnospira, and
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Eubacterium, which were enriched in BSH and HSDH, decreased [103]. Moreover, a bacterial
ecological imbalance in IBD patients leads to reducing the abundance of intestinal secondary
bile acids (e.g., DCA, LCA, and TLCA) and the enhancement of primary bile acids (e.g., CA,
CDCA, GCA, and TCA) [104]. Studies have shown that DCA-fed mice induce the release
of inflammatory factors and the imbalance of the intestinal flora, leading to a disorder in
bile acid metabolism in the liver and the small intestine [92]. Increased DCA and TMCA
down-regulate the FXR-FGF15 signaling pathway and inhibit the expression of OST« but
promote the expression of CYP7A1 and bile acid synthesis. These effects potentially destroy
the enterohepatic circulation of bile acids and also promote intestinal inflammation.

Intestinal dysbiosis and disorders in bile acid metabolism promote the development
of IBD; thus, the reordering intervention of the intestinal flora and bile acids may be an
effective strategy for the treatment of IBD. Notably, fecal microbiota transplantation (FMT)
is a treatment for restoring the composition of the intestinal microbiome by transplanting
fecal microorganisms obtained from healthy donors into patients [99]. FMT treatment for
IBD has yielded appreciably positive effects, especially in UC [100]. While FMT treatment
is mostly safe, a small number of patients have experienced infection and death after the
treatment. Therefore, further studies are needed to prove the reliability of FMT treatment for
IBD [105]. Interestingly, supplementary treatment with probiotics ensures the improvement
of the intestinal flora, enhancement of intestinal barrier function, a reduction in intestinal
inflammation, and a general relief of symptoms in IBD patients [106]. Furthermore, studies
have shown that FXR agonists can reduce DCA-induced intestinal injury, restore the
intestinal FXR activity of transactivating FGF15, normalize bile acid metabolism, and
restore the intestinal microbiota [107]. Moreover, treating IBD mice with UDCA, TUDCA,
and GUDCA can reduce intestinal dysbiosis and improve inflammation, restore the ratio of
Firmicutes to Bacteroidetes in the intestine, increase the abundance of BSH-rich bacteria,
and reduce intestinal proinflammatory cytokine (e.g., IL-1 and IL-6) levels, accelerating
the healing of the ulcerated epithelium and protecting colon cells from apoptosis and
oxidative damage, making UDCA a viable therapeutic option [108].

4.3.2. Colorectal Cancer

CRC is a heterogeneous disease of the intestinal epithelium and one of the most com-
mon malignant tumors, ranking third globally in terms of mortality [109]. The occurrence
and the development of CRC involves complex interactions among genetic, epigenetic,
and environmental factors, including CRC triggered by environmental factors or stunted
adenomatous polyps [110]. Intestinal dysbiosis is one of the most important environmental
factors facilitating the development of CRC. Essentially, the metabolites produced by the
intestinal flora can cause colon inflammation and the development of CRC.

In CRC patients, the intestinal flora is misbalanced, in that operational taxonomic
units (OTUs) belonging to particular genera of gut bacteria are unevenly distributed in
the gut. Genera of the types Clostridium nuclear, Escherichia coli, Bacteroides fragilis, Entero-
coccus, Streptococcus, and digestive Streptococcus are highly abundant; and, the numbers of
Bacteroides, Rothia, Clostridium, Ruminococcus, Eubacterium, Lactobacillus, and Bifidobacteria
are reduced [111]. Studies have shown that the intestinal-microbial-produced secondary
bile acid, DCA, contributes to the development of colorectal cancer by disrupting intesti-
nal barrier function, promoting the recruitment of tumor-associated macrophages, and
stimulating tumor cell proliferation through the activation of the Wnt/ 3-catenin signal-
ing pathway in mutation-susceptible murine models [112]. DCA, at low concentrations,
promotes the growth and metastasis of colon cancer by activating the (3-catenin-cyclin
D1 and -uPAR signaling pathways. Additionally, DCA has been reported to mediate the
transactivation of EGFR, the phosphorylation of P44/42 MAPK, and the activation of
downstream transcription factors that stimulate cell proliferation [113,114]. Collectively,
the processes above result in the promotion and the development of CRC.

Interestingly, Clostridium butyricum—a butyricum producing probiotic—has been shown
to inhibit the development of HFD-induced intestinal tumors in Apc™™/* mice, mainly by
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down-regulating the Wnt/ 3-catenin signaling pathway to inhibit the proliferation of tumor
cells but stimulating their apoptosis. Since Clostridium butyricum can partially rescue the
ecological imbalance of the intestinal microbiota, the levels of microbial metabolites, such
as short-chain fatty acids and bile acids, tend to be normal, preventing the pathogenesis
of CRC [115]. Notably, probiotics produce antimicrobial peptides or reduce the intestinal
lumen’s pH to inhibit the colonization of pathogens, or promote epithelial recovery and
enhance intestinal barrier function by increasing mucin production and tight-junction protein
expression. FOLFOX (5-fluorouracil, leucovorin, and oxaliplatin) is one of the most common
therapeutic regimens for CRC, but it can cause adverse effects, such as intestinal mucositis.
The efficacy and the safety of FMT in cancer patients treated with antineoplastic drugs are still
insufficient. FMT reduces the severity of FOLFOX-induced diarrhea and intestinal mucosa
and also restores the composition of the gut microbiota [116]. Importantly, imbalances or
dysbiosis in the intestinal flora and bile acids play important roles in the development of CRC,
and they can be used as biomarkers to predict therapeutic efficacy and for improving cancer
treatment through the adjustment of the intestinal flora [117].

4.3.3. Hepatocellular Carcinoma

HCC is the fourth leading cause of death from cancer, and it has a high mortality
rate. The development of liver cancer includes the stages of chronic inflammatory liver
disease, hepatitis, liver fibrosis, and liver tumorigenesis [118]. In non-viral HCC, intestinal
barrier dysfunction associated with chronic liver diseases due to a high-fat diet, alcohol,
or increased levels of secondary bile acids, allows for the entry of intestinal microbiota
products into the liver, activating hepatic stellate cells (HSCs) and Toll-like receptor 4
(TLR4), and the concomitant induction of fibrosis and the epithelium-regulated protein
growth factor secretion, ultimately promoting the development of liver cancer [119,120].

Furthermore, observations of intestinal ecological disorders in HCC patients are accom-
panied by increased levels of Clostridium, Veillonella, Enterobacteriaceae, and Fusobacterium
and reductions in the abundance of butyrate-producing Ruminococcus and Lachnospira [121].
In mice with NASH-HCC induced by streptozotocin and a high-fat diet (STZ-HFD), the
hydrophobic bile acids (e.g., DCA, TCA, TCDCA, and TLCA) were significantly increased in
the liver, the intestinal microflora were changed, and the genes involved in bile acid synthesis
and transportation (e.g., CYP7A1, BSEP) were down-regulated. The increased expression of
the pro-inflammatory genes IL-6 and TNF-o was found to contribute to the development of
HCC [122]. Leaky gut leads to high circulating levels of MAMDPs, such as LPS in multiple
stages of hepatocarcinogenesis. LPS and its receptor, TLR, induce hepatocarcinogenesis, and
TLR4 also promotes the development of liver fibrosis in hepatic stellate cells. Metabolites of
intestinal flora derivatives, such as DCA, increase the expression of TLR2 in hepatic stellate
cells, resulting in increased levels of the TLR2 agonist lipoteichoic acid [123].

Importantly, understanding the relationship between the development of HCC and bile
acid-intestinal flora bidirectional interaction, makes it possible to improve the microbiome
and restore intestinal homeostasis in future therapeutic interventions. Studies have shown
that probiotics can reduce the occurrence of HCC induced by DEN; protect the integrity
of the intestinal mucosa; reduce intestinal permeability, and the levels of plasma LPS
and the inflammatory cytokine IL-6; and restore intestinal homeostasis to resist liver
inflammation [124]. Moreover, probiotics are able to inhibit tumor angiogenesis, resist
ecological dysregulation, promote the establishment of non-inflammatory bacteria, change
the composition of a dysregulated microbiome, and reduce liver inflammation and the
development of HCC [125]. Studies have shown that the removal of Gram-positive bacteria
by antibiotic treatment with vancomycin—including bacteria that mediate primary-to-
secondary bile acid conversion—is sufficient to induce hepatic NKT cell accumulation and
reduce liver tumor growth [123,126]. Feeding secondary bile acids or colonization with
bile-acid-metabolizing bacteria reverses NKT cell accumulation and liver tumor growth
inhibition in mice with altered gut commensal bacteria. Finally, FMT has become a useful
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method for the alteration of the intestinal microbiome in some cases, and its therapeutic
effect in liver cancer needs further investigation [127].

4.3.4. Type 2 Diabetes

T2DM is a chronic metabolic disease characterized by hyperglycemia, mainly due
to insulin resistance and insufficient insulin secretion [128]. With an increasing incidence
worldwide, T2DM is caused by multiple factors, including genetic predisposition, age,
obesity, and other unhealthy lifestyles. Intestinal microbial metabolites and bacterial com-
ponents affect the occurrence and the development of T2DM by regulating inflammatory
response, immunity, and metabolism.

In T2DM patients, the abundances of Bifidobacteria, Clostridium, and Firmicutes are
reduced, but the abundances of Bacteroidetes and 3-proteobacteria are increased. Moreover,
the ratio of Bacteroidetes to Firmicutes and the ratio of Firmicutes to Clostridium, are found
to be proportional to blood glucose levels [129]. Furthermore, the intestinal permeability
and the circulating levels of endotoxins from Bifidobacterium, Ruminococcus, and Rothia
were all found to be increased. Interestingly, dysregulation of the intestinal flora alters the
levels of bile acid metabolites: most conjugated bile acids—such as TCDCA, TDCA, GDCA,
and HDCA—increase [130]. Decreased activation of FXR reduces both insulin sensitivity
and glycogen synthesis; increases hepatic gluconeogenesis and blood glucose; and also
decreases FGF19, FGF21, and energy expenditure [131]. LPS has also been found to activate
the TLR4 receptor, trigger the release of inflammatory factors, promote apoptosis of islet
B cells, and induce insulin resistance, leading to T2DM [132].

In terms of treatment strategies, metformin is currently being used as a first-line
hypoglycemic agent for T2DM. This drug increases intestinal flora content and composition,
the excretion of fecal bile acids, and clP-1 secretion but reduces bile acid reabsorption and
plasma glucose levels [133,134]. Intestinal microbiota composition is closely associated with
the occurrence of T2DM,; thus, its functional improvement may be a therapeutic strategy
and an intervention target for diabetes. Impressively, probiotics can improve the intestinal
microbiota and peripheral insulin sensitivity but reduce LPS levels and endoplasmic
reticulum stress. Mice treated with FMT show improved insulin sensitivity and an increased
abundance of butyrate-producing bacteria. However, further studies are needed to further
assess the long-term efficacy and potent side effects of FMT treatment [135].

4.3.5. Polycystic Ovary Syndrome

PCOS is a disease characterized by androgen excess, ovulation dysfunction, and
morphological characteristics of polycystic ovary, and it is the most common endocrine
disease in women of childbearing age. Its prevalence rate is up to 10% [136]. Studies have
shown that PCOS is influenced by genetic and environmental factors, and it has a long-term
association with metabolic disorders, obesity, and T2DM [137].

The intestinal flora and bile acids of patients with PCOS are significantly different from
those of healthy people. Specifically, Lactobacilli, Streptococcus, and Escherichia coli are higher
in PCOS patients; and Ruminococcus, Lachnospiraceae, and Prevotella are lower [138-140]. Con-
cisely, bile acids affect the regulation of ovarian cell function, causing ovulation dysfunction
in the patients [141]. In comparison with healthy individuals, the primary conjugated bile
acids GCA, TCA, and GCDCA were detected at higher levels in PCOS patients [142]. More-
over, intestinal ecological imbalance and decreases in TDCA and GDCA levels have been
found to be associated with a reduction in the activity of transcription factor GATA-binding
protein 3, thereby reducing the secretion of IL-22 by intestinal type-3 natural lymphocytes. The
consequent elevation of brown fat has been observed to inhibit the inflammatory response of
ovarian granulosa cells, modulating ovarian function and insulin sensitivity in polycystic ovary
syndrome [143]. The endotoxic effect of LPS produced by the intestinal flora has also been
studied. Briefly, LPS, after entering the blood, activates the TLR4 receptor, resulting in increased
expression of TNF-a and IL-6, which in turn induce insulin resistance and an inflammatory
response, thereby promoting the occurrence and development of PCOS [144].
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In summary, the intestinal flora may play a role in the development of PCOS and many
of its clinical symptoms. Thus, intestinal bacteria serve as potential therapeutic targets.
Importantly, probiotics can maintain the intestinal flora, improve intestinal permeability,
prevent bacterial translocation from the intestinal tract, and reduce inflammation [145].
Notwithstanding the lack of clinical reports about FMT for the treatment of gynecological
diseases, studies in rat models have found that FMT can significantly improve symptoms
in PCOS rats, essentially including increasing androgen levels and significantly reducing
estradiol and estrone levels to appreciably normalize ovarian function [146].

5. Concluding Remarks

The interaction between intestinal flora and bile acids is bidirectional, mutually benefi-
cial, and critical for the maintenance of normal physiology. While intestinal flora affects the
synthesis, metabolism, and composition of bile acids, the latter, on the other hand, regulate
the diversity and the structure of intestinal flora. Under physiological conditions, bile acids
and intestinal flora are in a dynamic balance. Homeostatic imbalances between intestinal
flora and bile acids are involved in the development of diseases, including IBD, HCC,
PCOS, T2DM, and CRC. The accumulation of secondary bile acid, DCA, plays a central
role in the development of these diseases as it induces damage in cells and also causes an
increase in harmful bacteria but decreases the abundance of beneficial bacteria, respectively.
In terms of treatment strategy, the type or quantity of bile acids in patients can be changed
to reduce inflammation, and the composition of the intestinal flora can be transplanted
or improved by supplementing beneficial bacteria to alleviate the progression of diseases.
UDCA increases the hydrophilicity of the bile acid pool and protects cells against apoptosis.
Furthermore, FMT can also be used for treating a variety of diseases caused by intestinal
flora-bile acid homeostatic imbalances. Taken together, bile acids and the intestinal flora
play important roles in human health. The maintenance of the homeostatic balance between
the intestinal flora and bile acids is critical for the performance of their normal physiological
functions in various metabolic pathways and for the prevention of the onset of related
pathologies. Gut microbiota and bile acids as novel targets for therapies, as well as for
disease control and prevention research, can include beneficial commensal microbiota and
their key metabolites, which control the type and the quantity of bile acids, along with their
involvement in bile acid synthesis, transport, and metabolic signaling pathways, and they
may become a new research frontier.
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