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Department of Infection, Guang’anmen Hospital, China Academy of Chinese Medical Sciences, Beijjing, China

Gut microbiota is a microecosystem composed of various microorganisms. It plays an
important role in human metabolism, and its metabolites affect different tissues and
organs. Intestinal flora maintains the intestinal mucosal barrier and interacts with the
immune system. The liver is closely linked to the intestine by the gut-liver axis. As the first
organ that comes into contact with blood from the intesting, the liver will be deeply
influenced by the gut microbiota and its metabolites, and the intestinal leakage and the
imbalance of the flora are the trigger of the pathological reaction of the liver. In this paper,
we discuss the role of gut microbiota and its metabolites in the pathogenesis and
development of autoimmune liver diseases((including autoimmune hepatitis, primary
biliary cirrhosis, primary sclerosing cholangitis), metabolic liver disease such as non-
alcoholic fatty liver disease, cirrhosisits and its complications, and liver cancer from the
perspective of immune mechanism. And the recent progress in the treatment of these
diseases was reviewed from the perspective of gut microbiota.
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GUT MICROBIOTA AND IMMUNITY

Interactions Between Gut Microbiota and the Immune System
The human intestinal flora mainly includes bacteria, viruses, fungi and archaea (1), and the midst
carries at hand 1.5 kilograms of symbiotic bacteria (2). The number of bacteria in the intestinal tract
is huge (about 10 in total), and there are more than 2,000 species in abundance. The total number
of genes is 100-400 times than that of human beings (3). In these microbiota, the research mainly
focuses on bacteria. Bacteria are mainly composed of obligate anaerobe, facultative anaerobe and
aerobic bacteria, and the six main phyla of healthy adults are Actinobacteria, Firmicutes,
Bacteroidetes, Proteobacteria, Clostridium and verruciformes, the former two accounting for
more than 90% of the total (4). Intestinal flora plays a variety of roles in intestinal barrier,
nutrition, metabolism and immunity by mediating various forms of host response. The microbiome
has been proved to promote the maturation of immune cells and the normal development of
immune function (5). Bouskra et al. (6) showed that specific intestinal symbiotic bacteria could
promote the development of solitary lymphoid follicles, in which Gram-negative bacteria played a
decisive role. Besides, the metabolites of gut bacteria affect the number of immune cells (7).
Innate immune cells distribute in the mucous membrane at the host-microbe interface, which is
the first line to detect microbial components or productions and transmit signals to the host.
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Microbial associated molecular patterns (MAMPs) expressed by
intestinal flora activate pattern recognition receptors(PRRs) such
as innate immune cells binding toll-like receptors (TLRs) to
promote intestinal immune tolerance. When the flora is
disturbed, MAMPs stimulate macrophages and dendritic cells
to generate pro-inflammatory cytokines, leading to immune
imbalance. Innate lymphoid cells(ILCs) are the lymphocyte
population enriched in mucous membrane. It was found that
the secretion of IFN-y by ILCs can affect the composition and
distribution of intestinal flora (8).

Intestinal specific immunity is provided by the mucosal
immune system. T cells and B cells in the mucosa and
secretory immunoglobulin A(sIgA) secreted into the intestinal
lumen jointly complete the local intestinal mucosal immune
function (9). Intestinal bacteria also influence adaptive immune
responses, mainly the development and differentiation of cluster
of CD4+ and CD8+ T cells. The number of CD4+ T cells and
CD8+ T cells in intestinal tract decreased, and the number of IL-
17-producing T helper(Th17) cells and regulatory T(Treg) cells
in intestinal tract decreased to varying degrees (10). Also, many
experiments (9, 11-13) have confirmed the intestinal flora could
affect the accumulation and functional maturation of Treg cells
in the colon. Besides, researches have shown that intestinal flora
can induce intestinal epithelial cells(IECs) and mononuclear
macrophages to secrete cytokines, thus promoting IgA type
conversion and preventing pathogen infection (14).

Intestinal Mucosal Barrier

Intestinal mucosal barrier function acts as a defense against the
outside world through mechanical barrier, chemical barrier,
immune barrier and microbial barrier (Figure 1). The
mechanical barrier is mainly composed of mucus, IECs and
tight junctions(TJs) between cells (15). Mechanical barrier can

encapsulate bacteria to form a complex.

maintain the integrity of epithelial cell structure and biological
function, maintain normal intestinal permeability and prevent
intestinal bacteria, antigens and other substances from entering
the lamina propria (16). The chemical barrier of intestinal
mucosa is formed by the interaction of gastric acid, bile,
various digestive enzymes, lysozyme and antimicrobial proteins
(AMPs). Human intestinal AMPs mainly include defensin, C-
type lectin, lysozyme, Cathelicidins, phospholipase A2,
angiopoietin 4, and so on. For instance, o-defensin 5 was
found to be a key factor in regulating intestinal microbiome
composition (17). ReglIly can directly combine with
peptidoglycan to kill Gram-positive bacteria, and has a variety
of functions such as antibacterial, anti-inflammatory, injury
repair and promoting benign proliferation of epidermal cells
(18). Capl8 and Capll, members of the Cathelidicin family,
have strong antimicrobial activity, especially against Gram-
negative bacterio-pathogenic microorganisms (19). In a word,
AMPs can resist pathogenic microorganisms, fight
inflammation, regulate immunity, regulate intestinal flora,
promote injury repair and cell proliferation, etc. Intestinal
mucosal immune barrier includes innate immunity and
acquired immunity, in which innate immunity refers to mucins
and AMPs secreted by IECs, while acquired immunity mainly
includes gut-associated lymphoid tissue(GALT) and sIgA. GALT
is the largest lymphoid tissue in the body. After ingesting,
processing and presenting external antigens, it can coordinate
the immune response by secreting cytokines and producing
antibodies, further activate T and B lymphocytes to establish
an effective adaptive immune response, and induce mucosal
immune response or immune tolerance (20). SIgA, released by
B cells, wraps around bacteria to form a complex that stimulates
intestinal mucus secretion, prevents bacterial adhesion to
intestinal mucosa and neutralizes toxins produced by bacteria.

@2 2 ) L

FIGURE 1 | The mechanical barrier is mainly composed of mucus, IECs and TJs between cells, which can maintain normal permeability of intestine, and prevent
intestinal bacteria, antigens and other substances from entering the lamina propria. After ingesting, processing and presenting exogenous antigens, the immune
response is coordinated by secreting cytokines and producing antibodies, further activating T and B lymphocytes to establish an effective adaptive immune response
and inducing mucosal immune response or immune tolerance. Once bound to luminal antigens, DC pattern recognition receptors express co-stimulatory molecules
and cytokines involved in regulating the differentiation of Th cells and Treg cells into CD4+ T cells, maintaining Treg/Th17 balance and forming immune homeostasis.
The gut microbiota promotes the differentiation of IgA-secreting plasma cells by activating DC cells to secret B cell activating factor, thereby releasing slgA to
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It can also regulate the composition of microflora and help to
maintain the balance of the environment in vivo (21). In order to
avoid harmful immune response, host and gut microbiota have
gradually established a mutually beneficial relationship through
mutual evolution and adaptation through two-way
communication. Thus, gut microbiota and intestinal mucosa
interact and depend on each other to form a microecosystem,
namely intestinal mucosal microbiota barrier. Under normal
conditions, the abundance and diversity of intestinal flora are
in dynamic balance, which can prevent the invasion and
colonization of pathogens, and are very important for
maintaining the intestinal mucosal barrier function (22).
However, the imbalance in microbial population and function,
or dysbiosis, leads to disruption of TJs in the gut barrier; this
morphological change results in the increase of gut permeability,
where bacteria or their increased gateway for products will enter
the liver (23). At the same time, it can also cause
metabolic disorders.

Composition and Metabolites of Intestinal
Microorganisms

Lipopolysaccharide(LPS) and lipid teichoic acid(LTA) are the
membranes of the cytoderm of Gram-negative bacteria and
Gram-positive bacteria in the intestinal tract, respectively.
Under normal circumstances, intestines are high in LPS and
LTA. If LPS and LTA continuously stimulate the innate immune
system of the intestinal tract to produce inflammatory response,
it will cause very serious immune diseases (24). Peptidoglycan is
the main component of bacterial cell wall. Studies have shown
that peptidoglycan mainly affects the innate immune system
through PRRs nucleotide oligomerization domain(NOD)1/
NOD2 (25). Flagellin has traditionally been thought of a
virulence factor that contributes to host cell adhesion and
invasion, but it has now become an effective immune activator,
shaping innate and adaptive immunity during microbial
infection (26).

Gut microbiota can produce metabolites, such as short-chain
fatty acids (SCFAs), trimethylamine oxide (TMAO), bile acids
(BAs), tryptophan and its metabolites, pyruvate and lactic acid,
through food degradation, biotransformation and secretion.
Dietary fiber is fermented through gut microbiota to produce
SCFAs. 90%~95% of SCFAs in intestinal tract are acetic acid,
butyric acid, propionic acid (27). As the energy source of IECs,
SCFAs can affect the gene expression necessary for intestinal
epithelial barrier and defense function, and can regulate natural
and specific immune cells (28). Acetic acid binds to G protein-
coupled receptor(GPR)43 of dendritic cells (DCs) and induces B
cells to produce infection-free globules A (IgA). Propionate and
butyrate can inhibit the expression of CD40 in bone marrow
dendritic cells (BMDCS), reduce the production of IL-6 and IL-
12P40, and thus inhibit the activation of BMDC (29). Butyrate
can affect Treg differentiation by acting on GPRs (30). TMAO is
an indirect product of gut microbiota metabolism, which can
promote the development of angiocardiopathy by inducing
inflammation and stress response (31). Tryptophan(Trp)
maintains the balance between gut immune tolerance and
intestinal flora maintenance. Intestinal bacteria with Trp

enzyme can metabolize Trp to produce indole and its
derivatives, such as Coryella generalis, Bacteroidetes, etc.

GUT-LIVER AXIS

Since Marshall proposed the concept of gut-liver axis in 1998,
intestinal relations with liver disease more and more get the
attention of people (32). The gut-liver axis consists of lymphatic
system, the portal vein, and bile circulatory system. Intestinal
tract and liver interact closely with each other through substance
metabolism, immune regulation and neuroendocrine system,
and form a complex network structure (33). In terms of
embryonic origin, both intestinal and hepatic organs originate
from the same foregut, and precursors of enteric-associated
lymphocytes originate from the developing liver. In physiology
and anatomy, the two organs of intestine and liver are
interconnected through the portal vein system. 70% ~ 80% of
the blood flow of the portal vein is diverted to the liver,
transmitting a variety of signals such as nutrients, genetics and
environment (23). The two organs are characterized by
lymphocytes that share homing and recruitment pathways. The
liver is one of the organs most exposed to gut bacteria and their
metabolites (34). Enteric-derived T lymphocytes may also cause
inflammation of the hepatobiliary tract. Bacteroides, Eubacter,
bifidobacterium, Lactobacillus and so on in the intestinal mucosa
constitute the biological barrier, which can inhibit the value of
pathogenic microorganisms and protect the host from the
invasion of exogenous microbes. The intestinal barrier provides
the first line of defense against exposure to exogenous substances
in the gut. The liver is the second line of defense against antigenic
and inflammatory vectors that escape the intestinal barrier.
Normally, bacteria and their metabolites, toxins and other
harmful substances can be blocked by TJs in the intestinal
epithelium. However, once the natural barrier is breached, it is
recognized by dendritic cells(DCs) or activated by the adaptive
immune system via Treg cells and activates the nuclear factor-xB
(NF-xB) by TLR and Nod-like receptor(NLR) via the pathogen-
associated molecular pattern(PAMP). The study confirmed that
the expression of TJ-related proteins occludin and Claudin-1 was
significantly reduced, leading to increased intestinal permeability
and endotoxemia (35). The resulting inflammatory cytokines
and chemokines flow through the upper and lower mesenteric
veins into the portal vein system, and finally into the liver (36).
On the one hand, the liver will be directly damaged and Kupffer
cells will be activated, and the related inflammatory factors
further can cause intestinal mucosa injury (Figure 2). On the
other hand, the decreased phagocytosis ability of Kupffer cells
and hemodynamic that has changed in liver cirrhosis, will cause
functional disorders of intestinal secretion, absorption, barrier
and circulation, and eventually increase intestinal barrier energy
damage (37). The progression of chronic liver injury was
accompanied by loss of tight junction proteins such as
Claudins3, 5, and 7 (38). The secretion of TNF-o was
significantly increased in patients with cirrhosis, which resulted
in abnormal TJ] quantity and function (39). In the
decompensated stage of cirrhosis, the activated intestinal
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FIGURE 2 | After the activation of the adaptive immune system, some bacterial products, such as LPS, or inflammatory cytokines and chemokines produced, flow
into the portal vein system through the upper and lower mesenteric veins, and finally into the liver, causing the activation of kupffer cells and hepatic stellate cells
(HSCs), thus further causing the occurrence of liver inflammation and fibrosis. Metabolic products of gut microbiota cause inflammation in liver tissue and affect liver

macrophages participate in disruption of intestinal epithelial
barrier by secreting TJ regulators such as NO and IL-6 (40).
Damage to the intestinal barrier further will affect liver repair,
thus creat a vicious cycle.

The synthesis and secretion of BAs in liver and their
reabsorption in the intestine form the gut-liver cycle. BAs are
produced by cholesterol in liver and metabolized in gut by gut
microbiota. About 90% to 95% of BAs are absorbed at the far end
of the distal ileum and then transported to the liver, where they
recombine with taurine (in mice) or glycine (in humans) to form
bile salts. About 5% to 10% of BAs are degraded and
biotransformed by microorganisms mainly in the intestinal tract,
and some of them are excreted by feces. The transformation of
BAs in the intestinal tract is mainly accomplished by
Bacteroidetes, Eulobacter and Clostridium in the intestinal
anaerobe. Taurine and glycine are decombined with bile salts by
the action of bile saline hydrolysis enzyme to form separate free
BAs (41). The modification of BAs by microorganisms not only
changes the signaling pathway of BA receptors, but also changes
the composition of the microbiome, thus affecting the metabolism
of the host (42). BAs are not only involved in the digestion and
metabolism of nutrients, but also act as signal molecules and
metabolic regulatory factors, activating the signaling pathways of
nuclear receptor and G-protein-coupled receptor (GPCR),
regulating liver lipid, glucose and energy balance, and
maintaining metabolic balance in the body (43, 44).

GUT MICROBIOTA AND SOME
LIVER DISEASES

Autoimmune Hepatitis
Autoimmune hepatitis(AIH) is an abnormal immune reactivity-
mediated intrahepatic inflammatory disease targeting

metabolism, thus promoting the occurrence of various liver diseases, and eventually develop into cirrhosis and even liver cancer.

hepatocytes, characterized by varying levels of elevated serum
transaminase, positive characteristic autoantibodies,
hypergammaglobulinemia, and characteristic changes in liver
histology, and usually responds well to immunosuppressive
therapy (45). The disease occurs mostly in women, with a
global incidence of about 0.09% and an increasing trend year
by year (46). AIH is caused by the destruction of patients’
autoimmune tolerance, and its etiology and pathogenesis are
not fully understood. Currently, ATH is generally believed to be
the result of genetic susceptibility interactions, molecular
simulation, autoantigen response, immune regulatory
dysfunction, gut microbiota and other factors.

Through mouse experiments, scholars have found that
intestinal microbe flora maladjustment and barrier function
obstacle, inflammation response and systemic autoimmunity
marker were concerned (47). The imbalance of microbial
communities was thought to be associated with abnormal
immune responses (48). The mechanism may be related to the
production and signal transduction of SCFAs, intestinal
nucleoside signal transduction and so on (49). One study
identified the changes of the structure and function of fecal
flora in patients with AIH, suggesting the potential of intestinal
flora as a non-invasive biomarker for disease stratification in
AIH (50). They indicated that the abundance of Veillonella,
Streptococcus, Lactobacillus and Klebsiella was increased in ATH
compared with healthy controls(HCs) (50). In another study in
Africa, Blautia, Faecalibacterium, Haemophilus, Bacteroides,
Streptococcus, Eubacterium, Butyricicoccus, Veillonella, and
Lachnospiraceae were reported abundant in AIH (51).
Veillonella, Lachnospiraceae, Bacteroides, Ruminococcaceae
and Roseburia, were selected as the AIH microbial biomarkers
(52). In summary, most researches have confirmed the
overproportion of Veillonella in the intestinal flora of AIH
patients. In general, fecal microbiome diversity is declining in
most AIH patients (50, 53, 54). Genetic factors of the major
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histocompatibility complex(MHC) have been identified as
triggers of AIH, with human leukocyte antigen DR 3(HLA-
DR3) and DR4 being the most commonly recognized (55, 56).
One study showed that intestinal microbiota was significantly
altered in HLA-DR3" AIH models, but not in wild-type mice,
suggesting that genetic factors may induce changes in the mouse
microbiota and are related to AIH susceptibility (57). In
conclusion, environmental factors and specific genotypes
leading to specific microbial communities may contribute to
susceptibility to AIH. Immunohistochemical analysis of AIH
patients showed decreased expression of T] protein and
increased serum LPS, suggesting that the integrity of T] was
impaired and there may be bacterial translocation (58).
Manfredo et al. found that enterococci could migrate to organs
and tissues such as liver, spleen, mesentery, and mesentery
lymph nodes, resulting in autoimmune diseases(AIDs) such as
AIH (59). Bacterial translocation is also an important factor in
liver injury in AIH patients. Concanavalin A (ConA) induced
acute hepatitis in mice is a widely used animal model to study
ATH, but ConA could not induce hepatitis in germ-free mice,
while ConA in mice carrying pathogenic Salmonella and
Streptococcus could induce severe liver injury (60). Study
indicated that this was related to the increase and enhanced
activity of intestinal DCs induced by bacteria (60). Subsequently,
DCs lead to the activation of natural killer cell(NKT), which can
secrete a variety of cytokines, activate other immune cells,
aggravate inflammatory response or directly lead to liver
damage (60). Centa et al. found that TLR-mediated microbiota
induction in liver hematopoietic cells and intestinal flora
contributed to AIH in mice (61).

The standard treatment for AIH is immunosuppressive
therapy (the combination of glucocorticoid and azathioprine).
How to avoid or minimize the side effects caused by long-term
treatment is the focus of clinicians. Probiotics can not only
restore the composition of the intestinal flora, but also have
the function of regulating the immune system. Probiotics are safe
and effective in alleviating AIDs and are expected to be
adjunctive or even alternative therapies. Some researchers gave
ATH mice intragastric administration of compound probiotics,
and found that it could inhibit the infiltration of inflammatory
cells in the liver, reduce Th17 and Thl cells and serum
transaminase, and reduce AIH (62). Moreover, Treg cells rised
in probiotic group, indicating that compound probiotics have
immunomotor effects (62). The mechanism is that compound
probiotics block the translocation of potentially harmful
substances of intestinal origin to the liver. As a result of this
blockade, intestinal LPS-activated TLR4/NF-kB pathway is
inhibited, resulting in reduced production of inflammatory
factors and promoting remission of AIH. Bifidobacterium
lactate 420 had good function in alleviating experimental AIH
(63). Both Bifidobacterium longum LC67 and Lactobacillus
plantarum LC27 can inhibit inflammation by inhibiting the
NF-xB inflammatory pathway (64). Wang et al. found that a
special mouse intestinal strain Bacteroides acidifaciens could
reduce liver cell apoptosis in a CD95-dependent manner,
thereby improving liver injury. The determination of
Bacteroides acidifaciens function may provide an opportunity

for its future use in the treatment of liver diseases (65). Prebiotics
are functional substances that can improve the health of the host.
They are not digested and absorbed by the host, but promote the
reproduction and metabolism of intestinal probiotics. Inulin is
an indigestible, biodegradable natural functional dietary fiber
and a natural prebiotic. Yamaguchi et al. found that liver damage
was significantly reduced histologically and serologically in mice
fed inulin for 12h after ConA administration (66). In addition,
antibiotics or specific vaccines can effectively inhibit the growth
of enterococci and control the disease progression (59).

Primary Biliary Cholangitis

Primary biliary cholangitis(PBC) is a chronic intrahepatic
cholestasis with the most common clinical manifestations of
fatigue and itchy skin, which can lead to liver failure or even
death (67). PBC features chronic nonsuppurative destructive
small cholangitis. The E2 component of pyruvate
dehydrogenase complex (PDC-E2), which is the main
mitochondrial antigen of human body, may stimulate the
production of anti-mitochondrial antibody(AMA) and induce
PBC (68, 69). Serum AMA is the most valuable laboratory
indicator for diagnosis, and AMA-M2 in particular is highly
specific. Both genetic variations and environmental factors
increase susceptibility to PBC. Biliary epithelial cells are
generally considered as passive targets of immune attack in
PBC patients (70). However, bile duct dedifferentiation, stress,
senescence and DNA damage may promote PBC (70).

Gut microbiota can affect the pathogenesis and progression of
PBC at multiple levels. Some scholars have found that fecal
microbiota is associated with fibrosis and cirrhosis of PBC, and a
decrease in alpha diversity and an increase in Weisella in
advanced fibrosis community (71). The microbial diversity of
PBC individuals decreased significantly (54). Furukawa et al.
found that contrasted with healthy persons, PBC patients had
lower bacterial diversity, higher abundance of Lactobacilli, and
lower abundance of beneficial symbiotic clostridium (72). A
Chinese study showed that there were more rich genera in
PBC, including Veillonella, Haemophilus, Streptococcus, and
so on (73). Evidence suggests that intestinal dysbiosis and
excessive toxic BAs play key roles in the nosogenesis of PBC
(74, 75). The gut microbiome affects BA signaling by
metabolizing BAs through specific enzymes (76). BAs
participate in multiple signaling pathways, including immune
homeostasis, metabolism, and fibrosis by acting on farnoid X
receptor(FXR) and TGR5 (76, 77). Molecular simulations
between microbial and host-derived antigens may then initiate
or enhance autoimmune responses in genetically susceptible
individuals. Berg et al. found that molecular mimicry between
mycoplasma surface molecules and autoantigen epitopes
presumably played an important role in the etiology and
pathology of PBC (78). Bogdanos et al. found that the cross-
reaction of IgG3 antibodies in beta-galactosidase of Lactobacillus
delbrueckii with major mitochondrial autoepitope was
characteristic of PBC (79).

Ursodeoxycholic acid(UDCA), a first-line treatment for PBC,
is efficient in about two-thirds of patients with early PBC (74, 80).
The dynamics of BAs also have an effect on gut microbes. The
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secondary BAs levels were negatively correlated with PBC-
enriched intestinal flora (81). UDCA partially reversed
intestinal microbiome disorders in PBC patients and reversed
abundance of 6 related bacterial genera after 6 months of
treatment (54). The prognosis of PBC is related to the
intestinal flora. Han et al. (82) found that after 12 months of
UCDA remedy, TB levels in PBC patients were associated with a
unique gut microbiome. One of the pharmacological effects of
BA sequestrant is to increase the activity of the BA receptor
TGRS5 in the gut, leading to the release of the downstream
hormone glycoadenotide peptide -1 (GLP-1) (83, 84). The
Lachnospiraceae species are known to produce SCFA, which is
generally considered to be one of the most vital
immunomodulatory molecules of microbiome metabolism
(85). Klebsiella pneumoniae has been found to be a pro-
inflammatory pathogen that causes intestinal barrier damage
and Th17 cellular immune responses in PSC (86). Li et al. treated
PBC patients with BA sequestrant cholestyramine

as increased only in the inferior remission(IR) group (87).
Accordingly, metabolome analysis showed that patients with SR,
but not IR, were marked by elevated SCFAs including valerate
and caproic acid (87). This study suggested that the beneficial
response induced by cholestyramine was closely related to
changes in intestinal symbiont composition and function (87).
The addition of Lactobacillus rhamnosus GG (LGG) can inhibit
the new synthesis of BA and increase the excretion of BA, thus
preventing the liver damage and fibrosis induced by excessive BA
in mice (88). In summary, gut microbiota can be used as a
potential therapeutic target and diagnostic biomarker for
PBC patients.

Primary Sclerosing Cholangitis

Primary Sclerosing Cholangitis (PSC) is characterized by
idiopathic intrahepatic and/or extrahepatic bile duct diffuse
inflammation and fibrosis, leading to multifocal bile duct
stenosis and chronic cholestasis (89). The pathogenesis of PSC
is currently unclear; however, study (90) suggested that
environmental and genetic factors contributed to its
development. Among them, the intestinal flora has recently
attracted attention as an environmental factor.

At present, there have been many researches on the changes
of intestinal flora in PSC patients, and the specific changes of the
flora have also been analyzed more clearly. Study (91) found an
overall reduction in bacterial diversity in PSC patients compared
to healthy states, with changes in the abundance of certain
bacteria in the intestinal flora. Sabino et al. (53) reported that
the feces of 66 Belgian PSC patients were overrepresented in the
genera Enterococcus, Lactobacillus and Fusobacterium. Fukui
(92) found an increase in fecal Haemophilus, Rothia,
Clostridium, Enterococcus, Streptococcus, and Veillonella in 43
Czech PSC patients compared with healthy subjects. In another
study, Nakamoto et al. (86) demonstrated that PSC patients
exhibited bacterial dysbiosis.

Cholangiocytes are specialized cells arranged in the hepatic
duct network. Cholangiocytes not only play roles in bile
modification and transport,but also are capable of sensing
endogenous and exogenous molecules, including PAMPs (93).

This was also confirmed by a study (94) in which cultured
cholangiocytes in PSC patients showed persistent
hypersensitivity to LPS and other PAMPs. Cholangiocytes
express many pathogen-recognition receptors, incorporating
the NOD and all TLRs (95, 96). Autoantibodies against biliary
cells were found in 63% of PSC patients. These antibodies can
induce CD44 expression and proinflammatory IL-6 production
in biliary cells, leading to enhanced damage and inflammation in
biliary cell destruction (97). These autoantibodies include
atypical perinuclear antineutrophil cytoplasmic antibody (p-
ANCA), directed against the human autoantigen beta-tubulin
isotype 5 (TBB-5) and so on, which is produced by nearly all
commensal bacteria expression (98, 99). The combination of
autoantibodies and biliary cells leads to rise in TLR expression,
which in turn may sensitize biliary tract cells to microbial
products. These receptors result in signaling cascades
transduced through Myeloid differentiation factor88(MyD88)-
dependent or independent pathways, and hepatobiliary
inflammation and fibrosis can develop eventually (100). This is
one of the possible mechanisms by which the intestinal flora
results in the occurrence of PSC.

Furthermore, intestinal flora may also contribute to PSC/
PSC-IBD nosogenesis through co-metabolism of synthetic
compounds or host-produced molecules. For example, the BAs
mentioned above. BAs acts as a key signaling molecule through
interactions with several receptors, including the TGR5 and the
FXR. These receptors play multiple roles the liver and gut (101).
TGR5 agonists are involved in bile duct protection and anti-
inflammatory effects; on cholangiocytes, TGR5 stimulates
chloride secretion through cystic fibrosis transmembrane
conductance regulator (CFTR) to maintain bicarbonate
fimbriae; on macrophages, activation of TGR5 leads to a
reduction in NF-xB transcriptional activity, which in turn
reduces inflammatory cytokine production (102), while
secondary BAs are the most potent TGR5 ligand. The study
(103) showed that Germ-free mdr2—/— mice exhibited worsening
biochemical and histological features of PSCs due to lack of
secondary BAs, and increased senescence of cholangiocytes, and
another study (83) uncovered that after 8 weeks of treatment
with Colesevelam, the level of secondary BAs in Mdr2—/— mice
was increased, and the liver and bile duct damage was reduced.
Therefore, dysbiosis of secondary BAs metabolism caused by gut
microbiota disturbance may be a potential key marker and
mechanism of progressive biliary tract injury in PSCs. But so
far, no complete and coherent causal pathway has been
delineated between the micropopulation and clinical picture of
PSC (101), more experiments are needed to verify these
potential mechanisms.

At present, most clinical studies or animal experiments focus
on exploring the relationship between PSC and intestinal flora
dysbiosis, as well as the changes of intestinal flora in PSC patients
or animal models. By far, most clinical studies targeting at gut
microbiota were small-sample trials, multi-center and large-
sample studies are urgently needed to provide higher-level
evidence. Several small-sample clinical studies (104-106) with
oral antibiotics have shown that the biomarker serum alkaline
phosphatase (ALP) in PSC patients was significantly reduced by
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antibiotic treatment. Notably, a case report of oral vancomycin
for the successful treatment of postoperative recurrent PSC in an
orthotopic liver transplant patient (107). Another clinical study
(108) involving 14 children with PSC showed that oral
vancomycin was effective in the long-term treatment of
children with sclerosing cholangitis, especially those without
cirrhosis. This suggested that the pathogenic source of PSC
might come from the recirculation of gut bacteria or the
transmission of gut bacteria through blood. Relatively few
studies have been conducted on probiotics for the treatment of
PSC, and the results were controversial. A case reported (109) of
a 13-year-old PSC patient receiving prednisolone,
salazosulfapyridine, and probiotics (Lactobacillus casei Shirota)
2 weeks later, the symptoms and laboratory indicators improved,
the dose of prednisolone was tapered after subsequent
treatments, and repeat biopsy 30 months later showed
inflammatory cell infiltration and periductal fibers in each
specimen. Significant improvement in fibrosis, fibrosis area
decreased from 10.5 to 3.6%. FMT, as another therapeutic
modality to intervene in the gut microbiota, has also been used
in the treatment of PSC. A pilot clinical trial (110) showed that
30% of 10 PSCs received FMT, the ALP level decreased by >50%,
and no adverse events occurred, proving the efficacy and safety of
FMT in the treatment of PSC, but such studies were still
relatively. The role of FMT remains to be further confirmed.

Nonalcoholic Fatty Liver Disease

Nonalcoholic fatty liver disease (NAFLD) is a common clinical
liver disease, which refers to the chronic metabolic diseases
caused by diffuse fatty infiltration of hepatocytes caused by
other factors except excessive drinking, including non-alcoholic
fatty liver (NAFL) and nonalcoholic steatohepatitis (NASH), and
related liver fibrosis. The disease can develop into liver cirrhosis
and even hepatocellular carcinoma (HCC) without treatment
(111). The occurrence of NAFLD is mostly caused by metabolic
factors, such as excessive high-fat diet, more sitting and less
exercise, and metabolic syndrome such as obesity, hypertension,
hyperlipidemia, type 2 diabetes and so on (111). It is estimated
that the global incidence of NAFLD is 25% and continues to rise
globally in the context of the obesity epidemic (112). It has
increasingly become a health problem that seriously endangers
people’s health. At the beginning of the study of this disease, the
researcher (113) put forward a hypothesis of “two strikes” to
explain the pathogenesis of NAFLD. With the in-depth study of
NAFLD in recent years, the theory of “second strike” has been
difficult to fully explain the pathogenesis of NAFLD, and the
theory of “multiple strikes” has gradually become a research
hotspot. The theory holds that multiple pathological factors lead
to the occurrence and progression of NAFLD, and different
pathological factors also influence each other. In addition to
insulin resistance, gut microbiota, inflammation, oxidative stress,
genetic factors, dietary structure and other factors cause the
occurrence of NAFLD (114). Among these risk factors, there is
an increasing evidence that the gut-liver axis is involved in the
development and progression of NAFLD. The related researches
on intestinal flora and NAFLD are summarized as follows.

BAs are reabsorbed into the portal vein, where most
molecules are captured by the liver, some remain in the
bloodstream, where they act as signaling molecules through
receptors such as TGR5 and FXR (115, 116). Activation of
FXR increased fatty acid oxidation and decreased fatty acid
uptake and synthesis (117). TGR5 activation increases energy
expenditure and insulin sensitivity, while also increasing GLP-1
secretion, while GLP-1R agonists moderately reduce low density
lipoproteins cholesterol((LDL-C), triglycerides, and total
cholesterol (118). In NAFLD, bacterial abundance that convert
primary BAs to secondary BAs decreases, so that both receptors
are under-stimulated (44). As a result, the normal physiological
functions of the two receptors cannot be performed normally,
thereby aggravating NAFLD. Choline can facilitate the transport
of very LDL from the liver, choline can be converted to
trimethylamine (TMA) by the intestinal flora, and increased
conversion of choline to TMA/TMAO in NAFLD leads to
choline deficiency and accumulation of TMA/TMAO (119,
120), whereas choline deficiency leads to lipid accumulation in
the liver, thereby exacerbating NAFLD.

In addition to affecting the metabolism of BAs and choline,
the gut microbiota also produces metabolites, such as SCFA and
endotoxins (LPS), which are also related to the pathological
development of NAFLD. Studies have shown that SCFAs
mediate modulation of intestinal flora and host inflammatory
responses, for example, butyrate activates regulatory T cells in
the gut, which in turn inhibit T cells and Th17 cells, thereby
reducing pro-inflammatory signaling pathways (121, 122).
Decreased levels of SCFAs production due to gut dysbiosis in
NAFLD may contribute to a low-grade inflammatory state and
reduce anti-inflammatory response capacity, while increasing gut
permeability and increasing the risk of bacterial and LPS transfer
to the systemic circulation (15). A lot of research have indicated
that the LPS-TLR axis is in connection with the development of
the NAFLD process (123). Animal experiments have shown that
injecting mice to extremely low doses of LPS may significantly
increase liver steatosis (124), and a clinical study found that
compared with healthy controls, obese patients had higher levels
of LPS and related biomarkers (such as TLR2 and TLR4) at a
higher level (125). At the molecular level, LPS is a PAMP
recognized by specific PRRs called TLR4 and its co-receptors
LPS-binding protein and CD14. Activation of TLR4 triggers a
downstream inflammatory cascade (126, 127). LPS can stimulate
TLR4 on HSCs, Kupffer cells or hepatocytes, triggering an innate
immune response that causes inflammation throughout the body
(128) (129, 130).

Given the critical role of intestinal flora biota dysplasia in
NAFLD pathogenesis, significant progress has been made to
explore ways in which gut microbiota biota biodistribution and
elucidated metabolites can be corrected. These methods include
the use of probiotics, prebiotics and synthetic bacteria, as well as
the use of fecal microbiota transplantation(FMT).These
intervention modes have been widely studied in clinical trials
and animal models and achieved good results. Various probiotics
were tested in NAFLD animal models. And the results obtained
are promising (131). Lactobacillus plantarum has been found to
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improve NAFLD (132). Another probiotic species, LGG, was
able to reduce liver fat accumulation and hepatic inflammation
(133). In addition, there are studies using combinations of
various bacteria to improve probiotic efficacy. VSL#3 is a
formulation of 8 bacterial strains including Bifidobacterium,
Streptococcus thermophilus, and so on. Results from animal
experiments (134) and clinical studies (135) have demonstrated
that it inhibits NF-kB, reduces liver inflammation, reduces liver
fat accumulation, and improves insulin sensitivity. Probiotics are
an indigestible food ingredient that promotes the growth and
activity of specific or few microbiota in the host gut (136). For
example, studies have shown that fructooligosaccharides (FOS)
can restore intestinal epithelial barrier function in NAFLD mice
fed a methionine-choline deficient diet and improve liver
steatosis and inflammation (137, 138). Inulin is another
probiotic with positive effects on lipid metabolism. lipid.
scholars (139) reported that in inulin fed mice, SCFA
production increased, and the expression of genes involved in
adipogenesis and fatty acid longation/unsaturated also reduced.
Synbiotics are a combination of probiotics and prebiotics (140).
Synbiotics reduced hepatic steatosis and insulin resistance in a
NAFLD rat model on a high fructose diet (141). The results of a
clinical study (142) conducted by Malaguarnera et al. showed
that synbiotics constituted of Bifidobacterium longum and FOS
reduced aspartate aminotransferase, serum endotoxin levels,
cholesterol, and the degree of hepatic steatosis in NAFLD
patients. FMT is another therapeutic modality that targets the
gut microbiota. Compared with synbiotics and probiotics, FMT
can provide a broad range of symbiotic bacteria and other
microorganisms to promote the maintenance of intestinal
microbial ecology. Some animal experiments show that FMT
has some effect on the treatment of NASH. Zhou et al. (143)
found that after 8 weeks of FMT treatment, beneficial bacteria
Lactobacillus and Christensenellaceae, butyrate concentrations
increased, endotoxemia and intrahepatic lipids in high-fiber diet-
fed mice accumulation has dropped. Vrieze et al. (144)reported
that FMT increased insulin sensitivity in patients from healthy
lean individuals to those with metabolic syndrome. It also
improved the intestinal flora by increasing the number of
bacteria that produce butyrate in the gut.

The intestinal flora is involved in NAFLD. Different stages of
NAFLD have different characteristics with intestinal flora (145)..
Changes in intestinal flora diversity and abundance are mediated
by multiple bacterial metabolites, including BAs, choline, SCFA,
and LPS. Some animal experiments and intestinal flora
regulation, as well as supplementation with bacterial
metabolites, may have therapeutic effects.

Cirrhosis and Its Complications

Cirrhosis is the terminal stage during the development of various
chronic liver diseases and is widely prevalent worldwide. It is
caused by heavy alcohol consumption, obesity, NAFLD, viral
infections, cholestatic diseases, AIDs, and copper or iron
overload (146). As the disease progresses, portal hypertension,
infection, hepatic encephalopathy, ascites and other
complications can affect the prognosis of patients with
cirrhosis and increase the fatality rate. As early as the middle

of the 20th century, some scholars have proposed that
Lactobacillus acidophilus can change the intestinal flora to
treat hepatic encephalopathy (147). Later, scholars gradually
found that patients with cirrhosis in the small intestine
bacteria overgrowth, fecal bacterial composition is abnormal.
Cirrhosis patients tend to have varying degrees of imbalance in
their gut microbiota, mainly in proportion, type, quantity and
metabolic activity of gut microbiota, and changes in the local
distribution of intestinal microbiota. In 2011, Chinese
academician Li Lanjuan’s team first revealed the characteristics
of fecal flora of patients with cirrhosis (148). At the phylum level,
Proteobacteria and Fusobacteria rised significantly, but
Bacteroidetes numbers were decreased in patients with
cirrhosis (148). In terms of family level, the number of
Lachnospiraceae decreased significantly in cirrhosis patients,
while the number of Enterobacter, Streptococcus and
Veillonellaceae increased significantly (148). In 2014, some
scholars used metagenomic technology and a larger population
to analyze the characteristics of the disease flora associated with
cirrhosis, and obtained 15 biomarkers, which can be used to
accurately predict cirrhosis (149). In addition, it has been
proposed that the biological dysregulation ratio of cirrhosis
may be a useful quantitative indicator for describing changes
in the microbiota associated with cirrhosis progression (150).
On the one hand, cirrhosis can cause intestinal microbiota
changes (151), on the other hand, intestinal microbiota
imbalance can promote the progression of cirrhosis. Some
scholars discovered that the recto-sigmoid mucosa-microbiota
showed higher potential pathogens and lower autochthonous
bacterial abundance in cirrhosis (152). In patients with cirrhosis,
intestinal mucosal permeability is enhanced, and a large amount
of LPS is generated when the cell wall disintegrates after the
death of Gram-negative bacteria, which is absorbed by the
intestine and then enters the liver, leading to inflammation
through the activation of TLR signaling pathway (153).
Teltschik et al. (154)demonstrated that the reduction of
antimicrobial peptides secreted by panth cells in the intestine
of cirrhotic rats was most obvious in the cecum and ileum, where
most bacterial translocations occurred. Damage to the anti-
microbial mechanisms of cirrhosis may exacerbate bacterial
translocation. However, Pérez-Paramo et al. found that
bacterial translocation only occurred in rats with both
increased intestinal mucosal permeability and intestinal
bacterial overgrowth (155). Animal experiments confirmed that
no small intestinal bacterial overgrowth of cirrhosis rats
generally did not happen bacterial translocation, eventually
transferred to the mesenteric lymph nodes of bacteria and
excessive growth of bacteria in the gut bacteria tend to be the
same (155).The gut microbiome is unbalanced, causing damage
to intestinal mucosal barrier damage and excessive intestinal
endotoxin to circulate through the portal vein into the liver and
throughout the body. Increased levels of endotoxin and pro-
inflammatory cytokines stimulate the activation and
proliferation of HSCs, secrete a large amount of extracellular
matrix, and promote the proliferation and deposition of
intrahepatic fibrous connective tissue, and promote the
development of cirrhosis. LPS of the liver can increase
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intrahepatic resistance and visceral blood flow, thus aggravating
portal hypertension (156).

Hepatic encephalopathy(HE) is a syndrome caused by
chronic or acute liver failure, decompensated cirrhosis, or
various abnormal portal veno-systemic circulation shunt. HE
manifests itself in a wide range of neuropsychiatric disorders,
from mild cognitive impairment to significant disorientation,
delirium and coma (157). Some gut bacteria produced blood
ammonia and pseudo-neurotransmitters, study suggested (158),
and intestinal flora plays a crucial part in the enterohepatic
circulation of urea. Ammonia produced by various intestinal
bacteria and their metabolites is a vital source of ammonia in the
human intestine, such as urease-producing bacteria Klebsiella,
Proteus and Helicobacter pylori (159, 160). Zhang et al. found
that contrasted with healthy control population, Prevotella and
Enterobacter were increased in patients with mild and miniature
HE, while Eubacter and Sutrella were absent (161). Bajaj et al.
found that the increase of porphyromonas belonging to
Bacteroides may be related to the occurrence of HE (152).
When intestinal microecology was disturbed, urease producing
bacteria overgrew and ammonia production increased. The
number of beneficial bacteria producing acid is reduced, the
dissolution and elimination of ammonia are reduced, leading to
hyperammoniasis under the common action, and then can cause
the occurrence of HE. Toxins such as ammonia and
inflammatory cytokines, produced by the damaged gut
environment, enter the bloodstream and worsen or precipitate
HE (162).

Ascites is one of the common complications in the late stage
of liver disease and an important marker of disease progression.
The case fatality rate of 1 year after the occurrence of ascites is
about 15%, and that of 5 years is up to 44%-85% (163, 164).
Goelz H et al. used the second-generation and third-generation
sequencing methods and found that 33 (66%) ascites samples
contained Enterobacter faecalis and Klebsiella, and 28 (56%)
ascites samples contained anaerobic bacteria (165). Tuomisto
et al. have shown that the number of Gram-negative enterobacter
in faeces of patients with alcoholic cirrhosis increases, and
enterobacter DNA was detected in ascites up to 50% of
patients without spontaneous bacterial peritonitis (166).
Shamsaddini et al. (167) showed that Pseudomonas, Serratia
and Clostridium perfringens were increasing in samples of
patients with ascites. Increased intestinal mucosal permeability,
dysregulation of gut microbiota, and migration of bacteria and
their PAMPs further promote the progression of liver disease
through activation and induction of pro-inflammatory states by
the immune system (168). Feng Y et al. (169)found that the
plasma inflammatory factor content in model group was
significantly higher than that in control group, and
significantly lower than that in probiotic intervention group.
The inflammatory response to the release of proinflammatory
cytokines increased the production of intraarterial nitric oxide,
which exacerbated visceral vasodilation and insufficiency of
effective arteries, and exacerbated water and sodium retention
and ascites formation (170, 171). LPS induced endotoxin
tolerance through the TLR-4 dependent pathway, which was

characterized by inhibition of antigen presentation, reduction of
pro-inflammatory mediators, and overexpression of anti-
inflammatory signaling molecules (172). Microecologics such
as lactobacillus mixture inhibited oxidative stress and
inflammation by modulating the TLR-4/NF-kB signaling
pathway, while lactobacillus mixture reduced Gram-negative
bacteria and LPS entry into the portal vein, thereby alleviating
liver damage (173).

Spontaneous bacterial perionitis (SBP) is a peritoneal
infection caused by pathogenic bacteria passing through the
intestinal, blood or lymphatic system in the absence of definite
intraperitoneal disease based on cirrhosis, and is a common
complication and cause of death in patients with end-stage liver
diseases. The most common symptoms of SBP are chills, fever
and abdominal pain. The most common infection source of SBP
is Gram-negative bacteria, and intestinal bacterial translocation
plays a crucial part in the occurrence and development of SBP.
SBP occurs when bacteria normally living in the gut enter the
abdominal cavity and the ascites become infected. This occurs in
advanced liver disease because of a weakened immune system
response and changes in the bacterial environment in the gut
(174). Enhanced intestinal permeability in cirrhosis promotes
systemic endotoxemia and plays a vital role in the pathogenesis
of SBP. The intestinal epithelial tight junction barrier protects
against a wide variety of intestinal microorganisms and regulates
passive extracellular penetration of various water-soluble
molecules and bacterial antigens. Assimakopoulos et al. proved
for the first time that intestinal tight junction proteins in
cirrhotic patients were significantly altered (175).

Conventional treatment of cirrhosis focuses on the treatment
of causes and complications, and in some cases may require a
cases liver transplantation. Correcting gut microbiome
imbalance can alter the progression of cirrhosis (176).
Antibiotics can eliminate intestinal pathogens, and rifaximin is
a non-absorbable antibiotic. Rifaximin can promote the growth
of bifidobacteria, lactic acid bacteria and other beneficial bacteria
(177). Study showed that long-term use of rifaximin improved
outcomes in patients with decompensated alcoholic cirrhosis
(178). Feng et al. found that the liver lobule structure was
significantly improved, edema cells were significantly reduced,
collagen fiber proliferation was significantly reduced, and the
degree of cirrhosis was significantly reduced in the probiotic
group compared with the model group (169). Horvath et al.
showed that the supplementation of multiple probiotics could
enrich the probiotics in patients with compensatory cirrhosis,
and effectively change the probiotics and intestinal barrier
function (179). Fluoroquinolones reduced the risk of first
episode and mortality of SBP in patients with cirrhosis, and
Rifaximin prevented and relieved overt encephalopathy (180). A
real world study analyzed the changes in intestinal flora
characteristics before and after rifaximin treatment for
refractory ascites, and the results showed that the abundance
of Haemophilus, Roxella and Prevota in the rifaximin group was
significantly reduced, confirming that rifaximin could regulate
the structure and function of gut bacteria, then improving
systemic inflammation (181). Studies have shown that Bacillus
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clausii UBBCO07 and Lactobacillus plantarum UBLP40 can
reduce hyperammonemia and intestinal bacterial overgrowth,
thereby preventing HE development (182).

Liver Cancer

Liver cancer generally progresses from chronic liver diseases
(CLD), and most types of liver diseases have a potential risk of
developing liver cancer. Alterations in intestinal permeability
and intestinal microbiota composition are prominent features of
all sorts of end-stage CLDs, and also appear in the initial stage of
some CLDs. Hence the gut microbiota can affect the progression
of CLDs at different periods and may give contribution to the
progress of liver cancer in all of these periods. As mentioned
earlier, the gut-liver axis is the way in which the intestinal flora
affects the liver.

Recently, increasing evidence suggested that disruption of the
gut-liver axis contributed to the development of most kinds of
CLDs, involving liver cirrhosis and liver cancer (183). The gut-liver
axis boosts liver cancer progress through the two key mechanisms,
leaky gut and microbiota dysbiosis (184). “Leaky gut” refers to a
condition in which the intestinal permeability of the microbiota
and its metabolites is increased. The mechanism of leaky gut is
multifactorial, for example, alcohol consumption or high-fat diet
can disrupt the intestinal flora and disrupt the gut barrier resulting
in leaky gut (184). As studies have shown, by changing the
expression of tight junction proteins zonula occludens-1 (ZO-1)
and claudin-1, alcohol can enhance the permeability of gut (185,
186). Leaky gut allows MAMPs and bacterial metabolites to
translocate more easily and reach the liver. MAMPs such as
LTA and LPS, have been proved to result in liver inflammation
through irritating TLR4 (187, 188), TLRY (189) and TLR2 (190,
191). TLR4 is expressed in different kinds of hepatic cells,
including HSCs, hepatocytes, besides Kupffer cells. LPS can be
recognized by TLR4 and bind to produce a response (192). Animal
experiments have shown that the hepatic cells we mentioned above
that assembled with TLR4, were responsible for promoting
fibrogenesis or carcinogenesis (193). Epiregulin, a member of the
epiregulin family, has potent mitogenic effects on hepatocytes
(194), and study (193) have found that epiregulin-deficient mice
reduced hepatocarcinogenesis, while activating TLR4 caused the
NEF-kB-mediated hepatocyte lysis. The proto-up-regulated protein
was up-regulated13, suggesting that a key mechanism by which the
LPS-TLR4 axis promotes hepatocarcinogenesis is the prevention
of hepatocyte apoptosis mediated by the NF-«B signaling pathway.
Moreover, activation of TLR4 by LPS in liver cancer cell lines
enhanced their invasive potential and induced epithelial-
mesenchymal transition (195). Lipoic acid, a bacterial ingredient
of the gut, acts as a ligand for TLR2 and promotes hepatocellular
carcinoma development in obese mice by increasing tumor-
promoting senescence-associated secretory phenotype (SASP)
and COX2 expression in HSCs (184). These findings suggested
that leaky gut promoted hepatocarcinogenesis through MAMP-
TLR-mediated signaling pathway.

Microbiota dysbiosis alters the metabolic pathways of the gut
microbiota (196), thereby affecting various pathological process
of the progress of CLDs and liver cancer. In an animal
experiment, changes in gut microbiota profiles resulted in

increased deoxycholic acid in the enterohepatic circulation in a
mouse model of liver cancer, which increased the secretion of
senescence-related phenotypes in HSCs, leading to various
inflammations and tumor-promoting factor secretion, and
promoted the development of liver cancer (197). Genes
expressed by gut microbes ferment the sugar in food into
ethanol, which is absorbed by the gastrointestinal tract through
simple diffusion (198). Ethanol, a known carcinogen, also
exacerbates oxidative stress and liver inflammation (199).
However, whether endogenous ethanol produced by the
intestinal flora promotes the progression of CLD and
contributes to the development of liver cancer has not yet been
identified and needs to be further investigated.

There are a large number of immune cells in the liver, and
there was experimental evidence that innate or adaptive immune
responses can promote or inhibit the progress of liver cancer
(200). Part of the reason may be that liver cancer often develops
in the context of chronic inflammation. Although immune cells
are crucial players in immune surveillance, they may also
contribute to carcinogenesis in CLDs by promoting
inflammation (196). Under the stimulation of endotoxin,
monocytes in the blood circulation can penetrate into liver
tissue and differentiate into macrophages, thus increasing the
production of inflammatory mediators and oxygen free radicals,
leading to liver lesion or even hepatic failure (201). Gut
microbiota dysbiosis induces IL-25 production and promotes
liver cancer progression by activating macrophage replacement
and CXCL-10 secretion in the tumor microenvironment (202).
But on the other hand, the gut microbiota modulates the
chemokine CXCL16 levels in hepatic sinusoidal endothelial
cells (LSEC) by regarding BAs as messengers, thus controlling
the accumulation of CXCR6+ NKT cells in liver. Accumulated
NKT cells have an activated phenotype that inhibits liver tumor
growth (203). Based on the above studies, gut microbes may
modulate disease progression in HCC patients in positive or
negative ways.

Since gut flora has been found to be a vital role in promoting
the progress of CLDs and liver cancer in animal experiments, it is
easy to consider the intestinal flora as an important target for
liver cancer treatment (196). Various methods are currently
available such as antibiotics, probiotics etc. Animal study (204)
indicated that the use of antibiotics in advanced treatment may
help palliate the development of liver cancer. Continuous
intestinal disinfection with an oral antibiotic cocktail consisting
of ampicillin, neomycin, metronidazole, and vancomycin was
shown to effectively reduce the number and size of liver cancer in
mice (193, 197). Probiotics have been proposed to rebalance gut
microbiota in CLDs by promoting the recovery of beneficial
microorganism. For example, administration of VSL#3 alleviates
intestinal dysplasia, reduces intestinal inflammation, and inhibits
liver tumor growth and diversity in a DEN-induced rat model of
hepatocarcinogenesis (205). Another study (206) reported that
the probiotic cocktail Prohep reduced the amount of Th17 cells
in tumors, thereby inhibiting the progress of liver cancer in
model mice. BAs are significant regulators of intestinal parclose,
and FXR is a type of receptor for BAs, mediating the multiple
effects of BAs on liver metabolism, such as inhibiting the
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synthesis of BAs, liver inflammation and tumor growth, etc.
(207). Study (208) showed that mice deficient in FXR had
impaired gut integrity and increased incidence of liver cancer.
GW4064 or Obeticholic acid (OCA) as FXR agonists can
alleviate the lesion of intestinal mucosa, reduce the
permeability of gut parclose, restrict bacterial overgrowth and
bacterial translocation in model animals (209-211), suggesting
that FXR agonists may have a positive effect on the prevention of
liver cancer effect. Postbiotics are the metabolites of gut
microbiota, including SCFAs, bacteriocins, polysaccharides,
vitamins, etc., which can prompt the recovery of the function
of gut parclose (212). Research have indicated that postbiotics
have anti-proliferative and anti-cancer characters that can
regulate the curative effect and ameliorate the side effects of the
existing therapy, and thus act as a promising method for
auxiliary treatment for liver cancer (213). A retrospective
research (214) reported that propranolol might decrease the
morbidity of liver cancer in patients with hepatitis C-related
cirrhosis, suggesting a potential role for liver cancer prevention.
Although in animal models, the prokinetic cisapride can not only
shorten the time of gut transportation, but inhibit the
overgrowth of gut flora and bacterial translocation (215), the
long-term benefits for CLD patients, especially patients with liver
cancer, need to be further studied.

Above we have concluded how the gut microbiota affects liver
cancer through leaky gut and dysbiosis, and also introduced
potential treatments aiming at gut microbiota for liver cancer.
Clinical studies, especially randomized controlled studies, and
the specific pharmacological mechanism are still lack of
investment, so further exploration is urgently needed.

CONCLUSION AND PROSPECT

Gut microbiota is usually considered to be closely related to
metabolic diseases. Since our human body is an organic whole,
exploring this vital symbiotic ecosystem will surely lead us to
further comprehension to various diseases. At the same time, the
intestinal flora can also be regarded as a corresponding
therapeutic target, providing another perspective for the
development of clinical pharmacy. Therefore, it is of great
significance to clarify the role of the intestinal flora in diseases
of different systems. In this article, we reviewed the role of the gut
microbiota in various liver diseases and interventions that target
at it for therapy. In general, the liver and the intestine have a
close connection through the gut-liver axis. The destruction of
the intestinal barrier and the imbalance of the gut microbiota are
the initiating factors that cause hepatic lesions. In different kinds
or stages of hepatopathy, the composition of the gut microbiota

REFERENCES

1. Leung C, Rivera L, Furness JB, Angus PW. The Role of the Gut Microbiota
in NAFLD. Nat Rev Gastroenterol Hepatol (2016) 13:412-25. doi: 10.1038/
nrgastro.2016.85

is disparate. LPS, SCFAs, BA, and other bacterial metabolites are
the main signals inducing immune responses in liver tissue. The
TLR family plays a key role in mediating these signals to produce
liver inflammation. In terms of treatment, antibiotics, probiotics,
prebiotics, synbiotics, and fecal microbiota transplantation are
the main therapeutic methods targeting at gut microbiota, and
their effectiveness has been confirmed in animal experiments and
some small clinical studies.

However, current researches on the gut microbiota and liver
diseases also face the following challenges. First of all, most of
these researches are animal experiments, which aim to explain
the potential correlation between gut microbiota and liver
diseases, and few of them can form an exact and coherent
pathological mechanism. Therefore, more in-depth human
researches are urgently needed to verify these potential
mechanisms. Secondly, the intestinal flora is susceptible to
genetic, environmental, behavioral and other factors, and
further multi-racial, long-term, multicenter studies and better
matching controls are needed to explore the association between
the intestinal flora and specific diseases.

The diversity of gut flora and the differences between
individuals make it important to look for core flora that really
works. With the development of sequencing technology and the
revolution in metagenomics, enterotype have been proposed to
characterize the intestinal flora (216). Through the analysis of the
enterotype, the characteristics of core flora will be extracted to
discover more potential next-generation probiotics(NGPs). In
the future, the efficacy and safety of the NGPs may be tested
through clinical studies. And we may see NGPs developed for
specific health problems, enabling customized probiotics
for patients.

AUTHOR CONTRIBUTIONS

All the authors participated with suggestions and the
development of this manuscript. LW and ZC participated in
drafting the article and/or revising it critically for important
intellectual content, and also created the figures and tables. WL
and LZ participated in the study conception, critical revision of
the article, and supervision. JL has made great contributions to
the revision process of the article.

FUNDING

National Key Research and Development Program of China
(No. 2018YFC1705700).

2. Gill SR, Pop M, Deboy RT, Eckburg PB, Turnbaugh PJ, Samuel BS, et al.
Metagenomic Analysis of the Human Distal Gut Microbiome. Science
(2006) 312:1355-9. doi: 10.1126/science.1124234

3. Blaut M. Gut Microbiota and Energy Balance: Role in Obesity. Proc Nutr Soc
(2015) 74:227-34. doi: 10.1017/50029665114001700

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 923599


https://doi.org/10.1038/nrgastro.2016.85
https://doi.org/10.1038/nrgastro.2016.85
https://doi.org/10.1126/science.1124234
https://doi.org/10.1017/S0029665114001700
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wang et al.

Gut Microbiota and Liver Diseases

wu

(=2}

~

o

Nel

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Tremaroli V, Bickhed F. Functional Interactions Between the Gut

Microbiota and Host Metabolism. Nature (2012) 489:242-9. doi: 10.1038/
naturel1552

. D'Alessandro G, Antonangeli F, Marrocco F, Porzia A, Lauro C, Santoni A,

et al. Gut Microbiota Alterations Affect Glioma Growth and Innate Immune
Cells Involved in Tumor Immunosurveillance in Mice. Eur ] Immunol
(2020) 50:705-11. doi: 10.1002/€ji.201948354

. Bouskra D, Brezillon C, Bérard M, Werts C, Varona R, Boneca IG, et al.

Lymphoid Tissue Genesis Induced by Commensals Through NODI1
Regulates Intestinal Homeostasis. Nature (2008) 456:507-10. doi: 10.1038/
nature07450

. Dodd D, Spitzer MH, Van Treuren W, Merrill BD, Hryckowian A]J,

Higginbottom SK, et al. A Gut Bacterial Pathway Metabolizes Aromatic
Amino Acids Into Nine Circulating Metabolites. Nature (2017) 551:648-52.
doi: 10.1038/nature24661

. Buela KA, Omenetti S, Pizarro TT. Cross-Talk Between Type 3 Innate

Lymphoid Cells and the Gut Microbiota in Inflammatory Bowel Disease.
Curr Opin Gastroenterol (2015) 31:449-55. doi: 10.1097/
MOG.0000000000000217

. Atarashi K, Tanoue T, Shima T, Imaoka A, Kuwahara T, Momose Y, et al.

Induction of Colonic Regulatory T Cells by Indigenous Clostridium Species.
Science (2011) 331:337-41. doi: 10.1126/science.1198469

Sethi V, Vitiello GA, Saxena D, Miller G, Dudeja V. The Role of the
Microbiome in Immunologic Development and its Implication For
Pancreatic Cancer Immunotherapy. Gastroenterology (2019) 156:2097-
115. doi: 10.1053/j.gastro.2018.12.045

Geuking MB, Cahenzli ], Lawson MA, Ng DC, Slack E, Hapfelmeier S, et al.
Intestinal Bacterial Colonization Induces Mutualistic Regulatory T Cell
Responses. Immunity (2011) 34:794-806. doi: 10.1016/
jimmuni.2011.03.021

Stefka AT, Feehley T, Tripathi P, Qiu J, McCoy K, Mazmanian SK, et al.
Commensal Bacteria Protect Against Food Allergen Sensitization. Proc Natl
Acad Sci U.S.A (2014) 111:13145-50. . doi: 10.1073/pnas.1412008111
Atarashi K, Tanoue T, Oshima K, Suda W, Nagano Y, Nishikawa H, et al.
Treg Induction by a Rationally Selected Mixture of Clostridia Strains From
the Human Microbiota. Nature (2013) 500:232-6. doi: 10.1038/nature12331
Macpherson AJ, Geuking MB, Slack E, Hapfelmeier S, McCoy KD. The
Habitat, Double Life, Citizenship, and Forgetfulness of IgA. Immunol Rev
(2012) 245:132-46. doi: 10.1111/j.1600-065X.2011.01072.x

Cui Y, Wang Q, Chang R, Zhou X, Xu C. Intestinal Barrier Function-Non-
Alcoholic Fatty Liver Disease Interactions and Possible Role of Gut
Microbiota. | Agric Food Chem (2019) 67(10):2754-62. doi: 10.1021/
acs.jafc.9b00080

Turner JR. Intestinal Mucosal Barrier Function in Health and Disease. Nat
Rev Immunol (2009) 9(11):799-809. doi: 10.1038/nri2653

Tanigawa T, Watanabe T, Otani K, Nadatani Y, Ohkawa F, Sogawa M, et al.
Rebamipide Inhibits Indomethacin-Induced Small Intestinal Injury: Possible
Involvement of Intestinal Microbiota Modulation by Upregulation of o
Defensin 5. Eur ] Pharmacol (2013) 704:64-9. doi: 10.1016/
j.ejphar.2013.02.010

Vaishnava S, Yamamoto M, Severson KM, Ruhn KA, Yu X, Koren O, et al.
The Antibacterial Lectin ReglIIgamma Promotes the Spatial Segregation of
Microbiota and Host in the Intestine. Science (2011) 334:255-8. doi:
10.1126/science.1209791

Ebbensgaard A, Mordhorst H, Overgaard MT, Nielsen CG, Aarestrup FM,
Hansen EB. Comparative Evaluation of the Antimicrobial Activity of
Different Antimicrobial Peptides Against a Range of Pathogenic Bacteria.
PloS One (2015) 10:2144611. doi: 10.1371/journal.pone.0144611

Morbe UM, Jorgensen PB, Fenton TM, von Burg N, Riis LB, Spencer J, et al.
Human Gut-Associated Lymphoid Tissues (GALT); Diversity, Structure,
and Function. Mucosal Immunol (2021) 14:793-802. doi: 10.1038/s41385-
021-00389-4

Martens EC, Neumann M, Desai MS. Interactions of Commensal and
Pathogenic Microorganisms With the Intestinal Mucosal Barrier. Nat Rev
Microbiol (2018) 16:457-70. doi: 10.1038/s41579-018-0036-x

Yoo JY, Groer M, Dutra S, Sarkar A, McSkimming DI. Gut Microbiota and
Immune System Interactions. Microorganisms (2020) 8(10):1587. doi:
10.3390/microorganisms8101587

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Albillos A, de Gottardi A, Rescigno M. The Gut-Liver Axis in Liver Disease:
Pathophysiological Basis for Therapy. J Hepatol (2020) 72(3):558-77. doi:
10.1016/j.jhep.2019.10.003

Su SC, Hua KF, Lee H, Chao LK, Tan SK, Lee H, et al. LTA and LPS
Mediated Activation of Protein Kinases in the Regulation of Inflammatory
Cytokines Expression in Macrophages. Clin Chim Acta (2006) 374:106-15.
doi: 10.1016/j.cca.2006.05.045

Schertzer JD, Klip A. Give a NOD to Insulin Resistance. Am ] Physiol
Endocrinol Metab (2011) 301:E585-6. doi: 10.1152/ajpendo.00362.2011
Hajam IA, Dar PA, Shahnawaz I, Jaume JC, Lee JH. Bacterial Flagellin-a
Potent Immunomodulatory Agent. Exp Mol Med (2017) 49:e373. doi:
10.1038/emm.2017.172

Rios-Covian D, Ruas-Madiedo P, Margolles A, Gueimonde M, de Los RC,
Salazar N. Intestinal Short Chain Fatty Acids and Their Link With Diet and
Human Health. Front Microbiol (2016) 7:185 . doi: 10.3389/fmicb.2016.00185
Kim CH. Immune Regulation by Microbiome Metabolites. Immunology
(2018) 154:220-9. doi: 10.1111/imm.12930

Nastasi C, Candela M, Bonefeld CM, Geisler C, Hansen M, Krejsgaard T,
et al. The Effect of Short-Chain Fatty Acids on Human Monocyte-Derived
Dendritic Cells. Sci Rep (2015) 5:16148. doi: 10.1038/srep16148

Singh N, Gurav A, Sivaprakasam S, Brady E, Padia R, Shi H, et al. Activation
of Gprl09a, Receptor for Niacin and the Commensal Metabolite Butyrate,
Suppresses Colonic Inflammation and Carcinogenesis. Immunity (2014)
40:128-39. doi: 10.1016/j.immuni.2013.12.007

Romano KA, Vivas EI, Amador-Noguez D, Rey FE. Intestinal Microbiota
Composition Modulates Choline Bioavailability From Diet and
Accumulation of the Proatherogenic Metabolite Trimethylamine-N-Oxide.
Mbio (2015) 6:€2481. doi: 10.1128/mBi0.02481-14

Paolella G, Mandato C, Pierri L, Poeta M, Di Stasi M, Vajro P. Gut-Liver
Axis and Probiotics: Their Role in non-Alcoholic Fatty Liver Disease. World
J Gastroenterol (2014) 20:15518-31. doi: 10.3748/wjg.v20.i42.15518

Kho ZY, Lal SK. The Human Gut Microbiome - A Potential Controller of
Wellness and Disease. Front Microbiol (2018) 9:1835. doi: 10.3389/
fmicb.2018.01835

Macpherson AJ, Heikenwalder M, Ganal-Vonarburg SC. The Liver at the
Nexus of Host-Microbial Interactions. Cell Host Microbe (2016) 20(5):561—
71. doi: 10.1016/j.chom.2016.10.016

Assimakopoulos SF, Charonis AS. Uncovering the Molecular Events
Associated With Increased Intestinal Permeability In Liver Cirrhosis: The
Pivotal Role of Enterocyte Tight Junctions and Future Perspectives. |
Hepatol (2013) 59:1144-6. doi: 10.1016/j.jhep.2013.06.031

Milosevic I, Vujovic A, Barac A, Djelic M, Korac M, Radovanovic SA, et al.
Gut-Liver Axis, Gut Microbiota, and Its Modulation in the Management of
Liver Diseases: A Review of the Literature. Int ] Mol Sci (2019), 2020 (2):395.
doi: 10.3390/ijms20020395

Zhang W, Gu Y, Chen Y, Deng H, Chen L, Chen S, et al. Intestinal Flora
Imbalance Results in Altered Bacterial Translocation and Liver Function in
Rats With Experimental Cirrhosis. Eur ] Gastroenterol Hepatol (2010)
22:1481-6. doi: 10.1097/MEG.0b013e32833eb8b0

Pradhan-Sundd T, Vats R, Russell JO, Singh S, Michael AA, Molina L, et al.
Dysregulated Bile Transporters and Impaired Tight Junctions During
Chronic Liver Injury in Mice. Gastroenterology (2018) 155:1218-32. doi:
10.1053/j.gastro.2018.06.048

Nam B, Kim SA, Nam W, Jeung WH, Park SD, Lee JL, et al. Lactobacillus
Plantarum HY7714 Restores TNF-o Induced Defects on Tight Junctions.
Prev Nutr Food Sci (2019) 24:64-9. doi: 10.3746/pnf.2019.24.1.64

Du Plessis J, Vanheel H, Janssen CE, Roos L, Slavik T, Stivaktas PI, et al.
Activated Intestinal Macrophages in Patients With Cirrhosis Release NO
and IL-6 That may Disrupt Intestinal Barrier Function. ] Hepatol (2013)
58:1125-32. doi: 10.1016/j.jhep.2013.01.038

Dawson PA, Lan T, Rao A. Bile Acid Transporters. J Lipid Res (2009)
50:2340-57. doi: 10.1194/jlr.R900012-JLR200

Wabhlstrom A, Sayin SI, Marschall HU, Béckhed F. Intestinal Crosstalk
Between Bile Acids and Microbiota and Its Impact on Host Metabolism. Cell
Metab (2016) 24:41-50. doi: 10.1016/j.cmet.2016.05.005

Chiang JYL, Ferrell JM. Bile Acid Receptors FXR and TGR5 Signaling in
Fatty Liver Diseases and Therapy. Am ] Physiol Gastrointest Liver Physiol
(2020) 318(3):G554-73. doi: 10.1152/ajpgi.00223.2019

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 923599


https://doi.org/10.1038/nature11552
https://doi.org/10.1038/nature11552
https://doi.org/10.1002/eji.201948354
https://doi.org/10.1038/nature07450
https://doi.org/10.1038/nature07450
https://doi.org/10.1038/nature24661
https://doi.org/10.1097/MOG.0000000000000217
https://doi.org/10.1097/MOG.0000000000000217
https://doi.org/10.1126/science.1198469
https://doi.org/10.1053/j.gastro.2018.12.045
https://doi.org/10.1016/j.immuni.2011.03.021
https://doi.org/10.1016/j.immuni.2011.03.021
https://doi.org/10.1073/pnas.1412008111
https://doi.org/10.1038/nature12331
https://doi.org/10.1111/j.1600-065X.2011.01072.x
https://doi.org/10.1021/acs.jafc.9b00080
https://doi.org/10.1021/acs.jafc.9b00080
https://doi.org/10.1038/nri2653
https://doi.org/10.1016/j.ejphar.2013.02.010
https://doi.org/10.1016/j.ejphar.2013.02.010
https://doi.org/10.1126/science.1209791
https://doi.org/10.1371/journal.pone.0144611
https://doi.org/10.1038/s41385-021-00389-4
https://doi.org/10.1038/s41385-021-00389-4
https://doi.org/10.1038/s41579-018-0036-x
https://doi.org/10.3390/microorganisms8101587
https://doi.org/10.1016/j.jhep.2019.10.003
https://doi.org/10.1016/j.cca.2006.05.045
https://doi.org/10.1152/ajpendo.00362.2011
https://doi.org/10.1038/emm.2017.172
https://doi.org/10.3389/fmicb.2016.00185
https://doi.org/10.1111/imm.12930
https://doi.org/10.1038/srep16148
https://doi.org/10.1016/j.immuni.2013.12.007
https://doi.org/10.1128/mBio.02481-14
https://doi.org/10.3748/wjg.v20.i42.15518
https://doi.org/10.3389/fmicb.2018.01835
https://doi.org/10.3389/fmicb.2018.01835
https://doi.org/10.1016/j.chom.2016.10.016
https://doi.org/10.1016/j.jhep.2013.06.031
https://doi.org/10.3390/ijms20020395
https://doi.org/10.1097/MEG.0b013e32833eb8b0
https://doi.org/10.1053/j.gastro.2018.06.048
https://doi.org/10.3746/pnf.2019.24.1.64
https://doi.org/10.1016/j.jhep.2013.01.038
https://doi.org/10.1194/jlr.R900012-JLR200
https://doi.org/10.1016/j.cmet.2016.05.005
https://doi.org/10.1152/ajpgi.00223.2019
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wang et al.

Gut Microbiota and Liver Diseases

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Chen J, Thomsen M, Vitetta L. Interaction of Gut Microbiota With
Dysregulation of Bile Acids in the Pathogenesis of Nonalcoholic Fatty
Liver Disease and Potential Therapeutic Implications of Probiotics. J Cell
Biochem (2019) 120(3):2713-20. doi: 10.1002/jcb.27635

Mack CL, Adams D, Assis DN, Kerkar N, Manns MP, Mayo M]J, et al.
Diagnosis and Management of Autoimmune Hepatitis in Adults and
Children: 2019 Practice Guidance and Guidelines From the American
Association for the Study of Liver Diseases. Hepatology (2020) 72:671-
722. doi: 10.1002/hep.31065

Saccucci M, Di Carlo G, Bossit M, Giovarruscio F, Salucci A, Polimeni A.
Autoimmune Diseases and Their Manifestations on Oral Cavity: Diagnosis
and Clinical Management. | Immunol Res (2018) 2018:6061825. doi:
10.1155/2018/6061825

Wang H, Wang G, Banerjee N, Liang Y, Du X, Boor PJ, et al. Aberrant Gut
Microbiome Contributes to Intestinal Oxidative Stress, Barrier Dysfunction,
Inflammation and Systemic Autoimmune Responses in MRL/Ipr Mice.
Front Immunol (2021) 12:651191. doi: 10.3389/fimmu.2021.651191

Shi N, Li N, Duan X, Niu H. Interaction Between the Gut Microbiome and
Mucosal Immune System. Mil Med Res (2017) 4:14. doi: 10.1186/s40779-
017-0122-9

Liu Y, Alookaran JJ, Rhoads JM. Probiotics in Autoimmune and
Inflammatory Disorders. Nutrients (2018) 10(10):1537. doi: 10.3390/
nul0101537

Wei Y, Li Y, Yan L, Sun C, Miao Q, Wang Q, et al. Alterations of Gut
Microbiome in Autoimmune Hepatitis. Gut (2020) 69:569-77. doi: 10.1136/
gutjnl-2018-317836

Elsherbiny NM, Rammadan M, Hassan EA, Ali ME, El-Rehim A, Abbas
WA, et al. Autoimmune Hepatitis: Shifts in Gut Microbiota and Metabolic
Pathways Among Egyptian Patients. Microorganisms (2020) 8(7):1011. doi:
10.3390/microorganisms8071011

Lou J, Jiang Y, Rao B, Li A, Ding S, Yan H, et al. Fecal Microbiomes
Distinguish Patients With Autoimmune Hepatitis From Healthy
Individuals. Front Cell Infect Microbiol (2020) 10:342. doi: 10.3389/
fcimb.2020.00342

Sabino J, Vieira-Silva S, Machiels K, Joossens M, Falony G, Ballet V, et al. Primary
Sclerosing Cholangitis is Characterised by Intestinal Dysbiosis Independent From
IBD. Gut (2016) 65:1681-9. doi: 10.1136/gutjnl-2015-311004

Tang R, Wei Y, Li Y, Chen W, Chen H, Wang Q, et al. Gut Microbial Profile
is Altered in Primary Biliary Cholangitis and Partially Restored After UDCA
Therapy. Gut (2018) 67:534-41. doi: 10.1136/gutjnl-2016-313332

Liberal R, Grant CR, Mieli-Vergani G, Vergani D. Autoimmune Hepatitis: A
Comprehensive Review. J Autoimmun (2013) 41:126-39. doi: 10.1016/
jjaut.2012.11.002

Umemura T, Ota M. Genetic Factors Affect the Etiology, Clinical
Characteristics and Outcome of Autoimmune Hepatitis. Clin J
Gastroenterol (2015) 8:360-6. doi: 10.1007/s12328-015-0620-9

Yuksel M, Wang Y, Tai N, Peng J, Guo J, Beland K, et al. A Novel
"Humanized Mouse" Model for Autoimmune Hepatitis and the
Association of Gut Microbiota With Liver Inflammation. Hepatology
(2015) 62:1536-50. doi: 10.1002/hep.27998

Lin R, Zhou L, Zhang J, Wang B. Abnormal Intestinal Permeability and
Microbiota in Patients With Autoimmune Hepatitis. Int J Clin Exp Pathol
(2015) 8:5153-60.

Manfredo VS, Hiltensperger M, Kumar V, Zegarra-Ruiz D, Dehner C, Khan
N, et al. Translocation of a Gut Pathobiont Drives Autoimmunity in Mice
and Humans. Science (2018) 359:1156-61. doi: 10.1126/science.aar7201
Chen J, Wei Y, He J, Cui G, Zhu Y, Lu C, et al. Natural Killer T Cells Play a
Necessary Role in Modulating of Immune-Mediated Liver Injury by Gut
Microbiota. Sci Rep (2014) 4:7259. doi: 10.1038/srep07259

Centa M, Weinstein EG, Clemente JC, Faith J]J, Fiel MI, Lyallpuri R, et al.
Impaired Central Tolerance Induces Changes in the Gut Microbiota That
Exacerbate Autoimmune Hepatitis. ] Autoimmun (2022) 128:102808. doi:
10.1016/j.jaut.2022.102808

Liu Q, Tian H, Kang Y, Tian Y, Li L, Kang X, et al. Probiotics Alleviate
Autoimmune Hepatitis in Mice Through Modulation of Gut Microbiota and
Intestinal Permeability. J Nutr Biochem (2021) 98:108863. doi: 10.1016/
j.jnutbio.2021.108863

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Zhang H, Liu M, Liu X, Zhong W, Li Y, Ran Y, et al. Bifidobacterium
Animalis Ssp. Lactis 420 Mitigates Autoimmune Hepatitis Through
Regulating Intestinal Barrier and Liver Immune Cells. Front Immunol
(2020) 11:569104. doi: 10.3389/fimmu.2020.569104

Kim WG, Kim HI, Kwon EK, Han M]J, Kim DH. Lactobacillus Plantarum
LC27 and Bifidobacterium Longum LC67 Mitigate Alcoholic Steatosis in
Mice by Inhibiting LPS-Mediated NF-kb Activation Through Restoration of
The Disturbed Gut Microbiota. Food Funct (2018) 9:4255-65. doi: 10.1039/
C8F0O00252E

Wang H, Wang Q, Yang C, Guo M, Cui X, Jing Z, et al. Bacteroides Acidifaciens
in the Gut Plays a Protective Role Against CD95-Mediated Liver Injury. Gut
Microbes (2022) 14:2027853. doi: 10.1080/19490976.2022.2027853

Yamaguchi A, Teratani T, Chu PS, Suzuki T, Taniki N, Mikami Y, et al.
Hepatic Adenosine Triphosphate Reduction Through the Short-Chain Fatty
Acids-Peroxisome Proliferator-Activated Receptor y-Uncoupling Protein 2
Axis Alleviates Immune-Mediated Acute Hepatitis in Inulin-Supplemented
Mice. Hepatol Commun (2021) 5:1555-70. doi: 10.1002/hep4.1742
Hirschfield GM, Dyson JK, Alexander G, Chapman MH, Collier J, Hiibscher
S, et al. The British Society of Gastroenterology/UK-PBC Primary Biliary
Cholangitis Treatment and Management Guidelines. Gut (2018) 67:1568—
94. doi: 10.1136/gutjnl-2017-315259

Chung BK, Guevel BT, Reynolds GM, Gupta UD, Henriksen EK, Stamataki
Z, et al. Phenotyping and Auto-Antibody Production by Liver-Infiltrating B
Cells in Primary Sclerosing Cholangitis and Primary Biliary Cholangitis. J
Autoimmun (2017) 77:45-54. doi: 10.1016/j.jaut.2016.10.003

Gershwin ME, Mackay IR. The Causes of Primary Biliary Cirrhosis:
Convenient and Inconvenient Truths. Hepatology (2008) 47:737-45. doi:
10.1002/hep.22042

Lleo A, Leung P, Hirschfield GM, Gershwin EM. The Pathogenesis of
Primary Biliary Cholangitis: A Comprehensive Review. Semin Liver Dis
(2020) 40:34-48. doi: 10.1055/s-0039-1697617

Lammert C, Shin A, Xu H, Hemmerich C, O'Connell TM, Chalasani N.
Short-Chain Fatty Acid and Fecal Microbiota Profiles are Linked to Fibrosis
in Primary Biliary Cholangitis. FEMS Microbiol Lett (2021) 368(6):fnab038.
doi: 10.1093/femsle/fnab038

Furukawa M, Moriya K, Nakayama J, Inoue T, Momoda R, Kawaratani H,
et al. Gut Dysbiosis Associated With Clinical Prognosis of Patients With
Primary Biliary Cholangitis. Hepatol Res (2020) 50:840-52. doi: 10.1111/
hepr.13509

Liwinski T, Casar C, Ruehlemann MC, Bang C, Sebode M, Hohenester S,
et al. A Disease-Specific Decline of the Relative Abundance of
Bifidobacterium in Patients With Autoimmune Hepatitis. Aliment
Pharmacol Ther (2020) 51:1417-28. doi: 10.1111/apt.15754

Wagner M, Fickert P. Drug Therapies for Chronic Cholestatic Liver
Diseases. Annu Rev Pharmacol Toxicol (2020) 60:503-27. doi: 10.1146/
annurev-pharmtox-010818-021059

Terziroli BB, Mieli-Vergani G, Vergani D, Vierling JM, Adams D, Alpini G,
et al. The Challenges of Primary Biliary Cholangitis: What is New and What
Needs to be Done. J Autoimmun (2019) 105:102328. doi: 10.1016/
jjaut.2019.102328

Joyce SA, Gahan CG. Bile Acid Modifications at the Microbe-Host Interface:
Potential for Nutraceutical and Pharmaceutical Interventions in Host
Health. Annu Rev Food Sci Technol (2016) 7:313-33. doi: 10.1146/
annurev-food-041715-033159

Chen ML, Takeda K, Sundrud MS. Emerging Roles of Bile Acids in Mucosal
Immunity and Inflammation. Mucosal Immunol (2019) 12:851-61. doi:
10.1038/541385-019-0162-4

Berg CP, Kannan TR, Klein R, Gregor M, Baseman JB, Wesselborg S, et al.
Mycoplasma Antigens as a Possible Trigger for the Induction of
Antimitochondrial Antibodies in Primary Biliary Cirrhosis. Liver Int
(2009) 29:797-809. doi: 10.1111/j.1478-3231.2008.01942.x

Bogdanos DP, Baum H, Okamoto M, Montalto P, Sharma UC, Rigopoulou
EL et al. Primary Biliary Cirrhosis is Characterized by IgG3 Antibodies
Cross-Reactive With The Major Mitochondrial Autoepitope and its
Lactobacillus Mimic. Hepatology (2005) 42:458-65. doi: 10.1002/hep.20788
Gideon M, Hirschfield U, Beuers C, Corpechot P, Invernizzi D. EASL
Clinical Practice Guidelines: The Diagnosis and Management of Patients

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 923599


https://doi.org/10.1002/jcb.27635
https://doi.org/10.1002/hep.31065
https://doi.org/10.1155/2018/6061825
https://doi.org/10.3389/fimmu.2021.651191
https://doi.org/10.1186/s40779-017-0122-9
https://doi.org/10.1186/s40779-017-0122-9
https://doi.org/10.3390/nu10101537
https://doi.org/10.3390/nu10101537
https://doi.org/10.1136/gutjnl-2018-317836
https://doi.org/10.1136/gutjnl-2018-317836
https://doi.org/10.3390/microorganisms8071011
https://doi.org/10.3389/fcimb.2020.00342
https://doi.org/10.3389/fcimb.2020.00342
https://doi.org/10.1136/gutjnl-2015-311004
https://doi.org/10.1136/gutjnl-2016-313332
https://doi.org/10.1016/j.jaut.2012.11.002
https://doi.org/10.1016/j.jaut.2012.11.002
https://doi.org/10.1007/s12328-015-0620-9
https://doi.org/10.1002/hep.27998
https://doi.org/10.1126/science.aar7201
https://doi.org/10.1038/srep07259
https://doi.org/10.1016/j.jaut.2022.102808
https://doi.org/10.1016/j.jnutbio.2021.108863
https://doi.org/10.1016/j.jnutbio.2021.108863
https://doi.org/10.3389/fimmu.2020.569104
https://doi.org/10.1039/C8FO00252E
https://doi.org/10.1039/C8FO00252E
https://doi.org/10.1080/19490976.2022.2027853
https://doi.org/10.1002/hep4.1742
https://doi.org/10.1136/gutjnl-2017-315259
https://doi.org/10.1016/j.jaut.2016.10.003
https://doi.org/10.1002/hep.22042
https://doi.org/10.1055/s-0039-1697617
https://doi.org/10.1093/femsle/fnab038
https://doi.org/10.1111/hepr.13509
https://doi.org/10.1111/hepr.13509
https://doi.org/10.1111/apt.15754
https://doi.org/10.1146/annurev-pharmtox-010818-021059
https://doi.org/10.1146/annurev-pharmtox-010818-021059
https://doi.org/10.1016/j.jaut.2019.102328
https://doi.org/10.1016/j.jaut.2019.102328
https://doi.org/10.1146/annurev-food-041715-033159
https://doi.org/10.1146/annurev-food-041715-033159
https://doi.org/10.1038/s41385-019-0162-4
https://doi.org/10.1111/j.1478-3231.2008.01942.x
https://doi.org/10.1002/hep.20788
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wang et al.

Gut Microbiota and Liver Diseases

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

With Primary Biliary Cholangitis. ] Hepatol (2017) 67:145-72. doi: 10.1016/
jjhep.2017.03.022

Chen W, Wei Y, Xiong A, Li Y, Guan H, Wang Q, et al. Comprehensive
Analysis of Serum and Fecal Bile Acid Profiles and Interaction With Gut
Microbiota in Primary Biliary Cholangitis. Clin Rev Allergy Immunol (2020)
58:25-38. doi: 10.1007/s12016-019-08731-2

Han W, Huang C, Zhang Q, Tao S, Hu X, Xu J, et al. Alterations in Gut
Microbiota and Elevated Serum Bilirubin in Primary Biliary Cholangitis
Patients Treated With Ursodeoxycholic Acid. Eur J Clin Invest (2022) 52:
e13714. doi: 10.1111/eci.13714

Fuchs CD, Paumgartner G, Mlitz V, Kunczer V, Halilbasic E, Leditznig N,
et al. Colesevelam Attenuates Cholestatic Liver and Bile Duct Injury in Mdr2
(-/-) Mice by Modulating Composition, Signalling and Excretion of Faecal
Bile Acids. Gut (2018) 67:1683-91. doi: 10.1136/gutjnl-2017-314553
Potthoff MJ, Potts A, He T, Duarte JA, Taussig R, Mangelsdorf DJ, et al.
Colesevelam Suppresses Hepatic Glycogenolysis by TGR5-Mediated
Induction of GLP-1 Action in DIO Mice. Am ] Physiol Gastrointest Liver
Physiol (2013) 304:G371-80. doi: 10.1152/ajpgi.00400.2012

Postler TS, Ghosh S. Understanding the Holobiont: How Microbial
Metabolites Affect Human Health and Shape the Immune System. Cell
Metab (2017) 26:110-30. doi: 10.1016/j.cmet.2017.05.008

Nakamoto N, Sasaki N, Aoki R, Miyamoto K, Suda W, Teratani T, et al. Gut
Pathobionts Underlie Intestinal Barrier Dysfunction and Liver T Helper 17
Cell Immune Response in Primary Sclerosing Cholangitis. Nat Microbiol
(2019) 4:492-503. doi: 10.1038/s41564-018-0333-1

Li B, Zhang J, Chen Y, Wang Q, Yan L, Wang R, et al. Alterations in
Microbiota and Their Metabolites are Associated With Beneficial Effects of
Bile Acid Sequestrant on Icteric Primary Biliary Cholangitis. Gut Microbes
(2021) 13:1946366. doi: 10.1080/19490976.2021.1946366

Liu Y, Chen K, Li F, Gu Z, Liu Q, He L, et al. Probiotic Lactobacillus
Rhamnosus GG Prevents Liver Fibrosis Through Inhibiting Hepatic Bile
Acid Synthesis and Enhancing Bile Acid Excretion in Mice. Hepatology
(2020) 71:2050-66. doi: 10.1002/hep.30975

Rabiee A, Silveira MG. Primary Sclerosing Cholangitis. Transl Gastroenterol
Hepatol (2021) 6:29. doi: 10.21037/tgh-20-266

Rawla P, Samant H. Primary Sclerosing Cholangitis. StatPearls. Treasure
Island (FL: StatPearls Publishing Copyright © 2022, StatPearls Publishing
LLC (2022).

Karlsen TH, Folseraas T, Thorburn D, Vesterhus M. Primary Sclerosing
Cholangitis - A Comprehensive Review. ] Hepatol (2017) 67(6):1298-323.
doi: 10.1016/}.jhep.2017.07.022

Fukui H. Role of Gut Dysbiosis in Liver Diseases: What Have We Learned So
Far? Diseases (2019) 7(4):58:. doi: 10.3390/diseases7040058

Tabibian JH, O'Hara SP, Lindor KD. Primary Sclerosing Cholangitis and the
Microbiota: Current Knowledge and Perspectives on Etiopathogenesis and
Emerging Therapies. Scand ] Gastroenterol (2014) 49(8):901-8. doi: 10.3109/
00365521.2014.913189

Mueller T, Beutler C, Pico AH, Shibolet O, Pratt DS, Pascher A, et al.
Enhanced Innate Immune Responsiveness and Intolerance to Intestinal
Endotoxins in Human Biliary Epithelial Cells Contributes to Chronic
Cholangitis. Liver Int (2011) 31(10):1574-88. doi: 10.1111/j.1478-
3231.2011.02635.x

O'Hara SP, Tabibian JH, Splinter PL, LaRusso NF. The Dynamic Biliary
Epithelia: Molecules, Pathways, and Disease. ] Hepatol (2013) 58(3):575-82.
doi: 10.1016/j.jhep.2012.10.011

Yokoyama T, Komori A, Nakamura M, Takii Y, Kamihira T, Shimoda S,
et al. Human Intrahepatic Biliary Epithelial Cells Function in Innate
Immunity by Producing IL-6 and IL-8 via the TLR4-NF-kappaB and
-MAPK Signaling Pathways. Nurs Crit Care (2006) 26:467-76. doi:
10.1111/j.1478-3231.2006.01254.x

Xu B, Broome U, Ericzon BG, Sumitran-Holgersson S. High Frequency of
Autoantibodies in Patients With Primary Sclerosing Cholangitis That Bind
Biliary Epithelial Cells and Induce Expression of CD44 and Production of
Interleukin 6. Gut (2002) 51(1):120-7. doi: 10.1136/gut.51.1.120

Terjung B, Sohne J, Lechtenberg B, Gottwein J, Muennich M, Herzog V, et al.
P-ANCAs in Autoimmune Liver Disorders Recognise Human Beta-Tubulin
Isotype 5 and Cross-React With Microbial Protein FtsZ. Gut (2010) 59
(6):808-16. doi: 10.1136/gut.2008.157818

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Verdier J, Luedde T, Sellge G. Biliary Mucosal Barrier and Microbiome.
Viszeralmediz (2015) 31(3):156-61. doi: 10.1159/000431071

Chen XM, O'Hara SP, LaRusso NF. The Immunobiology of Cholangiocytes.
Immunol Cell Biol (2008) 86(6):497-505. doi: 10.1038/icb.2008.37

Little R, Wine E, Kamath BM, Griffiths AM, Ricciuto A. Gut Microbiome in
Primary Sclerosing Cholangitis: A Review. World ] Gastroenterol (2020) 26
(21):2768-80. doi: 10.3748/wjg.v26.i21.2768

Hogenauer K, Arista L, Schmiedeberg N, Werner G, Jaksche H, Bouhelal R,
et al. G-Protein-Coupled Bile Acid Receptor 1 (GPBARI, TGR5) Agonists
Reduce the Production of Proinflammatory Cytokines and Stabilize the
Alternative Macrophage Phenotype. ] Med Chem (2014) 57(24):10343-54.
doi: 10.1021/jm501052¢

Tabibian JH, O'Hara SP, Trussoni CE, Tietz PS, Splinter PL, Mounajjed T,
et al. Absence of the Intestinal Microbiota Exacerbates Hepatobiliary Disease
in a Murine Model of Primary Sclerosing Cholangitis. Hepatology (2016) 63
(1):185-96. doi: 10.1002/hep.27927

Tabibian JH, Weeding E, Jorgensen RA, Petz JL, Keach JC, Talwalkar JA,
et al. Randomised Clinical Trial: Vancomycin or Metronidazole in Patients
With Primary Sclerosing Cholangitis - A Pilot Study. Aliment Pharmacol
Ther (2013) 37(6):604-12. doi: 10.1111/apt.12232

Farkkila M, Karvonen AL, Nurmi H, Nuutinen H, Taavitsainen M,
Pikkarainen P, et al. Metronidazole and Ursodeoxycholic Acid for Primary
Sclerosing Cholangitis: A Randomized Placebo-Controlled Trial. Hepatology
(2004) 40(6):1379-86. doi: 10.1002/hep.20457

Silveira MG, Torok NJ, Gossard AA, Keach JC, Jorgensen RA, Petz JL, et al.
Minocycline in the Treatment of Patients With Primary Sclerosing
Cholangitis: Results of a Pilot Study. Am J Gastroenterol (2009) 104(1):83-
8. doi: 10.1038/ajg.2008.14

Davies YK, Tsay CJ, Caccamo DV, Cox KM, Castillo RO, Cox KL. Successful
Treatment of Recurrent Primary Sclerosing Cholangitis After Orthotopic
Liver Transplantation With Oral Vancomycin. Case Rep Transplant (2013)
2013:314292. doi: 10.1155/2013/314292

Davies YK, Cox KM, Abdullah BA, Safta A, Terry AB, Cox KL. Long-Term
Treatment of Primary Sclerosing Cholangitis in Children With Oral
Vancomycin: An Immunomodulating Antibiotic. J Pediatr Gastroenterol
Nutr (2008) 47(1):61-7. doi: 10.1097/MPG.0b013e31816fee95

Shimizu M, Iwasaki H, Mase S, Yachie A. Successful Treatment of Primary
Sclerosing Cholangitis With a Steroid and a Probiotic. Case Rep
Gastroenterol (2012) 6(2):249-53. doi: 10.1159/000338834

Allegretti JR, Kassam Z, Carrellas M, Mullish BH, Marchesi JR, Pechlivanis
A, et al. Fecal Microbiota Transplantation in Patients With Primary
Sclerosing Cholangitis: A Pilot Clinical Trial. Am ] Gastroenterol (2019)
114(7):1071-9. doi: 10.14309/ajg.0000000000000115

Friedman SL, Neuschwander-Tetri BA, Rinella M, Sanyal AJ. Mechanisms of
NAFLD Development and Therapeutic Strategies. Nat Med (2018) 24
(7):908-22. doi: 10.1038/s41591-018-0104-9

Mundi MS, Velapati S, Patel J, Kellogg TA, Abu Dayyeh BK, Hurt RT.
Evolution of NAFLD and Its Management. Nutr Clin Pract (2020) 35(1):72-
84. doi: 10.1002/ncp.10449

James OF, Day CP. Non-Alcoholic Steatohepatitis (NASH): A Disease of
Emerging Identity and Importance. J Hepatol (1998) 29(3):495-501. doi:
10.1016/50168-8278(98)80073-1

Buzzetti E, Pinzani M, Tsochatzis EA. The Multiple-Hit Pathogenesis of non-
Alcoholic Fatty Liver Disease (NAFLD) Metabolism (2016) 65(8):1038-48.
doi: 10.1016/j.metabol.2015.12.012

Pols TW, Noriega LG, Nomura M, Auwerx ], Schoonjans K. The Bile Acid
Membrane Receptor TGR5 as an Emerging Target in Metabolism and
Inflammation. J Hepatol (2011) 54(6):1263-72. doi: 10.1016/
j.jhep.2010.12.004

Sinal CJ, Tohkin M, Miyata M, Ward JM, Lambert G, Gonzalez F]. Targeted
Disruption of the Nuclear Receptor FXR/BAR Impairs Bile Acid and Lipid
Homeostasis. Cell (2000) 102(6):731-44. doi: 10.1016/S0092-8674(00)00062-3
XiY, Li H. Role of Farnesoid X Receptor in Hepatic Steatosis in Nonalcoholic
Fatty Liver Disease. Biomed Pharmacother (2020) 121:109609. doi: 10.1016/
j.biopha.2019.109609

Chen J, Vitetta L. Gut Microbiota Metabolites in NAFLD Pathogenesis and
Therapeutic Implications. Int ] Mol Sci (2020) 21(15):5214. doi: 10.3390/
ijms21155214

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 923599


https://doi.org/10.1016/j.jhep.2017.03.022
https://doi.org/10.1016/j.jhep.2017.03.022
https://doi.org/10.1007/s12016-019-08731-2
https://doi.org/10.1111/eci.13714
https://doi.org/10.1136/gutjnl-2017-314553
https://doi.org/10.1152/ajpgi.00400.2012
https://doi.org/10.1016/j.cmet.2017.05.008
https://doi.org/10.1038/s41564-018-0333-1
https://doi.org/10.1080/19490976.2021.1946366
https://doi.org/10.1002/hep.30975
https://doi.org/10.21037/tgh-20-266
https://doi.org/10.1016/j.jhep.2017.07.022
https://doi.org/10.3390/diseases7040058
https://doi.org/10.3109/00365521.2014.913189
https://doi.org/10.3109/00365521.2014.913189
https://doi.org/10.1111/j.1478-3231.2011.02635.x
https://doi.org/10.1111/j.1478-3231.2011.02635.x
https://doi.org/10.1016/j.jhep.2012.10.011
https://doi.org/10.1111/j.1478-3231.2006.01254.x
https://doi.org/10.1136/gut.51.1.120
https://doi.org/10.1136/gut.2008.157818
https://doi.org/10.1159/000431071
https://doi.org/10.1038/icb.2008.37
https://doi.org/10.3748/wjg.v26.i21.2768
https://doi.org/10.1021/jm501052c
https://doi.org/10.1002/hep.27927
https://doi.org/10.1111/apt.12232
https://doi.org/10.1002/hep.20457
https://doi.org/10.1038/ajg.2008.14
https://doi.org/10.1155/2013/314292
https://doi.org/10.1097/MPG.0b013e31816fee95
https://doi.org/10.1159/000338834
https://doi.org/10.14309/ajg.0000000000000115
https://doi.org/10.1038/s41591-018-0104-9
https://doi.org/10.1002/ncp.10449
https://doi.org/10.1016/S0168-8278(98)80073-1
https://doi.org/10.1016/j.metabol.2015.12.012
https://doi.org/10.1016/j.jhep.2010.12.004
https://doi.org/10.1016/j.jhep.2010.12.004
https://doi.org/10.1016/S0092-8674(00)00062-3
https://doi.org/10.1016/j.biopha.2019.109609
https://doi.org/10.1016/j.biopha.2019.109609
https://doi.org/10.3390/ijms21155214
https://doi.org/10.3390/ijms21155214
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wang et al.

Gut Microbiota and Liver Diseases

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Arao Y, Kawai H, Kamimura K, Kobayashi T, Nakano O, Hayatsu M, et al.
Effect of Methionine/Choline-Deficient Diet and High-Fat Diet-Induced
Steatohepatitis on Mitochondrial Homeostasis in Mice. Biochem Biophys
Res Commun (2020) 527(2):365-71. doi: 10.1016/j.bbrc.2020.03.180
Hernandez GV, Smith VA, Melnyk M, Burd MA, Sprayberry KA, Edwards
MS, et al. Dysregulated FXR-FGF19 Signaling and Choline Metabolism are
Associated With Gut Dysbiosis and Hyperplasia in a Novel Pig Model of
Pediatric NASH. Am ] Physiol Gastrointest Liver Physiol (2020) 318(3):
G582-609. doi: 10.1152/ajpgi.00344.2019

Chen J, Vitetta L. Inflammation-Modulating Effect of Butyrate in the
Prevention of Colon Cancer by Dietary Fiber. Clin Colorectal Cancer
(2018) 17(3):e541-4. doi: 10.1016/j.clcc.2018.05.001

Chen ], Zhao KN, Vitetta L. Effects of Intestinal Microbial-Elaborated
Butyrate on Oncogenic Signaling Pathways. Nutrients (2019) 11(5):1026.
doi: 10.3390/nul11051026

Vespasiani-Gentilucci U, Carotti S, Perrone G, Mazzarelli C, Galati G,
Onetti-Muda A, et al. Hepatic Toll-Like Receptor 4 Expression is
Associated With Portal Inflammation and Fibrosis in Patients With
NAFLD. Liver Int (2015) 35(2):569-81. doi: 10.1111/1iv.12531

Guo H, Diao N, Yuan R, Chen K, Geng S, Li M, et al. Subclinical-Dose
Endotoxin Sustains Low-Grade Inflammation and Exacerbates
Steatohepatitis in High-Fat Diet-Fed Mice. ] Immunol (2016) 196
(5):2300-8. doi: 10.4049/jimmunol.1500130

du Plessis J, Korf H, van Pelt ], Windmolders P, Vander Elst I, Verrijken A,
et al. Pro-Inflammatory Cytokines But Not Endotoxin-Related Parameters
Associate With Disease Severity in Patients With NAFLD. PLoS One (2016)
11(12):e0166048. doi: 10.1371/journal.pone.0166048

Abu-Shanab A, Quigley EM. The Role of the Gut Microbiota in Nonalcoholic
Fatty Liver Disease. Nat Rev Gastroenterol Hepatol (2010) 7(12):691-701.
doi: 10.1038/nrgastro.2010.172

Zhai Y, Shen XD, O'Connell R, Gao F, Lassman C, Busuttil RW, et al. Cutting
Edge: TLR4 Activation Mediates Liver Ischemia/Reperfusion Inflammatory
Response via IFN Regulatory Factor 3-Dependent MyD88-Independent
Pathway. J Immunol (2004) 173(12):7115-9. doi: 10.4049/
jimmunol.173.12.7115

Takeuchi O, Akira S. Pattern Recognition Receptors and Inflammation. Cell
(2010) 140(6):805-20. doi: 10.1016/j.cell.2010.01.022

Lyu M, Wang YF, Fan GW, Wang XY, Xu SY, Zhu Y. Balancing Herbal
Medicine and Functional Food for Prevention and Treatment of
Cardiometabolic Diseases Through Modulating Gut Microbiota. Front
Microbiol (2017) 8:2146. doi: 10.3389/fmicb.2017.02146

Sharifnia T, Antoun ], Verriere TG, Suarez G, Wattacheril J, Wilson KT, et al.
Hepatic TLR4 Signaling in Obese NAFLD. Am ] Physiol Gastrointest Liver
Physiol (2015) 309(4):G270-8. doi: 10.1152/ajpgi.00304.2014

Briskey D, Heritage M, Jaskowski LA, Peake J, Gobe G, Subramaniam VN,
et al. Probiotics Modify Tight-Junction Proteins in an Animal Model of
Nonalcoholic Fatty Liver Disease. Therap Adv Gastroenterol (2016) 9():463—-
72. doi: 10.1177/1756283X16645055

Zhao Z, Chen L, Zhao Y, Wang C, Duan C, Yang G, et al. Lactobacillus
Plantarum NA136 Ameliorates Nonalcoholic Fatty Liver Disease by
Modulating Gut Microbiota, Improving Intestinal Barrier Integrity, and
Attenuating Inflammation. Appl Microbiol Biotechnol (2020) 104
(12):5273-82. doi: 10.1007/s00253-020-10633-9

Kim B, Park KY, Ji Y, Park S, Holzapfel W, Hyun CK. Protective Effects of
Lactobacillus Rhamnosus GG Against Dyslipidemia in High-Fat Diet-
Induced Obese Mice. Biochem Biophys Res Commun (2016) 473(2):530-6.
doi: 10.1016/j.bbrc.2016.03.107

Jena PK, Sheng L, Li Y, Wan YY. Probiotics VSL#3 are Effective in Reversing
non-Alcoholic Steatohepatitis in a Mouse Model. Hepatobiliary Surg Nutr
(2020) 9(2):170-82. doi: 10.21037/hbsn.2019.09.07

Alisi A, Bedogni G, Baviera G, Giorgio V, Porro E, Paris C, et al. Randomised
Clinical Trial: The Beneficial Effects of VSL#3 in Obese Children With non-
Alcoholic Steatohepatitis. Aliment Pharmacol Ther (2014) 39(11):1276-85.
doi: 10.1111/apt.12758

Sarin SK, Pande A, Schnabl B. Microbiome as a Therapeutic Target in
Alcohol-Related Liver Disease. ] Hepatol (2019) 70(2):260-72. doi: 10.1016/
jjhep.2018.10.019

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Kok N, Roberfroid M, Delzenne N. Dietary Oligofructose Modifies the
Impact of Fructose on Hepatic Triacylglycerol Metabolism. Metabolism
(1996) 45(12):1547-50. doi: 10.1016/S0026-0495(96)90186-9

Takai A, Kikuchi K, Ichimura M, Tsuneyama K, Moritoki Y, Matsumoto K,
et al. Fructo-Oligosaccharides Ameliorate Steatohepatitis, Visceral Adiposity,
and Associated Chronic Inflammation via Increased Production of Short-
Chain Fatty Acids in a Mouse Model of non-Alcoholic Steatohepatitis. BMC
Gastroenterol (2020) 20(1):46. doi: 10.1186/s12876-020-01194-2

Weitkunat K, Schumann S, Petzke KJ, Blaut M, Loh G, Klaus S. Effects of
Dietary Inulin on Bacterial Growth, Short-Chain Fatty Acid Production and
Hepatic Lipid Metabolism in Gnotobiotic Mice. ] Nutr Biochem (2015) 26
(9):929-37. doi: 10.1016/j.jnutbio.2015.03.010

de Vrese M, Schrezenmeir J. Probiotics, Prebiotics, and Synbiotics. Adv
Biochem Eng Biotechnol (2008) 111:1-66. doi: 10.1007/10_2008_097
Aguayo GA, Donneau AF, Vaillant MT, Schritz A, Franco OH, Stranges S,
et al. Agreement Between 35 Published Frailty Scores in the General
Population. Am ] Epidemiol (2017) 186(4):420-34. doi: 10.1093/aje/kwx061
Malaguarnera M, Vacante M, Antic T, Giordano M, Chisari G, Acquaviva R,
et al. Bifidobacterium Longum With Fructo-Oligosaccharides in Patients
With non Alcoholic Steatohepatitis. Dig Dis Sci (2012) 57(2):545-53. doi:
10.1007/510620-011-1887-4

Zhou D, Pan Q, Shen F, Cao HX, Ding W], Chen YW, et al. Total Fecal
Microbiota Transplantation Alleviates High-Fat Diet-Induced
Steatohepatitis in Mice via Beneficial Regulation of Gut Microbiota. Sci
Rep (2017) 7(1):1529. doi: 10.1038/541598-017-01751-y

Vrieze A, Van Nood E, Holleman F, Salojirvi ], Kootte RS, Bartelsman JF,
et al. Transfer of Intestinal Microbiota From Lean Donors Increases Insulin
Sensitivity in Individuals With Metabolic Syndrome. Gastroenterology
(2012) 143(4):913-6. doi: 10.1053/j.gastro.2012.06.031

Aron-Wisnewsky J, Vigliotti C, Witjes J, Le P, Holleboom AG, Verheij J, et al.
Gut Microbiota and Human NAFLD: Disentangling Microbial Signatures
From Metabolic Disorders. Nat Rev Gastroenterol Hepatol (2020) 17(5):279-
97. doi: 10.1038/s41575-020-0269-9

Gines P, Krag A, Abraldes JG, Sola E, Fabrellas N, Kamath PS. Liver
Cirrhosis. Lancet (2021) 398:1359-76. doi: 10.1016/S0140-6736(21)01374-X
Fenton JC, Knight EJ, O'grady FW. Treatment of Hepatic Encephalopathy By
Alteration Of Intestinal Flora With Lactobacillus Acidophilus. Lancet (1965)
1:764.

Chen Y, Yang F, Lu H, Wang B, Chen Y, Lei D, et al. Characterization of
Fecal Microbial Communities in Patients With Liver Cirrhosis. Hepatology
(2011) 54:562-72. doi: 10.1002/hep.24423

Qin N, Yang F, Li A, Prifti E, Chen Y, Shao L, et al. Alterations of the Human
Gut Microbiome in Liver Cirrhosis. Nature (2014) 513:59-64. doi: 10.1038/
naturel3568

Bajaj JS, Heuman DM, Hylemon PB, Sanyal AJ, White MB, Monteith P, et al.
Altered Profile of Human Gut Microbiome is Associated With Cirrhosis and
its Complications. ] Hepatol (2014) 60:940-7. doi: 10.1016/j.jhep.2013.12.019
Albillos A, Lario M, Alvarez-Mon M. Cirrhosis-Associated Immune
Dysfunction: Distinctive Features and Clinical Relevance. ] Hepatol (2014)
61:1385-96. doi: 10.1016/j.jhep.2014.08.010

Bajaj JS, Hylemon PB, Ridlon JM, Heuman DM, Daita K, White MB, et al.
Colonic Mucosal Microbiome Differs From Stool Microbiome in Cirrhosis
and Hepatic Encephalopathy and is Linked to Cognition and Inflammation.
Am ] Physiol Gastrointest Liver Physiol (2012) 303:G675-85. doi: 10.1152/
ajpgi.00152.2012

Devillard E, McIntosh FM, Duncan SH, Wallace RJ. Metabolism of Linoleic
Acid by Human Gut Bacteria: Different Routes for Biosynthesis Of
Conjugated Linoleic Acid. J Bacteriol (2007) 189:2566-70. doi: 10.1128/
JB.01359-06

Teltschik Z, Wiest R, Beisner J, Nuding S, Hofmann C, Schoelmerich J, et al.
Intestinal Bacterial Translocation in Rats With Cirrhosis is Related to
Compromised Paneth Cell Antimicrobial Host Defense. Hepatology (2012)
55:1154-63. doi: 10.1002/hep.24789

Perez-Paramo M, Muioz J, Albillos A, Freile I, Portero F, Santos M, et al.
Effect of Propranolol on the Factors Promoting Bacterial Translocation in
Cirrhotic Rats With Ascites. Hepatology (2000) 31:43-8. doi: 10.1002/
hep.510310109

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 923599


https://doi.org/10.1016/j.bbrc.2020.03.180
https://doi.org/10.1152/ajpgi.00344.2019
https://doi.org/10.1016/j.clcc.2018.05.001
https://doi.org/10.3390/nu11051026
https://doi.org/10.1111/liv.12531
https://doi.org/10.4049/jimmunol.1500130
https://doi.org/10.1371/journal.pone.0166048
https://doi.org/10.1038/nrgastro.2010.172
https://doi.org/10.4049/jimmunol.173.12.7115
https://doi.org/10.4049/jimmunol.173.12.7115
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.3389/fmicb.2017.02146
https://doi.org/10.1152/ajpgi.00304.2014
https://doi.org/10.1177/1756283X16645055
https://doi.org/10.1007/s00253-020-10633-9
https://doi.org/10.1016/j.bbrc.2016.03.107
https://doi.org/10.21037/hbsn.2019.09.07
https://doi.org/10.1111/apt.12758
https://doi.org/10.1016/j.jhep.2018.10.019
https://doi.org/10.1016/j.jhep.2018.10.019
https://doi.org/10.1016/S0026-0495(96)90186-9
https://doi.org/10.1186/s12876-020-01194-2
https://doi.org/10.1016/j.jnutbio.2015.03.010
https://doi.org/10.1007/10_2008_097
https://doi.org/10.1093/aje/kwx061
https://doi.org/10.1007/s10620-011-1887-4
https://doi.org/10.1038/s41598-017-01751-y
https://doi.org/10.1053/j.gastro.2012.06.031
https://doi.org/10.1038/s41575-020-0269-9
https://doi.org/10.1016/S0140-6736(21)01374-X
https://doi.org/10.1002/hep.24423
https://doi.org/10.1038/nature13568
https://doi.org/10.1038/nature13568
https://doi.org/10.1016/j.jhep.2013.12.019
https://doi.org/10.1016/j.jhep.2014.08.010
https://doi.org/10.1152/ajpgi.00152.2012
https://doi.org/10.1152/ajpgi.00152.2012
https://doi.org/10.1128/JB.01359-06
https://doi.org/10.1128/JB.01359-06
https://doi.org/10.1002/hep.24789
https://doi.org/10.1002/hep.510310109
https://doi.org/10.1002/hep.510310109
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wang et al.

Gut Microbiota and Liver Diseases

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Meng J, Wang Q, Liu K, Yang S, Fan X, Liu B, et al. Systemic and Splanchnic
Lipopolysaccharide and Endothelin-1 Plasma Levels in Liver Cirrhosis
Before and After Transjugular Intrahepatic Portosystemic Shunt.
Gastroenterol Res Pract (2016) 2016:8341030. doi: 10.1155/2016/8341030
Rose CF, Amodio P, Bajaj JS, Dhiman RK, Montagnese S, Taylor-Robinson
SD, et al. Hepatic Encephalopathy: Novel Insights Into Classification,
Pathophysiology and Therapy. ] Hepatol (2020) 73:1526-47. doi: 10.1016/
1.jhep.2020.07.013

Othman M, Agiiero R, Lin HC. Alterations in Intestinal Microbial Flora and
Human Disease. Curr Opin Gastroenterol (2008) 24:11-6. doi: 10.1097/
MOG.0b013e3282{2b0d7

Riordan SM, Williams R. Gut Flora and Hepatic Encephalopathy in Patients
With Cirrhosis. N Engl ] Med (2010) 362:1140-2. doi: 10.1056/
NEJMel1000850

Bass NM, Mullen KD, Sanyal A, Poordad F, Neft G, Leevy CB, et al.
Rifaximin Treatment in Hepatic Encephalopathy. N Engl J Med (2010)
362:1071-81. doi: 10.1056/NEJM0a0907893

Zhang Z, Zhai H, Geng ], Yu R, Ren H, Fan H, et al. Large-Scale Survey of
Gut Microbiota Associated With MHE Via 16s rRNA-Based
Pyrosequencing. Am ] Gastroenterol (2013) 108:1601-11. doi: 10.1038/
2jg.2013.221

Tranah TH, Vijay GK, Ryan JM, Shawcross DL. Systemic Inflammation and
Ammonia in Hepatic Encephalopathy. Metab Brain Dis (2013) 28:1-5. doi:
10.1007/s11011-012-9370-2

Angeli P, Bernardi M, Villanueva C, Francoz C, Mookerje RP, Trebicka J.
EASL Clinical Practice Guidelines for the Management of Patients With
Decompensated Cirrhosis. ] Hepatol (2018) 69:406-60. doi: 10.1016/
j.jhep.2018.03.024

Kimmann M, Tergast TL, Schultalbers M, Laser H, Gerbel S, Manns MP,
et al. Sustained Impact of Nosocomial-Acquired Spontaneous Bacterial
Peritonitis in Different Stages of Decompensated Liver Cirrhosis. PloS One
(2019) 14:220666. doi: 10.1371/journal.pone.0220666

Goelz H, Wetzel S, Mehrbarzin N, Utzolino S, Hicker G, Badr MT. Next-
and Third-Generation Sequencing Outperforms Culture-Based Methods in
the Diagnosis of Ascitic Fluid Bacterial Infections of ICU Patients. Cells-Basel
(2021) 10(11):3226. doi: 10.3390/cells10113226

Tuomisto S, Pessi T, Collin P, Vuento R, Aittoniemi ], Karhunen PJ. Changes
in Gut Bacterial Populations and Their Translocation Into Liver and Ascites
in Alcoholic Liver Cirrhotics. BMC Gastroenterol (2014) 14:40. doi: 10.1186/
1471-230X-14-40

Shamsaddini A, Gillevet PM, Acharya C, Fagan A, Gavis E, Sikaroodi M,
et al. Impact of Antibiotic Resistance Genes in Gut Microbiome of Patients
With Cirrhosis. Gastroenterology (2021) 161:508-21. doi: 10.1053/
j.gastro.2021.04.013

Simbrunner B, Mandorfer M, Trauner M, Reiberger T. Gut-Liver Axis
Signaling in Portal Hypertension. World ] Gastroenterol (2019) 25:5897-
917. doi: 10.3748/wjg.v25.i39.5897

Feng Y, Gao SJ, Wei RD, Liu T, Fan XP, Han YD, et al. Effects of Probiotics
on Intestinal Flora, Inflammation and Degree of Liver Cirrhosis in Rats With
Liver Cirrhosis by Regulating Wnt/fB-Catenin Signaling Pathway. ] Biol Regul
Homeost Agents (2021) 35:25-33. . doi: 10.23812/20-242-A

Garbuzenko DV, Arefyev NO. Current Approaches to the Management of
Patients With Cirrhotic Ascites. World J Gastroenterol (2019) 25:3738-52.
doi: 10.3748/wjg.v25.i28.3738

Arroyo V, Angeli P, Moreau R, Jalan R, Claria J, Trebicka J, et al. The
Systemic Inflammation Hypothesis: Towards a New Paradigm of Acute
Decompensation and Multiorgan Failure in Cirrhosis. ] Hepatol (2021)
74:670-85. doi: 10.1016/j.jhep.2020.11.048

Liu D, Cao S, Zhou Y, Xiong Y. Recent Advances in Endotoxin Tolerance. J
Cell Biochem (2019) 120:56-70. doi: 10.1002/jcb.27547

Li H, Shi J, Zhao L, Guan J, Liu F, Huo G, et al. Lactobacillus Plantarum
KLDS1.0344 and Lactobacillus Acidophilus KLDS1.0901 Mixture Prevents
Chronic Alcoholic Liver Injury in Mice by Protecting the Intestinal Barrier
and Regulating Gut Microbiota and Liver-Related Pathways. ] Agric Food
Chem (2021) 69:183-97. doi: 10.1021/acs.jafc.0c06346

Zhang G, Jazwinski FA. Spontaneous Bacterial Peritonitis. JAMA (2021)
325:1118. doi: 10.1001/jama.2020.10292

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Assimakopoulos SF, Tsamandas AC, Tsiaoussis GI, Karatza E, Triantos C,
Vagianos CE, et al. Altered Intestinal Tight Junctions' Expression in Patients
With Liver Cirrhosis: A Pathogenetic Mechanism of Intestinal
Hyperpermeability. Eur ] Clin Invest (2012) 42:439-46. doi: 10.1111/
j.1365-2362.2011.02609.x

Fan Y, Li Y, Chu Y, Liu J, Cui L, Zhang D. Toll-Like Receptors Recognize
Intestinal Microbes in Liver Cirrhosis. Front Immunol (2021) 12:608498. doi:
10.3389/fimmu.2021.608498

Ponziani FR, Scaldaferri F, Petito V, Paroni SF, Pecere S, Lopetuso LR, et al.
The Role of Antibiotics in Gut Microbiota Modulation: The Eubiotic Effects
of Rifaximin. Dig Dis (2016) 34:269-78. doi: 10.1159/000443361
Vlachogiannakos J, Viazis N, Vasianopoulou P, Vafiadis I, Karamanolis DG,
Ladas SD. Long-Term Administration of Rifaximin Improves the Prognosis
of Patients With Decompensated Alcoholic Cirrhosis. ] Gastroenterol
Hepatol (2013) 28(3):450-5. doi: 10.1111/jgh.12070

Horvath A, Durdevic M, Leber B, di Vora K, Rainer F, Krones E, et al.
Changes in the Intestinal Microbiome During a Multispecies Probiotic
Intervention in Compensated Cirrhosis. Nutrients (2020) 12(6):1874. doi:
10.3390/nul2061874

Koch M. Gut Microbiota and the Liver: A Tale of 2 Cities: A Narrative View
in 2 Acts ] Clin Gastroenterol (2016) 50 (Suppl 2). pp. S183-7.

Lv XY, Ding HG, Zheng JF, Fan CL, Li L. Rifaximin Improves Survival in
Cirrhotic Patients With Refractory Ascites: A Real-World Study. World |
Gastroenterol (2020) 26:199-218. doi: 10.3748/wjg.v26.i2.199

Shahgond L, Patel C, Thakur K, Sarkar D, Acharya S, Patel P. Therapeutic
Potential of Probiotics - Lactobacillus Plantarum UBLP40 and Bacillus
Clausii UBBCO07 on Thioacetamide-Induced Acute Hepatic
Encephalopathy in Rats. Metab Brain Dis (2022) 37:185-95. doi: 10.1007/
s11011-021-00862-w

Kanmani P, Suganya K, Kim H. The Gut Microbiota: How Does It Influence
the Development and Progression of Liver Diseases. Biomedicines (2020) 8
(11):501 :. doi: 10.3390/biomedicines8110501

Bi C, Xiao G, Liu C, Yan J, Chen J, Si W, et al. Molecular Immune
Mechanism of Intestinal Microbiota and Their Metabolites in the
Occurrence and Development of Liver Cancer. Front Cell Dev Biol (2021)
9:702414. doi: 10.3389/fcell.2021.702414

Wang Y, Tong J, Chang B, Wang B, Zhang D, Wang B. Effects of Alcohol on
Intestinal Epithelial Barrier Permeability and Expression of Tight Junction-
Associated Proteins. Mol Med Rep (2014) 9(6):2352-6. doi: 10.3892/
mmr.2014.2126

Mir H, Meena AS, Chaudhry KK, Shukla PK, Gangwar R, Manda B, et al.
Occludin Deficiency Promotes Ethanol-Induced Disruption of Colonic
Epithelial Junctions, Gut Barrier Dysfunction and Liver Damage in Mice.
Biochim Biophys Acta (2016) 1860(4):765-74. doi: 10.1016/
j.bbagen.2015.12.013

Seki E, De Minicis S, Osterreicher CH, Kluwe J, Osawa Y, Brenner DA, et al.
TLR4 Enhances TGF-Beta Signaling and Hepatic Fibrosis. Nat Med (2007) 13
(11):1324-32. doi: 10.1038/nm1663

Paik YH, Schwabe RF, Bataller R, Russo MP, Jobin C, Brenner DA. Toll-Like
Receptor 4 Mediates Inflammatory Signaling by Bacterial
Lipopolysaccharide in Human Hepatic Stellate Cells. Hepatology (2003) 37
(5):1043-55. doi: 10.1053/jhep.2003.50182

Gibele E, Miihlbauer M, Dorn C, Weiss TS, Froh M, Schnabl B, et al. Role of
TLRY in Hepatic Stellate Cells and Experimental Liver Fibrosis. Biochem
Biophys Res Commun (2008) 376(2):271-6. doi: 10.1016/j.bbrc.2008.08.096
Loo TM, Kamachi F, Watanabe Y, Yoshimoto S, Kanda H, Arai Y, et al. Gut
Microbiota Promotes Obesity-Associated Liver Cancer Through PGE(2)-
Mediated Suppression of Antitumor Immunity. Cancer Discov (2017) 7
(5):522-38. doi: 10.1158/2159-8290.CD-16-0932

Hartmann P, Haimerl M, Mazagova M, Brenner DA, Schnabl B. Toll-Like
Receptor 2-Mediated Intestinal Injury and Enteric Tumor Necrosis Factor
Receptor I Contribute to Liver Fibrosis in Mice. Gastroenterology (2012) 143
(5):1330-40. doi: 10.1053/j.gastro.2012.07.099

Wen Z, Ji X, Tang J, Lin G, Xiao L, Liang C, et al. Positive Feedback Regulation
Between Transglutaminase 2 and Toll-Like Receptor 4 Signaling in Hepatic
Stellate Cells Correlates With Liver Fibrosis Post Schistosoma Japonicum
Infection. Front Immunol (2017) 8:1808. doi: 10.3389/fimmu.2017.01808

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 923599


https://doi.org/10.1155/2016/8341030
https://doi.org/10.1016/j.jhep.2020.07.013
https://doi.org/10.1016/j.jhep.2020.07.013
https://doi.org/10.1097/MOG.0b013e3282f2b0d7
https://doi.org/10.1097/MOG.0b013e3282f2b0d7
https://doi.org/10.1056/NEJMe1000850
https://doi.org/10.1056/NEJMe1000850
https://doi.org/10.1056/NEJMoa0907893
https://doi.org/10.1038/ajg.2013.221
https://doi.org/10.1038/ajg.2013.221
https://doi.org/10.1007/s11011-012-9370-2
https://doi.org/10.1016/j.jhep.2018.03.024
https://doi.org/10.1016/j.jhep.2018.03.024
https://doi.org/10.1371/journal.pone.0220666
https://doi.org/10.3390/cells10113226
https://doi.org/10.1186/1471-230X-14-40
https://doi.org/10.1186/1471-230X-14-40
https://doi.org/10.1053/j.gastro.2021.04.013
https://doi.org/10.1053/j.gastro.2021.04.013
https://doi.org/10.3748/wjg.v25.i39.5897
https://doi.org/10.23812/20-242-A
https://doi.org/10.3748/wjg.v25.i28.3738
https://doi.org/10.1016/j.jhep.2020.11.048
https://doi.org/10.1002/jcb.27547
https://doi.org/10.1021/acs.jafc.0c06346
https://doi.org/10.1001/jama.2020.10292
https://doi.org/10.1111/j.1365-2362.2011.02609.x
https://doi.org/10.1111/j.1365-2362.2011.02609.x
https://doi.org/10.3389/fimmu.2021.608498
https://doi.org/10.1159/000443361
https://doi.org/10.1111/jgh.12070
https://doi.org/10.3390/nu12061874
https://doi.org/10.3748/wjg.v26.i2.199
https://doi.org/10.1007/s11011-021-00862-w
https://doi.org/10.1007/s11011-021-00862-w
https://doi.org/10.3390/biomedicines8110501
https://doi.org/10.3389/fcell.2021.702414
https://doi.org/10.3892/mmr.2014.2126
https://doi.org/10.3892/mmr.2014.2126
https://doi.org/10.1016/j.bbagen.2015.12.013
https://doi.org/10.1016/j.bbagen.2015.12.013
https://doi.org/10.1038/nm1663
https://doi.org/10.1053/jhep.2003.50182
https://doi.org/10.1016/j.bbrc.2008.08.096
https://doi.org/10.1158/2159-8290.CD-16-0932
https://doi.org/10.1053/j.gastro.2012.07.099
https://doi.org/10.3389/fimmu.2017.01808
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wang et al.

Gut Microbiota and Liver Diseases

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

Dapito DH, Mencin A, Gwak GY, Pradere JP, Jang MK, Mederacke I, et al.
Promotion of Hepatocellular Carcinoma by the Intestinal Microbiota and
TLR4. Cancer Cell (2012) 21(4):504-16. doi: 10.1016/j.ccr.2012.02.007
Toyoda H, Komurasaki T, Uchida D, Takayama Y, Isobe T, Okuyama T,
et al. Epiregulin. A Novel Epidermal Growth Factor With Mitogenic Activity
for Rat Primary Hepatocytes. J Biol Chem (1995) 270(13):7495-500.
doi: 10.1074/jbc.270.13.7495

Jing YY, Han ZP, Sun K, Zhang SS, Hou J, Liu Y, et al. Toll-Like Receptor 4
Signaling Promotes Epithelial-Mesenchymal Transition in Human
Hepatocellular Carcinoma Induced by Lipopolysaccharide. BMC Medicine
(2012) 10(1):98. doi: 10.1186/1741-7015-10-98

Schwabe RF, Greten TF. Gut Microbiome in HCC - Mechanisms,
Diagnosis and Therapy. J Hepatol (2020) 72(2):230-8. doi: 10.1016/
j.jhep.2019.08.016

Yoshimoto S, Loo TM, Atarashi K, Kanda H, Sato S, Oyadomari S, et al. Obesity-
Induced Gut Microbial Metabolite Promotes Liver Cancer Through Senescence
Secretome. Nature (2013) 499(7456):97-101. doi: 10.1038/nature12347

Giraud J, Saleh M. Host-Microbiota Interactions in Liver Inflammation
and Cancer. Cancers (Basel) (2021) 13(17):4342. doi: 10.3390/
cancers13174342

Seitz HK, Stickel F. Molecular Mechanisms of Alcohol-Mediated
Carcinogenesis. Nat Rev Cancer (2007) 7(8):599-612. doi: 10.1038/nrc2191
Ringelhan M, Pfister D, O'Connor T, Pikarsky E, Heikenwalder M. The
Immunology of Hepatocellular Carcinoma. Nature immunology (2018)
19:222-32. doi: 10.1038/s41590-018-0044-z

Zhao Y, Zhu H, Wang H, Ding L, Xu L, Chen D, et al. FC-99 Ameliorates
Sepsis-Induced Liver Dysfunction by Modulating Monocyte/Macrophage
Differentiation via Let-7a Related Monocytes Apoptosis. Oncotarget (2018) 9
(19):14959-76. doi: 10.18632/oncotarget.24127

Li Q, Ma L, Shen S, Guo Y, Cao Q, Cai X, et al. Intestinal Dysbacteriosis-
Induced IL-25 Promotes Development of HCC via Alternative Activation of
Macrophages in Tumor Microenvironment. ] Exp Clin Cancer Res (2019) 38
(1):303. doi: 10.1186/s13046-019-1271-3

Ma C, Han M, Heinrich B, Fu Q, Zhang Q, Sandhu M, et al. Gut
Microbiome-Mediated Bile Acid Metabolism Regulates Liver Cancer via
NKT Cells. Science (2018) 360(6391):eaan5931. doi: 10.1126/
science.aan5931

Meroni M, Longo M, Dongiovanni P. The Role of Probiotics in Nonalcoholic
Fatty Liver Disease: A New Insight Into Therapeutic Strategies. Nutrients
(2019) 11(11):2642:. doi: 10.3390/nul1112642

Zhang HL, Yu LX, Yang W, Tang L, Lin Y, Wu H, et al. Profound Impact of
Gut Homeostasis on Chemically-Induced Pro-Tumorigenic Inflammation
and Hepatocarcinogenesis in Rats. ] Hepatol (2012) 57(4):803-12. doi:
10.1016/j.jhep.2012.06.011

Li J, Sung CY, Lee N, Ni Y, Pihlajamiki J, Panagiotou G, et al. Probiotics
Modulated Gut Microbiota Suppresses Hepatocellular Carcinoma Growth in
Mice. Proc Natl Acad Sci USA (2016) 113(9):E1306-15. doi: 10.1073/
pnas.1518189113

Schaap FG, Trauner M, Jansen PL. Bile Acid Receptors as Targets for Drug
Development. Nat Rev Gastroenterol Hepatol (2014) 11(1):55-67. doi:
10.1038/nrgastro.2013.151

208. Kim I, Morimura K, Shah Y, Yang Q, Ward JM, Gonzalez FJ. Spontaneous
Hepatocarcinogenesis in Farnesoid X Receptor-Null Mice. Carcinogenesis
(2007) 28(5):940-6. doi: 10.1093/carcin/bgl249

Verbeke L, Farre R, Verbinnen B, Covens K, Vanuytsel T, Verhaegen J, et al.
The FXR Agonist Obeticholic Acid Prevents Gut Barrier Dysfunction and
Bacterial Translocation in Cholestatic Rats. Am J Pathol (2015) 185(2):409—
19. doi: 10.1016/j.ajpath.2014.10.009

Ubeda M, Lario M, Mufioz L, Borrero MJ, Rodriguez-Serrano M, Sanchez-
Diaz AM, et al. Obeticholic Acid Reduces Bacterial Translocation and
Inhibits Intestinal Inflammation in Cirrhotic Rats. ] Hepatol (2016) 64
(5):1049-57. doi: 10.1016/j.jhep.2015.12.010

. Gadaleta RM, van Erpecum KJ, Oldenburg B, Willemsen EC, Renooij W,
Murzilli S, et al. Farnesoid X Receptor Activation Inhibits Inflammation and
Preserves the Intestinal Barrier in Inflammatory Bowel Disease. Gut (2011)
60(4):463-72. doi: 10.1136/gut.2010.212159

Tsilingiri K, Barbosa T, Penna G, Caprioli F, Sonzogni A, Viale G, et al.
Probiotic and Postbiotic Activity in Health and Disease: Comparison on a
Novel Polarised Ex-Vivo Organ Culture Model. Gut (2012) 61(7):1007-15.
doi: 10.1136/gutjnl-2011-300971

Homayouni Rad A, Aghebati Maleki L, Samadi Kafil H, Fathi Zavoshti H,
Abbasi A. Postbiotics as Promising Tools for Cancer Adjuvant Therapy. Adv
Pharm Bull (2021) 11(1):1-5. doi: 10.34172/apb.2021.007

Nkontchou G, Aout M, Mahmoudi A, Roulot D, Bourcier V, Grando-
Lemaire V, et al. Effect of Long-Term Propranolol Treatment on
Hepatocellular Carcinoma Incidence in Patients With HCV-Associated
Cirrhosis. Cancer Prev Res (Phila) (2012) 5(8):1007-14. doi: 10.1158/1940-
6207.CAPR-11-0450

Pardo A, Bartoli R, Lorenzo-Zuniga V, Planas R, Vinado B, Riba J, et al.
Effect of Cisapride on Intestinal Bacterial Overgrowth and Bacterial
Translocation in Cirrhosis. Hepatology (2000) 31(4):858-63. doi: 10.1053/
he.2000.5746

Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR, et al.
Enterotypes of the Human Gut Microbiome. Nature (2011) 473:174-80. doi:
10.1038/nature09944

209.

210.

212.

213.

214.

215.

216.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wang, Cao, Zhang, Li and Lv. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 923599


https://doi.org/10.1016/j.ccr.2012.02.007
https://doi.org/10.1074/jbc.270.13.7495
https://doi.org/10.1186/1741-7015-10-98
https://doi.org/10.1016/j.jhep.2019.08.016
https://doi.org/10.1016/j.jhep.2019.08.016
https://doi.org/10.1038/nature12347
https://doi.org/10.3390/cancers13174342
https://doi.org/10.3390/cancers13174342
https://doi.org/10.1038/nrc2191
https://doi.org/10.1038/s41590-018-0044-z
https://doi.org/10.18632/oncotarget.24127
https://doi.org/10.1186/s13046-019-1271-3
https://doi.org/10.1126/science.aan5931
https://doi.org/10.1126/science.aan5931
https://doi.org/10.3390/nu11112642
https://doi.org/10.1016/j.jhep.2012.06.011
https://doi.org/10.1073/pnas.1518189113
https://doi.org/10.1073/pnas.1518189113
https://doi.org/10.1038/nrgastro.2013.151
https://doi.org/10.1093/carcin/bgl249
https://doi.org/10.1016/j.ajpath.2014.10.009
https://doi.org/10.1016/j.jhep.2015.12.010
https://doi.org/10.1136/gut.2010.212159
https://doi.org/10.1136/gutjnl-2011-300971
https://doi.org/10.34172/apb.2021.007
https://doi.org/10.1158/1940-6207.CAPR-11-0450
https://doi.org/10.1158/1940-6207.CAPR-11-0450
https://doi.org/10.1053/he.2000.5746
https://doi.org/10.1053/he.2000.5746
https://doi.org/10.1038/nature09944
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	The Role of Gut Microbiota in Some Liver Diseases: From an Immunological Perspective
	Gut Microbiota and Immunity
	Interactions Between Gut Microbiota and the Immune System
	Intestinal Mucosal Barrier
	Composition and Metabolites of Intestinal Microorganisms

	Gut-Liver Axis
	Gut Microbiota and Some Liver Diseases
	Autoimmune Hepatitis
	Primary Biliary Cholangitis
	Primary Sclerosing Cholangitis
	Nonalcoholic Fatty Liver Disease
	Cirrhosis and Its Complications
	Liver Cancer

	Conclusion and Prospect
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


