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The gut-liver axis covers the bidirectional communication between the gut and the

liver, and thus includes signals from liver-to-gut (e.g., bile acids, immunoglobulins)

and from gut-to-liver (e.g., nutrients, microbiota-derived products, and recirculating

bile acids). In a healthy individual, liver homeostasis is tightly controlled by the mostly

tolerogenic liver resident macrophages, the Kupffer cells, capturing the gut-derived

antigens from the blood circulation. However, disturbances of the gut-liver axis have been

associated to the progression of varying chronic liver diseases, such as non-alcoholic

fatty liver disease, non-alcoholic steatohepatitis, and primary sclerosing cholangitis.

Notably, changes of the gut microbiome, or intestinal dysbiosis, combined with

increased intestinal permeability, leads to the translocation of gut-derived bacteria or

their metabolites into the portal vein. In the context of concomitant or subsequent liver

inflammation, the liver is then infiltrated by responsive immune cells (e.g., monocytes,

neutrophils, lymphoid, or dendritic cells), and microbiota-derived products may provoke

or exacerbate innate immune responses, hence perpetuating liver inflammation and

fibrosis, and potentiating the risks of developing cirrhosis. Similarly, food derived antigens,

bile acids, danger-, and pathogen-associated molecular patterns are able to reshape

the liver immune microenvironment. Immune cell intracellular signaling components,

such as inflammasome activation, toll-like receptor or nucleotide-binding oligomerization

domain-like receptors signaling, are potent targets of interest for the modulation of

the immune response. This review describes the current understanding of the cellular

landscape and molecular pathways involved in the gut-liver axis and implicated in

chronic liver disease progression. We also provide an overview of innovative therapeutic

approaches and current clinical trials aiming at targeting the gut-liver axis for the

treatment of patients with chronic liver and/or intestinal diseases.

Keywords:microbiota, liver diseases, immune cells, gut-liver axis, TLRs (Toll-like receptors), NAFLD (non-alcoholic

fatty liver disease), NASH, PSC

INTRODUCTION

The liver is a highly vascularized organ that receives ∼75% of its blood supply from the
enterohepatic circulation, delivering nutrients from the intestines, together with recirculating
bile acids and gut microbiota-derived products. In turn, the liver provides signals to the gut
by secreting bile, antimicrobial molecules in the bile ducts. The liver vasculature is made
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of fenestrated capillaries formed by liver sinusoidal cells, with
intense biomolecule exchange between the blood compartment
and the hepatic parenchymal cells. Liver resident macrophages,
termed Kupffer cells (KCs), reside in these capillaries and play
the roles of sentinels, sensing their microenvironment and
catching cellular residues and microorganisms, thus maintaining
homeostasis and an immunotolerant environment (1, 2).
The intestinal mucosal and vascular barriers contribute
to the communication between the gut and the liver,
because they prevent microbiota and their metabolites from
excessively spreading through the portal circulation in healthy
conditions. The gastrointestinal tract shelters an ensemble of
microorganisms including bacteria, fungi, archaea, viruses, and
their genomes, all regrouped under the term of microbiome (3).
Microbiota is a fundamental part of the gut, playing an essential
role in digestion and bile metabolism, but also able to release a
wide number of metabolites, peptides, and hormones capable of
activating immune cells, thus continually shaping host immunity
and metabolism (3, 4). The integrity of the gastrointestinal
mucosa is then crucial to protect liver cells from exposure to
gut-derived pathogen-associated molecular pattern molecules
(PAMPs, e.g., bacteria and bacterial products), fatty acids and
carbohydrates or modified bile composition (5).

The gut-liver axis is therefore an anatomical and functional
connection existing through blood and bile circulation,
integrating signals generated from environmental factors, diet,
or microbiota (6). A healthy microbiota exerts protective effects
(7, 8), highlighting the importance of considering therapeutic
interventions targeting patients microbiota to slow down
the progression of chronic liver diseases. However, growing
evidence from clinical studies and experimental models show
the involvement of gut-derived signals in the modulation of
numerous liver diseases, including non-alcoholic fatty liver
disease (NAFLD), non-alcoholic steatohepatitis (NASH),
alcohol-associated hepatitis, cholestatic liver diseases, and in the
progression to cirrhosis and hepatocellular carcinoma (HCC)
(5, 6, 9, 10).

In a healthy liver, PAMPs are usually not harmful, since
they are eliminated by KCs (1). However, in the context
of acute or chronic liver inflammation, liver cell injury
may induce cell death, releasing pro-inflammatory cytokines
and chemoattractants, damage-associated molecular patterns
(DAMPs), thus fueling chronic inflammation and innate
immune cell recruitment (1). Furthermore, increased intestinal
permeability associated with dysbiosis could result in bacteria
translocation and higher presence of PAMPs or toxic bile
acids, and increased fatty acid concentrations within the liver.

Abbreviations: BDL, Bile duct ligation; CDAA, Choline-deficient L-amino-

defined; DAMPs, Danger-associated molecular patterns; DCs, Dendritic cells;

DSS, Dextran sodium sulfate; FMT, Fecal microbiota transfer; FXR, Farnesoid X

Receptor; HCC, Hepatocellular carcinoma; HFD, High fat-diet; IBD, Inflammatory

bowel disease; IFN, Interferon; IL, Interleukin; KCs, Kupffer cells; LPS,

Lipopolysaccharide; NAFLD, Non-alcoholic fatty liver disease; NASH, Non-

alcoholic steatohepatitis; PAMPs, Pathogen-associated molecular patterns; PBC,

Primary biliary cholangitis; PRRs, Pattern-recognition receptors; PSC, Primary

sclerosing cholangitis; SCFAs, Short-chain fatty acids; TLRs, Toll-like receptors;

TNF, Tumor necrosis factor.

Recognition of environmental immune signals, such as PAMPs,
DAMPs, and gut-derivedmicroorganisms by pattern-recognition
receptors (PRRs) contributes to shaping myeloid immune cell
phenotypes, thus participating in the progression of liver diseases
(11). Hence, gut-derived signals can be aggravating factors of an
innate immune response, most notably characterized by a potent
infiltration of neutrophils and monocyte-derived macrophages,
key in the orchestration of inflammatory response in acute and
chronic liver diseases (6).

The liver also affects gut homeostasis. Indeed, bile acids and
immunoglobulin A (IgA) secreted by the liver act as regulators
of the gut microbiota (12) and immunity (13), for instance by
preventing the colonization of pathogenic species and reshaping
immune cell phenotypes in the gut. Thus, upon liver injury,
a modified bile acid pool might in turn affect microbiota
composition and gastrointestinal inflammation (Figure 1).

For all these reasons, deciphering the molecular mechanisms
involved in immune cell recruitment and activation in the liver
and the intestine is of great interest in developing promising
therapeutic approaches. In this review, we summarize the current
knowledge about molecular and cellular mediators of the gut-
liver axis and their involvement in the progression of liver
diseases. We also detail the most recent therapeutic options and
perspectives to treat patients suffering from various liver diseases,
by focusing on targeting actors of the gut-liver axis.

INVOLVEMENT OF THE GUT-MICROBIOTA
IN LIVER DISEASES

Our understanding of the composition and functions
of the gut microbiota in physiological conditions is in
constant evolution. Several national or multinational studies
contributed to the identification of three main enterotypes (14)
present through all populations and continents, Bacteroides,
Prevotella, Ruminococcus, comprising the main bacterial phyla:
Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, and
Verrucomicrobia (15). The gut microbiome is highly variable
among individuals and depends on many elements, including
age, birth mode, diet, geography, exercise, and other lifestyle
factors, such as alcohol consumption and exposure to antibiotics
(3, 16). Over the last decade, many research articles highlighted
the role of dysbiosis in liver diseases (Table 1). As discussed
below, disruption in gut microbiota homeostasis can affect bile
acid metabolism, intestinal permeability, short chain fatty acids
(SCFAs) availability and consequently alter alcohol, glucose
and lipid metabolism, dietary energy utilization, along with
promoting liver injury, and inflammation. However, whether
intestinal dysbiosis is part of the causes or a result of liver diseases
remains an unanswered question in many cases.

Cholangiopathies
Cholestatic diseases or cholangiopathies encompass several
conditions, from pediatric genetic liver diseases, e.g., progressive
familial intrahepatic cholestasis (PFIC), to adult idiopathic or
genetic diseases including primary biliary cholangitis (PBC), and
primary sclerosing cholangitis (PSC).
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FIGURE 1 | Molecular and cellular mediators of the gut-liver axis implicated in the progression of liver inflammation in chronic liver diseases. The communication

between the liver and the gut is bidirectional. The liver secretes primary bile acids and antimicrobial peptides in the bile ducts while the gut contains host-, food-, and

microbiota-derived antigens and metabolites. In normal conditions, these signals contribute to maintain physiological immune cell populations in the gut and are

well-tolerated by the liver. However, in pathological conditions and because of a perturbed intestinal barrier (e.g., in NASH, NAFLD, PSC), DAMPs and PAMPs

originating from the intestines translocate to the liver via the hepatic portal vein and thus, promote liver injury and inflammation and sustain liver disease progression.

DAMPs, Danger-associated molecular patterns; LPS, Lipopolysaccharide; NAFLD, Non-alcoholic fatty liver disease; NASH, Non-alcoholic steatohepatitis; PAMPs,

Pathogen-associated molecular patterns; PSC, Primary sclerosing cholangitis. Created with Biorender.

Notable changes in the composition of the gut microbiota
in patients with PSC and PBC have been reported, suggesting
a role of microbiota in their pathogenesis (41). Enriched
amounts of some species, including Veillonella, Streptococcus,
and Enterococcus or depletion in Clostridiales II have been
described in feces or mucosal biopsies of patients in several
cohorts (18–20, 22). Moreover, the strong association of
Inflammatory Bowel Disease (IBD) and PSC is well-known, in
particular in the Northern European population with ∼80%
of PSC patients suffering from IBD (42). It is plausible that
dysbiosis and liver inflammation are functionally linked, as
proposed by the leaky gut hypothesis. Indeed, supporting this
hypothesis, a recent study showed an increased recruitment
of CD11b+CD11c−Ly6C+ macrophages in the liver, associated
with bacteria homing after induction of colitis in PSC mouse

models (43). However, the gut-liver axis is bidirectional, and thus
an impaired bile acid flux ormodified bile acid composition could
very well alter the microbiota in return (e.g., by promoting the
colonization of invasive bacterial populations) and may thereby
provoke a much more harmful translocation of PAMPs to the
liver, thus aggravating liver injury in a negative feedback loop.
The Mdr2−/− mouse model is commonly used as a model for
PSC. As these mice lack phospholipids in its bile, toxic free bile
acids and cholesterol crystals will trigger cholangiocyte injury.
Tedesco et al. demonstrated that these mice spontaneously
display an increased intestinal permeability and dysbiosis with an
enrichment in Lactobacillus sp. associated with increased IL-17 in
the serum (44).

Recently, different studies demonstrated that besides bacteria
dysbiosis, PSC patients also suffer from fungi dysbiosis.
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TABLE 1 | Summary of studies analyzing microbiota in chronic liver diseases.

Disease Characteristic changes in the gut microbiota (dysbiosis) Sample References

PBC ↓ Sutterella, Oscillospira and Faecalibacterium and ↑ Haemophilus, Veillonella, Clostridium, Lactobacillus,

Streptococcus, Pseudomonas, Klebsiella

Stool (17)

PSC ↑Veilloneilla

↑Escherichia, Lachnospiraceae, Megasphera

and ↓Clostridiales II

↓Clostridiales II

↑Ruminococcus and Fusobacterium, ↓ Dorea, Veillonella, Lachnospira, Blautia, and Roseburia

↑ Enterococcus, Streptococcus, Lactobacillus

↑Rothia, Enterococcus, Streptococcus, Veillonella,

↑ Trichocladium griseum, Candida spp.

↓ Firmicutes spp. (Faecalibaterium and Ruminococcus) except ↑ of Veilloneilla, ↑ Proteobacteria; ↓ S. cerevisiae

and ↑ Exophiala

Stool

Colon

biopsies

Colon + Ileum

Stool

Stool

Stool

Stool

Stool

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

ALD ↑ Candida, ↓ Epicoccum, ↓ Galactomyces

↑ Bifidobacterium, Streptococcus spp, Lactobacillus spp ↓ Prevotella, Paraprevotella, and Alistipes

Stool

Stool

(26)

(27)

NAFLD ↑ Escherichia coli and Bacteriodes vulgatus, ↓ Ruminococcus spp., Eubacterium rectale, Faecalibacterium

prausnitzii

↓ virus and bacteriophage diversity, ↑ Escherichia, Enterobacteria, and Lactobacillus phage

↑ Gemmiger, ↓ Faecalibacterium, Bacteroides and Prevotella

↑ Gemmiger, ↓ Bacteroides

Stool

Stool

Stool

Stool

(28)

(29)

(30)

(31)

NASH ↑ Bacteroides, ↓ Prevotella

↓ Firmicutes and Clostridiales (Faecalibacterium and Anaerosporobacte), ↑ Bacteroidetes (Parabacteroides

and Allisonella)

↑ Proteobacteria, Bacteroidetes, ↓ Actinobacteria, Firmicutes

Stool

Stool

Stool

(32)

(33)

(34)

Cirrhosis ↑ Veillonella spp. and Streptococcus spp., ↓ Bacteroidetes and Firmicutes

↓ Lachnospiraceae, Ruminococcaceae and Blautia

↑ Staphylococcaeae, Enterobacteriaceae, Enterococcaceae and Enterococcaceae, ↓ Lachnospiraceae,

Ruminococcaceae and Clostridiales XIV

↑ Candida spp.

Stool

Stool

Stool

Duodenal fluid

(9)

(35)

(36)

(37)

HCC ↑ Bacteroide, ↓ Bifidobacterium, Blautia

↑ Escherichia coli

Presence of H. pylori

Stool

Stool

Liver

(38)

(39)

(40)

ALD, Alcohol-related liver disease; HCC, Hepatocellular carcinoma; NAFLD, Non-alcoholic fatty liver disease; NASH, Non-alcoholic steatohepatitis; PBC, Primary biliary cholangitis;

PSC, Primary sclerosing cholangitis; Underlined: fungi. ↓ decrease ↑ increase.

According to a French study by Lemoinne et al., PSC patients
with associated IBD display a specific signature different from
PSC patients without IBD or patients with IBD only (25). On the
contrary, in a German cohort, no differences were found between
PSC patients suffering colitis or not. However, they confirmed
Lemoinne et al. data concerning an increase of Candida species
and of the fungal class Sordariomycetes for all PSC patients
compared to the healthy group (24).

Non-alcoholic Fatty Liver Disease and
Non-alcoholic Steatohepatitis
NAFLD is the most frequent cause of chronic liver disease
worldwide. NAFLD is commonly associated to metabolic
syndrome, insulin resistance, type 2 diabetes, and obesity. The
term NAFLD refers to a wide spectrum of conditions, from
simple liver steatosis to NASH. NASH is characterized by chronic
inflammation, fibrosis, hepatocellular injury, and can progress to
cirrhosis and HCC (45).

There is evidence for the involvement of several components
of the gut-liver axis, e.g., microbiota dysbiosis, modification in
the gut barrier permeability, bile acid metabolism changes, and
SCFAs in the progression of the NAFLD and NASH (46).

The first report suggesting an impact of gut microbiota
in human NAFLD dates back to the 80s (47). Consequently,
other studies explored the roles of gut microbiome in patients
with NASH. Small intestinal bacterial overgrowth (SIBO) in
NASH groups compared to controls has been reported by
Wigg et al. (48) as well as Shanab et al. (49), while several
studies characterized dysbiosis in more detail. An increase
in Bacteroidetes phylum, colonization by pro-inflammatory
Proteobacteria, Enterobacteriaceae, and Escherichia and decrease
in Firmicutes (including Prevotella, Faecalibacterium species) are
the most common changes observed in NAFLD and NASH
patients (32–34). Boursier et al. were able to link fecal microbiota
alterations with the severity of NAFLD lesions, based on changes
in Bacteroides and Ruminococcus abundance (32). Serum and
hepatic bile acid concentrations can be modified in NASH
patients, and the latter could have an effect on the progression
of fibrosis (50).

An increase of the gut barrier permeability as a result
of dysbiosis leads to higher bacterial translocation and
elevated levels of LPS reaching the liver, leading to PRR
activation and immune cell recruitment, thus sustaining
liver inflammation.
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Alcohol-Related Liver Diseases
Excessive alcohol drinking is a major cause of liver damage
and deaths worldwide (51). Involvement of gut dysbiosis in
the severity of liver injury in alcohol-related liver diseases has
long been emphasized in both patients and animal models
(52). Following 6 weeks of alcohol feeding, mice have a loss
of bacterial diversity characterized by a shift in phyla with
more Proteobacteria, but less Bacteroidetes, Firmicutes, and
Lactobacillus (53). Accordingly, in a mouse model, 3 weeks
of alcohol exposure were sufficient to observe an increase in
plasma LPS. In the same study, the authors observed bacteria
overgrowth, which they attributed to a downregulation of mouse
antimicrobial proteins Reg3b and Reg3g (54). Ethanol-induced
gut microbiota alterations were also associated with changes in
metabolic profiles, including an increase in intestinal levels of
SCFAs. This mouse data has been confirmed in patient cohorts,
showing that alcohol is one of the main factors contributing to
modifications in the gut microbiota. For instance, an enrichment
in pro-inflammatory Enterobacteria such as Escherichia and
Klebsiella and a decreased abundance in butyrate-producing
species which have an anti-inflammatory protective effect were
reported (27, 55). 16S sequencing from patients with alcohol-
associated hepatitis highlighted a drastic increase of Enterococcus
faecalis in stool samples compared with controls. Duan et al.
identified cytolysin, a bacterial toxin secreted by E. faecalis, in
stool samples of these patients and showed that its presence is
associated with a worse clinical outcome and a higher death rate.
Moreover, they demonstrated that in a mouse model infected
with a cytolitic E. faecalis strain followed by an ethanol diet
E. faecalis can be detected in the liver and is associated with
increased liver inflammation. In vitro, the cytolitic E. faecalis
promotes primary hepatocytes cell death, offering a possible
explanation for the ethanol-liver injury induced by this bacteria
strain (56).

Fungi also play a role in the development of alcohol-
related liver disease. Indeed, Yang et al. showed that chronic
ethanol administration is responsible for a fungal dysbiosis
and elevated plasma levels of β-glucan in mice (26). They
presented evidence for similar modifications in the composition
of fecal mycobiome for patients with chronic alcohol abuse. The
diversity and richness of fungal species is reduced in alcohol-
dependent patients compared to healthy controls. Additionally,
an overgrowth of Candida species, mainly Candida albicans is
observed (26).

Cirrhosis
Cirrhosis is the end-stage of chronic liver diseases and is
associated with dysbiosis and a disruption of the intestinal
barrier, partly due to portal hypertension. Portal hypertension
does not only promote neo-angiogenesis and intestinal
permeability, but also increases intercellular spaces between
enterocytes and affects microvilli density in patients with
cirrhosis (57), thus allowing PAMPs to easily reach the liver and
accelerate the pre-existing hepatic inflammation.

The gut microbiome of a Chinese cohort of 98 patients has
been sequenced from stool samples and the authors found out
that species decreasing the most belong to Bacteroidetes and

Firmicutes phyla, while Streptococcus and Veillonella spp. have
the greatest increase (9). They propose a patient discrimination
index (PDI) relying on 15 gene markers, all related to gut
microbiota, which could be used to diagnose liver cirrhosis in a
non-invasive way. Bajaj et al. obtained similar results in patients
with varying cirrhosis severity: an enrichment in pathogenic
taxa, Staphylococcaceae, Enterobacteriaceae, and Enterococcaceae
along with a decrease in Lachnospiraceae, Ruminococcaceae,
and Clostridiales XIV (35, 36). By calculating a cirrhosis
dysbiosis ratio (CDR), the same authors correlated the severity
of cirrhosis with the changes in patient’s microbiota. The
reduced species are important for the production of SCFAs,
thus reducing the intestinal inflammation and protecting the
mucosa. A lower amount of SCFAs might also explain the
disruption of the intestinal barrier as well as the release and
translocation of PAMPs (including LPS) to the liver, and thereby
contribute contribute to the disease severity and occurrence
of complications in patients (36). Moreover, this dysbiosis is
responsible for modifications in the bile acid pool in the gut,
caused by a depletion in certain bacteria species involved in the
regulation of primary bile acids conversion (35).

A clear correlation exists between fungal infection, higher
inflammation, and increased mortality rate in patients with
end stage liver disease (58). Several Candida species were
detected with 18S rRNA gene-based PCR method in a cohort of
patients with cirrhosis (37). A more recent study linked fungal
infections in cirrhotic patients with a weakened ability of their
neutrophils to kill C. albicans (59). Mechanisms involved in the
progression of cirrhosis or complications in patients following
fungal dysbiosis remain mostly unexplored but are of interest to
develop innovative and efficient therapies.

Hepatocellular Carcinoma
Hepatocellular carcinoma (HCC) represents about 80% of
primary liver cancer cases worldwide (60). Increased intestinal
permeability and significant modifications in the microbiota
profile of HCC patients strongly advocate for a role of the gut-
liver axis in the progression of HCC (38). Along with a disturbed
intestinal mucosa, LPS was shown to be increased in HCC patient
serum, and there has been evidence of bacterial translocation,
which correlate with chronic inflammation characterized by
more CD14+PD-L1+ circulating monocytes and a specific
cytokine and chemokine signature in the HCC group. The deficit
in anti-inflammatory species Bifidobacterium or Blautia could
explain this enhanced intestinal and hepatic inflammation (38).
Depending on the studies, the dysbiosis is characterized by
increased Escherichia coli (39), increased Bacteroides (38), and
H. pylori presence has even been detected in liver samples from
HCC patients (40). Rao et al. suggested using patient’s microbiota
signature from tongue swab as a non-invasive tool for HCC
diagnosis (10).

Several studies using animal models relate to this clinical
data: in a diethylnitrosamine (DEN) model of rat HCC,
authors noticed a decrease in Bifidobacterium, Enterococcus, and
Lactobacillus species in the gut (61). Moreover, colonization
of the gut with Helicobacter hepaticus in aflatoxin B1 (AFB1)-
induced liver cancer mouse model is linked with a poor
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prognosis and the severity of inflammation, thus promoting
carcinogenesis (62).

GUT-DERIVED METABOLITES AND
MOLECULAR PATHWAYS

Microbial metabolites and bile acids shape immune cell
maturation and homeostasis and contribute to maintain
intestinal barrier integrity. Thus, modifications in the microbiota
or their metabolite profiles can alter immune response and
trigger inflammation in the gut and in the liver. Furthermore,
modifications in bile acids, SCFAs or tryptophan metabolites
have been described in the pathogenesis of several chronic
liver diseases.

Molecular Mediators in the Gut-Liver Axis
Bile Acids
Bile acids have a key role in homeostasis as they contribute
to the absorption of dietary fats and liposoluble vitamins and
prevent commensal bacteria over-growth or colonization of the
intestines by pathogenic bacteria species (63). Bile acids are
secreted by hepatocytes through the ATP-dependent transporter
called ABCB11, and are derived from two different origins;
primary bile acids (5% of total bile acids) are de novo synthesized
from cholesterol and secondary bile acids (95%), which are
deconjugated by gut microbiota and recycled daily after ileal
reabsorption through the entero-hepatic circulation (12). In
homeostatic situations, the ratio between glyco-conjugated and
tauro-conjugated bile acids synthesized in the liver is tightly
regulated. Similarly, the deconjugation of bile acids in the colon
by anaerobic bacteria is under strict control since secondary bile
acids are more hydrophobic and thusmore toxic for the intestinal
and hepatic epithelial cells (63, 64). Thus, (1) a modification in
the ratio of synthesized bile acids could change the antimicrobial
properties of bile and alter the gut microbiota as well as having a
deleterious effect on hepatocytes and cholangiocytes membrane,
generating apoptosis, and inflammation in the liver; and (2)
an intestinal dysbiosis might be responsible for the increased
generation of toxic bile acids by bacteria (12).

Modifications of the bile acid profile in the plasma of
PSC patients have been evidenced and are clinically associated
with hepatic decompensation (65). Torres et al. were able to
demonstrate a relationship between stool bile acids profile and
microbiota composition in patients with PSC associated to IBD
compared to patients suffering from IBD alone, thus suggesting
an effect of bile acids on the microbiota composition of PSC
patients (21). Similar findings have been made with circulating
bile acids from NAFLD and NASH patients (66, 67). Moreover,
in a mouse model of high fat-diet (HFD), the presence of
hydrophobic bile acids is correlated with liver inflammation
and bacteria dysbiosis, and promotes carcinogenesis (68). Along
with dysbiosis and stronger colon inflammation, Xie et al. have
reported increased expression of several genes involved in bile
synthesis in a model of alcohol-related liver disease (68), while
others indicate higher concentrations of total fecal bile acids as

well as modifications in the primary to secondary bile acids ratio
in patients actively drinking (69).

Bile acids are recognized by several receptors in a wide
variety of cells and can regulate bile acid synthesis and immune
cell activation. Bile acids can directly bind the Farnesoid X
Receptor (FXR) which will then be translocated to the nuclei
and inhibit bile acids synthesis. FXR is expressed in hepatocytes,
enterocytes, and regulates lipid metabolism, glucose metabolism,
and inflammation on top of bile acids synthesis (70). Targeted
inhibition of intestinal FXR helped reducing hepatic lipid
droplets in a HFD model, thus protecting mice from hepatic
steatosis. Moreover, authors showed an overexpression of FXR
and its downstream effectors in the intestine of obese humans
compared with lean controls, thus suggesting a role of FXR in
the pathogenesis of metabolic syndromes in patients (71). Indeed,
modified bile acid composition and elevated plasma bile acids
levels in NAFLD patients negatively influence FXR signaling,
which impacts bile acid synthesis, lipid and glucose metabolism,
and inflammation, thus potentially contributing to hepatic injury.
Additionally, expression of downstream effectors of intestinal
FXR is decreased in NAFLD and NASH patient biopsies (72). In
rodents fed with HFD, intestinal FXR is downregulated and the
use of an FXR agonist, obeticholic acid (OCA), helped preserve
the gut barrier integrity, thus decreasing PAMPs amount in the
liver (73). Decreased FXR expression also correlates with fibrosis
and NAFLD activity score (74). Moreover, Pathak et al. showed
that intestinal FXR activation is responsible for microbiota
composition modifications, which will in return activate TGR5
signaling, improving glucose and lipid metabolism in an obesity
mouse model, thus suggesting a role in NAFLD and NASH
pathogenesis (75).

TGR5 is a plasma membrane associated protein expressed
by cholangiocytes, immune cells -including KCs- and hepatic
stellate cells (HSC), mostly activated by hydrophobic bile acids.
In reaction to LPS, TGR5 represses the secretion of pro-
inflammatory cytokines by macrophages through an NF-κB
dependent pathway (Figure 2) (70). Leonhardt et al. showed
that patients with liver failure display a specific serum bile
acids profile responsible for TGR5 activation in monocytes and
correlated with increased mortality. Indeed, monocytes from
healthy controls treated with TGR5-activating bile acids that
were then stimulated with LPS, exhibit a drastically diminished
pro-inflammatory phenotype (76). In a Tgr5−/− mouse model
fed with alcohol, Spatz et al. observed increased liver injury,
inflammation and steatosis compared to WT mice fed with
alcohol. Thosemice also display increased dysbiosis, independent
from the alcohol uptake, massive macrophage infiltration (77).
Moreover, TGR5 is downregulated in PSC patients andMdr2−/−

mice cholangiocytes, which promotes biliary injury and liver
inflammation. Norursodeoxycholic acid (norUDCA) treatment
can increase TGR5 expression, and thus attenuate biliary
inflammation phenotype inMdr2−/− mice (78). The treatment of
HFD model with TGR5 agonists is able to reverse steatohepatitis
in mouse and to generally improve liver histology (79, 80). In
general, studies in animal models suggest that those receptors
may be downregulated by ethanol consumption (81), liver
inflammation, gut dysbiosis, or activation of NF-κB (82), and
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FIGURE 2 | Bile acid roles in inflammation and tissue repair modulation. TGR5

and FXR are two well-characterized bile acid receptors implicated in liver

homeostasis. TGR5 activation on cholangiocytes and macrophages stimulates

cell proliferation and decreases inflammatory signaling, respectively. Bile acid

synthesis by hepatocytes is repressed by FXR activation. FXR, Farnesoid

X-Activated Receptor; NF-κB, Nuclear factor kappa-light-chain-enhancer of

activated B cells; TGR5, also known as GPBAR1, G-protein-coupled bile acid

receptor. Created with Biorender.

that the use of TGR5 and FXR agonists could be beneficial for
patients (83–85).

Bacterial and Fungi Products
Innate immune cells can recognize a wide variety of PAMPs
released by bacteria, viruses or fungi. Among them, LPS
(from Gram-negative bacteria), bacterial flagellin, bacterial/viral
nucleic acids (ssRNA, dsRNA, CpG DNA), peptidoglycans
(Gram-positive bacteria) β-glucans from fungi can all be
recognized by PRRs and involved in the progression of liver
diseases (6). As stated above, elevated serum levels of LPS or LPS-
binding protein have been described in nearly all liver diseases:
Alcohol-related liver diseases (6), NAFLD and NASH (46, 86),
HCC (38, 61), PSC (87), indicating an increase of intestinal
permeability and suggesting that signals derived from a diseased
liver (e.g., modified bile acids, pro-inflammatory cytokines) affect
the intestinal barrier integrity.

Bacteria can also interact with the host via secretion
of metabolites, either derived from bacteria metabolism like
tryptophan, or host molecules modified by bacteria such as bile
acids (see above). The gastrointestinal tract is a central place
for tryptophan metabolism, where it can directly and indirectly
be metabolized to indoles and their derivatives by microbiota.
Indoles are able to decrease macrophage production of pro-
inflammatory cytokines and inhibit macrophage migration (86).
Discovery of a perturbed tryptophan metabolism in patients
suffering from IBD or colitis suggests common mechanisms
for patients suffering of liver diseases associated with intestinal
dysbiosis (88). In mice that were subjected to a model of

alcohol-related liver disease and transplanted with patient’s
microbiota, targeting the tryptophan pathway was effective in
reducing liver injury (89). Moreover, in order to determine
a microbial signature in HCC, patient’s stool microbiota
was sequenced. Albhaisi et al. found no differences in the
overall microbial diversity for cirrhotic patients who would
develop HCC. However, specific changes in species involved
in tryptophan metabolism were detected (90). Even though,
research for new biomarkers in patients or animal models
highlight the involvement of tryptophan and its metabolites in
the pathogenesis of PSC (91) and NASH (92), the causal link with
microbiota dysbiosis yet remains to be demonstrated.

In the past years, the interest for the mycobiome has been
rising. Despite being at lower abundance compared to bacteria,
commensal fungi are essential for tissue homeostasis and regulate
many physiological processes (93). Fungal dysbiosis has been
observed in several liver diseases as NASH (93), PSC (24, 25),
alcohol-related liver diseases and cirrhosis (37, 58). Fungal
dysbiosis occurs following chronic ethanol administration in
mouse and is responsible for elevated plasma levels of β-
glucan, and hepatocyte damage. It could activate liver resident
macrophages through chitin or β-glucan (26, 93).

Short-Chain Fatty Acids
SCFAs produced by gut microbiota, in particular by Firmicutes,
are essential actors in the maintenance of gut homeostasis
through strong anti-inflammatory and anti-proliferative effects
(94). Several SCFAs are generated by bacteria from dietary
fibers, the predominant ones are butyrate, acetate and propionate
(94). In patients with ulcerative colitis as well as colitis mouse
models, changes in SCFAs concentration (in particular butyrate)
are responsible for the activation of several pro-inflammatory
pathways, including activation of the inflammasome (NLRP3)
pathway with increased IL-18 secretion, increased production of
pro-inflammatory cytokines like IFN-γ, IL-5, IL-8, IL-10, and IL-
13 but also downregulation of NF-κB signaling, all of which have
been linked to gut microbiota changes (4, 95). Dysbiosis observed
in patients with chronic liver disease is often associated with a
loss of bacterial species producing butyrate, thus explaining a
reduction in SCFAs in several patient cohorts (27, 96). There
is growing evidence that T-cell immunity can be regulated by
gut-microbiota through SCFAs. On one hand, SCFAs can induce
IL-10 secretion by CD4+ Th1 cells, hence protecting mice from
colitis (97), but on another hand, in vitro, SCFAs have been shown
to affect the balance between Th17 and Treg cells by affecting
peripheral blood mononuclear cells (PBMCs) production of
cytokines involved in T cell differentiation (98).

Increase in SCFAs can also be deleterious. Indeed, in NAFLD-
HCC patients, dysbiosis has been associated with an enrichment
of five bacteria species, all linked to an elevated SCFAs production
compared to control or NAFLD-cirrhosis groups. Behary et al.
connected this specific bacteria profile of NAFLD-HCC patients,
with elevated SCFAs concentration and T cell response, with
an expansion of IL-10+ Treg cells and a reduction of cytotoxic
CD8+ T cells in an ex vivo model (99). Involvement of SCFAs in
the pathogenesis of cholestatic liver cancer has been highlighted
by Singh et al. in a model of gut dysbiosis in mice fed with
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enriched amounts of SCFAs. They showed that feeding with
increased SCFAs is responsible for an even stronger intestinal
dysbiosis in these mice as well as increased cholestatic liver
injury, leading to HCC after 6 months. After 2 weeks of feeding,
the mice displayed elevated bile acids in the serum, and at 4
weeks, hepatocyte apoptosis was elevated and triggered a massive
neutrophils infiltration (100). A recent study correlated the
presence of SCFAs with fibrosis in PBC patients, however the
molecular roles of SCFAs in the pathogenesis of PBC have not
been studied to this day (101).

Micro-RNA (miRNA)
Perturbation of the gut-liver axis can be responsible for changes
in the expression of miRNAs. miRNAs are small single-stranded,
non-coding RNAs involved in the silencing of protein-coding
messenger RNAs (mRNAs) through translational repression and
mRNA degradation (102). Modifications of miRNAs expression
is connected with several chronic liver diseases, including
NAFLD (103, 104), alcohol-related liver disease (105), cirrhosis,
and HCC (106). Moreover, the impact of diet or gut-microbiota
derived metabolites in the regulation of miRNAs expression
in the gut and in the liver was demonstrated by multiple
studies (106–109).

miR-22 expression is known to be down-regulated in HCC
patients (109). A loss of butyrate-producing bacteria has been
described in several HCC cohorts and may explain the link
between intestinal dysbiosis and hepaticmiR-22 down-regulation
in those patients (108, 109). In vitro, butyrate induces miR-22
expression in the Huh7 hepatoma cell line. Moreover, Pant et al.
showed that following miR-22 activation by butyrate, a SCFA
produced by bacteria, ROS production is increased, cells undergo
apoptosis and cell proliferation is inhibited (109).

In a rat model of NASH, gut dysbiosis, and increased intestinal
permeability aggravates liver inflammation, and the authors
observed modifications in miRNAs expression. For example,
miR-122 expression is increased in the serum of NASH and
NAFLD patients, while its hepatic expression is decreased. On
the contrary, miR-146b expression is reduced in NASH patient
serum and increased in tissue. Those two miRNAs are known
for acting on the hepatic stellate cells, promoting fibrosis (110,
111). In a HFD model, the authors observed that HFD induces
a microbiota dysbiosis and a hepatic downregulation of miR-
122 and upregulation of miR34a as compared to mice fed with
standard diet (112). A correlation analysis in HFD induced
NAFLD mouse model, showed that miR-34a was associated with
alterations in the gut microbiota, in particular with modifications
in Firmicutes (113). Santos et al. used a mouse model lacking
miR-21 and showed that when challenged with bile duct ligation
(BDL), the absence of miR-21 protects those mice from liver
injury and fibrosis (114). Those results are similar to those from
Blasco-Baque et al., who used the same miR-21 KO mouse and
demonstrated that they are protected fromNASHwith significant
reduction of steatosis, fibrosis and inflammation (115). In both
cases, the authors were able to link the hepatic expression of
miR-21 and other miRNAs with gut microbiota changes. Indeed,
LPS regulates the expression of miR-21, miR-181a, and miR-666
in a dose-dependent manner (115). Moreover, miR-21 deletion

is responsible for gut microbiota modifications, which seem to
have a protective effect in mice and to prevent a detrimental
macrophage pro-inflammatory phenotype in the gut (114). A
direct relationship also exists between LPS concentration and
miR-146a-5p expression in the progression of liver fibrosis,
indicating once again an indirect link between miRNAs and
gut microbiota (116). Several miRNAs induce macrophage
activation and contribute to inflammation and progression in
liver diseases (117).

Also, in female mice, dysbiosis is not as severe as in male mice,
leading to less toxic modification in the bile acids profile, which
is likely due to protective role of estrogens (118). Furthermore,
female mice have higher levels of the bile acid receptor FXR
compared to male, which seems to increase the expression or
miR-26a and miR-122, known to have tumor-suppressive effects
in a murine NASH model (118). miRNAs are also known to be
regulators of TLRs in immune cells (119), a family of receptors
involved in the recognition of PAMPs as detailed in this review.

Recognition and Processing of
Gut-Derived Signal in Hepatic and Immune
Cells
Pattern Recognition Receptors and Signaling

Pathways
With 10 members identified in humans, Toll-like receptors
constitute the main family of PRRs. They have a fundamental
role in the recognition of pathogens and pathogen-derivedmotifs
(i.e., PAMPs). TLRs are expressed by hepatic stellate cells, liver
parenchymal cells such as hepatocytes, cholangiocytes, as well as
a wide variety of immune cells, including resident and circulating
macrophages, dendritic cells (DCs) and neutrophils (Figure 3)
(5). TLR signaling pathways are involved in maintaining
homeostasis, and dysregulations of those pathways are involved
in aberrant inflammatory reactions and autoimmune diseases.
TLR1 (binding bacterial lipoproteins), TLR2 (bacterial and fungi
lipoproteins), TLR4 (LPS), TLR5 (flagellin), and TLR6 (bacterial
lipoproteins), are plasma membrane localized TLRs while TLR3
(dsRNA), TLR7, and TLR8 (ssRNA) TLR9 (unmethylated CpG
containing ssDNA) and TLR13 (bacterial ribosomal DNA) are
found in endosomes. Despite different cellular localizations,
they share common signal transduction pathways. Upon TLR
activation, two main molecular pathways can be induced: one
mediated by TRIF (TLR3, TLR4) and another one involving
Myd88 (all TLRs but TLR3) (120). They will both lead to
the activation of transcriptional factors NF-κB, AP-1, and
IRF3 thus promoting the expression and release of several
pro-inflammatory cytokines: TNF-α, IL-1β, IL-6 as well as
IFNs. TRIF can also promote RIPK3-dependent necroptosis
(120). Isolated KCs strongly express all TLRs except TLR5,
and KCs respond to all TLR ligands mainly by secreting
TNF-α and IL-6 (121). Activated HSCs express TLR2, 4, and
9. Murine hepatic DCs express all TLRs at various levels
and IFN-α, IFN-β and TNF-α are released after activation
with TLR3 agonists, TLR3,−4,−7,−8, and−9 and all TLR
agonists (121).

Frontiers in Medicine | www.frontiersin.org 8 September 2021 | Volume 8 | Article 725390

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Bruneau et al. Gut-Liver Axis in Liver Diseases

FIGURE 3 | TLR signaling in liver immune pathogenesis. Macrophages and DCs express TLR1,−2−3−4−6−7−8−9−13 and TLR5 is only expressed in DCs. HSCs

express TLR2, TLR4, and TLR9. Following activation by their respective ligands, TLRs induce TRIF and/or MyD88 signaling pathways, leading to the activation of

NF-κB, AP-1, and IRF3 transcriptional factors, followed by the release of pro-inflammatory cytokines such as TNF-α, IFN- α, IFN-β and IL-6. IFN-α, Interferon α; IFN-β,

Interferon β; IL-6, Interleukin 6; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; TNF-α, Tumor necrosis factor α; TLR, Toll like receptor. Created

with Biorender.

Cholangiopathies
Several groups demonstrated that mouse and human
cholangiocytes express TLR2, 4, and 5, allowing them to
recognize the PAMPs present in bile. Upon stimulation with
bacterial components, cholangiocytes are able to trigger NF-κB
pathway activation and release of IL-6 in vitro (122). The role
of TLRs has been demonstrated in cholangiocytes for PSC and
PBC patients, but little is known concerning their activation
in immune cells and their role in the pathogenesis of these
cholangiopathies (5).

Alcohol-Related Liver Disease
It is well-known that serum LPS levels are elevated in alcohol-
related liver disease patients and are correlated with liver
injury (52).

Expression levels of TLR2 and TLR4 were assessed in
peripheral blood monocytes of patients suffering from
alcohol-related liver disease. Even though no significant
difference was detected between the groups, the authors
described a diminution of TLR2-mediated immune response
in the alcohol-related liver disease group compared to
controls following stimulation of the cells with bacterial
products (123). In another study, overexpression of

TLR2, 4, and 9 has been associated with neutrophil
dysfunction for patients suffering from alcohol-associated
hepatitis (124).

Mice fed with ethanol for 10 days display an overexpression of
liver TLR1, 2, 4, 6, 7, 8, and 9 at the mRNA level, resulting in an
upregulation of TNF-α (125). KCs from rats exposed to ethanol
upregulate TLR2 and TLR4 compared to control groups (126).

Feeding of WT mice with ethanol and unsaturated fat has a
negative impact on liver injury and steatosis compared to ethanol
and saturated fat feeding. This combination clearly damages
the intestinal barrier, thus increasing LPS levels in mouse
serum, which aggravates hepatic inflammation, characterized
by a massive macrophage infiltration but also upregulation
of all TLRs in the liver. It is unfortunate that the cell types
overexpressing TLRs have not been characterized in this study
(127). In a recent study, depletion of Roseburia spp. was
associated with alcohol consumption and modifications in fecal
SCFAs in patients, while Roseburia spp. supplementation in
ethanol-fed mouse group could weaken hepatic inflammation.
The mechanisms responsible for this amelioration are multiple:
increased Muc2 and occluding expression in the gut barrier,
indicating recovery of the barrier integrity, and decreased LPS
serum levels and TLR4 expression in the liver. The authors
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suggest that this amelioration due to Roseburia spp. is mediated
by TLR5 (128).

Animal models of alcohol-induced liver injury indicate
that TLR2/Myd88 and TLR9/Myd88 signaling in hepatocytes
is indispensable for neutrophil infiltration and liver injury.
Following depletion of KCs, infiltration of neutrophils is not
prevented, however ALT levels and the gene expression of
proinflammatory cytokines, such as Il1b, Il6, and Tnfa is
decreased in KC-depleted mice compared with controls. This
study suggests that dysbiosis in alcohol-related liver disease
could increase hepatic presence of TLR2 and TLR9 ligands, thus
contributing to liver inflammation (129). The activation of TLR2
pathway in KCs seems to be equally deleterious in the progression
of alcohol-related liver disease and its deletion was beneficial for
mice, due to a decreased activation of the NF-κB pathway and
increased release of the anti-inflammatory cytokine IL-10 (130).

Activation of KCs via LPS-TLR4 pathways seems to be
essential in the pathogenesis of alcohol-related liver diseases by
activating a TRIF-dependent pathway and upregulating TNF-α
(131). Bala et al. partly explain this by the increased activation
of miR-155 in KCs following alcohol diet in mice. When
induced, miR-155 negatively regulates inhibitors of the LPS-
TLR4 pathway, thus enhancing KCs response to LPS (132).

NAFLD and NASH
Several studies in human or animal models have shown an
association between changes in the gut microbiota and activation
of TLRs signaling pathways in the liver (133, 134). TLR2, 4, 5,
and 9 have been particularly associated with the progression of
NAFLD and NASH, studies are summarized in Table 2.

Mridha et al. observed increased TLR4 and TLR9 mRNA
in NASH patient biopsies compared to steatotic or control
livers. Those results were confirmed in two murine NASH
models, leading the authors to use Tlr9−/− mice. They showed
that these mouse liver exhibit steatosis in the same way WT
mouse do under HFD, however they seem to be more protected
toward liver inflammation and fibrosis. Characterization of the
inflammation revealed that liver from Tlr9−/− mice have a
diminution in NF-κB and JNK activation and less macrophage
and neutrophil recruitment compared to WT when fed with
a high sucrose (atherogenic) diet. Moreover, evidence indicate
that bone marrow derived cells expressing TLR9 are responsible
for macrophage and neutrophil recruitment in a NASH
model and that Tlr9 deletion allows a reduction of hepatic
inflammation (142).

TLR6 implication in the pathogenesis of liver diseases is
mostly unexplored. In a NAFLD cohort, Arias-Loste et al.
observed an overexpression of TLR6 in monocytes isolated
from NAFLD patients compared to controls and a similar
overexpression in monocytes, T cells and B cells of NASH
patients compared to NAFLD. Following in vitro stimulation
with TLR2 and TLR6 agonists, those isolated monocytes produce
more pro-inflammatory cytokines like IL-1β, TNF-α, and IL-
6. Furthermore, TLR6 expression is also increased in the liver
biopsies of NAFLD and NASH patients. These results suggest
a role of TLR6 in the progression of NAFLD to NASH and its
potential use as a new marker in patient blood samples (144).

TABLE 2 | TLRs involvement in the progression of NAFLD and NASH.

NAFLD NASH

TLR2 ր in HFD mouse KCs (135) CDAA, expression by KCs increases

inflammation and fibrosis, TLR2

activation is followed by

inflammasome activation IL1α and

IL1β (136)

TLR4 ր in HFD mouse KCs (135)

ր in patients biopsies (135)

ր in patients biopsies

ր in patients serum (137)

ր liver expression after DSS

treatment in a NASH model (138)

ր liver expression in a NASH

model (108)

TLR5 Activated in hepatocytes and

adipocytes in HFD model (139)

ր in NAFLD patients

Expression in hepatocytes has a

protecting role in NASH model

(140, 141)

TLR9 ր in patients biopsies (142)

ր liver expression after DSS

treatment (138)

Expression by KCs neutrophils and

DCs is involved in NASH progression

(143)

Deletion has a protective effect in a

HFD model (143)

CDAA, Choline deficient amino acid; DCs, Dendritic cells; DSS, Dextran sodium

sulfate; HFD, High fat-diet; IL, Interleukin; KCs, Kupffer cells; NAFLD, Non-alcoholic

fatty liver disease; NASH, Non-alcoholic steatohepatitis; TLRs, Toll like receptors;

ր, Overexpression.

HFD in a mouse model is responsible for an increase of
flagellin producing bacteria species in the gut, which causes
an increase in serum LPS and hepatic flagellin presence.
Flagellin in the liver activates TLR5/Myd88/NF-κB pathway
in hepatocytes, then responsible for elevated HDL cholesterol
levels (145). Moreover, activation or TLR5 in hepatocytes by
flagellin increases intrahepatic CD8+ T cell response, possibly
through secretion of IFN-γ (146). Munakka et al. previously
demonstrated that flagellin induced TLR5 in adipocytes was
responsible for accumulation of fat in hepatocytes of mouse fed
with HFD. Moreover, they showed that adipose tissue TLR5
expression correlated closely with liver fat content in NAFLD
patients (139).

Cirrhosis
TLR2 is upregulated in PBMCs of cirrhotic patients displaying
high serum LPS levels (147). In order to mimic cirrhotic patient’s
tendency to develop bacterial infections, Hackstein et al. used
a combination of BDL and carbon tetrachloride (CCl4) as a
cirrhosis model to observe the anti-microbial capacity of immune
cells when they induced bacterial infections. Under these
conditions, they demonstrated that immune cells, in particular
liver-resident macrophages, are unable to control bacterial
infection compared to control mice. The authors observed a
decreased expression of IL-1β, IL-12, and IFN-γ, known for
their anti-microbial properties and increased production of TNF.
Moreover, following bacterial translocation to the liver, IFN-
β expression is enhanced in the livers of cirrhotic patients vs.
healthy controls and in macrophages and DCs of BDL mice
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compared to sham. In vitro, this overexpression occurs following
activation or TLR2, 4, and 9 pathways, which will trigger IL-10
secretion by isolated macrophages (148).

HCC
In an HCC mouse model, TLR4 deficiency slows down the
progression of hepatic tumors and decrease F4/80+ immune
cell infiltration. Those immune cells were characterized as
hepatic macrophages, and when stimulated with LPS through
TLR4 signaling, they will produce pro-inflammatory cytokines
such as IL-6 and TNF-α, thus contributing to tumors growth.
Hepatic macrophages involvement in the progression of HCC
in this mouse model was further demonstrated by the fact
that depletion of those macrophages suppressed tumor growth
(149). The downregulation of miR-143 in HCC tumors from
patients is responsible for an increased proliferation of cancer
cells associated with less apoptosis. Authors suggest that this loss
miR-143 is causing the overexpression of TLR2 in tumors and
thus the activation of the NF-κB pathway (150).

Mularczyck et al. recently showed the role of Fetuin-A (Fet-A),
an α2-Heremans-Schmid glycoprotein (AHSG), in the activation
of the TLR4-JNK-NF-κB pathway in human hepatocarcinoma
cell line (151). Once activated, this TLR4 pathway will aggravate
insulin resistance and participate to NAFLD progression. In this
study, the established a protective effect of probiotics emulsion
against lipotoxicity and apoptosis in HepG2 cell lines. Authors
showed that this protective effect is mediated through the
regulation of Fetuin-A-TLR4-JNK-NF-κB axis thus preventing
an increase of insulin resistance.

Other Non-TLRs Members of the PRR
Family
Dectin-1/Clec7a is a C-type lectin receptor member of the PRR
family and recognizes β-glucans from pathogenic fungi. Dectin-1
is expressed by myeloid cells including NK cells, macrophages,
DCs and neutrophils, where it can induce the secretion
of several pro-inflammatory cytokines and chemokines and
modulate inflammation in vivo (152). Dectin-1 is overexpressed
in human and mouse liver fibrosis. In a CCl4 mouse model,
the upregulation of Dectin-1 in hepatic DCs and macrophages
is responsible for the downregulation of TLR4 and CD14,
which negatively regulates liver fibrosis, inflammation, and HCC
development (153). Indeed, following deletion of Dectin-1 mice
are more prone to develop liver fibrosis and tumors. The authors
observed a massive infiltration of leukocytes, neutrophils and
bone marrow derived macrophages compared to control group.
Furthermore, higher levels of IL-6 and TNF-α are detected in
the KO mice (153). Yang et al. described fungal overgrowth and
increased plasma levels of β-glucan in mice fed with ethanol.
The use of antifungal treatments decreases liver injury and
steatosis following ethanol feeding. The authors demonstrated
that elevated β-glucan levels are responsible for the Dectin-1
dependent secretion of IL-1β by Kupffer cells and activation of
NRLP3 pathway (26). Increased presence of Candida species in
PSC patients bile suggest a role for Dectin-1 in the progression of
the disease (154).

Galectin 3 is a member of the galectin family who recognize
a variety of microbial pathogens (viruses, bacteria, fungi) and
is expressed by neutrophils, macrophages, DCs. Galectin 3
specifically binds to β-1,2-mannans from C. albicans and can
induce its death alone in vitro (155) but galectin-3 can also
be secreted by neutrophils, link to pathogens and induce their
phagocytosis by neutrophils. Primary macrophages expressing
TLR4 and CD14 secrete galectin-3, which binds to LPS and
negatively regulates LPS-driven inflammatory cytokines (IL-12,
IL-6, and TNF-α) release (156). Besides, Jouault et al. showed
that co-expression of TLR2 and galectin-3 is required for
the endocytosis of C. albicans and the release on TNF-α by
macrophages (157).

Pro-inflammatory IL-1β can be produced following TLRs
pathway activation but also after the NOD-like receptor NLRP3
activation. Inflammasome expression is found in innate immune
cells including monocytes, macrophages, neutrophils, and
dendritic cells, NLRP3 inflammasome remains the most studied
and has been involved in the progression of several chronic liver
diseases (158). IL-1β secreted by KCs in alcohol-related liver
disease mouse models aggravates steatosis and fibrosis. However,
in a similar alcohol-related liver diseases mouse model with a
deficiency for NLRP3, steatosis, inflammation, IL-1β expression,
and number of activated natural killer T cells are all decreased,
highlighting NLRP3 role in the pathogenesis of alcohol-related
liver disease. Activation of both NLRP3 and NLRP6 contribute
to dysbiosis, liver inflammation, and fibrosis via its effector IL-18
has also been demonstrated in several NASH studies. However,
whether they display a protective or aggravating role remains
unclear (159–162). NLRP3 expression is enhanced in NASH
patients’ liver, and seems to play a pro-inflammatory role in the
progression from NAFLD to NASH in an animal model (163).

NOD1 and NOD2, two cytoplasmic receptors activated by
fungi and bacterial peptidoglycan, are involved in the progression
of liver inflammation by activating NF-κB and pro-inflammatory
cytokines secretion in animal models, but their role in human
liver diseases is mostly unexplored (164).

Serotonin
The involvement of serotonin and the nervous system has been
highlighted in a recent study conducted by Ko and co-authors.
Indeed, by using a neural blockade approach they demonstrated
that neural signal transduction from the liver via the visceral
nerve is responsible for liver and body weight increase in HFD-
fed mice and liver weight gain in CDAA-fed mice (165). They
showed that nerve blockade could have anti-steatotic and anti-
fibrotic effects in 4 week CDAA- and HFD NASH models. The
authors suggest that these effects are mediated byan increase
of Claudin-1 expression in intestine, as well through nerve
blockade that potentially influences microbiota diversity and
composition of SCFAs possibly slowing down progression of
NAFLD. Moreover, they provide direct evidence that the nerve
blockade decreases the expression of serotonin, a gastrointestinal
hormone known for its regulating role in hepatic regeneration,
thus suggesting that the influence of the visceral nerve onNAFLD
progression in HFD and CDAA-fed mice models is partially a
result of serotonin effect (165).

Frontiers in Medicine | www.frontiersin.org 11 September 2021 | Volume 8 | Article 725390

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Bruneau et al. Gut-Liver Axis in Liver Diseases

THERAPEUTIC INTERVENTIONS
TARGETING THE GUT-LIVER-AXIS

As stated above, the consistently growing understanding of the
crosstalk between the gut microbiota and the liver offers multiple
opportunities for novel treatment strategies (6). Currently, many
therapeutic strategies to restore gut-liver axis homeostasis, rely
on the modulation of the gut microbiome. Traditionally, this has
been mainly achieved by using antibiotics, prebiotics, probiotics
and fecal microbiota transfer (FMT), but intensive research
over the last years has also resulted in a number of new
approaches, including but not limited to managing alterations of
bile composition.

Application of Antibiotics
Treatment with antibiotics is the most common approach
to modulate the intestinal microbiota and decrease bacterial
infections. Due to their bactericidal action, non-absorbable
antibiotics that mainly remain within the gut are often used to
reduce the number of bacteria (and their metabolites). Especially
in the context of small bacterial overgrowth, treatment with
antibiotics provides an effective solution. Rifaximin is a broad-
spectrum antibiotic and is currently widely used in patients
with liver cirrhosis to prevent hepatic encephalopathy (166). In
addition, it has been suggested that Rifaximin might also have
beneficial effects on the gut microbiome and reduces intestinal
permeability thereby protecting from the progression of cirrhosis
via the gut-liver axis (166). Fujinaga et al. could recently show
that the combination of Rifaximin with Angiotensin-II receptor
blockers suppressed hepatic fibrosis in a mouse NASH model
(167). In addition, a combined use of different antibiotics
(e.g., Polymyxin B and Neomycin) was shown to prevent
fructose-induced hepatic lipid accumulation in mice (168). Some
antibiotics may also induce eubiotic changes and promote the
growth of beneficial bacteria (e.g., Bifidobacteria and Lactobacilli)
making them an attractive therapeutic option (169).

Promising preclinical data has resulted in numerous clinical
trials focusing on the use of antibiotics for the treatment of liver
diseases (see Table 3).

Fecal Microbiota Transfer
Fecal microbiota transfer (or transplantation, FMT) is a method
to restore homeostasis of the gut microbiome by recolonizing the
intestine with fecal bacteria from a healthy individual that has
been studied extensively in infections with Clostridioides difficile.
Several animal studies have also suggested beneficial effects of
FMT in the progression of liver diseases (181). FMT could further
prevent intestinal dysbiosis and alcohol- induced liver injury in
mice and additional analysis showed an association with several
species as Bacteroidales, Clostridiales, and Enterobacterialis (182).
However, due to a mixed and individual composition of fecal
microbiota, heterogeneous results have been reported so far.
Nonetheless, currently multiple clinical trials focus on the use of
FMT for the treatment of liver disease (see Table 3). In patients
with metabolic syndrome, FMT from metabolic syndrome
donors temporarily decreased insulin sensitivity, whereas after
FMT from healthy donors, insulin sensitivity was not altered.

Those findings were accompanied by alterations in intestinal
transit time, inflammatory markers, fecal bile acid composition
as well as changes in several intestinal microbiota taxa (183).
Also in PSC patients, a recent clinical trial could demonstrate
an improvement of microbial diversity in line with a reduction
of alkaline phosphatase levels after FMT from a healthy donor
(184). In a small but randomized controlled pilot study, Bajaj
et al. further found beneficial effects of FMT on patients with
cirrhosis and alcohol use disorder. FMT significantly reduced
alcohol craving, and a reduction of serum IL-6 and LPS-binding
protein could be observed (185).

Prebiotics, Probiotics, Synbiotics
As opposed to antibiotics and FMT that aim to reshape the
entire gut microbiome, specific changes in the microbiota can
also be achieved through pro- and prebiotics or a combination
of both (synbiotics). Probiotics are living microorganisms
contained in food or supplements that may provide numerous
health benefits (e.g., by promoting anti-inflammatory effects
of the gut microbiota). In mice, the administration of
probiotics (namely Bifidobacteria, Lactobacilli, and Streptococcus
thermophilus) could reduce HFD-induced hepatic steatosis and
insulin resistance and resulted in increasing hepatic NKT cells
(186). Interesting in vitro studies with human hepatocarcinoma
cells further suggested protective effects of probiotics against
inflammation and obesity via reduction of Fetuin-A/TLR4-JNK-
NF-κB pathway activation (151). Probiotic mixtures were also
reported to reduce HCC growth in mice by modulating gut
microbiota and resulting in a decrease of Th17 cells in the
tumor (187). In a model of alcoholic steatohepatitis, it was
shown that colonization with Akkermansia muciniphila was able
to enhance expression of tight junctions in intestinal epithelial
cells, thus decreasing intestinal permeability and systemic LPS
levels (188). Those findings are in line with a recent clinical
study, in which the supplementation with A. muciniphila led
to an improvement in blood lipids and insulin sensitivity in
obese patients (175). Supplementation with probiotic bacteria
was also shown to improve the response to immunotherapy in
cancer patients (189). However, the precise mechanisms involved
in the beneficial effects of probiotics on HCC patients need to
be elucidated.

Prebiotics are indigestible or low digestible fibers that can
improve gut peristaltic and promote growth of beneficial bacteria.
Prebiotics for example include oligosaccharides, polyunsaturated
fatty acids or polyphenols. In mice, the treatment with pectin
was shown to introduce major modifications of the intestinal
microbiota and prevented steatosis and liver inflammation in
alcohol-induced liver injury (182). Moreover, the administration
of Inulin was found to prevent NAFLD via modulation of the gut
microbiota (e.g., increase of Akkermansia and Bifidobacterium)
and reduction of hepatic macrophages (190).

Due to the many beneficial effects of pre- and probiotics,
novel studies suggest their combined use. Hadi et al. suggested
that the consumption of synbiotics may improve plasma lipid
concentrations and thus may have beneficial effects in the
treatment of metabolic liver disease (191). As the treatment with
pre- and probiotics is simple and has limited side effects, many
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TABLE 3 | Selected clinical trials targeting the gut-liver-axis for the treatment of liver diseases.

Intervention Study description Results Identification

Antibiotics Administration of Rifaximin in NAFLD patients Reduction of serum endotoxin levels and

improvement of insulin resistance, proinflammatory

cytokines, and NAFLD-liver fat score (170)

NCT02884037

Rifaximin + different doses of Simvastatin in patients

with decompensated cirrhosis (Phase II)

No significant differences. 20 mg/day Simvastatin

plus Rifaximin is recommended (171)

NCT03150459

FMT FMT for the treatment of PSC (Phase I/II) Increased diversity of the microbiome NCT02424175

Effect of FMT on NAFLD (Phase IV) No results yet NCT04465032

FMT in cirrhosis (Phase I) Reduced systemic inflammation and improvement

of cirrhosis (172)

NCT03152188

FMT for alcohol misuse in cirrhosis (Phase I) FMT is safe and was associated with reduction in

alcohol craving and favorable microbial changes

NCT03416751

Prebiotics Supplementation with oligofructose in NASH patients Improvement of liver steatosis (173) NCT03184376

Probiotics Multi-strain probiotic in NAFLD patients Reduction of liver fat, serum AST and cytokine

levels (174)

NCT03434860

Effects of the Administration of A. Muciniphila on

Parameters of Metabolic Syndrome

A. muciniphila improved insulin sensitivity and

plasma total cholesterol (175)

NCT02637115

Synbiotics Fructo-oligosaccharide + 4 bacteria in NASH (Phase II/III) Reduction in hepatic steatosis and fibrosis NCT02530138

Supplementation with Bifidobacterium animalis and inulin

in NAFLD patients

Improved liver enzyme concentrations and hepatic

steatosis (176)

NCT02568605

Bile acid regulation REGENERATE, OCA in NASH patients (Phase III) OCA significantly improved fibrosis and key

components of NASH (177)

NCT02548351

Aramchol (fatty acid-bile acid conjugate) in NAFLD

patients (Phase II)

Aramchol is safe, tolerable, and significantly reduces

liver fat content in patients with NAFLD (178)

NCT01094158

norUDCA in the treatment of PSC (Phase II) Reduction of alkaline phosphatase levels NCT01755507

norUDCA in the treatment of NASH Reduction of serum ALT (179) not available

Duodenal mucosal resurfacing DMR in the treatment of Type 2 Diabetes/NAFLD Improvement of glycaemic control and reduction of

liver fat content (180)

NCT02879383

DMR in the Treatment of NASH patients No results yet NCT03536650

Carbon nanoparticles Yaq-001 in patients with NAFLD No results yet NCT03962608

Yaq-001 in patients with cirrhosis No results yet NCT03202498

Engineered probiotic SYNB1020 in hepatic insufficiency and cirrhosis patients

(Phase I/II)

Terminated due to a lack of efficacy NCT03447730

Postbiotics Supplementation with SCFA and physical activity in liver

cirrhosis

No results yet NCT03892070

ALT, Alanin-aminotransferase; AST, Aspartate-aminotransferase; DMR, Duodenal mucosal resurfacing; FMT, Fecal microbiota transfer; NAFLD, Non-alcoholic fatty liver disease; NASH,

Non-alcoholic steatohepatitis; norUDCA, 24-norursodeoxycholic acid; PSC, Primary sclerosing cholangitis; SCFA, Short chain fatty acids; OCA, obeticholic acid.

clinical studies focus on their use in therapy for different liver
diseases (Table 3).

Bile Acid Related Therapies
Due to the diverse effects of bile acids on metabolism and the
immune system, modulation of bile acid signaling is an attractive
therapeutic option. Several FXR and TGR5 agonists as well as
synthetic bile acids are currently under investigation to treat liver
diseases. For example, obeticholic acid, a potent FXR agonist is
currently used to treat PBC and has also shown many beneficial
effects in the treatment of NAFLD/NASH and PSC (192, 193). In
cirrhotic mice, treatment with FXR agonists appeared to improve
intestinal barrier function by an increased expression of tight
junction proteins and an increase of goblet cells (194). Currently,
various agonists of the FXR receptor are in clinical phase II and
phase III trials to test their efficiency in different liver diseases
(Table 3).

Especially in PSC and PBC patients, the use of synthetic
bile acids, as ursodeoxycholic acid (UDCA) is a well-established
treatment strategy (195). Treatment with UDCA has also been
shown to resolve intestinal dysbiosis in PBC patients (17).
Moreover, norUDCA, a new homolog of UDCA, has shown
promising results in the treatment of PSC as well as NAFLD
patients (179, 195).

Alternative Approaches Under
Development
Novel upcoming therapeutic approaches to target the gut-liver-
axis have recently been reviewed by Albillos et al. (6). Direct
PRR targeting also holds promises for the development of
future therapeutic options. Preclinical evidence suggests that
small molecule inhibitors for TLR4 ameliorate liver failure in
rodent models (196). In mice, Eritoran, a TLR4 antagonist, was
further shown to attenuate hepatic inflammation and fibrosis
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(197). However, the relevance and potential side-effects of PRR
targeting for liver disease treatment must be further investigated.
Another promising approach consists of using adsorbant carbon
nanoparticles that can ameliorate liver injury through absorption
of gut-derived toxins and other bacterial products. In rodents
with NAFLD, administration of a novel carbon nanoparticle,
Yaq-001, resulted in a significant reduction of serum ALT and
hepatic TLR4 expression (198). Yaq-001 is currently evaluated
for safety and tolerability in patients with NAFLD and cirrhosis
(NCT03962608 and NCT03202498).

Further preclinical investigations suggest that bacteriophages
targeting specific bacteria may serve as a method to modulate the
intestinal microbiota in a targeted manner. A recent study found
that bacteriophages were able to specifically target intestinal
bacteria and thereby attenuate alcohol-related liver disease (56).
However, bacteriophage treatment is still in the explorative stage
and further investigations are necessary, notably to evaluate
its biosafety.

Metabolic diseases can further be treated by duodenal mucosal
resurfacing (DMR), an endoscopic technique to ablate the
duodenal mucosa and thereby improve glycemic and weight
control (180). As studies have further reported an improvement
of glucose homeostasis and transaminase levels, a possible
improvement of NASH is also assumed. The effect of DMR to
treat NASH is currently evaluated (NCT03536650).

Moreover, a lot of the recent research focuses on the
identification of microbial metabolites that may have beneficial
effects on intestinal barrier function (199). Postbiotics comprise
all active compounds produced by intestinal bacteria, and include
for example SCFAs, proteins, extracellular polysaccharides or
organic acids. Recently, a novel postbiotic from Lactobacillus
rhamnosus could show beneficial effects on intestinal barrier
function and also potential protection of liver injury (200).
Another recently published study evaluated the anti-
inflammatory effects of E. coli Nissle1917 derived metabolites
and found TNF-α production as well as TLR signaling pathways
to be reduced (201).

Further promising preclinical approaches to target the gut-
liver axis include the application of engineered probiotics (e.g.,

SYNB1020) or synthetic live bacterial therapeutics (202, 203).
Engineered and optimized bacteria were shown to be able to
reduce ethanol-induced liver disease in mice (204).

CONCLUSIONS AND FUTURE
PERSPECTIVES

Cumulating evidence from the past years or decades indicate
that the gut-liver axis is a promising therapeutic target
to treat patients suffering from chronic liver diseases.
Indeed, in a pathological context, gut-derived PAMPs
and recirculating modified bile acids reach the liver, where
hepatic and immune cells can recognize them through PRRs
and thus exacerbate a pre-existing hepatic inflammation.
Traditional approaches such as pre- and probiotics, FMT,
antibiotics, and FXR agonists have already been or are being
evaluated in numerous clinical trials. Further translational
research will be necessary to transfer the new insights
from innovative preclinical approaches to a clinical setting.
Finally, approaches aiming at specifically altering targeted
gut microbiota species, bile acids, cytokines and chemokines,
will advance our understanding of the mechanisms involved
in disease progression or resolution, and greatly advance
therapeutic options.

AUTHOR CONTRIBUTIONS

AB and JH wrote the manuscript. AG designed the figures.
AG and FT revised the manuscript. All authors approved the
final manuscript.

FUNDING

AB, JH, and FT were supported by the German Research
Foundation, Grant Number DFG Project-ID 403224013, SFB
1382, and CRC/TR 296. AG is a recipient of a Humboldt Research
Fellowship for Postdoctoral Researchers (Alexander von
Humboldt Foundation).

REFERENCES

1. Guillot A, Tacke F. Liver macrophages: old dogmas and new insights.Hepatol

Commun. (2019) 3:730–43. doi: 10.1002/hep4.1356

2. Surewaard BG, Deniset JF, Zemp FJ, Amrein M, Otto M, Conly

J, et al. Identification and treatment of the Staphylococcus aureus

reservoir in vivo. J Exp Med. (2016) 213:1141–51. doi: 10.1084/jem.

20160334

3. Sommer F, Backhed F. The gut microbiota–masters of host development and

physiology. Nat Rev Microbiol. (2013) 11:227–38. doi: 10.1038/nrmicro2974

4. Michaudel C, Sokol H. The gut microbiota at the

service of immunometabolism. Cell Metab. (2020) 32:514–

23. doi: 10.1016/j.cmet.2020.09.004

5. Miyake Y, Yamamoto K. Role of gut microbiota in liver diseases.Hepatol Res.

(2013) 43:139–46. doi: 10.1111/j.1872-034X.2012.01088.x

6. Albillos A, de Gottardi A, Rescigno M. The gut-liver axis in liver

disease: pathophysiological basis for therapy. J Hepatol. (2020) 72:558–

77. doi: 10.1016/j.jhep.2019.10.003

7. Rosshart SP, Herz J, Vassallo BG, Hunter A, Wall MK, Badger

JH, et al. Laboratory mice born to wild mice have natural

microbiota and model human immune responses. Science. (2019)

365:aaw4361. doi: 10.1126/science.aaw4361

8. Rosshart SP, Vassallo BG, Angeletti D, HutchinsonDS,Morgan AP, Takeda K,

et al. Wild mouse gut microbiota promotes host fitness and improves disease

resistance. Cell. (2017) 171:1015–28 e13. doi: 10.1016/j.cell.2017.09.016

9. 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/nature13568

10. Rao BC, Lou JM,WangWJ, Li A, Cui GY, Yu ZJ, et al. Humanmicrobiome is

a diagnostic biomarker in hepatocellular carcinoma. Hepatobiliary Pancreat

Dis Int. (2020) 19:109–15. doi: 10.1016/j.hbpd.2020.01.003

11. Hundertmark J, Krenkel O, Tacke F. Adapted immune responses of

myeloid-derived cells in fatty liver disease. Front Immunol. (2018)

9:2418. doi: 10.3389/fimmu.2018.02418

12. Begley M, Gahan CG, Hill C. The interaction between bacteria and bile.

FEMS Microbiol Rev. (2005) 29:625–51. doi: 10.1016/j.femsre.2004.09.003

Frontiers in Medicine | www.frontiersin.org 14 September 2021 | Volume 8 | Article 725390

https://doi.org/10.1002/hep4.1356
https://doi.org/10.1084/jem.20160334
https://doi.org/10.1038/nrmicro2974
https://doi.org/10.1016/j.cmet.2020.09.004
https://doi.org/10.1111/j.1872-034X.2012.01088.x
https://doi.org/10.1016/j.jhep.2019.10.003
https://doi.org/10.1126/science.aaw4361
https://doi.org/10.1016/j.cell.2017.09.016
https://doi.org/10.1038/nature13568
https://doi.org/10.1016/j.hbpd.2020.01.003
https://doi.org/10.3389/fimmu.2018.02418
https://doi.org/10.1016/j.femsre.2004.09.003
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Bruneau et al. Gut-Liver Axis in Liver Diseases

13. 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/s41385-019-0162-4

14. 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

15. Tremaroli V, Backhed F. Functional interactions between the gut microbiota

and host metabolism. Nature. (2012) 489:242–9. doi: 10.1038/nature11552

16. Conlon MA, Bird AR. The impact of diet and lifestyle on gut microbiota and

human health. Nutrients. (2014) 7:17–44. doi: 10.3390/nu7010017

17. 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

18. Kummen M, Holm K, Anmarkrud JA, Nygard S, Vesterhus M, Hoivik ML,

et al. The gut microbial profile in patients with primary sclerosing cholangitis

is distinct from patients with ulcerative colitis without biliary disease and

healthy controls. Gut. (2017) 66:611–9. doi: 10.1136/gutjnl-2015-310500

19. Quraishi MN, Sergeant M, Kay G, Iqbal T, Chan J, Constantinidou C, et al.

The gut-adherent microbiota of PSC-IBD is distinct to that of IBD. Gut.

(2017) 66:386–8. doi: 10.1136/gutjnl-2016-311915

20. Rossen NG, Fuentes S, Boonstra K, D’Haens GR, Heilig HG, Zoetendal EG,

et al. The mucosa-associated microbiota of PSC patients is characterized by

low diversity and low abundance of uncultured Clostridiales II. J Crohns

Colitis. (2015) 9:342–8. doi: 10.1093/ecco-jcc/jju023

21. Torres J, Palmela C, Brito H, Bao X, Ruiqi H, Moura-Santos P, et al. The gut

microbiota, bile acids and their correlation in primary sclerosing cholangitis

associated with inflammatory bowel disease. United European Gastroenterol

J. (2018) 6:112–22. doi: 10.1177/2050640617708953

22. 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

23. Bajer L, Kverka M, Kostovcik M, Macinga P, Dvorak J, Stehlikova Z,

et al. Distinct gut microbiota profiles in patients with primary sclerosing

cholangitis and ulcerative colitis. World J Gastroenterol. (2017) 23:4548–

58. doi: 10.3748/wjg.v23.i25.4548

24. Ruhlemann MC, Solovjeva MEL, Zenouzi R, Liwinski T, Kummen M, Lieb

W, et al. Gut mycobiome of primary sclerosing cholangitis patients is

characterised by an increase of Trichocladium griseum and Candida species.

Gut. (2020) 69:1890–2. doi: 10.1136/gutjnl-2019-320008

25. Lemoinne S, Kemgang A, Ben Belkacem K, Straube M, Jegou S,

Corpechot C, et al. Fungi participate in the dysbiosis of gut microbiota

in patients with primary sclerosing cholangitis. Gut. (2020) 69:92–

102. doi: 10.1136/gutjnl-2018-317791

26. Yang AM, Inamine T, Hochrath K, Chen P, Wang L, Llorente C, et al.

Intestinal fungi contribute to development of alcoholic liver disease. J Clin

Invest. (2017) 127:2829–41. doi: 10.1172/JCI90562

27. Dubinkina VB, Tyakht AV, Odintsova VY, Yarygin KS, Kovarsky BA,

Pavlenko AV, et al. Links of gut microbiota composition with alcohol

dependence syndrome and alcoholic liver disease. Microbiome. (2017)

5:141. doi: 10.1186/s40168-017-0359-2

28. Loomba R, Seguritan V, Li W, Long T, Klitgord N, Bhatt A, et al. Gut

microbiome-based metagenomic signature for non-invasive detection of

advanced fibrosis in human nonalcoholic fatty liver disease. Cell Metab.

(2017) 25:1054–62 e5. doi: 10.1016/j.cmet.2017.04.001

29. Lang S, Demir M, Martin A, Jiang L, Zhang X, Duan Y, et al. Intestinal

virome signature associated with severity of nonalcoholic fatty liver disease.

Gastroenterology. (2020) 159:1839–52. doi: 10.1053/j.gastro.2020.07.005

30. Lang S, Martin A, Zhang X, Farowski F, Wisplinghoff H, M JGTV, et al.

Combined analysis of gut microbiota, diet and PNPLA3 polymorphism in

biopsy-proven non-alcoholic fatty liver disease. Liver Int. (2021) 41:1576–

91. doi: 10.1111/liv.14899

31. Lang S, Martin A, Farowski F, Wisplinghoff H, Vehreschild M, Liu J, et al.

High protein intake is associated with histological disease activity in patients

with NAFLD. Hepatol Commun. (2020) 4:681–95. doi: 10.1002/hep4.1509

32. Boursier J, Mueller O, BarretM,MachadoM, Fizanne L, Araujo-Perez F, et al.

The severity of nonalcoholic fatty liver disease is associated with gut dysbiosis

and shift in the metabolic function of the gut microbiota. Hepatology. (2016)

63:764–75. doi: 10.1002/hep.28356

33. Wong VW, Tse CH, Lam TT, Wong GL, Chim AM, Chu WC,

et al. Molecular characterization of the fecal microbiota in patients

with nonalcoholic steatohepatitis–a longitudinal study. PLoS ONE. (2013)

8:e62885. doi: 10.1371/journal.pone.0062885

34. Zhu L, Baker SS, Gill C, LiuW, Alkhouri R, Baker RD, et al. Characterization

of gut microbiomes in nonalcoholic steatohepatitis (NASH) patients: a

connection between endogenous alcohol and NASH. Hepatology. (2013)

57:601–9. doi: 10.1002/hep.26093

35. Kakiyama G, PandakWM, Gillevet PM, Hylemon PB, HeumanDM, Daita K,

et al. Modulation of the fecal bile acid profile by gut microbiota in cirrhosis.

J Hepatol. (2013) 58:949–55. doi: 10.1016/j.jhep.2013.01.003

36. 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. J Hepatol. (2014) 60:940–7. doi: 10.1016/j.jhep.2013.12.019

37. Krohn S, Zeller K, Bohm S, Chatzinotas A, Harms H, Hartmann J,

et al. Molecular quantification and differentiation of Candida species in

biological specimens of patients with liver cirrhosis. PLoS ONE. (2018)

13:e0197319. doi: 10.1371/journal.pone.0197319

38. Ponziani FR, Bhoori S, Castelli C, Putignani L, Rivoltini L, Del Chierico

F, et al. Hepatocellular carcinoma is associated with gut microbiota profile

and inflammation in nonalcoholic fatty liver disease. Hepatology. (2019)

69:107–20. doi: 10.1002/hep.30036

39. Grat M, Wronka KM, Krasnodebski M, Masior L, Lewandowski Z,

Kosinska I, et al. Profile of gut microbiota associated with the presence of

hepatocellular cancer in patients with liver cirrhosis. Transplant Proc. (2016)

48:1687–91. doi: 10.1016/j.transproceed.2016.01.077

40. Huang Y, Fan XG, Wang ZM, Zhou JH, Tian XF, Li N. Identification

of helicobacter species in human liver samples from patients

with primary hepatocellular carcinoma. J Clin Pathol. (2004)

57:1273–7. doi: 10.1136/jcp.2004.018556

41. Li Y, Tang R, Leung PSC, Gershwin ME, Ma X. Bile acids and intestinal

microbiota in autoimmune cholestatic liver diseases.Autoimmun Rev. (2017)

16:885–96. doi: 10.1016/j.autrev.2017.07.002

42. Ali AH, Carey EJ, Lindor KD. The Microbiome And Primary Sclerosing

Cholangitis. Semin Liver Dis. (2016) 36:340–8. doi: 10.1055/s-0036-1594007

43. Mathies F, Steffens N, Kleinschmidt D, Stuhlmann F, Huber FJ, Roy

U, et al. Colitis promotes a pathological condition of the liver in the

absence of Foxp3(+) Regulatory T cells. J Immunol. (2018) 201:3558–

68. doi: 10.4049/jimmunol.1800711

44. Tedesco D, Thapa M, Chin CY, Ge Y, Gong M, Li J, et al.

Alterations in intestinal microbiota lead to production of interleukin

17 by intrahepatic gammadelta T-Cell receptor-positive cells and

pathogenesis of cholestatic liver disease. Gastroenterology. (2018)

154:2178–93. doi: 10.1053/j.gastro.2018.02.019

45. Younossi ZM, Marchesini G, Pinto-Cortez H, Petta S. Epidemiology

of nonalcoholic fatty liver disease and nonalcoholic steatohepatitis:

implications for liver transplantation. Transplantation. (2019) 103:22–

7. doi: 10.1097/TP.0000000000002484

46. Di Ciaula A, Baj J, Garruti G, Celano G, De Angelis M, Wang HH,

et al. Liver steatosis, gut-liver axis, microbiome and environmental

factors. a never-ending bidirectional cross-talk. J Clin Med. (2020)

9:2648. doi: 10.3390/jcm9082648

47. Safari Z, Gerard P. The links between the gut microbiome and non-

alcoholic fatty liver disease (NAFLD). Cell Mol Life Sci. (2019) 76:1541–

58. doi: 10.1007/s00018-019-03011-w

48. Wigg AJ, Roberts-Thomson IC, Dymock RB, McCarthy PJ, Grose

RH, Cummins AG. The role of small intestinal bacterial overgrowth,

intestinal permeability, endotoxaemia, and tumour necrosis factor alpha

in the pathogenesis of non-alcoholic steatohepatitis. Gut. (2001) 48:206–

11. doi: 10.1136/gut.48.2.206

49. Shanab AA, Scully P, Crosbie O, Buckley M, O’Mahony L,

Shanahan F, et al. Small intestinal bacterial overgrowth in

nonalcoholic steatohepatitis: association with toll-like receptor 4

expression and plasma levels of interleukin 8. Dig Dis Sci. (2011)

56:1524–34. doi: 10.1007/s10620-010-1447-3

Frontiers in Medicine | www.frontiersin.org 15 September 2021 | Volume 8 | Article 725390

https://doi.org/10.1038/s41385-019-0162-4
https://doi.org/10.1038/nature09944
https://doi.org/10.1038/nature11552
https://doi.org/10.3390/nu7010017
https://doi.org/10.1136/gutjnl-2016-313332
https://doi.org/10.1136/gutjnl-2015-310500
https://doi.org/10.1136/gutjnl-2016-311915
https://doi.org/10.1093/ecco-jcc/jju023
https://doi.org/10.1177/2050640617708953
https://doi.org/10.1136/gutjnl-2015-311004
https://doi.org/10.3748/wjg.v23.i25.4548
https://doi.org/10.1136/gutjnl-2019-320008
https://doi.org/10.1136/gutjnl-2018-317791
https://doi.org/10.1172/JCI90562
https://doi.org/10.1186/s40168-017-0359-2
https://doi.org/10.1016/j.cmet.2017.04.001
https://doi.org/10.1053/j.gastro.2020.07.005
https://doi.org/10.1111/liv.14899
https://doi.org/10.1002/hep4.1509
https://doi.org/10.1002/hep.28356
https://doi.org/10.1371/journal.pone.0062885
https://doi.org/10.1002/hep.26093
https://doi.org/10.1016/j.jhep.2013.01.003
https://doi.org/10.1016/j.jhep.2013.12.019
https://doi.org/10.1371/journal.pone.0197319
https://doi.org/10.1002/hep.30036
https://doi.org/10.1016/j.transproceed.2016.01.077
https://doi.org/10.1136/jcp.2004.018556
https://doi.org/10.1016/j.autrev.2017.07.002
https://doi.org/10.1055/s-0036-1594007
https://doi.org/10.4049/jimmunol.1800711
https://doi.org/10.1053/j.gastro.2018.02.019
https://doi.org/10.1097/TP.0000000000002484
https://doi.org/10.3390/jcm9082648
https://doi.org/10.1007/s00018-019-03011-w
https://doi.org/10.1136/gut.48.2.206
https://doi.org/10.1007/s10620-010-1447-3
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Bruneau et al. Gut-Liver Axis in Liver Diseases

50. Ferslew BC, Xie G, Johnston CK, Su M, Stewart PW, Jia W, et al. Altered bile

acid metabolome in patients with nonalcoholic steatohepatitis. Dig Dis Sci.

(2015) 60:3318–28. doi: 10.1007/s10620-015-3776-8

51. Collaborators GBDA. Alcohol use and burden for 195 countries

and territories, 1990-2016: a systematic analysis for the Global

Burden of Disease Study 2016. Lancet. (2018) 392:1015–35.

doi: 10.1016/S0140-6736(18)31310-2

52. Parlesak A, Schafer C, Schutz T, Bode JC, Bode C. Increased intestinal

permeability to macromolecules and endotoxemia in patients with chronic

alcohol abuse in different stages of alcohol-induced liver disease. J Hepatol.

(2000) 32:742–7. doi: 10.1016/S0168-8278(00)80242-1

53. Bull-Otterson L, Feng W, Kirpich I, Wang Y, Qin X, Liu Y, et al.

Metagenomic analyses of alcohol induced pathogenic alterations in the

intestinal microbiome and the effect of Lactobacillus rhamnosus GG

treatment. PLoS ONE. (2013) 8:e53028. doi: 10.1371/journal.pone.00

53028

54. Yan AW, Fouts DE, Brandl J, Starkel P, Torralba M, Schott E, et al.

Enteric dysbiosis associated with a mouse model of alcoholic liver disease.

Hepatology. (2011) 53:96–105. doi: 10.1002/hep.24018

55. Mutlu EA, Gillevet PM, Rangwala H, Sikaroodi M, Naqvi A, Engen PA, et al.

Colonic microbiome is altered in alcoholism. Am J Physiol Gastrointest Liver

Physiol. (2012) 302:G966–78. doi: 10.1152/ajpgi.00380.2011

56. Duan Y, Llorente C, Lang S, Brandl K, Chu H, Jiang L, et al. Bacteriophage

targeting of gut bacterium attenuates alcoholic liver disease. Nature. (2019)

575:505–11. doi: 10.1038/s41586-019-1742-x

57. Simbrunner B, Mandorfer M, Trauner M, Reiberger T. Gut-liver axis

signaling in portal hypertension. World J Gastroenterol. (2019) 25:5897–

917. doi: 10.3748/wjg.v25.i39.5897

58. Hassan EA, Abd El-Rehim AS, Hassany SM, Ahmed AO, Elsherbiny NM,

Mohammed MH. Fungal infection in patients with end-stage liver disease:

low frequency or low index of suspicion. Int J Infect Dis. (2014) 23:69–

74. doi: 10.1016/j.ijid.2013.12.014

59. Knooihuizen SAI, Alexander NJ, Hopke A, Barros N, Viens A, Scherer

A, et al. Loss of coordinated neutrophil responses to the human fungal

pathogen, candida albicans, in patients with cirrhosis. Hepatol Commun.

(2021) 5:502–15. doi: 10.1002/hep4.1645

60. Yang JD, Hainaut P, Gores GJ, Amadou A, Plymoth A, Roberts

LR. A global view of hepatocellular carcinoma: trends, risk,

prevention and management. Nat Rev Gastroenterol Hepatol. (2019)

16:589–604. doi: 10.1038/s41575-019-0186-y

61. 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. J Hepatol. (2012)

57:803–12. doi: 10.1016/j.jhep.2012.06.011

62. Fox JG, Feng Y, Theve EJ, Raczynski AR, Fiala JL, Doernte AL,

et al. Gut microbes define liver cancer risk in mice exposed to

chemical and viral transgenic hepatocarcinogens. Gut. (2010) 59:88–

97. doi: 10.1136/gut.2009.183749

63. Monte MJ, Marin JJ, Antelo A, Vazquez-Tato J. Bile acids: chemistry,

physiology, and pathophysiology. World J Gastroenterol. (2009) 15:804–

16. doi: 10.3748/wjg.15.804

64. Bernstein C, Holubec H, Bhattacharyya AK, Nguyen H, Payne CM, Zaitlin

B, et al. Carcinogenicity of deoxycholate, a secondary bile acid. Arch Toxicol.

(2011) 85:863–71. doi: 10.1007/s00204-011-0648-7

65. Mousa OY, Juran BD, McCauley BM, Vesterhus MN, Folseraas T, Turgeon

CT, et al. Bile acid profiles in primary sclerosing cholangitis and their

ability to predict hepatic decompensation. Hepatology. (2020) 74, 281–

295. doi: 10.1002/hep.31652

66. Mouzaki M, Wang AY, Bandsma R, Comelli EM, Arendt BM, Zhang L, et al.

Bile acids and dysbiosis in non-alcoholic fatty liver disease. PLoSONE. (2016)

11:e0151829. doi: 10.1371/journal.pone.0151829

67. Nimer N, Choucair I, Wang Z, Nemet I, Li L, Gukasyan J, et al.

Bile acids profile, histopathological indices and genetic variants for

non-alcoholic fatty liver disease progression. Metabolism. (2021)

116:154457. doi: 10.1016/j.metabol.2020.154457

68. Xie G, Wang X, Huang F, Zhao A, ChenW, Yan J, et al. Dysregulated hepatic

bile acids collaboratively promote liver carcinogenesis. Int J Cancer. (2016)

139:1764–75. doi: 10.1002/ijc.30219

69. Kakiyama G, Hylemon PB, Zhou H, Pandak WM, Heuman DM, Kang

DJ, et al. Colonic inflammation and secondary bile acids in alcoholic

cirrhosis. Am J Physiol Gastrointest Liver Physiol. (2014) 306:G929–

37. doi: 10.1152/ajpgi.00315.2013

70. de Aguiar Vallim TQ, Tarling EJ, Edwards PA. Pleiotropic roles of bile acids in

metabolism. Cell Metab. (2013) 17:657–69. doi: 10.1016/j.cmet.2013.03.013

71. Jiang C, Xie C, Lv Y, Li J, Krausz KW, Shi J, et al. Intestine-selective farnesoid

X receptor inhibition improves obesity-related metabolic dysfunction. Nat

Commun. (2015) 6:10166. doi: 10.1038/ncomms10166

72. Radun R, Trauner M. Role of FXR in bile acid and metabolic homeostasis

in NASH: pathogenetic concepts and therapeutic opportunities. Semin Liver

Dis. (2021) doi: 10.1055/s-0041-1731707. [Epub ahead of Print].

73. Mouries J, Brescia P, Silvestri A, Spadoni I, Sorribas M, Wiest R, et al.

Microbiota-driven gut vascular barrier disruption is a prerequisite for

non-alcoholic steatohepatitis development. J Hepatol. (2019) 71:1216–

28. doi: 10.1016/j.jhep.2019.08.005

74. Puri P, Daita K, Joyce A, Mirshahi F, Santhekadur PK, Cazanave S, et al.

The presence and severity of nonalcoholic steatohepatitis is associated

with specific changes in circulating bile acids. Hepatology. (2018) 67:534–

48. doi: 10.1002/hep.29359

75. Pathak P, Xie C, Nichols RG, Ferrell JM, Boehme S, Krausz KW, et al.

Intestine farnesoid X receptor agonist and the gut microbiota activate G-

protein bile acid receptor-1 signaling to improve metabolism. Hepatology.

(2018) 68:1574–88. doi: 10.1002/hep.29857

76. Leonhardt J, Haider RS, Sponholz C, Leonhardt S, Drube J, Spengler K,

et al. Circulating bile acids in liver failure activate TGR5 and induce

monocyte dysfunction. Cell Mol Gastroenterol Hepatol. (2021) 12:25–

40. doi: 10.1016/j.jcmgh.2021.01.011

77. Spatz M, Ciocan D, Merlen G, Rainteau D, Humbert L, Gomes-Rochette N,

et al. Bile acid-receptor TGR5 deficiency worsens liver injury in alcohol-

fed mice by inducing intestinal microbiota dysbiosis. JHEP Rep. (2021)

3:100230. doi: 10.1016/j.jhepr.2021.100230

78. Reich M, Spomer L, Klindt C, Fuchs K, Stindt J, Deutschmann K, et al.

Downregulation of TGR5 (GPBAR1) in biliary epithelial cells contributes

to the pathogenesis of sclerosing cholangitis. J Hepatol. (2021) 75:634–

46. doi: 10.1016/j.jhep.2021.03.029

79. Carino A, Cipriani S, Marchiano S, Biagioli M, Scarpelli P, Zampella

A, et al. Gpbar1 agonism promotes a Pgc-1alpha-dependent

browning of white adipose tissue and energy expenditure and

reverses diet-induced steatohepatitis in mice. Sci Rep. (2017)

7:13689. doi: 10.1038/s41598-017-13102-y

80. Carino A, Marchiano S, Biagioli M, Bucci M, Vellecco V, Brancaleone V,

et al. Agonism for the bile acid receptor GPBAR1 reverses liver and vascular

damage in a mouse model of steatohepatitis. FASEB J. (2019) 33:2809–

22. doi: 10.1096/fj.201801373RR

81. Manley S, Ding W. Role of farnesoid X receptor and bile

acids in alcoholic liver disease. Acta Pharm Sin B. (2015)

5:158–67. doi: 10.1016/j.apsb.2014.12.011

82. Jia W, Xie G, Jia W. Bile acid-microbiota crosstalk in gastrointestinal

inflammation and carcinogenesis. Nat Rev Gastroenterol Hepatol. (2018)

15:111–28. doi: 10.1038/nrgastro.2017.119

83. Chavez-Talavera O, Tailleux A, Lefebvre P, Staels B. Bile acid control of

metabolism and inflammation in obesity, type 2 diabetes, dyslipidemia,

and nonalcoholic fatty liver disease. Gastroenterology. (2017) 152:1679–94

e3. doi: 10.1053/j.gastro.2017.01.055

84. Guillot A, Guerri L, Feng D, Kim SJ, Ahmed YA, Paloczi J, et al. Bile acid-

activated macrophages promote biliary epithelial cell proliferation through

integrin alphavbeta6 upregulation following liver injury. J Clin Invest. (2021)

131:e132305. doi: 10.1172/JCI132305

85. Pathak P, Liu H, Boehme S, Xie C, Krausz KW, Gonzalez F, et al. Farnesoid

X receptor induces Takeda G-protein receptor 5 cross-talk to regulate bile

acid synthesis and hepatic metabolism. J Biol Chem. (2017) 292:11055–

69. doi: 10.1074/jbc.M117.784322

86. Zhou D, Fan JG. Microbial metabolites in non-alcoholic fatty liver

disease. World J Gastroenterol. (2019) 25:2019–28. doi: 10.3748/wjg.v25.

i17.2019

87. Dhillon AK, Kummen M, Troseid M, Akra S, Liaskou E, Moum B,

et al. Circulating markers of gut barrier function associated with disease

Frontiers in Medicine | www.frontiersin.org 16 September 2021 | Volume 8 | Article 725390

https://doi.org/10.1007/s10620-015-3776-8
https://doi.org/10.1016/S0140-6736(18)31310-2
https://doi.org/10.1016/S0168-8278(00)80242-1
https://doi.org/10.1371/journal.pone.0053028
https://doi.org/10.1002/hep.24018
https://doi.org/10.1152/ajpgi.00380.2011
https://doi.org/10.1038/s41586-019-1742-x
https://doi.org/10.3748/wjg.v25.i39.5897
https://doi.org/10.1016/j.ijid.2013.12.014
https://doi.org/10.1002/hep4.1645
https://doi.org/10.1038/s41575-019-0186-y
https://doi.org/10.1016/j.jhep.2012.06.011
https://doi.org/10.1136/gut.2009.183749
https://doi.org/10.3748/wjg.15.804
https://doi.org/10.1007/s00204-011-0648-7
https://doi.org/10.1002/hep.31652
https://doi.org/10.1371/journal.pone.0151829
https://doi.org/10.1016/j.metabol.2020.154457
https://doi.org/10.1002/ijc.30219
https://doi.org/10.1152/ajpgi.00315.2013
https://doi.org/10.1016/j.cmet.2013.03.013
https://doi.org/10.1038/ncomms10166
https://doi.org/10.1055/s-0041-1731707
https://doi.org/10.1016/j.jhep.2019.08.005
https://doi.org/10.1002/hep.29359
https://doi.org/10.1002/hep.29857
https://doi.org/10.1016/j.jcmgh.2021.01.011
https://doi.org/10.1016/j.jhepr.2021.100230
https://doi.org/10.1016/j.jhep.2021.03.029
https://doi.org/10.1038/s41598-017-13102-y
https://doi.org/10.1096/fj.201801373RR
https://doi.org/10.1016/j.apsb.2014.12.011
https://doi.org/10.1038/nrgastro.2017.119
https://doi.org/10.1053/j.gastro.2017.01.055
https://doi.org/10.1172/JCI132305
https://doi.org/10.1074/jbc.M117.784322
https://doi.org/10.3748/wjg.v25.i17.2019
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Bruneau et al. Gut-Liver Axis in Liver Diseases

severity in primary sclerosing cholangitis. Liver Int. (2019) 39:371–

81. doi: 10.1111/liv.13979

88. Agus A, Planchais J, Sokol H. Gut microbiota regulation of tryptophan

metabolism in health and disease. Cell Host Microbe. (2018) 23:716–

24. doi: 10.1016/j.chom.2018.05.003

89. Wrzosek L, Ciocan D, Hugot C, Spatz M, Dupeux M, Houron C, et al.

Microbiota tryptophan metabolism induces aryl hydrocarbon receptor

activation and improves alcohol-induced liver injury. Gut. (2020) 70:1299–

308. doi: 10.1136/gutjnl-2020-321565

90. Albhaisi S, Shamsaddini A, Fagan A,McGeorge S, Sikaroodi M, Gavis E, et al.

Gut microbial signature of hepatocellular cancer in men with cirrhosis. Liver

Transpl. (2021) 27:629–40. doi: 10.1002/lt.25994

91. Dhillon AK, Rupp C, Bergquist A, Voitl R, Folseraas T, Troseid M, et al.

Associations of neopterin and kynurenine-tryptophan ratio with survival

in primary sclerosing cholangitis. Scand J Gastroenterol. (2021) 56:443–

52. doi: 10.1080/00365521.2021.1880627

92. Qi S, Huang S, Chen X, Huo Q, Xie N, Xia J. Liver tissue metabolic profiling

and pathways of non-alcoholic steatohepatitis in rats. Hepatol Res. (2017)

47:1484–93. doi: 10.1111/hepr.12876

93. Li XV, Leonardi I, Iliev ID. Gut mycobiota in immunity and inflammatory

disease. Immunity. (2019) 50:1365–79. doi: 10.1016/j.immuni.2019.05.023

94. den Besten G, van Eunen K, Groen AK, Venema K, Reijngoud DJ, Bakker

BM. The role of short-chain fatty acids in the interplay between diet,

gut microbiota, and host energy metabolism. J Lipid Res. (2013) 54:2325–

40. doi: 10.1194/jlr.R036012

95. Trapecar M, Communal C, Velazquez J, Maass CA, Huang YJ, Schneider

K, et al. Gut-liver physiomimetics reveal paradoxical modulation of IBD-

related inflammation by short-chain fatty acids. Cell Syst. (2020) 10:223–39

e9. doi: 10.1016/j.cels.2020.02.008

96. Effenberger M, Tilg H. The intestinal microbiota and

hepatocellular carcinoma. Memo-Mag Eur Med Onc. (2020)

13:223–6. doi: 10.1007/s12254-020-00597-x

97. Sun M, Wu W, Chen L, Yang W, Huang X, Ma C, et al.

Microbiota-derived short-chain fatty acids promote Th1 cell IL-10

production to maintain intestinal homeostasis. Nat Commun. (2018)

9:3555. doi: 10.1038/s41467-018-05901-2

98. Asarat M, Apostolopoulos V, Vasiljevic T, Donkor O. Short-chain fatty

acids regulate cytokines and Th17/Treg cells in human peripheral

blood mononuclear cells in vitro. Immunol Invest. (2016) 45:205–

22. doi: 10.3109/08820139.2015.1122613

99. Behary J, Amorim N, Jiang XT, Raposo A, Gong L, McGovern E, et al.

Gut microbiota impact on the peripheral immune response in non-alcoholic

fatty liver disease related hepatocellular carcinoma. Nat Commun. (2021)

12:187. doi: 10.1038/s41467-020-20422-7

100. Singh V, Yeoh BS, Chassaing B, Xiao X, Saha P, Aguilera Olvera R, et al.

Dysregulatedmicrobial fermentation of soluble fiber induces cholestatic liver

cancer. Cell. (2018) 175:679–94 e22. doi: 10.1016/j.cell.2018.09.004

101. Lammert C, A SS, Xu H, Hemmerich C, T MOC, Chalasani N.

Short-chain fatty acid and fecal microbiota profiles are linked to

fibrosis in primary biliary cholangitis. FEMS Microbiol Lett. (2021)

368:fnab0386. doi: 10.1093/femsle/fnab038

102. Chong MM, Zhang G, Cheloufi S, Neubert TA, Hannon GJ, Littman DR.

Canonical and alternate functions of the microRNA biogenesis machinery.

Genes Dev. (2010) 24:1951–60. doi: 10.1101/gad.1953310

103. Ferreira DM, Simao AL, Rodrigues CM, Castro RE. Revisiting the metabolic

syndrome and paving the way for microRNAs in non-alcoholic fatty liver

disease. FEBS J. (2014) 281:2503–24. doi: 10.1111/febs.12806

104. Torres JL, Novo-Veleiro I, Manzanedo L, Alvela-Suarez L, Macias R,

Laso FJ, et al. Role of microRNAs in alcohol-induced liver disorders and

non-alcoholic fatty liver disease. World J Gastroenterol. (2018) 24:4104–

18. doi: 10.3748/wjg.v24.i36.4104

105. McDaniel K, Herrera L, Zhou T, Francis H, Han Y, Levine P, et al. The

functional role of microRNAs in alcoholic liver injury. J Cell Mol Med. (2014)

18:197–207. doi: 10.1111/jcmm.12223

106. Schueller F, Roy S, Vucur M, Trautwein C, Luedde T, Roderburg C. The role

of miRNAs in the pathophysiology of liver diseases and toxicity. Int J Mol Sci.

(2018) 19:261. doi: 10.3390/ijms19010261

107. Feng Q, Chen WD, Wang YD. Gut microbiota: an integral

moderator in health and disease. Front Microbiol. (2018)

9:151. doi: 10.3389/fmicb.2018.00151

108. Longo L, Tonin Ferrari J, Rampelotto PH, Hirata Dellavia G, Pasqualotto

A, C PO, et al. Gut dysbiosis and increased intestinal permeability drive

microRNAs, NLRP-3 inflammasome and liver fibrosis in a nutritional model

of non-alcoholic steatohepatitis in adult male sprague dawley rats. Clin Exp

Gastroenterol. (2020) 13:351–68. doi: 10.2147/CEG.S262879

109. Pant K, Yadav AK, Gupta P, Islam R, Saraya A, Venugopal SK.

Butyrate induces ROS-mediated apoptosis by modulating miR-

22/SIRT-1 pathway in hepatic cancer cells. Redox Biol. (2017)

12:340–9. doi: 10.1016/j.redox.2017.03.006

110. Sulaiman SA, Muhsin NIA, Jamal R. Regulatory non-coding RNAs

network in non-alcoholic fatty liver disease. Front Physiol. (2019)

10:279. doi: 10.3389/fphys.2019.00279

111. Wang XL, He Y, Mackowiak B, Gao B. MicroRNAs as regulators,

biomarkers and therapeutic targets in liver diseases. Gut. (2021) 70:784–

95. doi: 10.1136/gutjnl-2020-322526

112. Cossiga V, Lembo V, Nigro C, Mirra P, Miele C, D’Argenio V, et al.

The combination of berberine, tocotrienols and coffee extracts improves

metabolic profile and liver steatosis by the modulation of gut microbiota

and hepatic miR-122 and miR-34a expression in mice. Nutrients. (2021)

13:1281. doi: 10.3390/nu13041281

113. Jia N, Lin X, Ma S, Ge S, Mu S, Yang C, et al. Amelioration of hepatic steatosis

is associated with modulation of gut microbiota and suppression of hepatic

miR-34a in Gynostemma pentaphylla (Thunb.) Makino treated mice. Nutr

Metab. (2018) 15:86. doi: 10.1186/s12986-018-0323-6

114. Santos AA, Afonso MB, Ramiro RS, Pires D, Pimentel M, Castro

RE, et al. Host miRNA-21 promotes liver dysfunction by targeting

small intestinal Lactobacillus in mice. Gut Microbes. (2020) 12:1–

18. doi: 10.1080/19490976.2020.1840766

115. Blasco-Baque V, Coupe B, Fabre A, Handgraaf S, Gourdy P, Arnal JF,

et al. Associations between hepatic miRNA expression, liver triacylglycerols

and gut microbiota during metabolic adaptation to high-fat diet in mice.

Diabetologia. (2017) 60:690–700. doi: 10.1007/s00125-017-4209-3

116. Zou Y, Cai Y, Lu D, Zhou Y, Yao Q, Zhang S. MicroRNA-

146a-5p attenuates liver fibrosis by suppressing profibrogenic

effects of TGFbeta1 and lipopolysaccharide. Cell Signal. (2017)

39:1–8. doi: 10.1016/j.cellsig.2017.07.016

117. Liu XL, Pan Q, Cao HX, Xin FZ, Zhao ZH, Yang RX, et al.

Lipotoxic hepatocyte-derived exosomal MicroRNA 192-5p activates

macrophages through rictor/Akt/Forkhead box transcription factor

O1 signaling in nonalcoholic fatty liver disease. Hepatology. (2020)

72:454–69. doi: 10.1002/hep.31050

118. Xie G, Wang X, Zhao A, Yan J, Chen W, Jiang R, et al. Sex-dependent effects

on gut microbiota regulate hepatic carcinogenic outcomes. Sci Rep. (2017)

7:45232. doi: 10.1038/srep45232

119. O’Neill LA, Sheedy FJ, McCoy CE. MicroRNAs: the fine-

tuners of Toll-like receptor signalling. Nat Rev Immunol. (2011)

11:163–75. doi: 10.1038/nri2957

120. Fitzgerald KA, Kagan JC. Toll-like receptors and the control

of immunity. Cell. (2020) 180:1044–66. doi: 10.1016/j.cell.2020.

02.041

121. Wu J, Meng Z, Jiang M, Zhang E, Trippler M, Broering R, et al.

Toll-like receptor-induced innate immune responses in non-

parenchymal liver cells are cell type-specific. Immunology. (2010)

129:363–74. doi: 10.1111/j.1365-2567.2009.03179.x

122. 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. Liver Int. (2006)

26:467–76. doi: 10.1111/j.1478-3231.2006.01254.x

123. Pimentel-Nunes P, Roncon-Albuquerque R Jr, Goncalves N, Fernandes-

Cerqueira C, Cardoso H, Bastos RP, et al. Attenuation of toll-like receptor

2-mediated innate immune response in patients with alcoholic chronic

liver disease. Liver Int. (2010) 30:1003–11. doi: 10.1111/j.1478-3231.2010.

02251.x

Frontiers in Medicine | www.frontiersin.org 17 September 2021 | Volume 8 | Article 725390

https://doi.org/10.1111/liv.13979
https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1136/gutjnl-2020-321565
https://doi.org/10.1002/lt.25994
https://doi.org/10.1080/00365521.2021.1880627
https://doi.org/10.1111/hepr.12876
https://doi.org/10.1016/j.immuni.2019.05.023
https://doi.org/10.1194/jlr.R036012
https://doi.org/10.1016/j.cels.2020.02.008
https://doi.org/10.1007/s12254-020-00597-x
https://doi.org/10.1038/s41467-018-05901-2
https://doi.org/10.3109/08820139.2015.1122613
https://doi.org/10.1038/s41467-020-20422-7
https://doi.org/10.1016/j.cell.2018.09.004
https://doi.org/10.1093/femsle/fnab038
https://doi.org/10.1101/gad.1953310
https://doi.org/10.1111/febs.12806
https://doi.org/10.3748/wjg.v24.i36.4104
https://doi.org/10.1111/jcmm.12223
https://doi.org/10.3390/ijms19010261
https://doi.org/10.3389/fmicb.2018.00151
https://doi.org/10.2147/CEG.S262879
https://doi.org/10.1016/j.redox.2017.03.006
https://doi.org/10.3389/fphys.2019.00279
https://doi.org/10.1136/gutjnl-2020-322526
https://doi.org/10.3390/nu13041281
https://doi.org/10.1186/s12986-018-0323-6
https://doi.org/10.1080/19490976.2020.1840766
https://doi.org/10.1007/s00125-017-4209-3
https://doi.org/10.1016/j.cellsig.2017.07.016
https://doi.org/10.1002/hep.31050
https://doi.org/10.1038/srep45232
https://doi.org/10.1038/nri2957
https://doi.org/10.1016/j.cell.2020.02.041
https://doi.org/10.1111/j.1365-2567.2009.03179.x
https://doi.org/10.1111/j.1478-3231.2006.01254.x
https://doi.org/10.1111/j.1478-3231.2010.02251.x
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Bruneau et al. Gut-Liver Axis in Liver Diseases

124. Stadlbauer V, Mookerjee RP, Wright GA, Davies NA, Jurgens G, Hallstrom

S, et al. Role of Toll-like receptors 2, 4, and 9 in mediating neutrophil

dysfunction in alcoholic hepatitis. Am J Physiol Gastrointest Liver Physiol.

(2009) 296:G15–22. doi: 10.1152/ajpgi.90512.2008

125. Gustot T, Lemmers A, Moreno C, Nagy N, Quertinmont E, Nicaise C, et al.

Differential liver sensitization to toll-like receptor pathways in mice with

alcoholic fatty liver.Hepatology. (2006) 43:989–1000. doi: 10.1002/hep.21138

126. Mahmoudi J, Mahmoodpoor A, Amirnia M, Kazemi T, Chokhachi

Baradaran P, Sheikh Najafi S, et al. The induced decrease in TLR2 and

TLR4 by cerebrolysin in the alcoholic liver of rats. J Cell Physiol. (2019)

218:237–45. doi: 10.1002/jcp.28293

127. Kirpich IA, Feng W, Wang Y, Liu Y, Barker DF, Barve SS, et al.

The type of dietary fat modulates intestinal tight junction integrity,

gut permeability, and hepatic toll-like receptor expression in a mouse

model of alcoholic liver disease. Alcohol Clin Exp Res. (2012) 36:835–

46. doi: 10.1111/j.1530-0277.2011.01673.x

128. Seo B, Jeon K, Moon S, Lee K, Kim WK, Jeong H, et al. Roseburia

spp. abundance associates with alcohol consumption in humans and its

administration ameliorates alcoholic fatty liver in mice. Cell Host Microbe.

(2020) 27:25–40 e6. doi: 10.1016/j.chom.2019.11.001

129. Roh YS, Zhang B, Loomba R, Seki E. TLR2 and TLR9 contribute to

alcohol-mediated liver injury through induction of CXCL1 and neutrophil

infiltration. Am J Physiol Gastrointest Liver Physiol. (2015) 309:G30–

41. doi: 10.1152/ajpgi.00031.2015

130. Luo P, Wang F, Wong NK, Lv Y, Li X, Li M, et al. Divergent roles

of kupffer cell TLR2/3 signaling in alcoholic liver disease and the

protective role of eGCG. Cell Mol Gastroenterol Hepatol. (2020) 9:145–

60. doi: 10.1016/j.jcmgh.2019.09.002

131. Petrasek J, Mandrekar P, Szabo G. Toll-like receptors in the

pathogenesis of alcoholic liver disease. Gastroenterol Res Pract. (2010)

2010. doi: 10.1155/2010/710381

132. Bala S, Csak T, Kodys K, Catalano D, Ambade A, Furi I, et al.

Alcohol-induced miR-155 and HDAC11 inhibit negative regulators

of the TLR4 pathway and lead to increased LPS responsiveness

of Kupffer cells in alcoholic liver disease. J Leukoc Biol. (2017)

102:487–98. doi: 10.1189/jlb.3A0716-310R

133. Chiu CC, Ching YH, Li YP, Liu JY, Huang YT, Huang YW, et al. Nonalcoholic

fatty liver disease is exacerbated in high-fat diet-fed gnotobiotic mice

by colonization with the gut microbiota from patients with nonalcoholic

steatohepatitis. Nutrients. (2017) 9:1220. doi: 10.3390/nu9111220

134. Miura K, Ohnishi H. Role of gut microbiota and Toll-like receptors in

nonalcoholic fatty liver disease. World J Gastroenterol. (2014) 20:7381–

91. doi: 10.3748/wjg.v20.i23.7381

135. Diniz AB, Antunes MM, Lacerda VAS, Nakagaki BN, Freitas Lopes MA,

Castro-Oliveira HM, et al. Imaging and immunometabolic phenotyping

uncover changes in the hepatic immune response in the early phases of

NAFLD. JHEP Rep. (2020) 2:100117. doi: 10.1016/j.jhepr.2020.100117

136. Miura K, Yang L, van Rooijen N, Brenner DA, Ohnishi H, Seki E. Toll-like

receptor 2 and palmitic acid cooperatively contribute to the development

of nonalcoholic steatohepatitis through inflammasome activation in mice.

Hepatology. (2013) 57:577–89. doi: 10.1002/hep.26081

137. Cengiz M, Ozenirler S, Elbeg S. Role of serum toll-like receptors 2 and 4

in non-alcoholic steatohepatitis and liver fibrosis. J Gastroenterol Hepatol.

(2015) 30:1190–6. doi: 10.1111/jgh.12924

138. Cheng C, Tan J, Qian W, Zhang L, Hou X. Gut inflammation

exacerbates hepatic injury in the high-fat diet induced NAFLD mouse:

attention to the gut-vascular barrier dysfunction. Life Sci. (2018) 209:157–

66. doi: 10.1016/j.lfs.2018.08.017

139. Munukka E, Wiklund P, Partanen T, Valimaki S, Laakkonen EK,

Lehti M, et al. Adipocytes as a link between gut microbiota-

derived flagellin and hepatocyte fat accumulation. PLoS ONE. (2016)

11:e0152786. doi: 10.1371/journal.pone.0152786

140. Singh V, Chassaing B, Zhang L, San Yeoh B, Xiao X, Kumar M, et al.

Microbiota-Dependent Hepatic Lipogenesis Mediated by Stearoyl CoA

Desaturase 1 (SCD1) promotes metabolic syndrome in TLR5-Deficient mice.

Cell Metab. (2015) 22:983–96. doi: 10.1016/j.cmet.2015.09.028

141. Etienne-Mesmin L, Vijay-Kumar M, Gewirtz AT, Chassaing B. Hepatocyte

Toll-Like receptor 5 promotes bacterial clearance and protects mice against

high-fat diet-induced liver disease. Cell Mol Gastroenterol Hepatol. (2016)

2:584–604. doi: 10.1016/j.jcmgh.2016.04.007

142. Mridha AR, Haczeyni F, Yeh MM, Haigh WG, Ioannou GN, Barn V,

et al. TLR9 is up-regulated in human and murine NASH: pivotal role

in inflammatory recruitment and cell survival. Clin Sci (Lond). (2017)

131:2145–59. doi: 10.1042/CS20160838

143. Garcia-Martinez I, Santoro N, Chen Y, Hoque R, Ouyang X, Caprio S,

et al. Hepatocyte mitochondrial DNA drives nonalcoholic steatohepatitis by

activation of TLR9. J Clin Invest. (2016) 126:859–64. doi: 10.1172/JCI83885

144. Arias-Loste MT, Iruzubieta P, Puente A, Ramos D, Santa Cruz C,

Estebanez A, et al. Increased expression profile and functionality of tlr6

in peripheral blood mononuclear cells and hepatocytes of morbidly obese

patients with non-alcoholic fatty liver disease. Int J Mol Sci. (2016)

17 :5878. doi: 10.3390/ijms17111878

145. Yiu JHC, Chan KS, Cheung J, Li J, Liu Y, Wang Y, et al. Gut microbiota-

associated activation of TLR5 induces apolipoprotein A1 production in the

liver. Circ Res. (2020) 127:1236–52. doi: 10.1161/CIRCRESAHA.120.317362

146. Yan H, Zhong M, Yang J, Guo J, Yu J, Yang Y, et al. TLR5 activation in

hepatocytes alleviates the functional suppression of intrahepatic CD8(+) T

cells. Immunology. (2020) 161:325–44. doi: 10.1111/imm.13251

147. Manigold T, Bocker U, Hanck C, Gundt J, Traber P, Antoni C,

et al. Differential expression of toll-like receptors 2 and 4 in

patients with liver cirrhosis. Eur J Gastroenterol Hepatol. (2003)

15:275–82. doi: 10.1097/00042737-200303000-00011

148. Hackstein CP, Assmus LM, Welz M, Klein S, Schwandt T, Schultze

J, et al. Gut microbial translocation corrupts myeloid cell function to

control bacterial infection during liver cirrhosis. Gut. (2017) 66:507–

18. doi: 10.1136/gutjnl-2015-311224

149. Miura K, Ishioka M, Minami S, Horie Y, Ohshima S, Goto T, et al. Toll-like

receptor 4 on macrophage promotes the development of steatohepatitis-

related hepatocellular carcinoma in mice. J Biol Chem. (2016) 291:11504–

17. doi: 10.1074/jbc.M115.709048

150. Liu X, Gong J, Xu B. miR-143 down-regulates TLR2 expression in hepatoma

cells and inhibits hepatoma cell proliferation and invasion. Int J Clin Exp

Pathol. (2015) 8:12738–47.

151. Mularczyk M, Bourebaba Y, Kowalczuk A, Marycz K, Bourebaba L.

Probiotics-rich emulsion improves insulin signalling in Palmitate/Oleate-

challenged human hepatocarcinoma cells through the modulation of

Fetuin-A/TLR4-JNK-NF-kappaB pathway. Biomed Pharmacother. (2021)

139:111560. doi: 10.1016/j.biopha.2021.111560

152. Brown GD. Dectin-1: a signalling non-TLR pattern-recognition receptor.

Nat Rev Immunol. (2006) 6:33–43. doi: 10.1038/nri1745

153. Seifert L, Deutsch M, Alothman S, Alqunaibit D, Werba G, Pansari

M, et al. Dectin-1 regulates hepatic fibrosis and hepatocarcinogenesis

by suppressing TLR4 signaling pathways. Cell Rep. (2015) 13:1909–

21. doi: 10.1016/j.celrep.2015.10.058

154. Kulaksiz H, Rudolph G, Kloeters-Plachky P, Sauer P, Geiss H, Stiehl A.

Biliary candida infections in primary sclerosing cholangitis. J Hepatol. (2006)

45:711–6. doi: 10.1016/j.jhep.2006.07.022

155. Kohatsu L, Hsu DK, Jegalian AG, Liu FT, Baum LG. Galectin-3 induces death

of Candida species expressing specific beta-1,2-linked mannans. J Immunol.

(2006) 177:4718–26. doi: 10.4049/jimmunol.177.7.4718

156. Li Y, Komai-Koma M, Gilchrist DS, Hsu DK, Liu FT,

Springall T, et al. Galectin-3 is a negative regulator of

lipopolysaccharide-mediated inflammation. J Immunol. (2008)

181:2781–9. doi: 10.4049/jimmunol.181.4.2781

157. Jouault T, El Abed-El Behi M, Martinez-Esparza M, Breuilh L, Trinel

PA, Chamaillard M, et al. Specific recognition of Candida albicans by

macrophages requires galectin-3 to discriminate Saccharomyces cerevisiae

and needs association with TLR2 for signaling. J Immunol. (2006) 177:4679–

87. doi: 10.4049/jimmunol.177.7.4679

158. Al Mamun A, Akter A, Hossain S, Sarker T, Safa SA, Mustafa QG, et al.

Role of NLRP3 inflammasome in liver disease. J Dig Dis. (2020) 21:430–

6. doi: 10.1111/1751-2980.12918

159. Bawa M, Saraswat VA. Gut-liver axis: role of inflammasomes. J Clin Exp

Hepatol. (2013) 3:141–9. doi: 10.1016/j.jceh.2013.03.225

160. Henao-Mejia J, Elinav E, Jin C, Hao L, Mehal WZ, Strowig T,

et al. Inflammasome-mediated dysbiosis regulates progression of

Frontiers in Medicine | www.frontiersin.org 18 September 2021 | Volume 8 | Article 725390

https://doi.org/10.1152/ajpgi.90512.2008
https://doi.org/10.1002/hep.21138
https://doi.org/10.1002/jcp.28293
https://doi.org/10.1111/j.1530-0277.2011.01673.x
https://doi.org/10.1016/j.chom.2019.11.001
https://doi.org/10.1152/ajpgi.00031.2015
https://doi.org/10.1016/j.jcmgh.2019.09.002
https://doi.org/10.1155/2010/710381
https://doi.org/10.1189/jlb.3A0716-310R
https://doi.org/10.3390/nu9111220
https://doi.org/10.3748/wjg.v20.i23.7381
https://doi.org/10.1016/j.jhepr.2020.100117
https://doi.org/10.1002/hep.26081
https://doi.org/10.1111/jgh.12924
https://doi.org/10.1016/j.lfs.2018.08.017
https://doi.org/10.1371/journal.pone.0152786
https://doi.org/10.1016/j.cmet.2015.09.028
https://doi.org/10.1016/j.jcmgh.2016.04.007
https://doi.org/10.1042/CS20160838
https://doi.org/10.1172/JCI83885
https://doi.org/10.3390/ijms17111878
https://doi.org/10.1161/CIRCRESAHA.120.317362
https://doi.org/10.1111/imm.13251
https://doi.org/10.1097/00042737-200303000-00011
https://doi.org/10.1136/gutjnl-2015-311224
https://doi.org/10.1074/jbc.M115.709048
https://doi.org/10.1016/j.biopha.2021.111560
https://doi.org/10.1038/nri1745
https://doi.org/10.1016/j.celrep.2015.10.058
https://doi.org/10.1016/j.jhep.2006.07.022
https://doi.org/10.4049/jimmunol.177.7.4718
https://doi.org/10.4049/jimmunol.181.4.2781
https://doi.org/10.4049/jimmunol.177.7.4679
https://doi.org/10.1111/1751-2980.12918
https://doi.org/10.1016/j.jceh.2013.03.225
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Bruneau et al. Gut-Liver Axis in Liver Diseases

NAFLD and obesity. Nature. (2012) 482:179–85. doi: 10.1038/nature

10809

161. Tilg H, Moschen AR, Szabo G. Interleukin-1 and inflammasomes in

alcoholic liver disease/acute alcoholic hepatitis and nonalcoholic fatty

liver disease/nonalcoholic steatohepatitis. Hepatology. (2016) 64:955–

65. doi: 10.1002/hep.28456

162. Wu X, Dong L, Lin X, Li J. Relevance of the NLRP3 inflammasome

in the pathogenesis of chronic liver disease. Front Immunol. (2017)

8:1728. doi: 10.3389/fimmu.2017.01728

163. He K, Zhu X, Liu Y, Miao C, Wang T, Li P, et al. Inhibition of

NLRP3 inflammasome by thioredoxin-interacting protein in mouse Kupffer

cells as a regulatory mechanism for non-alcoholic fatty liver disease

development. Oncotarget. (2017) 8:37657–72. doi: 10.18632/oncotarget.

17489

164. Chen D, Le TH, Shahidipour H, Read SA, Ahlenstiel G. The role of gut-

derived microbial antigens on liver fibrosis initiation and progression. Cells.

(2019) 8:13241. doi: 10.3390/cells8111324

165. Ko M, Kamimura K, Owaki T, Nagoya T, Sakai N, Nagayama I, et al.

Modulation of serotonin in the gut-liver neural axis ameliorates the fatty

and fibrotic changes in non-alcoholic fatty liver. Dis Model Mech. (2021)

14:dmm048922. doi: 10.1242/dmm.048922

166. Caraceni P, Vargas V, Sola E, Alessandria C, de Wit K, Trebicka J,

et al. The use of rifaximin in patients with cirrhosis. Hepatology. (2021).

doi: 10.1002/hep.31708

167. Fujinaga Y, Kawaratani H, Kaya D, Tsuji Y, Ozutsumi T, Furukawa M,

et al. Effective combination therapy of angiotensin-ii receptor blocker and

rifaximin for hepatic fibrosis in rat model of nonalcoholic steatohepatitis. Int

J Mol Sci. (2020) 21:5589. doi: 10.3390/ijms21155589 [Epub ahead of Print].

168. Bergheim I, Weber S, Vos M, Kramer S, Volynets V, Kaserouni

S, et al. Antibiotics protect against fructose-induced hepatic lipid

accumulation in mice: role of endotoxin. J Hepatol. (2008) 48:983–

92. doi: 10.1016/j.jhep.2008.01.035

169. Ponziani FR, Zocco MA, D’Aversa F, Pompili M, Gasbarrini A.

Eubiotic properties of rifaximin: disruption of the traditional

concepts in gut microbiota modulation. World J Gastroenterol. (2017)

23:4491–9. doi: 10.3748/wjg.v23.i25.4491

170. Abdel-Razik A, Mousa N, Shabana W, Refaey M, Elzehery R, Elhelaly

R, et al. Rifaximin in nonalcoholic fatty liver disease: hit multiple

targets with a single shot. Eur J Gastroenterol Hepatol. (2018) 30:1237–

46. doi: 10.1097/MEG.0000000000001232

171. Pose E, Napoleone L, Amin A, Campion D, Jimenez C, Piano S, et al.

Safety of two different doses of simvastatin plus rifaximin in decompensated

cirrhosis (LIVERHOPE-SAFETY): a randomised, double-blind, placebo-

controlled, phase 2 trial. Lancet Gastroenterol Hepatol. (2020) 5:31–

41. doi: 10.1016/S2468-1253(19)30320-6

172. Bajaj JS, Salzman N, Acharya C, Takei H, Kakiyama G, Fagan A,

et al. Microbial functional change is linked with clinical outcomes

after capsular fecal transplant in cirrhosis. JCI Insight. (2019)

4:e133410. doi: 10.1172/jci.insight.133410

173. Bomhof MR, Parnell JA, Ramay HR, Crotty P, Rioux KP, Probert

CS, et al. Histological improvement of non-alcoholic steatohepatitis

with a prebiotic: a pilot clinical trial. Eur J Nutr. (2019) 58:1735–

45. doi: 10.1007/s00394-018-1721-2

174. Kobyliak N, Abenavoli L, Mykhalchyshyn G, Kononenko L, Boccuto

L, Kyriienko D, et al. A multi-strain probiotic reduces the fatty liver

index, cytokines and aminotransferase levels in NAFLD patients: evidence

from a randomized clinical trial. J Gastrointestin Liver Dis. (2018) 27:41–

9. doi: 10.15403/jgld.2014.1121.271.kby

175. Depommier C, Everard A, Druart C, Plovier H, Van Hul M, Vieira-Silva S,

et al. Supplementation with Akkermansia muciniphila in overweight and

obese human volunteers: a proof-of-concept exploratory study. Nat Med.

(2019) 25:1096–103. doi: 10.1038/s41591-019-0495-2

176. Lambert JE, Parnell JA, Eksteen B, Raman M, Bomhof MR, Rioux KP,

et al. Gut microbiota manipulation with prebiotics in patients with non-

alcoholic fatty liver disease: a randomized controlled trial protocol. BMC

Gastroenterol. (2015) 15:169. doi: 10.1186/s12876-015-0400-5

177. Younossi ZM, Ratziu V, Loomba R, RinellaM, Anstee QM, Goodman Z, et al.

Obeticholic acid for the treatment of non-alcoholic steatohepatitis: interim

analysis from a multicentre, randomised, placebo-controlled phase 3 trial.

Lancet. (2019) 394:2184–96. doi: 10.1016/S0140-6736(19)33041-7

178. Safadi R, Konikoff FM, Mahamid M, Zelber-Sagi S, Halpern M, Gilat T,

et al. The fatty acid-bile acid conjugate Aramchol reduces liver fat content

in patients with nonalcoholic fatty liver disease. Clin Gastroenterol Hepatol.

(2014) 12:2085–91 e1. doi: 10.1016/j.cgh.2014.04.038

179. Traussnigg S, Schattenberg JM, Demir M, Wiegand J, Geier A, Teuber G,

et al. Norursodeoxycholic acid versus placebo in the treatment of non-

alcoholic fatty liver disease: a double-blind, randomised, placebo-controlled,

phase 2 dose-finding trial. Lancet Gastroenterol Hepatol. (2019) 4:781–

93. doi: 10.1016/S2468-1253(19)30184-0

180. Mingrone G, van Baar AC, Deviere J, Hopkins D, Moura E, Cercato

C, et al. Safety and efficacy of hydrothermal duodenal mucosal

resurfacing in patients with type 2 diabetes: the randomised, double-

blind, sham-controlled, multicentre REVITA-2 feasibility trial. Gut.

(2021). doi: 10.1136/gutjnl-2020-323608. [Epub ahead of print].

181. Bajaj JS, Khoruts A. Microbiota changes and intestinal microbiota

transplantation in liver diseases and cirrhosis. J Hepatol. (2020) 72:1003–

27. doi: 10.1016/j.jhep.2020.01.017

182. Ferrere G, Wrzosek L, Cailleux F, Turpin W, Puchois V, Spatz M, et al. Fecal

microbiota manipulation prevents dysbiosis and alcohol-induced liver injury

in mice. J Hepatol. (2017) 66:806–15. doi: 10.1016/j.jhep.2016.11.008

183. de Groot P, Scheithauer T, Bakker GJ, Prodan A, Levin E,

Khan MT, et al. Donor metabolic characteristics drive effects of

faecal microbiota transplantation on recipient insulin sensitivity,

energy expenditure and intestinal transit time. Gut. (2020)

69:502–12. doi: 10.1136/gutjnl-2019-318320

184. 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 J Gastroenterol. (2019) 114:1071–

9. doi: 10.14309/ajg.0000000000000115

185. Bajaj JS, Gavis EA, Fagan A, Wade JB, Thacker LR, Fuchs M, et al. A

randomized clinical trial of fecal microbiota transplant for alcohol use

disorder. Hepatology. (2021) 73:1688–700. doi: 10.1002/hep.31496

186. Ma X, Hua J, Li Z. Probiotics improve high fat diet-induced hepatic steatosis

and insulin resistance by increasing hepatic NKT cells. J Hepatol. (2008)

49:821–30. doi: 10.1016/j.jhep.2008.05.025

187. Li J, Sung CY, Lee N, Ni Y, Pihlajamaki J, Panagiotou G, et al.

Probiotics modulated gut microbiota suppresses hepatocellular

carcinoma growth in mice. Proc Natl Acad Sci USA. (2016)

113:E1306–15. doi: 10.1073/pnas.1518189113

188. Grander C, Adolph TE, Wieser V, Lowe P, Wrzosek L, Gyongyosi

B, et al. Recovery of ethanol-induced Akkermansia muciniphila

depletion ameliorates alcoholic liver disease. Gut. (2018)

67:891–901. doi: 10.1136/gutjnl-2016-313432

189. Routy B, Le Chatelier E, Derosa L, Duong CPM, Alou MT, Daillere R,

et al. Gut microbiome influences efficacy of PD-1-based immunotherapy

against epithelial tumors. Science. (2018) 359:91–7. doi: 10.1126/science.

aan3706

190. Bao T, He F, Zhang X, Zhu L, Wang Z, Lu H, et al. Inulin exerts

beneficial effects on non-alcoholic fatty liver disease via modulating

gut microbiome and suppressing the lipopolysaccharide-Toll-Like

receptor 4-Mpsi-NUCLEAR FACTOR-kappaB-Nod-like receptor

protein 3 pathway via gut-liver axis in mice. Front Pharmacol. (2020)

11:558525. doi: 10.3389/fphar.2020.558525

191. Hadi A, Ghaedi E, Khalesi S, Pourmasoumi M, Arab A. Effects of

synbiotic consumption on lipid profile: a systematic review and meta-

analysis of randomized controlled clinical trials. Eur J Nutr. (2020) 59:2857–

74. doi: 10.1007/s00394-020-02248-7

192. Kowdley KV, Vuppalanchi R, Levy C, Floreani A, Andreone P,

LaRusso NF, et al. A randomized, placebo-controlled, phase II study

of obeticholic acid for primary sclerosing cholangitis. J Hepatol. (2020)

73:94–101. doi: 10.1016/j.jhep.2020.02.033

193. Sun L, Cai J, Gonzalez FJ. The role of farnesoid X receptor in metabolic

diseases, and gastrointestinal and liver cancer.Nat Rev Gastroenterol Hepatol.

(2021) 18:335–47. doi: 10.1038/s41575-020-00404-2

194. Sorribas M, Jakob MO, Yilmaz B, Li H, Stutz D, Noser Y, et al. FXR

modulates the gut-vascular barrier by regulating the entry sites for

Frontiers in Medicine | www.frontiersin.org 19 September 2021 | Volume 8 | Article 725390

https://doi.org/10.1038/nature10809
https://doi.org/10.1002/hep.28456
https://doi.org/10.3389/fimmu.2017.01728
https://doi.org/10.18632/oncotarget.17489
https://doi.org/10.3390/cells8111324
https://doi.org/10.1242/dmm.048922
https://doi.org/10.1002/hep.31708
https://doi.org/10.3390/ijms21155589
https://doi.org/10.1016/j.jhep.2008.01.035
https://doi.org/10.3748/wjg.v23.i25.4491
https://doi.org/10.1097/MEG.0000000000001232
https://doi.org/10.1016/S2468-1253(19)30320-6
https://doi.org/10.1172/jci.insight.133410
https://doi.org/10.1007/s00394-018-1721-2
https://doi.org/10.15403/jgld.2014.1121.271.kby
https://doi.org/10.1038/s41591-019-0495-2
https://doi.org/10.1186/s12876-015-0400-5
https://doi.org/10.1016/S0140-6736(19)33041-7
https://doi.org/10.1016/j.cgh.2014.04.038
https://doi.org/10.1016/S2468-1253(19)30184-0
https://doi.org/10.1136/gutjnl-2020-323608
https://doi.org/10.1016/j.jhep.2020.01.017
https://doi.org/10.1016/j.jhep.2016.11.008
https://doi.org/10.1136/gutjnl-2019-318320
https://doi.org/10.14309/ajg.0000000000000115
https://doi.org/10.1002/hep.31496
https://doi.org/10.1016/j.jhep.2008.05.025
https://doi.org/10.1073/pnas.1518189113
https://doi.org/10.1136/gutjnl-2016-313432
https://doi.org/10.1126/science.aan3706
https://doi.org/10.3389/fphar.2020.558525
https://doi.org/10.1007/s00394-020-02248-7
https://doi.org/10.1016/j.jhep.2020.02.033
https://doi.org/10.1038/s41575-020-00404-2
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Bruneau et al. Gut-Liver Axis in Liver Diseases

bacterial translocation in experimental cirrhosis. J Hepatol. (2019) 71:1126–

40. doi: 10.1016/j.jhep.2019.06.017

195. Fickert P, Hirschfield GM, Denk G, Marschall HU, Altorjay I, Farkkila

M, et al. norUrsodeoxycholic acid improves cholestasis in primary

sclerosing cholangitis. J Hepatol. (2017) 67:549–58. doi: 10.1016/j.jhep.2017.

05.009

196. Engelmann C, Sheikh M, Sharma S, Kondo T, Loeffler-Wirth H, Zheng YB,

et al. Toll-like receptor 4 is a therapeutic target for prevention and treatment

of liver failure. J Hepatol. (2020) 73:102–12. doi: 10.1016/j.jhep.2020.01.011

197. Hsieh YC, Lee KC, Wu PS, Huo TI, Huang YH, Hou MC, et al. Eritoran

attenuates hepatic inflammation and fibrosis in mice with chronic liver

injury. Cells. (2021) 10:1562. doi: 10.3390/cells10061562

198. Macnaughtan J, Soeda J, Mouralidarane A, Sandeman S, Howell C,

Milkhalovsky S, et al. Effects of oral nanoporous carbon therapy in leptin

null mice as a model of non-alcoholic steatohepatitis. Gut. (2012) 61:A125–

A. doi: 10.1136/gutjnl-2012-302514b.128

199. Suez J, Elinav E. The path towards microbiome-based metabolite treatment.

Nat Microbiol. (2017) 2:17075. doi: 10.1038/nmicrobiol.2017.75

200. Gao J, Li Y, Wan Y, Hu T, Liu L, Yang S, et al. A novel postbiotic from

Lactobacillus rhamnosus GG with a beneficial effect on intestinal barrier

function. Front Microbiol. (2019) 10:477. doi: 10.3389/fmicb.2019.00477

201. Damoogh S, Vosough M, Hadifar S, Rasoli M, Gorjipour A, Falsafi S,

et al. Evaluation of E. coli Nissle1917 derived metabolites in modulating

key mediator genes of the TLR signaling pathway. BMC Res Notes. (2021)

14:156. doi: 10.1186/s13104-021-05568-x

202. Isabella VM, Ha BN, Castillo MJ, Lubkowicz DJ, Rowe SE, Millet YA,

et al. Development of a synthetic live bacterial therapeutic for the

human metabolic disease phenylketonuria. Nat Biotechnol. (2018) 36:857–

64. doi: 10.1038/nbt.4222

203. Kurtz CB, Millet YA, Puurunen MK, Perreault M, Charbonneau MR,

Isabella VM, et al. An engineered E. coli Nissle improves hyperammonemia

and survival in mice and shows dose-dependent exposure in healthy

humans. Sci Transl Med. (2019) 11:au7975. doi: 10.1126/scitranslmed.

aau7975

204. Hendrikx T, Duan Y,Wang Y, Oh JH, Alexander LM,HuangW, et al. Bacteria

engineered to produce IL-22 in intestine induce expression of REG3G

to reduce ethanol-induced liver disease in mice. Gut. (2019) 68:1504–

15. doi: 10.1136/gutjnl-2018-317232

Conflict of Interest: FT’s lab has received research funding by Allergan,

Bristol-Myers Squibb, Galapagos, Gilead and Inventiva. He consults for Allergan,

Bayer, Boehringer Ingelheim, Galapagos, Galmed, Intercept, Inventiva, NGM bio,

Novartis, and Pfizer.

The remaining 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 © 2021 Bruneau, Hundertmark, Guillot and Tacke. 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 Medicine | www.frontiersin.org 20 September 2021 | Volume 8 | Article 725390

https://doi.org/10.1016/j.jhep.2019.06.017
https://doi.org/10.1016/j.jhep.2017.05.009
https://doi.org/10.1016/j.jhep.2020.01.011
https://doi.org/10.3390/cells10061562
https://doi.org/10.1136/gutjnl-2012-302514b.128
https://doi.org/10.1038/nmicrobiol.2017.75
https://doi.org/10.3389/fmicb.2019.00477
https://doi.org/10.1186/s13104-021-05568-x
https://doi.org/10.1038/nbt.4222
https://doi.org/10.1126/scitranslmed.aau7975
https://doi.org/10.1136/gutjnl-2018-317232
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Molecular and Cellular Mediators of the Gut-Liver Axis in the Progression of Liver Diseases
	Introduction
	Involvement of the Gut-Microbiota in Liver Diseases
	Cholangiopathies
	Non-alcoholic Fatty Liver Disease and Non-alcoholic Steatohepatitis
	Alcohol-Related Liver Diseases
	Cirrhosis
	Hepatocellular Carcinoma

	Gut-Derived Metabolites and Molecular Pathways
	Molecular Mediators in the Gut-Liver Axis
	Bile Acids
	Bacterial and Fungi Products
	Short-Chain Fatty Acids
	Micro-RNA (miRNA)

	Recognition and Processing of Gut-Derived Signal in Hepatic and Immune Cells
	Pattern Recognition Receptors and Signaling Pathways
	Cholangiopathies
	Alcohol-Related Liver Disease
	NAFLD and NASH
	Cirrhosis
	HCC

	Other Non-TLRs Members of the PRR Family
	Serotonin

	Therapeutic Interventions Targeting the Gut-Liver-Axis
	Application of Antibiotics
	Fecal Microbiota Transfer
	Prebiotics, Probiotics, Synbiotics
	Bile Acid Related Therapies
	Alternative Approaches Under Development

	Conclusions and Future Perspectives
	Author Contributions
	Funding
	References


