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Role of innate immunity and the microbiota in liver
fibrosis: crosstalk between the liver and gut

Ekihiro Seki and Bernd Schnabl
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Abstract Liver fibrosis occurs as a wound-healing scar response following chronic liver
inflammation including alcoholic liver disease, non-alcoholic steatohepatitis, viral hepatitis,
cholestatic liver disease and autoimmune liver diseases. The liver has a unique vascular system
within the gastrointestinal tract, as the majority of the liver’s blood supply comes from the
intestine through the portal vein. When the intestinal barrier function is disrupted, an increase
in intestinal permeability leads to the translocation of intestine-derived bacterial products such
as lipopolysaccharide (LPS) and unmethylated CpG containing DNA to the liver via the portal
vein. These gut-derived bacterial products stimulate innate immune receptors, namely Toll-like
receptors (TLRs), in the liver. TLRs are expressed on Kupffer cells, endothelial cells, dendritic cells,
biliary epithelial cells, hepatic stellate cells, and hepatocytes. TLRs activate these cells to contribute
to acute and chronic liver diseases. This review summarizes recent studies investigating the role
of TLRs, intestinal microbiota and bacterial translocation in liver fibrosis, alcoholic liver disease
and non-alcoholic steatohepatitis.
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Introduction

Innate immunity exists widely from insects to mammals
and is an evolutionary acquired function as the first
line of host defence against pathogenic microorganisms
(bacteria, viruses, fungi and parasites). The innate
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immune system induces the production of inflammatory
mediators and anti-microbial peptides, and builds a
bridge with the acquired immunity to eradicate invading
microorganisms from the host. The innate immune
signalling also maintains tissue and organ homeostasis,
such as intestinal microflora, proliferation and apoptosis
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of intestinal epithelial cells, and liver regeneration after
the loss of liver mass (Rakoff-Nahoum et al. 2004;
Seki et al. 2005; Wen et al. 2008). Notably, aberrant
activation of innate immune signalling may trigger
‘harmful inflammation’ that contributes to sepsis, chronic
inflammation, autoimmune diseases, tissue and organ
injuries, fibrosis and carcinogenesis (Seki & Brenner,
2008).

The liver is the first extraintestinal organ that encounters
venous blood from the small and large intestines via the
portal vein. Due to this unique blood supply system,
the liver is vulnerable to exposure of bacterial products
translocated from the gut lumen via the portal vein.
Disruption of the intestinal epithelial barrier results in
a leaky gut, which contributes to bacterial translocation
(Seki & Brenner, 2008; Crispe, 2009; Pradere et al. 2010).
Translocation of large amounts of gut-derived products
is usually prevented by intact barrier systems provided by
intestinal epithelial cells (Crispe, 2009). Thus, in a healthy
organism only minor quantities of translocated bacterial
products reach the liver. In general, the hepatic immune
system tolerates these bacterial products in order to avoid
harmful responses, which is also known as ‘liver tolerance’
(Crispe, 2009). The liver not only consists of parenchymal
hepatocytes, but also contains non-parenchymal cells
including immune and non-immune cells. Members of
the hepatic immune system are resident liver tissue
macrophages (Kupffer cells), natural killer (NK) cells,
NKT cells, T cells and B cells; these cell types strictly
regulate the liver immune system including liver tolerance
(Seki & Brenner, 2008).

Bacterial translocation is defined as the migration of
viable bacteria or bacterial products from the intestinal
lumen to mesenteric lymph nodes or other extraintestinal
organs and sites (Wiest & Garcia-Tsao, 2005). Bacterial
translocation is caused by increased intestinal permeability
as a result of a disrupted intestinal barrier. Intestinal
bacterial overgrowth and changes in the composition
of bacterial flora in the intestine may also promote
bacterial translocation (Berg & Garlington, 1979; Wiest
& Garcia-Tsao, 2005; Son et al. 2010). Increased trans-
location of bacteria and bacterial products from the
intestine may impair liver homeostasis and enhance liver
inflammation through activation of the innate immune
system. In particular, translocated bacterial products
augment the activation of hepatic immune cells through
pattern recognition receptors including Toll-like receptors
(TLRs). Moreover, hepatic non-immune cells, including
endothelial cells, biliary epithelial cells and hepatic stellate
cells, respond to bacterial products through TLRs (Seki &
Brenner, 2008; Crispe, 2009). Activated TLR signalling
induces innate immune responses including cytokine
and type I IFN production in the liver. Alarmins,
the products released from damaged cells or tissues,
also trigger TLR signalling and cause inflammation

without actual infections, referred to sterile inflammation
(Chen & Nunez, 2010). Thus, the activation of TLR
signalling through intestine-derived microbial products
and alarmins may contribute to the initiation and
progression of liver diseases (Seki & Brenner, 2008). In
this review, we highlight the current knowledge about
bacterial translocation and its contribution to activation
of TLR signalling in fibrogenic liver disease.

Toll-like receptor signalling in the liver

Toll-like receptors (TLRs) were originally identified as
mammalian homologues of Drosophila Toll and function
as pattern recognition receptors (Takeuchi & Akira,
2010; Yamamoto & Takeda, 2010). TLRs recognize
signature motifs, often referred as pathogen-associated
molecular patterns (PAMPs), that activate downstream
intracellular signalling pathways of TLRs, resulting in
an induction of innate immune response. Currently,
more than 10 members of the TLR family have been
identified, and all TLRs contain a conserved extracellular
domain with leucine rich repeats that is responsible for
PAMP recognition (Takeuchi & Akira, 2010; Yamamoto
& Takeda, 2010). The Gram-negative bacterial cell wall
component lipopolysaccharide (LPS, also known as end-
otoxin) binds to TLR4 with co-receptor CD14 and
MD-2 (Takeuchi & Akira, 2010; Yamamoto & Takeda,
2010). TLR2 heterodimerizes with TLR1 or TLR6 to
recognize lipoprotein and peptidoglycan derived from
Gram-positive bacteria. Bacterial flagellin is recognized
by TLR5. Intracellular TLR3 and TLR9 are activated by
microbe-derived nucleic acids including double stranded
RNA and CpG motif containing unmethylated DNA,
respectively (Takeuchi & Akira, 2010; Yamamoto &
Takeda, 2010).

After the binding of corresponding ligands, TLRs
activate MyD88-dependent and -independent signalling
pathways. The MyD88-dependent pathway is shared by
TLR and IL-1 receptor signalling. Except for TLR3,
all TLRs activate the MyD88-dependent pathway. An
additional adaptor protein, TIRAP, bridges TLR2 and
TLR4 to MyD88 (Fig. 1). Subsequently, MyD88 recruits
IL-1R-associated kinase (IRAK)-4, IRAK-1 and IRAK-2,
and induces assembly of a multiple protein complex
composed of TRAF6, TRAF3, Ubc13, cIAP1/2, TAK1
and NEMO (Takeuchi & Akira, 2010; Tseng et al. 2010;
Yamamoto & Takeda, 2010). Then, TRAF6 and TRAF3
are ubiquitinated and degraded, which leads to the
activation of downstream IκB kinase (IKK) complex and
MAP kinases. The IKK complex consists of IKKα, IKKβ
and NEMO that induces phosphorylation, ubiquitination
and degradation of IκBα. After the dissociation from
IκBα, NF-κB translocates into the nucleus. MAP kinases
including c-Jun N-terminal kinases (JNK) and p38 activate
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transcription factor AP-1. Activation of these transcription
factors induces transcription of proinflammatory cyto-
kines, such as TNF-α, IL-6 and IL-1β. The activation
of endosomal TLR7 and TLR9 induces the assembly
of the complex consisting of MyD88, IRAK-1, TRAF6,
TRAF3 and IKK-α. This complex is required for TLR7-
or TLR9-mediated activation of IKKs, MAP kinases
and IRF7. IRF7 activation subsequently induces IFN-α
production (Takeuchi & Akira, 2010; Yamamoto & Takeda,
2010).

TLR3 and TLR4 activate MyD88-independent,
TRIF-dependent pathways. When TLR4 binds to another
adaptor molecule, TRAM, TLR4 is internalized into cyto-
plasm from plasma membrane and then interacts with
TRIF (Takeuchi & Akira, 2010; Yamamoto & Takeda,
2010). Subsequently, TRIF associates with TRAF3 and
TRAF6 to activate TANK-binding kinase 1 (TBK1) and
IKKi, resulting in the activation of transcription factor
IRF3 and induction of IFN-β (Takeuchi & Akira, 2010;
Tseng et al. 2010; Yamamoto & Takeda, 2010) (Fig. 1). The
TRIF-dependent pathway requires TRAF3 to induce IL-10
production and TRAF6 to induce late phase activation of

NF-κB and MAPK through RIP1 and RIP3 (Takeuchi &
Akira, 2010; Tseng et al. 2010; Yamamoto & Takeda, 2010).

In liver inflammation, Kupffer cells are the primary cells
that respond to TLR ligands to produce inflammatory
cytokines (e.g. TNF-α, IL-6, IL-1β and IFN-β), chemo-
kines (e.g. KC (CXCL1), MIP-2 (CXCL2), MCP-1 (CCL2),
RANTES (CCL5), MIP-1α (CCL3) and MIP-1β (CCL4))
and reactive oxygen species (Seki & Brenner, 2008; Crispe,
2009). In Kupffer cells, the TLR4–TRIF pathway activates
caspase-1, which is required to process the proform of
IL-1β and IL-18 into the active form (Seki et al. 2001;
Imamura et al. 2009). Kupffer cells express all TLRs except
for TLR5 (Wu et al. 2010). Hepatic stellate cells (HSCs)
reside in the space of Disse and store vitamin A-containing
lipid droplets in a healthy normal liver. Upon stimulation
with fibrogenic mediators, such as TGF-β and PDGF
produced from Kupffer cells, HSCs transdifferentiate into
myofibroblasts with loss of vitamin A-containing lipid
droplets and an increase in the expression of α-smooth
muscle actin (SMA). As a result, hepatic myofibroblasts
(activated HSCs) secrete extracellular matrix (ECM) to
induce liver fibrosis (Bataller & Brenner, 2005; Friedman,

Figure 1. Overview of TLR signalling
TLR1, TLR2, TLR4, TLR5 and TLR6 are expressed on cell membrane. TLR3, TLR7/8 and TLR9 are expressed in end-
osome. All TLRs except for TLR3 activate MyD88-dependent pathway to induce NF-κB and p38/JNK activation.
TLR2 and TLR4 signalling require TIRAP and MyD88. TLR3 requires TRAF to activate TBK1/IKKε. After TLR4 inter-
nalization, TLR4 signalling activates TRAM/TRIF-dependent pathway. TLR3/4-dependent TRIF-dependent signalling
induces IRF-3 activation and IFN-β production. TLR7/8 and TLR9 induce IFN-α production through IRF7.
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2008). HSCs express all TLRs and have the capacity to
produce inflammatory cytokines and chemokines, such as
KC (CXCL1), MIP-1β (CCL4), MIP-1α (CCL3) MCP-1
(CCL2) and MIP-2 (CXCL2) in response to TLR ligands
(Seki et al. 2007; Seki & Brenner, 2008; Wang et al. 2009).

TLR4 signalling in liver fibrosis

Liver fibrosis is a wound healing response following
chronic liver inflammation including chronic hepatitis B
and C, non-alcoholic steatohepatitis, alcoholic hepatitis
and autoimmune hepatitis. Cholestasis caused by biliary
obstruction or inflammation also induces liver fibrosis
(Bataller & Brenner, 2005; Friedman, 2008). Liver
cirrhosis, the end-stage of liver fibrosis, is histologically
characterized by hepatocyte necrosis, inflammatory cell
infiltration, bridging fibrosis and the appearance of
regenerative nodules, and may result in portal hyper-
tension, liver failure and hepatocellular carcinoma
(Bataller & Brenner, 2005; Friedman, 2008). Clinical
evidence demonstrates elevated LPS levels in the systemic
and portal circulation in patients with cirrhosis (Lin
et al. 1995; Chan et al. 1997). Additional evidence
comes from a large patient cohort demonstrating that
the TLR4 single nucleotide polymorphism (SNP) is
one of seven SNPs that may predict the risk of liver
cirrhosis in patients with chronic hepatitis C infection
(Huang et al. 2007). Therefore, it is postulated that
TLR4 and gut microflora-derived LPS contribute to the
progression of liver fibrosis. Indeed, systemic plasma
levels of LPS are elevated in experimental animal models
of liver fibrosis induced by bile duct ligation (BDL)
and chronic administration of carbon tetrachloride
(CCl4), or thioacetamide (Nolan & Leibowitz, 1978;
Grinko et al. 1995; Seki et al. 2007). Selective
decontamination of gut microflora using a cocktail
of non-absorbable broad-spectrum antibiotics decreases
plasma LPS levels and inhibits experimental liver fibrosis
(Rakoff-Nahoum et al. 2004; Seki et al. 2007). It is
suggested that intestine-derived translocated bacterial
products such as LPS promote experimental liver fibrosis.
Expectedly, experimental liver fibrosis was suppressed in
TLR4-mutant C3H/HeJ mice (Seki et al. 2007). Mice
deficient in TLR4 co-receptors, CD14 and LPS-binding
protein, and TLR adaptors, MyD88 and TRIF, also have
less liver fibrosis mediated by cholestasis (Isayama et al.
2006; Seki et al. 2007). Importantly, TLR4-mutant mice
have similar levels of elevated LPS in the blood compared
to wild-type mice (Seki et al. 2007). This suggests that
translocated LPS derived from the gut microflora mediates
TLR4 activation in the liver; however, this translocation
is independent of intestinal TLR4. The exact mechanism
of how experimental liver injury induces a leaky gut
barrier is still elusive. The intestinal barrier defect might

be caused by disruption of intestinal epithelial tight
junctions, imbalance of proliferation and apoptosis of
intestinal epithelial cells, intestinal mucosal atrophy and
edema associated with portal hypertension or absence
of bile acids in intestinal lumen, and systemic increases
in inflammatory cytokines and oxidative stress produced
from the liver (Assimakopoulos et al. 2007).

Relative roles of TLR4 signalling between Kupffer
cells and hepatic stellate cells

Both Kupffer cells and HSCs express high levels of TLR4
(Seki et al. 2001, 2007; Paik et al. 2003; Seki & Brenner,
2008). The relative roles of TLR4 between Kupffer cells and
HSCs in liver fibrosis were investigated via generation of
TLR4-bone marrow (BM) chimeric mice (Seki et al. 2007).
Since the majority of Kupffer cells are radio-resistant,
(Kennedy & Abkowitz, 1997; Klein et al. 2007) a standard
style of BM transplantation (BMT) with irradiation is
insufficient to engraft donor BM-derived cells as liver
macrophages. The modified BMT with depletion of
Kupffer cells can replace endogenous Kupffer cells with
donor BM derived cells. This protocol can generate two
different types of TLR4 BM chimeric mice; one group
contains TLR4 mutant Kupffer cells and TLR4 intact HSCs
and hepatocytes (Seki et al. 2007), while the other type
contains TLR4 intact Kupffer cells and TLR4 mutant HSCs
and hepatocytes. Because Kupffer cells and HSCs, but not
hepatocytes, directly respond to TLR4 ligand in vivo (Seki
et al. 2001, 2007; Paik et al. 2003; Isogawa et al. 2005) and
because HSCs are radio-resistant and not derived from BM
(Kisseleva et al. 2006; Higashiyama et al. 2009), the relative
roles of TLR4 in Kupffer cells and HSCs were characterized
by using the modified TLR4 BM-chimeric mice. While
mice with TLR4 mutant HSCs and TLR4 intact Kupffer
cells lacked induction of significant liver fibrosis, mice with
TLR4 intact HSCs and TLR4 mutant Kupffer cells showed
a marked induction of fibrosis in the TLR4 chimeric mice
(Seki et al. 2007). Thus, TLR4 signalling in HSCs, but
not in Kupffer cells, is crucial for the development of
liver fibrosis. Because TLR4-mediated inflammatory and
fibrogenic cytokines of Kupffer cells were suggested to be
more important than TLR4-mediated HSC activation in
liver fibrosis, the results from this study were unexpected
and uncovered the new role of TLR4 signalling in HSCs
(Seki et al. 2007).

Currently, at least three mechanisms are identified as
roles of TLR4 signalling in HSCs during liver fibrogenesis.
The first mechanism is mediated by TLR4-induced
chemokines (MCP-1, MIP-1α, MIP-1β and RANTES) and
expression of adhesion molecules (ICAM-1, VCAM-1 and
E-selectin) (Seki et al. 2007). These HSC-derived factors
lead to chemoattraction of BM-derived monocytes and
the accumulation of Kupffer cells in the liver (Seki et al.
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2009a,b). Moreover, HSC-derived MCP-1 and RANTES
act in an autocrine manner to activate HSCs (Marra
et al. 1999; Marra, 2002; Schwabe et al. 2003; Seki et al.
2009b). This is also supported by evidence demonstrating
that genetic or pharmacological inhibition of chemo-
kines (RANTES, MCP-1) or chemokine receptors (CCR1,
CCR2, CCR5) reduces liver fibrosis (Fig. 2) (Marra et al.
1999; Marra, 2002; Schwabe et al. 2003; Karlmark et al.
2009; Seki et al. 2009a,b; Berres et al. 2010; Baeck et al.
2011). The second mechanism is mediated by the cross-
talk between TLR4 and TGF-β signalling. TGF-β is a
potent fibrogenic cytokine that activates HSCs and induces
liver fibrosis. In quiescent HSCs, Bambi, an endogenous
decoy receptor of TGF-β receptor, is highly expressed and
inhibits TGF-β receptor signalling (Seki et al. 2007). Upon
TLR4 stimulation, Bambi is immediately downregulated,
which allows full activation of TGF-β receptor signalling in
HSCs, leading to HSC activation (Fig. 2). TLR4-mediated

Bambi regulation is dependent on MyD88 and NF-κB,
but not TRIF (Seki et al. 2007). In addition, Bambi not
only functions as decoy, but also directly interacts with
Smad7 to interfere with the association between TGF-β
receptors (type I and type II) and Smad3, resulting in
inhibition of TGF-β signalling (Yan et al. 2009). A recent
paper demonstrated that in renal fibrosis, Bambi regulates
TLR4-mediated fibrogenesis, indicating the universal role
of Bambi in fibrosis (Pulskens et al. 2011). The third
mechanism is mediated by TLR4-regulated microRNA
(miR) expression in liver fibrosis. LPS stimulation reduces
the expression of miR-29 expression in HSCs. Moreover,
miR-29 expression is suppressed in the liver of humans
and animals with liver fibrosis (Roderburg et al. 2011).
miR-29 negatively regulates transcription of collagen α1
(I) mRNA, suggesting that TLR4 signalling downregulates
miR-29 expression, which in turn promotes collagen
production in liver fibrosis (Roderburg et al. 2011).

Figure 2. TLR4 signalling in hepatic stellate cells during liver fibrosis
In chronic liver damage, intestinal permeability is increased due to systemic inflammation, portal hypertension,
intestinal dysbiosis or tight junction disintegrity, which allows translocation of gut microflora-derived LPS into the
liver through the portal vein. Translocated LPS stimulates TLR4 on hepatic stellate cells (HSCs). High expression of
Bambi prevents TGF-β signalling in quiescent HSCs. Upon activation of TLR4, HSCs produce chemokines (MCP-1,
MIP-1β and RANTES) that recruit Kupffer cells through CCR1 and CCR2. TLR4-activated HSCs downregulate Bambi
and increase its sensitivity to TGF-β released from Kupffer cells. The fully activated TGF-β signalling then induces
HSC activation. TLR4 signalling-mediated Bambi downregulation requires MyD88 and NF-κB.
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Bacterial translocation and liver cirrhosis

Bacterial translocation results from increased intestinal
permeability, which might be facilitated by a disruption
of intestinal tight junctions and by intestinal bacterial
overgrowth. Biliary obstruction or cirrhosis-mediated
liver dysfunction may decrease the secretion of bile
acids that causes bacterial overgrowth and may change
bacterial composition in intestine (Miettinen, 1972;
Sung et al. 1993). Moreover, liver cirrhosis and portal
hypertension may influence intestinal motility that
might also contribute to intestinal bacterial overgrowth
(Gunnarsdottir et al. 2003).

Currently, it is not entirely clear how changes in
the microbiome contribute to chronic liver disease. The
analysis of fecal microbiome in patients with hepatitis
B and alcoholic liver cirrhosis demonstrated an increase
in pathogenic Enterobacteriaceae and Streptococcaceae,
while beneficial Bifidobacteria and Lachnospiraceae were
decreased (Chen et al. 2011; Lu et al. 2011). In addition,
liver cirrhosis induced by carbon tetrachloride in rats
was also associated with high levels of Enterobacteraceae
(Zhang et al. 2010). Another study reported a decrease
in Gram-positive anaerobic Clostridium groups and
an increase in the aerobic/anaerobic bacterial ratio
in mice with fibrosis (Gomez-Hurtado et al. 2011).
For animals with cirrhosis, treatment with antibiotics
(e.g. norfloxacin) or probiotics (e.g. Bifidobacterium)
reduces Enterobacter, while it increases Bifidobacterium
and Lactobacillus, resulting in decreased systemic end-
otoxin levels and improved liver function (Zhang et al.
2010). Thus, it is suggested that bacterial translocation
and intestinal flora dysfunction are associated with the
development of liver fibrosis.

TLR4 signalling, bacterial translocation and alcoholic
liver disease

Chronic alcohol abuse causes hepatic steatosis, alcoholic
hepatitis and cirrhosis. Not only alcohol itself, but also its
metabolite, acetaldehyde, is a potent hepatotoxin (Petrasek
et al. 2010; Szabo & Bala, 2010). LPS derived from gut
microflora is also considered to be a crucial factor inducing
alcohol-mediated pathological changes in the liver (Rao,
2009; Szabo & Bala, 2010). Indeed, LPS levels in systemic
and portal blood are significantly increased in patients
and animals with chronic alcohol intake (Bode et al. 1987;
Fukui et al. 1991; Uesugi et al. 2001; Yan et al. 2011). Mice
deficient in TLR4, LBP and CD14 are shown to be resistant
to alcohol-induced liver diseases (Uesugi et al. 2001, 2002;
Yin et al. 2001). Moreover, gut sterilization with anti-
biotics decreased plasma LPS levels and liver steatosis,
inflammation and injury after chronic ethanol treatment
(Adachi et al. 1995). Most importantly, plasma LPS levels
are similarly increased in wild-type and TLR4 mutant mice

(Uesugi et al. 2001). Together, it is evident that trans-
location of LPS in alcoholic liver disease activates TLR4 in
the liver, whereas bacterial translocation does not require
TLR4 in the intestine. Despite the failure of LPS alone to
mimic the condition of alcoholic steatohepatitis, ethanol
administration increases the sensitivity to LPS-induced
hepatocyte injury and cytokine production in the animal
model (Pennington et al. 1997; von Montfort et al.
2008). As noted above, HSCs, but not Kupffer cells, are
responsible for TLR4-mediated liver fibrosis. Previous
studies emphasized the pathophysiological importance of
TLR4 on Kupffer cells in alcoholic liver disease, but they
did not investigate the role of TLR4 on HSCs (Adachi et al.
1994; Uesugi et al. 2001). A recent study investigating the
relative contribution of TLR4 expressed on Kupffer cells
and HSCs in alcoholic liver disease has been published
(Inokuchi et al. 2011). In addition to the previous concept,
we demonstrate that TLR4 signalling is important in both
BM-derived cells including Kupffer cells, and endogenous
liver cells including HSCs for alcohol-induced hepatocyte
injury, steatosis, inflammation and fibrogenesis (Inokuchi
et al. 2011) (Fig. 3). Unexpectedly, the TLR4-TRIF-IRF3
pathway was found to be more important than the
TLR4-MyD88 dependent pathway in the development of
alcoholic steatohepatitis (Hritz et al. 2008a; Petrasek et al.
2011).

Bacterial translocation is a crucial factor for
development of alcohol liver disease (Rao, 2009). Ethanol
and its metabolite, acetaldehyde, directly influence
dissociation of tight junction protein ZO-1 in the intestinal
epithelium, suggesting a mechanism of intestinal barrier
dysfunction and subsequent bacterial translocation in
alcoholic liver disease (Ma et al. 1999). Moreover,
ethanol ingestion suppresses intestinal motility, which
contributes to bacterial overgrowth (Bode & Bode, 2003).
However, as only 15–20% of the enteric microflora can
be cultured using conventional bacterial culture systems,
a comprehensive analysis of characteristic changes in the
gut flora could not be performed. As noted above, with
the invention of culture-independent systems, such as
massively parallel pyrosequencing, the composition of
fecal microbiome was demonstrated to be different in
patients with alcoholic liver cirrhosis (Chen et al. 2011).
A recent study has characterized bacterial translocation
and changes in intestinal microbiome in an animal model
of continuous intragastric ethanol infusion. One week
after ethanol infusion, translocated bacteria were detected
in the systemic blood, and systemic LPS levels were
elevated (Yan et al. 2011). While intestinal bacterial over-
growth was not detected 1 week after enteral ethanol
feeding in contrast to the induction of bacterial trans-
location, the number of aerobic and anaerobic bacteria was
increased 3 weeks after continuous intragastric ethanol
feeding as assessed by conventional bacterial culture
methods (Yan et al. 2011). Thus, intestinal bacterial
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overgrowth occurs after early bacterial translocation.
Subsequent massively parallel pyrosequencing using
caecal contents demonstrated that ethanol treatment
decreased operational taxonic units (OTUs) of several

Firmicutes, such as Lactococcuss, Pediococcuss and
Lactobacillus, and increased OTUs of unknown bacteria,
Verrucomicrobia and Bacteroidetes, such as Bacteroidales,
Bacteroides and Porphyromonadaceae (Yan et al. 2011).

Figure 3. Bacterial translocation and
hepatic TLR4 signalling in alcoholic liver
disease
Excessive intake of alcohol induces changes
in composition of intestinal microflora and
bacterial overgrowth. In addition, tight
junction disruption causes an increase in
intestinal permeability, leading to
translocation of gut microflora-derived LPS
into the liver through the portal vein.
Translocated LPS stimulates TLR4 on both
Kupffer cells and hepatic stellate cells
(HSCs). Upon activation of TLR4, Kupffer
cells and HSCs produce chemokines
(MCP-1, MIP-1α, MIP-1β and RANTES) that
recruit Kupffer cells as well as HSCs. This
activation of cells participates in liver
inflammation, hepatocyte steatosis and
fibrosis.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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Interestingly, most of the suppressed bacteria are
considered ‘good’ bacteria or probiotic bacteria. The
principle component analysis (PCA) indicated distinct
enteric microbiomes in control and ethanol treated groups
(Yan et al. 2011).

The study also found significantly suppressed intestinal
expression of antimicrobial proteins Reg3b and Reg3g in
animals and patients with chronic ethanol consumption,
which suggests that gut dysbiosis following ethanol
treatment is induced by the deregulation of anti-
microbial molecule expression (Yan et al. 2011).
Because antimicrobial Reg3g levels were increased in
B. thetaiotaomicron mono-associated mice, and because
administration of probiotic Lactobacillus had a beneficial
effect in alcoholic liver disease, it is postulated that pre- or
probiotic treatment regulates intestinal expression of end-
ogenous antimicrobial molecules that control homeostasis
of the intestinal microflora (Nanji et al. 1994; Sonnenburg
et al. 2006; Mutlu et al. 2009). Upon administration
of prebiotic fructo-oligosaccharides (FOS), indigestive
short-chain saccharides that stimulate probiotic bacteria
Lactobacilli and Bifdobacteria, the intestinal expression of
Reg3g was partially restored even after enteral ethanol
treatment (Yan et al. 2011). Partially restored Reg3g
expression suppressed enteric bacterial overgrowth and
alcohol-induced steatohepatitis (Yan et al. 2011). Thus,
pre- or probiotics are promising therapeutic approaches to
ameliorate intestinal dysbiosis, bacterial overgrowth and
subsequent reversal of alcoholic steatohepatitis. Besides
LPS, bacterial DNA, a natural ligand for TLR9, is also
recognized as a part of microbial products that are able to
translocate from the intestine. Therefore, we highly expect
TLR9 signalling to influence disease progression in alcohol
liver disease. However, this hypothesis has not yet been
tested (Gao, 2011).

TLR9 signalling in non-alcoholic steatohepatitis

Non-alcoholic steatohepatitis (NASH) is a hepatic feature
of the metabolic syndrome. Obesity and insulin resistance
are often demonstrated as promoting factors for NASH
(Miura et al. 2010b; Sorrentino et al. 2010). NASH
is histologically characterized by hepatocyte steatosis,
ballooning, inflammatory cell infiltration and fibrosis
(Miura et al. 2010b), and might progress to cirrhosis
(Bataller & Brenner, 2005). There is an interesting animal
study investigating the relationship between gut micro-
biota and obesity. When wild-type germfree mice fed
a standard chow diet are colonized with a micro-
biota harvested from ob/ob or lean donors, adiposity in
recipients of the obese microbiota increased more than
in recipients of a lean microbiota, indicating a crucial
role of the microbiota in obesity and hence fatty liver
disease (Backhed et al. 2004; Ley et al. 2006; Turnbaugh
et al. 2006). There are at least two mechanisms to be

suggested here. First, microflora itself alters nutrition and
metabolism in the intestine contributing to obese and
fatty livers in animals (Kim & Sears, 2010; Son et al.
2010). Second, microbiota from obese mice is associated
with bacterial translocation that promotes obese and fatty
liver. Small intestinal bacterial overgrowth (SIBO), tight
junction disruption and increased intestinal permeability
were seen in NAFLD patients. These factors are associated
with the severity of steatosis (Miele et al. 2009; Vanni &
Bugianesi, 2009). This clinical observation corroborates
previous reports demonstrating the importance of TLR4
and intestine-derived LPS in the animal model of NASH
(Rivera et al. 2007; Hritz et al. 2008b; Spruss et al. 2009;
Miura et al. 2010b; Csak et al. 2011). Besides LPS, bacterial
products such as bacterial DNA, a ligand for TLR9, was
detected by PCR for bacterial 16S rRNA in the blood of
the murine NASH model developed by 22 weeks of choline
deficient amino acid defined (CDAA) diet feeding (Miura
et al. 2010a). This evidence suggested that activation
of TLR9 signalling plays an important role in NASH.
CDAA diet induced severe steatosis, hepatocyte damage,
inflammatory cell infiltration and fibrosis in wild-type
mice, but not TLR9-deficient mice (Miura et al. 2010a).
The decreased steatohepatitis in TLR9-deficient mice was
associated with a decrease in hepatic levels of IL-1β,
but lacked association with other cytokines (Miura et al.
2010a). IL-1β was preferentially expressed and produced
in response to the TLR9 ligand CpG-DNA in Kupffer
cells, but not in other hepatic cells (Miura et al. 2010a).
Subsequently, mature IL-1β secreted from Kupffer cells
stimulates hepatocytes and HSCs in NASH. IL-1β directly
increases lipid accumulation through the expression of
lipogenesis gene DGAT2 in hepatocytes (Miura et al.
2010a). Surprisingly, IL-1β also induces cell death in
lipid-accumulated hepatocytes with an upregulation of the
proapoptotic gene Bax and a downregulation of the anti-
apoptotic gene Bcl-2 (Miura et al. 2010a). Moreover, IL-1β
induces fibrogenic responses with upregulated fibrogenic
genes and downregulated Bambi in HSCs (Miura et al.
2010a). Finally, mice deficient in IL-1 receptor and
MyD88 showed a significant reduction of diet-induced
steatohepatitis (Miura et al. 2010a). In NASH, trans-
located bacterial DNA binds to TLR9 on Kupffer cells
to produce IL-1β, which in turn stimulates hepatocytes
for lipid accumulation and cell death. In parallel, IL-1β
activates HSCs to induce liver fibrosis.

Conclusions and future perspective

While clinical symptoms may not be overt in patients with
mild to moderate liver fibrosis/cirrhosis, the complications
of liver cirrhosis, including hepatic failure, portal hyper-
tension and hepatocellular carcinoma, are major causes
of morbidity and mortality. Unfortunately, effective anti-
fibrotic therapies are not yet established. Because TLR
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signalling and intestinal microbiota are important in the
development of liver fibrosis, targeting innate immune
signalling, such as TLRs and intestinal microbiota may
become an effective therapy for chronic liver disease
including liver fibrosis, alcoholic liver disease and obesity
associated NASH. A number of issues concerning TLRs,
bacterial translocation and intestinal microbiota in liver
fibrosis are yet to be addressed. First, since the role of
dysbiosis in bacterial translocation during liver fibrosis
has not been studied in detail, the changes in gut micro-
biome in chronic liver disease should be comprehensively
analysed using 454 massively parallel pyrosequencing.
Second, the regulation of intestinal expression of anti-
microbial molecules and its effects on dysbiosis and liver
fibrosis need to be examined. Third, the influences of
specific bacterial strains in translocation and liver fibrosis
should be investigated. Fourth, the therapeutic effects of
pre-, pro- and antibiotics on intestinal microbiota in liver
fibrosis remain to be assessed. Moreover, endogenous
TLR ligands associated with bacterial translocation and
chronic liver disease should be studied. A recent report has
identified HMGB-1 and fatty acids to be endogenous TLR4
ligands in NASH (Li et al. 2011). Finally, while it is known
that hepatocellular carcinoma is strongly associated with
liver fibrosis and cirrhosis, it is still unclear whether
TLRs, intestinal microbiota and bacterial translocation are
involved in fibrosis-mediated hepatocellular carcinoma.
One study has clearly shown the critical role of TLR4 and
intestine-derived LPS in chemical-induced experimental
liver cancer (Yu et al. 2010). Future studies will uncover
additional clinical relevance of TLRs and intestinal micro-
biota in liver fibrosis, cirrhosis and cancer.
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