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Abstract

Accumulating evidence indicates that the gut microbiota, long appreciated to be a key determinant
of intestinal inflammation, is also playing a key role in chronic inflammatory disease of the liver.
Such studies have yielded a general central hypothesis whereby microbiota products activate the
innate immune system to drive pro-inflammatory gene expression thus promoting chronic
inflammatory disease of the liver. This article reviews the background supporting this hypothesis,
outlines how it can potentially explain classic and newly emerging epidemiological chronic
inflammatory liver disease, and discusses potential therapeutic means to manipulate the
microbiota so as to prevent and/or treat liver disease.
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Background/Introduction

Microbiota, complex partner of the intestine

The gut microbiota is the collective term for the 100 trillion bacteria, 1-2 kg in mass, that
inhabit the gastrointestinal tract. The gut microbiota is a very diverse ecosystem in that it is
comprised of over 2,000 distinct species and has a collective genome of 150-fold more
genes than the human genome (1). Most of these bacteria cannot be grown as purified
cultures and thus much of the study of these bacteria largely consists of identifying bacterial
species and their genes (collectively referred to as the microbiome) based on DNA
sequencing - a technology in which there has been dramatic advances in recent years - and
studying phenotypes of "germfree" mice, which lack a microbiota or germfree mice
transplanted with a complex microbiota whose composition has typically been associated
with a particular phenotype. Such studies have led to the appreciation that the microbiota is
at least as metabolically complex as the liver, and that the microbiota should not be viewed
as entirely alien but rather as having coevolved with the intestine. Metabolic activity of the
microbiota provides a great benefit to human health both by providing essential nutrients
and maximizing the efficiency of energy harvest from ingested food. However, the
microbiota also contains numerous potential opportunistic pathogens and thus has the
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potential to harm its host if this complex microbial community is not well managed.
Maintaining the homeostasis of the gut microbiota has necessitated the development of a
specialized mucosal immune system, whose development is in fact dependent upon the
presence of a microbiota in that it is absent in germ free mice (2).

Microbiota, large source of pro-inflammatory agonists

The mucosal immune system expediently detects and clears most food-borne pathogens,
keeps potential opportunists in check without excess harm to beneficial bacteria and host
tissues. A central component of the mucosal immune system is the intricate system of
receptors that recognize conserved feature of microbial products (3, 4). Primary classes of
such receptors include the Toll-like (TLR) and nod-like (NLR) receptors that recognize a
variety of bacterial products including lipopolysaccharide (LPS), flagellin, peptidoglycan,
and bacterial DNA. The primary consequence of TLR/NLR detecting their cognate agonists
is to broadly induce host-defense gene expression that can protect against numerous
microbes. This is achieved in large part by activating some of the dominant signaling
cascades such as the NF-xB transcriptional pathways that are generally referred to as pro-
inflammatory in that they promote immune cell recruitment. While immune cell recruitment
plays an important role in containing pathogens, it can also result in host tissue damage.
Moreover, it is now well appreciated that cytokines that mediate such classic inflammatory
responses such as tumor necrosis factor-alpha (TNF-a), also have a variety of effects on
metabolic/growth/differentiation pathways and thus there is a potential for microbial
products to have broad effects on host phenotype. Accordingly, as reviewed elsewhere (5),
expression and function of intestinal TLR/NLR are normally regulated in a manner that
prevents activation of these receptors by the microbiota. However, activation of intestinal
TLR/NLR may still drive a variety of inflammatory diseases including liver disease.
Moreover, as discussed below, the liver also expresses TLR/NLR that are increasingly
appreciated to play a direct role in liver disease.

Role of microbiota in intestinal disease

As study of the microbiota in liver disease is in its infancy, it is useful to first consider
lessons from study of how the intestinal microbiota can promote other diseases. The
microbiota has long been considered as a central player in inflammatory bowel disease (6).
Altered gut microbiota is associated with disease in humans and mice, and gut microbiota is
essential for most murine models of colitis. The essential role seems to largely reflect that
gut microbial products activating TLR/NLR drive the inflammation that defines disease. But
yet, TLR/NLR also play a key role in keeping gut bacteria in-check thus preventing disease.
Thus, given that humans would not normally exist in germfree states, the most important
lesson from the intestine may be that a properly functioning immune system, which will
clearly involve TLR/NLR signaling, can maintain a healthy microbiota such that it does not
cause a potentially problematic level of activation of TLR/NLR that would result in clinical
indicators of inflammation. Importantly, such problematic, i.e. colitis-associated, levels of
TLR/NLR activation can result from an inherently colitogenic microbiota, excessive
immune activation, or an underlying immune deficiency that results in a compensatory
immune activation that is necessary to clear the bacteria. Intestinal microbiota can also
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promote metabolic disease by 3 primary mechanisms. First, microbiota can alter the
efficiency of energy harvest from ingested food in that microbiotas from obese humans
exhibit altered Bacteroidetes/Firmicutes ratios, which promote increased energy harvest and
adiposity when transplanted into germ-free mice (7). Another means by which microbial
metabolism may negatively influence the host is by generating toxic metabolites from the
diet. For example, Wang et al. observed that microbiota converts choline to
phosphatidylcholine linked to heart disease (8). Perhaps an overarching means by which
altered host-microbiota interactions promotes metabolic disease is by driving low-grade
inflammation as several mouse strains that fail to maintain healthy populations of gut
microbiota develop metabolic syndrome (9-11). In addition, such metabolic disease may be
driven, at least in part, by microbiota-derived TLR/NLR agonists activating pro-
inflammatory signaling in organs that control central metabolism. This concept is best
studied for the quintessential TLR agonist, LPS, which activates TLR4. In mice, high-fat
diets result in increased gut permeability and modest but significantly increased levels of
circulating LPS, termed metabolic endotoxemia, that drives metabolic disease (12). The
concept that reduced intestinal barrier function can result in gut microbiota products
breaching the intestine, sometimes referred to as "leaky gut syndrome", is increasingly
thought to play a central role in liver disease.

Inflammation, a central ingredient in liver disease

In accord with its essential role in a panoply of essential life-sustaining processes, diseases
of the liver comprise many of the most vexing public health problems. While diseases
affecting the liver are quite complex and, reflecting the liver's central role in metabolism and
detoxification, generally involve multiple organs, major classifications of liver disease
include alcoholic liver disease, nonalcoholic fatty liver disease (NAFLD), cancer, and
hepatitis. While the latter refers to the group of diseases defined by overt
histopathologically-evident inflammation of the liver (i.e. presence of inflammatory cells), it
is now clear that inflammation as defined by elevated pro-inflammatory gene expression
plays a central role in all of these common hepatic disorders. While disease development
and outcome is dictated by host genetics as well as a variety of environmental/behavioral
factors such as diet, infection, and alcohol consumption, the mechanisms by which all of
these factors affect disease susceptibility can be viewed from the prism of inflammation.
Indeed, most if not all liver diseases are associated with elevated markers of inflammation,
especially pro-inflammatory cytokines, which are thought to play a role on driving disease
and are increasingly being pharmacologically targeted to treat these disorders. Thus, while it
seems reasonable to speculate that microbiota altering energy harvest and/or directly
producing toxic metabolites plays a role in liver disease, at present, available evidence
primarily supports the notion that the microbiota plays a central role in liver disease by
promoting inflammation. Hence, the remainder of this review will focus on this concept.

Microbiota as a potential driver of liver inflammation

The enormity of the gut microbiota and that portal vein serves as a "super highway" from the
intestine to the liver suggests that some gut bacteria and their products might reach the liver
on more than just rare occasions. Indeed, although the overwhelming majority of intestinal
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bacteria are located in the intestinal lumen and outer mucus layer, it seems reasonable to
envisage that a very small but perhaps not insignificant minority of bacteria might
occasionally breach the gut epithelium and quickly arrive in the liver. In accordance, low
levels of some bacterial products can often be detected in systemic circulation in diseased
and, to a lesser extent, in healthy persons, further supporting the notion that gut microbiota
products might activate TLR/NLR in the liver. Numerous studies indicate that, like most
populations of macrophages, Kupffer cells respond to very low concentration of LPS via
activation of NF-xB and production of pro-inflammatory cytokines, suggesting that these
cells would be responsive to physiologically relevant levels of microbial products that reach
the liver (13). Supporting this concept that liver specialized macrophages play a central role
in liver inflammation, the use of ischemia/reperfusion as a model of hepatic injury,
associated with the use of TLR4 bone marrow chimeras mice, demonstrate that TLR4
pathway plays a central role in actively phagocytic non-parenchymal cells (such as Kupffer
cells) for ischemia/reperfusion-induced injury and liver inflammation (14). This hyper-
responsiveness of Kupffer cells to LPS is linked to up-regulation of CD14 by a leptin-
mediated signaling, and accordingly, up-regulation of CD14 and hyper-responsiveness to
low-dose LPS were observed in Kupffer cells in high-fat diet (HFD)-induced steatosis mice,
but not chow-fed-control mice (15). Other liver cells that might respond to microbial
products include hepatic stellate cells (HSC) (16), which have been observed to exhibit
TLR4-mediated NF-kB activation in response to fairly low concentration of LPS and are
reported to be the predominant target through which TLR4 ligands promote fibrosis in the
liver (17). Hepatocytes have also been observed to respond to TLR agonists and hepatocytes
exhibit dynamics regulation of TLR expression. Yet, as such studies typically use relatively
high concentration of TLR agonists, the extent to which hepatocytes can directly respond to
physiologic TLR/NLR agonists in health and disease has not been extensively investigated.
Based upon paradigms gradually emerging from study of intestinal-microbiota interactions,
we speculate that activation of TLR on Kupffer, and perhaps other liver cells, might be a
common, perhaps even ongoing, occurrence and play a role in liver homeostasis whereas
activation of liver NLRs may be more frequent in situations of more unusual danger, such as
an infection. A central hypothesis proposed by several other researchers is that increased
levels of activation of TLR/NLRs by gut microbiota play a role in chronic inflammatory
disease of the liver. The mechanisms by which increased activation of pro-inflammatory
signaling might drive liver disease have been reviewed elsewhere. Here, we discuss
potential initiating causes of liver disease in terms of how they might result in increased
activation of liver TLR/NLR signaling by the microbiota and consider possible therapeutic
interventions.

Gut microbiota and alcoholic liver disease

Potential means by which an environmental factor might cause gut microbiota to activate
liver TLR/NLR would be an altered microbiota population and/or altered gut permeability.
Indeed, long-appreciated causative factors of liver disease, particularly alcohol, clearly do
the latter and are increasingly suggested to do the former. Mounting evidence suggests that
alcohol increases gut permeability and liver exposure to gut-derived endotoxin, which
activates TLR4, thus driving alcohol-induced tissue injury and organ failure in a subset of
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alcoholic patients (Figure 1) (18, 19). Several studies in humans and mouse models suggest
that endotoxin promotes liver disease by driving Kupffer cell activation (20). Accordingly,
endotoxin-mediated liver injury could be prevented by antibiotic treatment (21), by
eliminating Kupffer cells (22), or by neutralizing TNF-a with antibody (23) or by using
TNF-a knockout mice (24). In a rat model, treatment with polymyxin B, an antibiotic that
directly prevents endotoxin from activating TLR4, prevented liver disease induced by
ethanol treatment (21). Moreover, absence of the TLR4 gene in bone-marrow cells
(including Kupffer cells) derived or somatic cells (including hematopoietic stem cell and
hepatocytes) reduced the extent of alcohol-induced steatohepatitis in mice (25). The
mechanism by which alcohol increases gut permeability appears to be driven by
modification of tight junction protein expression during alcohol exposure, such as zona-
occludens protein-1 (Z0-1) (26), as well as cytoskeleton protein, such as microtubule (27).
Importantly, this increased intestinal permeability is likely not specific for endotoxin but
would likely increase the load of a variety of microbial products that can result in excessive
activation of both TLR and NLR mediated pathways, suggesting a broad but central role of
gut-derived microbial products in alcohol-induced liver pathology (28). Evidence that such
mechanisms are operative in humans include that intestinal permeability and LPS load were
largely increased in alcohol-dependent subjects compare to controls (29). Interestingly, a 3-
week detoxification program is sufficient to restore normal levels of intestinal permeability
and LPS load (29).

Another means by which alcohol can promote activation of liver TLRS/NLRs is by altering
microbiota composition. Indeed, the colonic microbiome is altered during alcoholism (30),
and alcoholic subjects exhibiting reduced abundances of Bacteroidetes and increased levels
of Enterobacteriaceae and Proteobacteria (30, 31). Proteobacteria are elevated in a variety of
chronic inflammatory diseases and are thought to be potent activators of innate immunity
(32). In accordance, the observed alterations in microbiota composition in alcoholic subjects
correlate with endotoxemia in a subgroup of alcoholics (30). In addition to directly
promoting increased TLR/NLR activation, the increased in Proteobacteria, and Gram
negative bacteria in general, promoted by alcohol also results in accumulation of
acetaldehyde, leading to an increased tyrosine phosphorylation of tight junction and
adherent junction proteins, that can in turn increase intestinal permeability to bacterial
products (33). Importantly, it is very difficult to define the extent to which alterations in
microbiota composition associated with alcoholism are a cause of inflammation and/or are a
consequence of disease. Indeed, separating the cause/consequence interrelationship between
inflammation/microbiota composition remains the great challenge in the microbiome field.
Interestingly, the recent report that mice lacking the negative regulator of TLR signaling
IRAK-M exhibit increased alcohol-induced TLR4 signaling and microbiota alteration
indicate that microbiota composition alteration and inflammation are likely highly
intertwined co-regulating events (34). Together, these data support the concept that
microbiota products, especially endotoxin, play a central role in alcohol-induced liver
disease, and suggest that antagonizing TLR4-mediate recognition of endotoxin might be a
means of treating/preventing alcohol-induced liver injury (21).
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Microbiota and viral-induced liver disease

Following alcoholism, the most well established classic cause of liver disease is infection,
especially with hepatitis viruses. Although less well studied, similar paradigms may be
relevant to mechanisms by which alcoholism and viral infection cause chronic inflammatory
disease of the liver. For example, hepatitis B virus (HBV), which is thought to be
responsible for a considerable portion of the worldwide liver disease burden, is associated
with both altered gut permeability and alterations in the gut microbiota composition, either
of which can be envisaged to result in increased activation of liver TLR/NLR (35, 36). In a
mouse model of viral-induced liver disease, germ-free mice are protected from disease and
conventional mice can be protected by the antibiotic/ TLR4 antagonist polymixin B (37).
Thus, although the myriad of ways in which microbiota and viruses interact have only begun
to be deciphered, it seems likely that mechanisms by which HBV and perhaps hepatitis C
virus (HCV) promote liver disease are mediated, in part, via the gut microbiota.

Role of the microbiota in Non-alcoholic fatty liver disease

While alcoholism and infection remain major causes of liver disease, perhaps the most
alarming increase in liver disease is occurring in the form non-alcoholic fatty liver disease
(NAFLD). Twenty per cent of NAFLD individuals develop chronic hepatic inflammation,
i.e. non-alcoholic steatohepatitis, (NASH) associated with cirrhosis, portal hypertension
and/or hepatocellular carcinoma. The rapidity of increased incidence of NAFLD over the
last half-century, amidst relatively constant human genetics, indicates that environmental
and/or lifestyle factors are driving this alarming trend. This is, of course, not occurring in
isolation but rather is associated with the constellation of metabolic abnormalities including
obesity, insulin resistance/type 2 diabetes, hyperlipidemia, and hypertension collectively
referred to as metabolic syndrome. Like NAFLD and other chronic liver diseases, metabolic
syndrome is increasingly appreciated to be a chronic inflammatory disease in which gut
microbial products are prime suspects to be drivers of inflammation. Thus, it is possible that
NAFLD and other aspects of metabolic syndrome are promoting each other and/or that both
have related underlying causes. Analogous to the case for alcoholic liver disease, alterations
in gut microbiota composition, increases in gut permeability, and serum levels of endotoxin
are associated with NAFLD. Recently, intestinal microbiota analysis revealed that patients
with NASH had a lower percentage of Bacteroidetes compared to healthy control, consistent
with previous observations made in alcoholic patient (38).

Such correlations are strongly suggestive of the notion that gut microbiota products promote
NAFLD. In accordance, mice maintained on high-fat/simple carbohydrate, i.e. "modern
western", diets exhibit increased intestinal permeability, elevated levels of serum endotoxin,
and modestly elevated levels of pro-inflammatory cytokines that correlate with various
aspect of metabolic syndrome including NAFLD (39, 40). Increased levels of serum
endotoxin may reflect increased permeability and the fairly large shifts in gut microbiota
composition that occur in mice in response to diets designed to mimic western diets.
Evidence that NAFLD is actually driven by responses to endotoxin and other microbial
products include observations that, in mice, diet-induced metabolic syndrome is absent in
germ-free conditions and that ablation of innate immune signaling by deleting TLR4

Hepatology. Author manuscript; available in PMC 2014 July 07.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chassaing et al.

Page 7

ameliorates disease while absence of MyD88, which plays a central role in TLR/NLR
signaling, appears to eliminate it entirely (41-43). Similarly, the suppressor of cytokine
signaling 1 (SOCSL1) protein, a negative-feedback regulators in cytokine signaling induced
upon TLR stimulation, play a protective role in liver injury, since SOCS1 deficient mice
display fulminant hepatitis, characterized by hepatic inflammation, fatty degeneration and
hepatocyte necrosis (44—46).

Thus, overall, these findings suggest that the dramatically increased incidence of NAFLD
may, in part, result from increased consumption of western diets causing increased
activation of pro-inflammatory signaling due to increased intestinal permeability and/or
changing in microbiota composition. A recent study supports that the former possibility.
Specifically, this study examined mice on a high-fat diet that did and did not develop
steatosis, and observed changes in microbiota composition that correlated with this
phenotypic difference (47). Transfer of the microbiota from the steatotic mice to germfree
mice promoted development of HFD-induced steatosis relative to germfree mice given the
microbiota of non-steatotic mice. Such steatosis correlated with dysglycemia, suggesting
that the altered microbiota was broadly promoting metabolic syndrome. The alterations in
gut microbiota involved alterations in numerous bacterial species.

As reviewed elsewhere, increased pro-inflammatory signaling can be a direct cause of liver
disease and other aspects of metabolic syndrome (48). Effects of pro-inflammatory signaling
on metabolism include dysregulating appetite control thus amplifying events that can drive
NAFLD/metabolic syndrome. Inflammation can also alter gut microbiota composition (49).
Thus, the cyclical nature of these events thought to drive metabolic syndrome need not
necessarily to commence with altered diet but rather suggest that other events that might
result in low-grade inflammation might ultimately result in various aspects of metabolic
syndrome including NAFLD and deregulated appetite. In other words, it is possible that
broad societal changes have altered the gut microbiota in humans in a way that has driven
increased incidence of metabolic syndrome, including NAFLD. Evidence to support this
possibility comes from studies in mice, in which loss of genes involved in innate immune
detection of the microbiota result in altered gut microbiota composition that drives increased
activation of compensatory innate immune signaling pathways. These phenomenona are
associated with development of various aspects of metabolic syndrome that, in the context
of a western diet, result in NAFLD. For example, in the TLR5-deficient mice, an altered
microbiota including numerous bacterial species that were over or underrepresented was
observed (11). The role of specific species was not evaluated but, overall, such altered
microbiotas were shown to be sufficient to cause disease in that they could drive low-grade
inflammation and metabolic disease upon transfer to wild-type germ-free mice. Such
transfer of microbiota to germ-free mice simulates the acquisition of a microbiota at birth
and thus these studies may reflect that acquired alterations in microbiota could be inherited
and thus may be playing a role in the increased incidence of metabolic disease.

Potential microbial factors altering host-microbiota dynamic in NAFLD

While the extent to which the human microbiota has actually changed amidst the increased
incidence of NAFLD is not clear, one can point to one clear example of an altered
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microbiota over the last 75 years. Specifically, carriage rates of Helicobacter pylori have
dropped dramatically from about 80% to less than 5% of the native born 20 year-olds. While
loss of this one specific microbe, which of course has potential to cause disease, may, or
may not, have any consequences relating to NAFLD, it may reflect that increased use of
antibiotics and/or changes in hygiene/behavioral practices have resulted in broad changes in
the microbiota that have played a role in increased incidence of NAFLD and other chronic
inflammatory diseases. A related possibility is that the increased incidence of NAFLD may
be analogous to a traditional infectious disease in that microbes that promote the disease
may not be inherited but can be acquired from other persons. Various aspects of the
epidemiology of NAFLD and other aspects of metabolic syndrome, particularly obesity,
suggest that these disorders have characteristics of infectious disease and studies have
associated carriage of select strains of adenoviruses with obesity (50). Some of the strongest
evidence that altered microbiota can promote NAFLD comes from recent mice studies by
Flavell and colleagues. They observed that mice lacking either NLRP3 and NLRP6, two
NLRs that activate the inflammasome in response to the detection of foreign protein and/or
host-derived danger signals, are highly prone to both methionine/choline-deficient diets-
induced NAFLD and high fat diet-induced metabolic syndrome (10). Such predisposition to
develop NAFLD was, again, driven by pro-inflammatory gene expression driven by other
innate immune receptors, since deletion of either TLRs 4 or 9, or the TNF-a receptor, were
sufficient to ablate the increased susceptibility to NAFLD conferred by loss of NLRP6. This
increased susceptibility to developing NAFLD was associated with altered microbiota
composition, namely elevated levels of Prevotella and Porphyromonas species. Such
alterations were deemed to play a functional role in driving disease, since co-housing of
these genetically altered mice with wild type mice transferred both the elevations in these
bacterial populations and the predisposition to develop metabolic syndrome (10). While
transfer of bacteria amongst co-housed mice seems likely to be far more efficient than one
would expect in cohabitating humans, especially since mice are coprophagic, it nonetheless
supports the principal that predisposition to NAFLD may be spreading through the
population in a manner analogous to a traditional infectious disease.

Role of dietary factors in altering microbiota in NAFLD

A likely factor in altering gut microbiota composition and consequently playing a role in
perturbing the host-microbiota dynamic in NAFLD is diet. Indeed, high-fat diets alter gut
microbiota composition by altering phyla ratios and promoting growth of Proteobacteria,
both of which can increase the microbiota's pro-inflammatory potential (51). Importantly,
such alterations in the microbiota occur quickly and are independent of weight gain,
suggesting they are not purely a consequence of inflammation. Considerable suspicion has
also focused on the role of fructose, whose consumption has greatly increased in a manner
roughly paralleling the rise of NAFLD as a common disease. Fructose consumption, mainly
by consumption of added sugars, can represent 10% of total energy intake in developed
country (52). Placing mice on a high-fructose diet robustly promotes lipid accumulation in
the liver and alters microbiota composition, although the extent to which fructose promotes
hepatic lipid accumulation in humans is far from clear (52). It is speculated that, analogous
to the case of the role of the high-fat diet in metabolic syndrome, diets high in fructose
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might alter host-microbiota interactions to promote NAFLD by altering microbial
metabolism or promoting low-grade inflammation. The notion that fructose alters the
metabolic capability of the microbiota in a manner that promotes lipid uptake and deposition
is based on observations that a high fructose diet alters the mouse microbiota by shifting
phyla ratios in a way that increases energy harvest (53). That fructose might promote
inflammation is based on studies, in mice, that show that high-fructose diets result in rapidly
reduced expression of tight junction proteins, thus altering gut barrier function. Such
reduction in gut tight junction protein expression correlates with elevated expression of liver
TLRs expression that would presumably promote inflammation upon detection of the leaked
gut microbiota products (54).

Role of Microbiota in driving advanced liver disease

While much of the above discussion focuses on the role of the microbiota as promoting
initiation of disease, there are a number of reports showing that microbiota also plays a role
in promoting the transition from moderate to more severe liver disease. While some of the
end disease states are quite distinct, there is considerable overlap in the proposed underlying
mechanisms and thus we discuss them under a collective heading.

Progression of NAFLD to NASH

The severe clinical consequences of NASH underscore the great importance of discerning
the factors that drive the progression from NAFLD to NASH. A recent study described that
persons with NASH harbor a modified microbiota that result in endogenous ethanol
production, thus suggesting the possibility that microbiota-produced alcohols may drive
some portion of NASH and explain some of the communities between NASH and alcoholic
liver disease (55). Other observation supporting the hypothesis that TLR4 mediated
recognition of LPS play a central role in liver inflammation induced injury is the report
showing that TLR4 play a key role in Kupffer cells for the progression of steatosis to
NASH, especially by inducing activation of XBP-1 (56). Moreover, it was recently reported
that MD-2 and TLR4 deficiency attenuate NASH in mice, strengthen the concept that
hepatic LPS recognition by MD-2 and TLR4 play a central role in murine NASH (57). Thus,
not only is the microbiota a likely determinant of NAFLD but may also be involved in its
potential progression to NASH.

Fibrosis, Cirrhosis, and hepatic encephalopathy

Recent evidence also supports the notion of microbiota involvement in the most severe
forms of liver disease, namely fibrosis and cirrhosis. More specifically gut microbiota may
play a central role in liver fibrosis as evidenced by findings that, in mice, chemical-induced
induction fibrosis from the gut to the liver was associated with increase bacterial
translocation (58). Furthermore, antibiotics treatment could delay the development of
cirrhosis (58) and, moreover, the protection offered by neomycin is ablated by endotoxin
treatment, suggesting that protective effect of neomycin is mediated by an alteration of the
intestinal microbiota associated with a decrease of intraluminal endotoxin (59). This
hypothesis is further supported by the finding that intestinal microbiota as well as TLR4/
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CD14 are essential for apparition of hepatic fibrosis, and HSC are found to be the
predominant target by which TLR4 ligands promote hepatic fibrosis (17, 60).

In addition, cirrhosis is often associated with complication such as hepatic encephalopathy,
characterized by cognitive impairment and poor survival (61). Importantly, there was no
difference in stool microbiota between cirrhotic patients with or without hepatic
encephalopathy, but yet mucosal microbiomes differ by having lower Roseburia and higher
levels of Enterococcus, Veillonella, Megasphaera, and Burkholderia abundance. Such
altered microbiomes are associated with poor cognition, endotoxemia, and inflammation
(IL-6, TNF-q, IL-2, and IL-13) in hepatic encephalopathy patients compared to cirrhotic
patients without hepatic encephalopathy (31, 62). The notion that these events actually drive
clinical manifestations of hepatic encephalopathy is supported by findings that antibiotics,
especially Rifaximin, can effectively treat acute hepatic encephalopathy (63, 64).
Furthermore, Rifaximin treatment is also effective in maintain hepatic encephalopathy
remission, suggesting that the gut microbiota may play a role in triggering initial
manifestation of and flares of these severe extra-hepatic disease manifestations.

Hepatocellular carcinoma

Chronic inflammatory disease of the liver can eventuate in hepatocellular carcinoma (HCC)
and/or ultimately require liver transplant. Consistent with the central role of the microbiota
in driving inflammation, recent research suggests a key role for the microbiota in
determining the outcomes of these processes. Specifically, recent pioneering work by Dapito
et al. found that both TLR4 and intestinal microbiota were not required for HCC initiation
but, rather, plays a key role in HCC promotion (66). Interestingly, the authors reported that
both innate immune pathway mediated by TLR4 and intestinal microbiota are involved in an
increased hepatocyte proliferation, an increased expression of the hepatomitogen epiregulin,
and the prevention of apoptosis. By using germ free animals, a reduction of HCC was
observed, suggesting that both intestinal microbiota and TLR4 pathway represent
therapeutic targets for HCC prevention in advanced liver disease. Another study
demonstrates that the circulating levels of LPS were elevated in animal models of
hepatocarcinogenesis, and that the reduction of LPS-induced signaling by using antibiotics
or TLR4KO mice prevented excessive tumor growth and multiplicity (67). These data
indicate that LPS-induced signaling pathway plays a central role in inflammation-associated
hepatocellular carcinoma, and that manipulation of the gut flora to decrease endotoxin
absorption may be of interest in liver disease patients.

Transplant rejection

Liver transplantation is often the only long-term therapeutic option for patients with severe
liver disease. Factors that govern the success rate of transplantation, particularly whether the
engrafted organ will function properly and not be attached by the host's immune system,
remain poorly defined. Recent studies indicate that microbiota composition, perhaps in both
donor and recipient may play a role. It was recently demonstrated that the abundance of
various gut bacteria were altered after liver transplantation, such as Bifidobacterium spp.,
Faecalibacterium prausnitzii (an anti-inflammatory bacteria, (68)), and Lactobacillus spp.
that were significantly lower in the liver transplantation recipients, while Enterobacteriaceae
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and Enterococcus spp. were significantly higher (69). Interestingly, these bacteria showed a
tendency to restore to a normal level along with the time after liver transplantation,
demonstrating that microbiota composition is altered during liver injury and revert to the
normal when liver normal function is restored. Consistent with these findings, it was also
reported that alteration in gut microbiota was associated with the elevation of plasma
endotoxin and with a higher rate of bacterial translocation to the liver in rats during acute
liver rejection. Acute rejection was accompanied by the shifts of gut microbiota towards
members of Bacteroides and Ruminococcus family (70). These findings support the notion
that gut microbiota plays a role in the progression of liver carcinogenesis and that major
composition modifications occur during liver transplantation and rejection.

Potential Therapeutics

As discussed herein, in both classic and modern liver disease, accumulating evidence from
animal models and human studies suggests that microbial product-induced pro-inflammatory
gene expression plays a central role in liver disease (Figure 2). Consequently, it might be
logical to seek to manipulate these pathways to treat and/or prevent liver disease. On the one
hand it might be logical to directly antagonize some of the receptors that detect microbial
products. Indeed, it has long been suggested that antagonizing TLR4 signaling might be a
reasonable means to treat a variety of inflammatory disorders. Approaches to antagonize
NLR signaling and or NLR-produced cytokines, particularly 1L-1f, have been proposed as
means of treating metabolic syndrome (71). Another possible approach might be to reduce
gut epithelial permeability thus reducing effective exposure to gut microbial products. An
important caveat to consider in this endeavor is that, sometimes, antagonizing innate
immune signaling can result in greater bacterial dysbiosis and ultimately drive enhanced
pro-inflammatory gene expression via other innate immune receptors. Thus, it might be
more effective to directly target the gut microbiota to restore it to a more healthful state,
which would presumably invoke reduced pro-inflammatory gene expression in the host.
Manipulating the microbiota could be done with pre-biotics (i.e. dietary manipulation/
supplementation), pro-biotics, antibiotics, or microbiota transplant. Some antibiotics
(Polymyxin B and neomycin) were shown to fully protect mice against fructose-induced
liver damage and interestingly prevent endotoxin overload induced by fructose consumption
(72), and Rifaximin was found to be effective in the treatment of acute hepatic
encephalopathy (65, 66), and in maintaining hepatic encephalopathy remission (57). Clinical
trials are currently investigating the effects of Rifaximin in fatty liver disease, liver cirrhosis.
Concerning probiotic as potential therapy, Lactobacilli administration reduces endotoxemia
as well as alcohol-induced liver injury in rat, supporting the concept that probiotic is a
potential therapy for both endotoxemia and alcoholic liver disease (18). Another successful
example of probiotics from mouse studies is a report that Lactobacillus casei strain Shirota
is able to protect mice against the onset of NAFLD via an attenuation of the TLR-4-
signalling cascade in the liver and an increased peroxisome proliferator-activated receptor
(PPAR)-vy activity (73). Another interesting candidate for the probiotic management of liver
disease is Bifidobacterium pseudocatenulatum CECT 7765, seems a recent study
demonstrate that the administration of this probiotic bacteria improves various metabolic
alterations in the high-fat diet fed mouse model, and is interestingly able to reduce liver
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steatosis (74). Of note, the changes in gut microbiota composition induced by
Polyunsaturated fatty acids-depletion and prebiotics administration (fructo-oligosaccharides)
is able to modulate hepatic steatosis by changing gene expression in the liver, suggesting
that prebiotic approach could be conceivable in the management of liver disease (75).
Probiotics may also be promising way to restore the “leaky gut” state observe in numerous
patients with liver disease as Escherichia coli strain Nissle 1917 is able to restore normal
mucosal permeability in the murine Dextran Sulfate Sodium (DSS)-induced colitis model, as
well as induce up-regulation of zonula occludens 1 expression in vitro (76). Similarly,
probiotic mixture VSL#3 is able to prevent the increased intestinal permeability induced by
a DSS treatment, phenomena associated with a prevention of decreased expression and
redistribution of the tight junction proteins occludin, zonula occludens-1, and claudin-1, -3,
-4, and -5 normally observed in DSS treated mice (77). Antibiotics, by themselves, seem
unlikely to be an effective means of promoting a healthful host-microbiota relationship, but
could be part of approaches to transplant microbiotas. While, at present, the beneficial
effects of microbiota transplant are only proven to prevent recurrent Clostridium difficile
colitis (78), a recent study found that microbiota transplant ameliorated insulin resistance
(79), suggesting that the approach might be broadly applicable to various aspects of
metabolic syndrome, including NAFLD. Thus, while further studies are warranted, it is the
opinion of the authors that manipulation of the gut microbiota will ultimately be a helpful
means of treating and/or preventing liver disease.

Concluding Thoughts

It has long been appreciated that environmental factors, including diet and infection, are
major determinants of liver disease. Herein, we have reviewed evidence supporting the more
recently appreciated concept that another important environmental factor is the large
microbial biomass living in the intestine. Being close the liver, the gut microbiota can
influence liver phenotype by a number of ways. Yet, herein, we discuss the hypothesis that
an overarching mechanism by which the gut microbiota can be a detriment to liver function
is by driving chronic inflammation that promotes liver disease. Thus, we envision that future
approaches to treating and preventing liver disease will consider the liver-microbiota axis.
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Figure 1. Failureto maintain gut microbiota and its productsin gut lumen may promote liver

disease

A) A healthful microbiota is maintained in the gut lumen. B) Altered microbiota
composition and/or altered barrier function can result in microbial products activating toll-
like and nod-like receptors of the innate immune system. Such TLR/NLR activation can
drive pro-inflammatory gene expression that promotes liver disease.
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Figure 2. Potential therapeutic strategiesto prevent or treat liver disease
1) Probiotics could maintain intestinal permeability by increasing the integrity of tight

junctions or by preventing the overgrowth of harmful bacteria. 2) Prebiotics may act by
improving the effect of probiotic bacteria or by impeding the growth of harmful bacteria. 3)
Antibiotics could directly act by inhibition of harmful bacteria growth and 4) fecal transplant
could lead to the restoration of a healthy microbiota. 5) Some therapeutics may act on the
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innate immune system by targeting TLRs signaling pathways or 6) NFxB inhibitors leading
to lower expression of pro-inflammatory cytokine expression.
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