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Abstract

Recent technological advancements including metagenomics sequencing and metabolomics have
allowed the discovery of critical functions of gut microbiota in obesity, malnutrition, neurological
disorders, asthma, and xenobiotic metabolism. Classification of the human gut microbiome into
distinct “enterotypes” has been proposed to serve as a new paradigm for understanding the
interplay between microbial variation and human disease phenotypes, as many organs are affected
by gut microbiota modifications during the pathogenesis of diseases. Gut microbiota remotely
interacts with liver and other metabolic organs of the host through various microbial metabolites
that are absorbed into the systemic circulation.

Purpose of review—The present review summarizes recent literature regarding the importance
of gut microbiota in modulating the physiological and pathological responses of various host
organs, and describes the functions of the known microbial metabolites that are involved in this
remote sensing process, with a primary focus on the gut microbiota-liver axis.

Recent findings—Under physiological conditions, gut microbiota modulates the hepatic
transcriptome, proteome, and metabolome, most notably down-regulating cytochrome P450 3a
mediated xenobiotic metabolism. Gut microbiome also modulates the rhythmicity in liver gene
expression, likely through microbial metabolites, such as butyrate and propionate that serve as
epigenetic modifiers. Additionally, the production of host hormones such as primary bile acids and
glucagon like peptide 1 is altered by gut microbiota to modify intermediary metabolism of the
host.

Summary—Dysregulation of gut microbiota is implicated in various liver diseases such as
alcoholic liver disease, non-alcoholic steatohepatitis, liver cirrhosis, cholangitis, and liver cancer.
Gut microbiota modifiers such as probiotics and prebiotics are increasingly recognized as novel
therapeutic modalities for liver and other types of human diseases.
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|. History of research on gut microbiota

Evidence of remote-sensing between gut microbiota and other metabolic organs can be dated
back to the early 20t century. It was proposed that exophthalmic goiter is a result of
excessive absorption of tryptophan from the intestine due to lack of the indole-producing
bacteria, leading to increased levels of the tryptophan derivative thyroxin (1). This highlights
the importance of gut microbiota in the normal physiology of thyroid gland. A study in the
1970s demonstrated that the small intestinal transit is slower in diabetic patients with
autonomic neuropathy, leading to overgrowth of intestinal bacteria and diarrhea (2).
Knowledge on the gut microbiota and its multi-organ interactions has increased
exponentially in the 215t century as a result of technical advancements in metagenomics and
metabolomics. The Human Microbiome Project, funded as an initiative of the National
Institute of Health (NIH) Roadmap for Biomedical Research, has utilized high-throughput
sequencing technologies to systematically characterize the human microbiome, providing a
first draft of the reference metagenomic landscape in healthy situations (3). The biological
functions of various microbial metabolites, such as secondary bile acids, acetate, indole,
propionate, butyrate, and methane, have been characterized through advanced metabolomics
techniques. In addition, gut microbiome modifiers have long been used to treat human
diseases. Antibiotics are used to eliminate harmful bacteria in various infectious diseases,
whereas probiotics have served as an effective, new therapeutic modality for many human
diseases related to both Gl and other organs. Early life disruption of gut microbiome by C-
section, antibiotics, probiotics, dietary supplement, hygiene, and pets has been linked to a
wide spectrum of delayed onset of human diseases (4).

The impact of gut microbiome as a collective community on human health has been
recognized in intermediary metabolism using a metagenomic approach and germ-free (GF)
mice. Comparisons of gut microbiota between obese and lean mice, as well as between
obese and lean human subjects using 16S rRNA sequencing and biochemical approaches
have demonstrated that an “obese microbiota” configuration, evidenced by increased
Firmicutes/Bacteroidetes ratio, has an increased capacity to harvest energy from the diet (5).
Studies on the core gut microbiome in obese and lean twins have shown that obesity is
associated with phylum-level changes in the gut microbiota, reduced bacterial diversity and
other associated metabolic phenotypes (6). Intestinal bacteria such as Prevotella copri and
Bacteroides vulgatus produce branched chain amino acids, which are increased in serum of
insulin-resistant individuals, whereas in mice 2 copriinduces insulin resistance, aggravates
glucose intolerance and augments circulating levels of branched-chain amino acids,
suggesting that gut microbiome is a target for metabolic disorders (7). In addition to obesity,
gut microbiota is at least partially responsible for growth impairment in malnourished
children, suggesting a great potential to employ probiotic supplement to treat under-nutrition

().

II. Gut microbiota and liver physiology

II-1. Gut microbiota and the hepatic transcriptome, proteome, and enzyme activities

Gut microbiota profoundly influences the hepatic expression of genes important for
xenobiotic biotransformation and intermediary metabolism. A microarray study has
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identified a cluster of 112 differentially regulated genes between livers of convention (CV)
and GF mice, most of which are involved in xenobiotic metabolism (9). Another recent
study has utilized quantitative proteomic analysis to demonstrate that 825 and 357 liver and
kidney proteins respectively are differentially expressed in GF mice compared to CV mice,
whereas a total of 306 and 178 proteins are differentially regulated in liver and kidney of
antibiotics-treated mice, respectively, as compared to vehicle-treated CV mice. These
proteins include drug-metabolizing enzymes and transporters as well as mitochondrial
proteins (10). In summary, dysbiosis in the gut markedly alters the expression and activities
of distinct hepatic genes, highlighting the importance of the gut-bacteria-liver axis for drug
metabolism and energy metabolism pathways.

11-2. Gut microbiota and xenobiotic metabolism

A growing body of literature has demonstrated that gut microbiota is a novel regulator of
xenobiotic metabolism (11-15). There are two ways that gut microbiota contributes to this
process: 1) gut microbiota can directly utilize distinct microbial enzymes to metabolize
drugs and other xenobiotics to form active or inactive metabolites; 2) gut microbiota can
indirectly modify the host xenobiotic metabolism by generating certain microbial
metabolites, which can enter the enterohepatic circulation and reach the liver and other
organs at sufficient concentrations to modulate host receptors (14).

Examples for the direct effect of gut microbiota on xenobiotic metabolism include
Eggerthella lenta-mediated inactivation of the cardiac glycoside digoxin using cardiac
glycoside reductase, which is profoundly influenced by protein (especially arginine) intake
(16, 17). Another example is the microbial B-glucuronidase mediated reactivation of the
glucuronide metabolite of the anticancer drug irenotecan, and chemical inhibitors targeting
microbial p-glucuronidase has been shown to be promising in the alleviation of irenotecan
toxicity in mice (18). Gut microbiota has also been shown to alter the efficacy and/or
toxicity of many other xenobiotics, such as the cholesterol-lowing drug simvastatin, the anti-
Parkinson drug L-dopa, the antibiotic and anti-inflammatory drug sulfasalazine,
anticonvulsant pentobarbital, and the pain reliever acetaminophen, as was reviewed by Navk
and Turnbaugh (12), and Klaassen and Cui (15). Gut microbiome has also been shown to be
a major player in the toxicity of environmental pollutants through five core enzyme families
(azoreductases, nitroreductases, p-glucuronidases, sulfatases, and B-lyases); conversely,
various environmental contaminants can alter the composition and/or the functionality of
intestinal bacteria [168].

In addition to direct microbial metabolism, indirect microbial metabolism through the
interactions between microbial metabolites and host receptors in liver and other organs is
increasingly recognized. Along these lines, a meta-pharmaco-genomic approach has been
recently proposed to stratify patients for precision medicine (14). One classic example
indirect effect of gut microbiota on host xenobiotic metabolism is the regulation of the major
phase-1 oxidation enzyme Cytochrome P450 3all (Cyp3all). CV mice treated with the
antibiotics such as ciprofloxacin, ampicillin, levofloxacin, or vancomycin-imipenem
combination, have reduced hepatic expression and enzyme activity of Cyp3all, and this
correlates with decreased lithocholic-acid (LCA)-producing bacteria in feces and taurine-
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conjugated LCA in liver, whereas LCA-replacement in GF mice raised the Cyp3all
expression in liver (19, 20). Using RNA-Seq, RT-gPCR, enzyme activity assays, chromatin
immunoprecipitation, and targeted proteomics, we have demonstrated that many important
drug metabolizing enzymes and transporters are differentially regulated by gut microbiota
during liver development and in adult ages such as lack of gut microbiota, probiotic (VSL3)
supplementation, and conventionalization procedures. Specifically, we have shown that
reduced pregnane X receptor (PXR) signaling and increased peroxisome proliferator-
activated receptor a (PPARa) signaling may at least in part contribute to decreased
expression of Cyp3a but increased expression Cyp4a gene clusters, respectively (21-23).

[I-3. Gut microbiota and the hepatic diurnal rhythm

The mammalian circadian clock regulates various behavioral and metabolic processes. The
core circadian components include the heterodimer formed by Clock and Bmall, which
initiates the transcription of many circadian oscillators in the primary feedback loop,
including Perl, 2, and 3, as well as Cry1 and 2. The Per-Cry complex translocates back to
the nucleus to repress their own transcription by inhibiting the Clock:Bmall function. The
central clock is located in the suprachiasmatic nucleus (SCN), whereas peripheral clocks are
ubiquitously expressed. The peripheral clocks are cell-autonomous and can function
independently of the central clock. In liver, which is the major organ for drug metabolism
and nutrient homeostasis, approximately 10% of the transcriptome is rhythmically
expressed, including many genes involved in the metabolism of glucose, lipids, and bile
acids, and this correlates with day-night variations in Clock-DNA binding sites (24).
Interestingly, the gut microbiome also displays a circadian rhythm pattern in both
composition and function, which is regulated by the host circadian clock, gender, and
feeding behavior (25). Reciprocally, gut microbiome is a novel key regulator in maintaining
host hepatic circadian rhythm, in that GF mice exhibit markedly impaired hepatic circadian
clock gene expression, and specific bacterial metabolites (such as short chain fatty acids) in
CV mice directly modulate circadian clock gene expression in hepatocytes (26). Antibiotics-
induced microbial depletion leads to a loss in the rhythmicity in the hepatic expression of
oxidative phosphorylation-related genes, whereas non-oscillating genes such as those
involved in amino acid and fatty acid metabolism gain rhythmicity in liver. Mechanistically,
disruption of the rhythmicity in gut microbiota reprograms the epigenome and transcriptome
in colon and liver likely through microbiota-derived metabolites such as lipids, amino acids,
carbohydrates, vitamins, nucleotides, and xenobiotics. Specifically, it has been speculated
that butyrate, which is a short-chain fatty acid produced by bacterial fermentation of fiber in
colon, as well as propionate, which are histone deacetylase inhibitors, may circulate via the
hepatic portal vein to epigenetically regulate the oscillating chromatin modifications (27).

[1l. Gut bacterial metabolites, co-metabolites, and other microbial

constituents as multi-organ sensors

The gut microbiota has the capacity to produce a diverse range of compounds that play a
major role in regulating the activity of distal organs. Gut microbial metabolites, co-
metabolites, and other microbial constituents (28), such as secondary bile acids, short chain
fatty acids, choline metabolites, indole-derivatives, ethanol, and endotoxins, have many
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biological functions, as summarized in Table 1. In addition to the /n situ function in the Gl
tract, these bacterial metabolites can act on various extra-intestinal organs through portal
blood and systemic circulation and thus modulate host metabolism and health in a broader
manner, which will be discussed in detail.

llI-1. Bile acids (BAS)

As the endogenous metabolic end-product of cholesterol in liver, BAs have recently been
shown to be important signaling molecules and metabolic regulators that control glucose and
lipid homeostasis as well as energy consumption (29). The majority of BAs that are secreted
into the intestinal lumen are reabsorbed from the terminal end of the small intestine and
return to the liver through the portal blood. This enterohepatic circulation of BAs is
facilitated by multiple transporters in both liver and intestine (30, 31). The BAs that are
synthesized from cholesterol and conjugated with taurine or glycine on the side chain or
sulfate on the steroid nucleus in the liver are called primary BAs, which further undergo
deconjugation, dehydroxylation, epimerization, and oxidation into secondary BAs by
intestinal bacteria, primarily in the lumen of large intestine. Cholic acid (CA) and
chenodeoxycholic acid (CDCA) (and muricholic acids in mice), are primary BAs. Some
secondary BAs include deoxycholic acid (DCA), LCA, and ursodeoxycholic acid (UDCA)
(32).

BAs are closely involved in a multitude of physiological and pathological processes, through
interactions with two major BA receptors, namely the nuclear receptor farnesoid X receptor
(FXR/Nr1h4) and the membrane-bound G-protein coupled receptor TGR5 (GPBAR1). We
have several publication demonstrating that BA homeostasis can be affected by various
factors, such as age (30, 33), gender (30), diet (34, 35), and drugs (32). Disruption of the
enterohepatic circulation of BAs can give rise to cholestasis and NAFLD, which may
progress to fibrosis and cirrhosis. FXR has been known to exert tissue-specific effects in
regulating BA synthesis and transport (31). Reduced intestinal availability of BAs reduces
stimulation of FXR. This may induce hepatic BA overload and associated hepatotoxicity
through reduced action of intestinal fibroblast growth factor 19 (FGF19 in human or FGF15
in mice). Maintaining the enterohepatic circulation of BAs prevents hepatic cholestasis
through a FXR feedback pathway. Changes in gut microbiota composition may induce liver
disease (36).

Bacteria are closely involved in the synthesis and enterohepatic circulation of BAs, which
regulate the hepatic expression of genes responsible for crucial metabolic and inflammatory
pathways involved in many liver diseases. This is an important mechanism through which
the intestinal microbiota interact with the host and determine the healthy/disease states of
various organs of the host. Perturbation of intestinal bacteria affects the ratio of conjugated
and unconjugated BAs and the ratio of primary and secondary BA, which have differential
effects on BA receptors. As expected, an altered BA profile has been observed in gnotobiotic
animals (37, 38).

At the same time, the bacteriostatic effects of BAs can also directly act as detergents on
bacterial membranes and alter intestinal microbiome as detergents (39). BAs can also inhibit
bacterial proliferation indirectly by modulating host gene expression, for example,

Curr Pharmacol Rep. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fu and Cui

Page 6

increasing production of antimicrobial proteins angiogenin 1 and RNase family member 4 in
intestine. Moreover, FXR activation is required to maintain the integrity of intestinal barrier,
whose disruption will cause bacterial translocation and immune activation that ultimately
alters microbiota composition (40). In short, the interaction between intestinal bacteria and
BAs are bidirectional.

BA homeostasis and composition are closely related to the development of various diseases.
Several BAs have been shown to ameliorate NAFLD, such as CA (41), UDCA (42), and
taurine-conjugated UDCA has been effective to improve NASH (43, 44). Alteration of
serum BAs is associated with NASH (45) and ALD (46) in animal models. A BA-derivative
6-ethylchenodeoxycholic acid called obeticholic acid is a potent FXR activator that reduces
liver fat in animal models of fatty liver disease (47). The obeticholic acid has been shown to
attenuate liver inflammation and fibrosis in patients with type 2 diabetes mellitus and
NAFLD in a phase 2 clinical trial (48). Activation of BA nuclear receptor FXR decreases
triglyceride content in liver by decreasing de novo lipogenesis and increasing fatty acid beta-
oxidation (49). Recent investigations demonstrate that FXR also plays a principle role in
regulating lipid metabolism and suppressing inflammation in the liver (40). Activation of BA
membrane receptor TGRS in brown adipose tissue and muscle increases energy expenditure
and attenuates diet-induced obesity in mice. The TGR5 agonist INT-777 caused release of
intestinal GLP-1, and reduced adiposity and hepatic steatosis in mice placed on high-fat
diets (50). Furthermore, FXR activation decreases liver inflammation by inhibiting NF-kB
signaling and activation of another BA receptor TGRS decreases cytokine expression in
Kupffer cells (49). Patients with cirrhosis have decreased fecal BAs and a reduced ratio of
secondary versus primary BAs (51). The bacterial BA metabolite UDCA abrogates
senescence in vitro on cholangiocytes from a PSC animal model (52).

Another bacterial metabolite DCA provokes the senescence-associated secretory phenotype
in hepatic stellate cells, which secretes inflammatory factors and mitogens and ultimately
promotes HCC development in animals with neonatal exposure to a chemical carcinogen
followed by a high-fat diet. Notably, blocking DCA production or reducing gut bacteria
efficiently prevents HCC development in obese mice (53). This suggest a crucial role of the
obesity-induced microbial metabolite in promoting HCC (54). When BA homeostasis is
disrupted by FXR deficiency, the resulting inflammation and injury ultimately causes
uncontrolled cell proliferation and tumorigenesis in the liver (55). Despite the close
relationship observed between BA composition and the development of various diseases,
whether intestinal microbiota contributes to the BA changes in these diseases in not
conclusive.

[1I-2. Short-chain fatty acids (SCFASs)

Another group of important gut bacterial metabolites are SCFAS, predominantly butyrate,
acetate and propionate. SCFAs, which are the major products of the bacterial fermentation of
carbohydrates and proteins in the gut, represent the signature hormones of the microbiota
and may mediate many of the functions assigned to the microbiota through classical
endocrine signaling (56).
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SCFAs, particularly butyrate, are a significant source of energy for gut enterocytes, and
support the gastrointestinal barrier function through the stimulation of tight junction and
mucous production. Alterations in the intestinal microbiota impact the energy extraction and
fermentation of dietary fibers into oligosaccharides, monosaccharides, and SCFAs (57).
Some SCFAs (such as lactic acid, propionic acid, or butyric acid), which are fermentation
products of Lactobacilli, are important to intestinal epithelial integrity and help Lactobacilli
adhere to intestinal cells, protecting against pathogens (58). Butyrate is important for colonic
integrity, as it acts as a significant energy source for colonocytes (59). The major bacterial
sources of butyrate are Clostridia, Eubacteria, Roseburia (60). By preserving the gut barrier,
butyrate prevents bacterial translocation to the circulation.

Several in vitro studies have suggested the possible functions of SCFASs in other organs as
well as the intestine. For example, they can pass the blood-brain barrier via monocarboxylate
transporters, and thereby enter the central nervous system (CNS) (61), providing a plausible
mechanism through which they can enter the CNS. SCFAs are also proposed to increase
satiety following the consumption of a diet rich in fiber, because they can activate free fatty
acid receptors 2 and 3 (FFAR2/3; GPR43/41) to trigger production and release of GLP-1,
peptide YY (PYY), ghrelin, and leptin (28). However, it remains to be definitively
established whether microbiota-derived intestinal SCFAs are at sufficiently high
concentrations for their alterations to influence the CNS.

Circulating SCFAs (such as butyrate and propionate) once produced can travel to remote
sites. SCFAs are detectable in portal and hepatic venous blood, and liver can use propionate
and butyrate for energy metabolism in physiological conditions. The liver of patients with
stable cirrhosis is able to use portal-derived butyrate and propionate (62). In liver, propionate
inhibits lipogenesis by acting on the transcription of several rate-limiting step enzymes
involved in de novo lipogenesis, including acetyl-coenzyme A carboxylase, fatty acid
synthase, malic enzyme, and glucose-6-phosphate dehydrogenase (63). Apart from limiting
food intake, some of the molecules produced in response to SCFASs (e.g. GLP-1) also
ameliorate insulin sensitivity. SCFAs are also involved more directly in glucose regulation
through their participation in gluconeogenesis, as propionate is used as a gluconeogenetic
substrate (64). A lack of SCFA receptors leads to decreased adiposity (65). In humans,
obesity has been associated with an increased concentration of SCFAs in the stool (66). As a
consequence, the dietary fibers and their fermentation products such as SCFAs are
promising tools to reduce steatosis and inflammation.

SCFAs are also involved in the regulation of inflammatory signals within the liver. SCFAs
have also direct anti-inflammatory effects. This is shown in animal models where deficiency
of the SCFA receptor GPRA43 is associated with an increase in inflammatory tone (67).
Specifically, both propionate and butyrate have been shown to attenuate the expression of
pro-inflammatory cytokines by leukocytes and adipocytes. SCFAs also induce the
expression of anti-inflammatory cytokines, such as 1L-10, and may be involved in the
synthesis and function of T-regulatory cells (49). SCFAs can reduce inflammation by
downregulating inflammatory cytokine production and nuclear factor kappa B activity in
human peripheral blood mononuclear cells and co-culture of macrophages and adipocytes
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(68). Administration of tributyrin, a prodrug of butyrate and a dairy food component
attenuates LPS-induced acute liver injury (61).

metabolites

Microbial metabolic activities also include the metabolism of choline, important for lipid
metabolism, to trimethylamine (TMA) (69). Once synthesized by the intestinal microbiota,
TMA can be further metabolized in the liver to trimethylamine-N-oxide (TMAQ), which,
when present in the circulation at sufficient concentrations, can contribute to the
development of cardiovascular disease (70). The conversion of dietary choline by the
intestinal microbiota to TMA can result in choline deficiency. Hepatic choline deficiency
results in decreased VLDL efflux, producing hepatic steatosis (28, 57). Reducing the
bioavailability of choline can contribute to nonalcoholic fatty liver disease and altered
glucose metabolism both in mice (71) and humans (70).

llI-4. Indole-derivatives and other neuroactive compounds

I11-5. Ethanol

Gut bacteria metabolize amino acids into specific metabolites including indoles and
ammonia. Tryptophan is metabolized by Clostridium sporogenes into indole-3-propionic
acid (72). Manipulating the microbial composition of the intestinal tract modulates plasma
concentrations of tryptophan, an essential amino acid and precursor to serotonin, a key
neurotransmitter within both the enteric and central nervous systems. In hepatic
encephalopathy (HE), gut microbiota and their metabolites are altered, gut epithelial barrier
is impaired and the blood-brain barrier has increased permeability. Inflammatory signals as
well as neuroactive microbial metabolites reach the brain where they induce regional
inflammation. Among the different mechanisms connecting microbial metabolites and HE,
several strong associations have been found between both ammonia and indoles/oxindole
levels. Altered brain gut microbiome interactions in HE provide targets for novel treatment
approaches, including prebiotics and probiotics, and microbe-specific antibiotics (63).

It was recently shown that indoles, a microbial tryptophan metabolite, appear to be an
agonist for aryl hydrocarbon receptor (AhR) (73, 74) and indole-mediated activation of
human AhR within the gastrointestinal tract may provide a foundation for inter-kingdom
signaling between the enteric microflora and the immune system to promote commensalism
within the gut (75). Indoles have also been found to induce some cytochrome P450s through
an AhR-mediated mechanism in liver (76). Conversely, AhR influences the community
structure of the intestinal microbiota (77).

NAFLD describes the liver histopathology in non-drinkers that resembles alcoholic liver
injury. Recent data suggest that despite the lack of alcohol consumption, there may be a
component of ethanol-induced injury in NAFLD (78, 79). Children with NAFLD and NASH
not only have dysbiosis (increased Proteobacteria) but also increased plasma levels of
ethanol compared to lean healthy controls and obese children without NASH (78). The
intestinal microbiota-derived ethanol contributes to steatosis by increasing de novo
lipogenesis (80), decreasing fatty acid p-oxidation (81) and decreasing the hepatic export of
triglycerides (82). In addition, ethanol affects intestinal permeability, resulting in bacterial
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translocation and ultimately hepatic inflammation (83). NAFLD patients have increased
intestinal permeability associated with elevated plasma ethanol and endotoxin levels (79).
Treating patients with NASH and small intestinal bacterial overgrowth with antibiotics leads
to a decrease in endogenous ethanol synthesis, suggesting that targeting the intestinal
microbiota may be an important approach to the management of NAFLD (49).

I11-6. Endotoxins

Lipopolysaccharides (LPS) or endotoxin are major component of the outer membrane of
Gram-negative bacteria and provoke a strong immune response. Changes in intestinal
microbiota composition can lead to increased intestinal permeability, mesenteric
inflammation and endotoxemia in animals, which can be reversed by antibiotics or prebiotics
(84, 85). In humans, NAFLD has been found to be associated with increased circulating
endotoxin levels, suggesting translocation of bacteria and/or their structural components
from the gut to the circulation (86). It is noteworthy that the degree of NAFLD is correlated
with endotoxemia level, in that NASH patients have higher endotoxin levels than those with
simple steatosis (87). Bacterial components are recognized by the innate immune system by
Toll-Like Receptors, which are crucial for the development of hepatic steatosis and
inflammation in mice (88, 89) and humans (90).

IV. Host hormones that are altered as a result of changes in gut microbiota

Gut microbiota not only generates direct microbial metabolites, which travel through the
portal blood to interact with liver and other metabolic organs, but also alters the production
of certain host hormones to modulate the signaling pathways of various organs in the host
(91). Examples of these host hormones are described in this section (Table 2).

In addition to generating secondary bile acids as direct microbial metabolites, gut microbiota
also inhibits bile acid synthesis in the liver by alleviating FXR inhibition in ileum. In mice, a
key molecule that is involved in this process is a primary bile acid called tauro-MCA,
which is a naturally occurring FXR antagonist and its level is increased in GF mice (92). T-
BMCA levels are increased during the treatment of tempol, which is an anti-obesity drug,
suggesting that gut microbiota is important in modulating the host T-BMCA-FXR signaling
during obesity (93).

GLP-1 is a 30 amino acid peptide hormone that is produced in the intestinal epithelial
endocrine L-cells, and is released in response to food intake to stimulate insulin secretion
and inhibit glucagon secretion. Exaggerated secretion of GLP-1 is thought to be responsible
for postprandial reactive hypoglycemia, whereas decreased secretion of GLP-1 has been
implicated in the development of obesity (94). BAs activate their cell-surface receptor
TGRS, which through cAMP-dependent pathways promotes GLP-1 secretion from intestine
(95, 96). GF mice have increased plasma levels of GLP-1, coincident with a marked increase
in total BAs in serum, liver, bile, and ileum, as well as decreased fecal excretion of BAs (97,
98). These data indicate that the increased GLP-1 production seen in GF mice is caused by
enhanced TGR5 signaling (due to increased availability of BAs as its ligand).
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Another host hormone that is critically regulated by gut microbiota is the lipoprotein lipase
inhibitor fasting-induced adipocyte factor (Fiaf). Gut microbiota suppresses Fiaf in intestinal
epithelium and in circulation, thereby promoting deposition of triglycerides in adipocytes
(99). In GF mice, increased intestinal and circulating Fiaf levels subsequently up-regulates
peroxisome proliferator-activated receptor coactivator 1a (PGCla); the absence of gut
microbiota also up-regulates the muscle AMP-activated protein kinase which increases the
levels of carnitine: palmitoyl transferase-1 (CPT-1) (100). Therefore, there is a gut
microbiota-muscle-adipose axis to regulate obesity through modulating levels of the Fiaf
hormone.

Gut microbiota is also essential in maintaining the constitutive levels of brain-derived
neurotrophic factor (BNDF) and the function of N-methyl-D-aspartate receptors (NMDARS)
in the central nervous system, via changes in neurotransmitter function by affecting
modulatory mechanisms such as the kynurenine pathway or actions of SCFAs in the brain
(101).

Gut microbiota promotes an increase in insulin-like growth factor 1 (IGF-1), which is known
to promote bone growth (102). Colonization of GF mice with gut microbiota from CV mice
increases serum IGF-1, which is produced by liver and adipose tissue (102). In addition,
SCFA supplementation also leads to an increase in serum IGF-1 levels (103).

V. Gut microbiota and liver diseases

As the organ in closest contact with the intestinal tract, liver is exposed to a substantial
amount of bacterial components and metabolites through portal circulation. Moreover, the
liver plays a crucial role in defense against gut-derived materials forming the gut-liver axis.
Gut microbiota behaves as a metabolic and immunological organ that can mediate responses
within the host to external stimuli. Therefore, it is recommended to complement the concept
of the gut-liver axis with the gut-microbiota-liver network because of the complex interplay
between microbiota components and metabolic activities (28).

Among the extra-intestinal diseases in which the gut microbiota is thought to play a role in,
various liver disorders have recently been found to be closely associated with altered
bacterial composition of the gut microbiota (called dysbiosis), such as alcoholic liver
diseases, non-alcoholic fatty liver diseases and steatohepatitis, liver cirrhosis, primary
sclerosing cholangitis, hepatic viral diseases, and hepatocellular carcinoma (HCC).
However, the exact microbial metabolites responsible for the pathogenesis of individual liver
diseases generally remain elusive. In this review, we highlight the liver diseases in which gut
microbiota may serve as a novel therapeutic target, although further studies are needed to
reveal the mechanism of gut microbiota in the progression and treatment of liver diseases.

V-1. Alcoholic liver diseases (ALD)

Preclinical and clinical studies have suggested the important role of gut microbiota in ALD.
Impaired intestinal barrier, dysbiosis, and endotoxemia are well-known processes during the
development and progression of ALD. Tight junctions are disrupted by acetaldehyde

production from ethanol directly and by intestinal inflammatory cell-derived tumor necrosis
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factor-a-induced myosin-light chain kinase signaling (63). A leaky gut barrier allows
bacterial translocation, which is the escape of gut bacteria and their products through the
intestinal mucosa to the outside of the intestine via portal or systemic circulation. This
translocation is considered pathogenic in patients with chronic liver diseases who fail to
remove bacteria or bacterial products, which leads to the accumulation of pathogen-
associated molecular patterns that are recognized by Toll-like receptors in the liver and
contribute to host’s immune system as well as liver damage and diseases in a chronic setting
(104). Chronic alcohol administration leads to bacterial overgrowth along almost the entire
gastrointestinal tract as well as dysbiosis characterized by reductions in probiotic bacteria
such as Lactobacillus, Pediococcus, Leuconostoc, and Lactococcus (105). Additionally,
probiotic Lactobacillus has been shown to effectively rescue ALD injury in animals (106)
and humans (107). Moreover, intestinal permeability and dysbiosis are associated with
alcohol dependence. However, the contribution of the intestinal microbiome to liver disease
goes beyond simple translocation of bacterial products that promote hepatic injury and
inflammation. Microbial metabolites produced in a dysbiotic intestinal environment and host
factors are equally important in the pathogenesis of liver diseases (108). Alcohol, as an
initiating liver insult, and its associated microbial products might synergize to promote
progression of liver disease. Changes in the intestinal microbiome (particularly bacterial
overgrowth) and increased bacterial translocation both contribute to alcoholic liver disease.

V-2. Non-alcoholic fatty liver diseases (NAFLD) and steatohepatitis (NASH)

Obesity and insulin resistance are risk factors for fatty liver disease and are associated with
changes in the intestinal microbiome (5). High-fat diets (HFD) result in dysbiosis and
intestinal bacterial overgrowth. NAFLD progression can be regulated by inflammasome-
mediated dysbiosis. Microbial composition is altered by inflammasomes, characterized by
increase in Prevotella. In turn, dysbiosis causes the disruption of tight junctions in
enterocytes, leading to leaky gut, bacterial translocation, and ultimately liver inflammation.

Despite some controversy, many studies have found increased Bacteroides in NASH patients
and increased Firmicutes /actobacilliis often associated with liver steatosis in NAFLD
patients and animal models (58). Another study found that NASH patients had lower fecal
abundance of Faecalibacteriumand Anaerosporobacter but higher abundance of
Parabacteroides and Allisonella (109). Moreover, the use of Lepicol probiotic formula
(containing Lactobacillus plantarum, Lactobacillus deslbrueckii, Lactobacillus acidophilus,
Lactobacillus rhamnosus and Bifidobacterium bifidum) for 6 months decreases liver fat and
serum AST level in NASH patients (110). A mixed probiotic-prebiotic treatment (Lepicol
probiotic and prebiotic formula) in NASH patients leads to reduction in Firmicutes and
increase in Bacteroidetes, which is correlated with improved intrahepatic triglyceride
content (109).

V-3. Liver cirrhosis

Most patients with liver cirrhosis have intestinal bacterial overgrowth, demonstrated by
quantitative analyses of bacterial cultures from jejunal aspirates (111). In addition to their
increased intestinal burden of bacteria, they also exhibit taxonomic differences in microbial
communities, compared to people without cirrhosis, but also an increased intestinal burden
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of bacteria. A common feature of cirrhosis is an increase of potentially pathogenic bacteria,
accompanied by reduced proportions of beneficial bacteria. Serum lipid levels of organic
acids have significant correlations with specific fecal flora in liver cirrhosis patients.
Specifically, Lactobacillus and decosahexaneoic acid are found to be positively correlated,
as well as Candida and eicosapentaenoic acid or eicosapentaenoic acid/arachidonic acid
(68).

Fecal microbial communities are distinct in patients with cirrhosis compared to healthy
individuals. The increased prevalence of potentially pathogenic bacteria, such as
Enterobacteriaceae and Streptococcaceae, with the reduction of beneficial populations such
as Lachnospiraceae may affect prognosis in patients with cirrhosis (112). At the genus level,
Bacteroides was the dominant phylotype in both groups, but was significantly decreased in
the liver cirrhosis group. Of the remaining genera, Veillonella, Streptococcus, Clostridium
and Prevotellawere enriched in the liver cirrhosis group, while Eubacterium and Alistipes
were dominant in the healthy controls (113).

V-4. Hepatic viral diseases

Gut microbiota appears to play a critical role in age-related immune clearance of hepatitis B
virus (HBV) (114). It has been indicated that chronic HBV patients with liver cirrhosis have
different microbiota compared to healthy people (112, 113). A recent case-controlled, open-
label pilot trial has demonstrated the efficacy of fecal microbiota transplantation in HBV e-
antigen positive patients, especially in those who could not otherwise cease the oral antiviral
treatment even after long-term treatment (115). This suggests a benefit from modifying the
gut microbiota for chronic HBV treatment, however, larger trials will be needed to draw a
definite conclusion in the future.

V-5. Biliary diseases

The cholangitis animal model have different gut microbiome from healthy animals and
raising diseased animals in germ-free condition diminishes bile duct diseases, which
suggests that intestinal microbiota contributes to biliary inflammation in this animal model
(116). A clinical study reported that gut microbiota profile in primary sclerosing cholangitis
(PSC) patients was different from healthy people’s, showing a decrease in 11 genera and
increase in Veilonella genus in patients vs controls (117). A similar finding of increased
Veilonellain PSC patients was observed in a recent study (118). A recent mucosa-associated
microbiota study showed that PSC patients have increased Barnesiellaceae at the family
level and Blautia at the genus level (119). This suggests an important role of intestinal
microbiota in PSC.

VI. Gut microbiota and multi-organ interactions

Recently, accumulating evidence in the literature has demonstrated that gut microbiota not
only exerts important functions in the gastrointestinal tract such as food digestion and energy
harvest, but also plays novel roles in many other critical metabolic organs. Classification of
the human gut microbiome into distinct “enterotypes” has been proposed to serve as a new
paradigm for understanding the interplay between microbial variation and human disease
phenotypes, as many organs are affected by gut microbiota modifications during the
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pathogenesis of diseases (120). Although the exact molecular mechanisms for gut
microbiota-mediated “remote sensing” in these organs have not been fully understood, it has
become increasingly recognized that microbial metabolites that travel from the gut to certain
organs may serve as critical players during this process. Whereas the major focus of this
review is between gut microbiota and liver, the interplay of gut microbiota and other
important extrahepatic organs is briefly summarized in this section.

In brain, exploration of gut microbiota offers new insights into further understanding
neurodevelopment and behavioral phenotypes such as inter-individual variations in
cognition, personality, mood, sleep, and eating behavior, as well as neurological disorders
such as depression, anxiety, autism, and chronic pain (121).

In adipose tissue, gut microbiota controls adipose tissue expansion as well as the onset of
low-grade inflammation via mechanisms associated with gut barrier dysfunctions and
metabolic endotoxemia, evidenced by an increase in plasma lipopolysaccharide (LPS),
which is one of the triggering factors for inflammation and insulin resistance (122).

In muscle, studies have shown that GF mice are protected from diet-induced obesity at least
in part by two mechanisms that lead to increased fatty acid catabolism in muscle (100).
During exercise, GF mice have a shorter endurance swimming time, lower weight of muscle,
liver, brown adipose, and epididymal fat pads, and lower serum glutathione peroxidase and
catalase levels than conventional (CV) mice (123), highlighting the importance of gut
microbiota in exercise performance and its potential action through the antioxidant enzyme
system in athletes.

In lung, there has been emerging pathogenic links between microbiota and the gut-lung axis.
Specifically, changes in microbial composition and functions in the respiratory tract and
intestine may lead to alterations in immune responses and the subsequent development of
lung diseases such as asthma and respiratory infections (124). During development, the
“Hygiene Hypothesis” states that newborns that are delivered by caesarian section or raised
in an overly clean environment are more susceptible to pediatric asthma and allergic
diseases. Epidemiologic studies have suggested that the common feature of the increases
risk of allergy is at least partially due to the perturbation in the founding and early
development of a child’s gut microbiota (125). Conversely, allergic airway inflammation can
reduce gut microbial diversity, whereas D-tryptophan produced from probiotic supplement
does the opposite (126).

In bone, it has been demonstrated that colonization of adult GF mice with gut microbiota
from CV mice increases both bone formation and resorption (103). This effect was time-
specific, in that bone mass was reduced in the short-term, whereas in the long-term bone
formation and growth plate activity were increased to promote longitudinal and radial bone
growth. Nutritional interventions targeting gut microbiota have also suggested as new
therapeutic options to treat inflammatory rheumatic disease (127).

Regarding kidney and the cardiovascular system, depletion of gut microbiota has been
shown to protect against renal ischemia-reperfusion injury in mice (128); gut microbiota and
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gut-derived hormones also modulate kidney functions and blood pressure, which are two
leading risk factors for cardiovascular disease.

VII. Therapeutic potentials

Gut microbiota may be modulated in various ways to prevent and treat liver diseases. The
critical role of the gut microbiota in liver disorders is supported by accumulating evidence
that several complications of severe liver diseases are efficiently treated by various
prebiotics, probiotics and antibiotics. Prebiotics are nondigestible carbohydrates promoting
the beneficial changes of gut microbiota. Lactulose is a well-studied prebiotic commonly
used for treating hepatic encephalopathy. The use of lactulose in cirrhosis patients showed
divergent results. Probiotics, which are living microorganisms that present a health benefit
for the host, are also commonly studied to treat liver diseases. There are varying results of
the effect of probiotics (Lactobacillus, Bifidobacterium, or a probiotic combination VSL#3)
in NAFLD treatment, and larger clinical trials are needed. Bifidobacteria has been shown to
decrease liver injury in males with alcoholic psychosis and VSL#3 improves liver function
in cirrhotic patients (129). Probiotics are effective in treating hepatic encephalopathy by
decreasing ammonia production. Moreover, mitigation of NAFLD, NASH, and hepatic
encephalopathy was recently found by using symbiotics, which are combination of
prebiatics (such as fructo-oligosaccharides, lactulose, and inulin) and probiotics (mostly
Lactobacilli, Streptococci, and Bifidobacterid) (129). Patients with cirrhosis and hepatic
encephalopathy benefit from antibiotics, such as Rifaximin, but it is unclear whether these
benefits are via modulation of gut microbiota (129). Fecal microbiota transplant is widely
accepted as a therapy for recurrent Clostridium difficile infection, but there is a lack of
clinical trial for evaluation of fecal transplant for liver diseases. In terms of bacterial
metabolite, UDCA, which is a secondary BA, has been used for many years in treating
cholestatic disorders, such as gallstone disease and primary biliary cirrhosis.

Conclusion

There have been extensive reports on the connection between gut bacteria overgrowth and
the pathogenesis of extra-intestinal diseases, and the importance of microbial metabolites as
mediators of multi-organ communication has become increasingly appreciated. However,
our etiological understanding remains limited and rarely reaches the level of individual
bacterial strains or specific metabolites. Utilization of recent technological advancements
including metagenomics sequencing and metabolomics will greatly advance context-specific
knowledge on the prevalence of bacterial strains as well as on bacterial enzymes essential for
metabolite synthesis. In addition, despite growing evidence for prebiotics and probiotics as
effective treatment for many diseases, the lack of a generality for different strains in
experimental animals and the lack of large cohort and long-term clinical trials necessitate
further studies. It needs to be established in the future how manipulation of the gut
microbiota might be beneficial for the treatment of patients with various liver diseases at
different disease stages.

Curr Pharmacol Rep. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fu and Cui

Page 15

Acknowledgments

This work was supported by National Institutes of Health grants ES025708, GM111381, ES019487, and the
University of Washington Center for Exposures, Diseases, Genomics, and Environment (P30 ES007033), as well as
the Murphy Endowment.

References

1.

Harries DJ. The Influence of Intestinal Bacteria Upon the Thyroid Gland. Br Med J. 1923; 1(3248):
553-5. [PubMed: 20771074]

. Scarpello JH, Greaves M, Sladen GE. Small intestinal transit in diabetics. Br Med J. 1976; 2(6046):

1225-6. [PubMed: 990859]

. Peterson J, Garges S, Giovanni M, Mclnnes P, Wang L, Schloss JA, et al. The NIH Human

Microbiome Project. Genome Res. 2009; 19(12):2317-23. [PubMed: 19819907]

. Tamburini S, Shen N, Wu HC, Clemente JC. The microbiome in early life: implications for health

outcomes. Nat Med. 2016; 22(7):713-22. [PubMed: 27387886]

. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An obesity-associated

gut microbiome with increased capacity for energy harvest. Nature. 2006; 444(7122):1027-31.
[PubMed: 17183312]

. Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, Ley RE, et al. A core gut

microbiome in obese and lean twins. Nature. 2009; 457(7228):480—-4. [PubMed: 19043404]

. Pedersen HK, Gudmundsdottir V, Nielsen HB, Hyotylainen T, Nielsen T, Jensen BA, et al. Human

gut microbes impact host serum metabolome and insulin sensitivity. Nature. 2016; 535(7612):376—
81. [PubMed: 27409811]

. Blanton LV, Charbonneau MR, Salih T, Barratt MJ, Venkatesh S, Ilkaveya O, et al. Gut bacteria that

prevent growth impairments transmitted by microbiota from malnourished children. Science. 2016;
351(6275)

. Bjorkholm B, Bok CM, Lundin A, Rafter J, Hibberd ML, Pettersson S. Intestinal microbiota

regulate xenobiotic metabolism in the liver. PLoS One. 2009; 4(9):e6958. [PubMed: 19742318]

10. Kuno T, Hirayama-Kurogi M, Ito S, Ohtsuki S. Effect of Intestinal Flora on Protein Expression of

Drug-Metabolizing Enzymes and Transporters in the Liver and Kidney of Germ-Free and
Antibiotics-Treated Mice. Mol Pharm. 2016; 13(8):2691-701. [PubMed: 27376980]

11. Mani S, Boelsterli UA, Redinbo MR. Understanding and modulating mammalian-microbial

communication for improved human health. Annu Rev Pharmacol Toxicol. 2014; 54:559-80.
[PubMed: 24160697]

12. Nayak RR, Turnbaugh PJ. Mirror, mirror on the wall: which microbiomes will help heal them all?

BMC Med. 2016; 14:72. [PubMed: 27146150]

13. Redinbo MR. The microbiota, chemical symbiosis, and human disease. J Mol Biol. 2014; 426(23):

3877-91. [PubMed: 25305474]

14. Spanogiannopoulos P, Bess EN, Carmody RN, Turnbaugh PJ. The microbial pharmacists within

us: a metagenomic view of xenobiotic metabolism. Nat Rev Microbiol. 2016; 14(5):273-87.
[PubMed: 26972811]

15. Klaassen CD, Cui JY. Review: Mechanisms of How the Intestinal Microbiota Alters the Effects of

Drugs and Bile Acids. Drug Metab Dispos. 2015; 43(10):1505-21. [PubMed: 26261286]

16. Haiser HJ, Gootenberg DB, Chatman K, Sirasani G, Balskus EP, Turnbaugh PJ. Predicting and

manipulating cardiac drug inactivation by the human gut bacterium Eggerthella lenta. Science.
2013; 341(6143):295-8. [PubMed: 23869020]

17. Haiser HJ, Seim KL, Balskus EP, Turnbaugh PJ. Mechanistic insight into digoxin inactivation by

Eggerthella lenta augments our understanding of its pharmacokinetics. Gut Microbes. 2014; 5(2):
233-8. [PubMed: 24637603]

18. Wallace BD, Roberts AB, Pollet RM, Ingle JD, Biernat KA, Pellock SJ, et al. Structure and

Inhibition of Microbiome beta-Glucuronidases Essential to the Alleviation of Cancer Drug
Toxicity. Chem Biol. 2015; 22(9):1238-49. [PubMed: 26364932]

Curr Pharmacol Rep. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fu and Cui

Page 16

19. Toda T, Ohi K, Kudo T, Yoshida T, Ikarashi N, Ito K, et al. Ciprofloxacin suppresses Cyp3a in
mouse liver by reducing lithocholic acid-producing intestinal flora. Drug Metab Pharmacokinet.
2009; 24(3):201-8. [PubMed: 19571431]

20. Toda T, Ohi K, Kudo T, Yoshida T, Ikarashi N, Ito K, et al. Antibiotics suppress Cyp3a in the
mouse liver by reducing lithocholic acid-producing intestinal flora. Yakugaku Zasshi. 2009;
129(5):601-8. [PubMed: 19420891]

21. Selwyn FP, Cheng SL, Bammler TK, Prasad B, Vrana M, Klaassen C, et al. Developmental
Regulation of Drug-Processing Genes in Livers of Germ-Free Mice. Toxicol Sci. 2015; 147(1):84-
103. [PubMed: 26032512]

22. Selwyn FP, Cui JY, Klaassen CD. RNA-Seq Quantification of Hepatic Drug Processing Genes in
Germ-Free Mice. Drug Metab Dispos. 2015; 43(10):1572-80. [PubMed: 25956306]

23. Selwyn FP, Cheng SL, Klaassen CD, Cui JY. Regulation of Hepatic Drug-Metabolizing Enzymes
in Germ-Free Mice by Conventionalization and Probiotics. Drug Metab Dispos. 2016; 44(2):262-
74. [PubMed: 26586378]

24. Yoshitane H, Ozaki H, Terajima H, Du NH, Suzuki Y, Fujimori T, et al. CLOCK-controlled
polyphonic regulation of circadian rhythms through canonical and noncanonical E-boxes. Mol Cell
Biol. 2014; 34(10):1776-87. [PubMed: 24591654]

25. Liang X, Bultman SJ. Ticking in Place for the Microbiome to Message Out. Cell Metab. 2016;
24(6):775-7. [PubMed: 27974176]

26. Leone V, Gibbons SM, Martinez K, Hutchison AL, Huang EY, Cham CM, et al. Effects of diurnal
variation of gut microbes and high-fat feeding on host circadian clock function and metabolism.
Cell Host Microbe. 2015; 17(5):681-9. [PubMed: 25891358]

27**. Thaiss CA, Levy M, Korem T, Dohnalova L, Shapiro H, Jaitin DA, et al. Microbiota Diurnal
Rhythmicity Programs Host Transcriptome Oscillations. Cell. 2016; 167(6):1495-510 e12. (This
reference showed the importance of gut micriobiota in regulating the diurnal rhythm of liver
transcriptome). [PubMed: 27912059]

28. Usami M, Miyoshi M, Yamashita H. Gut microbiota and host metabolism in liver cirrhosis. World

J Gastroenterol. 2015; 21(41):11597-608. [PubMed: 26556989]

29. Li T, Chiang JY. Bile acid signaling in metabolic disease and drug therapy. Pharmacol Rev. 2014;
66(4):948-83. [PubMed: 25073467]

30. Fu ZD, Csanaky IL, Klaassen CD. Gender-divergent profile of bile acid homeostasis during aging
of mice. PLoS One. 2012; 7(3):e32551. [PubMed: 22403674]

31. Kong B, Wang L, Chiang JY, Zhang Y, Klaassen CD, Guo GL. Mechanism of tissue-specific
farnesoid X receptor in suppressing the expression of genes in bile-acid synthesis in mice.
Hepatology. 2012; 56(3):1034-43. [PubMed: 22467244]

32. Fu ZD, Cui JY, Klaassen CD. Atorvastatin induces bile acid-synthetic enzyme Cyp7al by
suppressing FXR signaling in both liver and intestine in mice. J Lipid Res. 2014; 55(12):2576-86.
[PubMed: 25278499]

33. Cui JY, Aleksunes LM, Tanaka Y, Fu ZD, Guo Y, Guo GL, et al. Bile acids via FXR initiate the
expression of major transporters involved in the enterohepatic circulation of bile acids in newborn
mice. Am J Physiol Gastrointest Liver Physiol. 2012; 302(9):G979-96. [PubMed: 22268101]

34. Fu ZD, Klaassen CD. Increased bile acids in enterohepatic circulation by short-term calorie
restriction in male mice. Toxicol Appl Pharmacol. 2013; 273(3):680-90. [PubMed: 24183703]

35. Fu ZD, Cui JY, Klaassen CD. The Role of Sirtl in Bile Acid Regulation during Calorie Restriction
in Mice. PLoS One. 2015; 10(9):e0138307. [PubMed: 26372644]

36. Visschers RG, Luyer MD, Schaap FG, Olde Damink SW, Soeters PB. The gut-liver axis. Curr Opin
Clin Nutr Metab Care. 2013; 16(5):576-81. [PubMed: 23873346]

37. Selwyn FP, Csanaky IL, Zhang Y, Klaassen CD. Importance of Large Intestine in Regulating Bile
Acids and Glucagon-Like Peptide-1 in Germ-Free Mice. Drug Metab Dispos. 2015; 43(10):1544—
56. [PubMed: 26199423]

38. Swann JR, Want EJ, Geier FM, Spagou K, Wilson ID, Sidaway JE, et al. Systemic gut microbial
modulation of bile acid metabolism in host tissue compartments. Proc Natl Acad Sci U S A. 2011,
108(Suppl 1):4523-30. [PubMed: 20837534]

Curr Pharmacol Rep. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fu and Cui

Page 17

39. Begley M, Gahan CG, Hill C. The interaction between bacteria and bile. FEMS Microbiol Rev.
2005; 29(4):625-51. [PubMed: 16102595]

40. Zhu Y, Liu H, Zhang M, Guo GL. Fatty liver diseases, bile acids, and FXR. Acta Pharm Sin B.
2016; 6(5):409-12. [PubMed: 27709009]

41. Gabbi C, Bertolotti M, Anzivino C, Macchioni D, Del Puppo M, Ricchi M, et al. Effects of bile
duct ligation and cholic acid treatment on fatty liver in two rat models of non-alcoholic fatty liver
disease. Dig Liver Dis. 2012; 44(12):1018-26. [PubMed: 22883218]

42. Quintero P, Pizarro M, Solis N, Arab JP, Padilla O, Riquelme A, et al. Bile acid supplementation
improves established liver steatosis in obese mice independently of glucagon-like peptide-1
secretion. J Physiol Biochem. 2014; 70(3):667—74. [PubMed: 24816727]

43. Cho EJ, Yoon JH, Kwak MS, Jang ES, Lee JH, Yu SJ, et al. Tauroursodeoxycholic acid attenuates
progression of steatohepatitis in mice fed a methionine-choline-deficient diet. Dig Dis Sci. 2014;
59(7):1461-74. [PubMed: 24865256]

44, Pathil A, Mueller J, Warth A, Chamulitrat W, Stremmel W. Ursodeoxycholyl
lysophosphatidylethanolamide improves steatosis and inflammation in murine models of
nonalcoholic fatty liver disease. Hepatology. 2012; 55(5):1369-78. [PubMed: 22183915]

45. Tanaka N, Matsubara T, Krausz KW, Patterson AD, Gonzalez FJ. Disruption of phospholipid and
bile acid homeostasis in mice with nonalcoholic steatohepatitis. Hepatology. 2012; 56(1):118-29.
[PubMed: 22290395]

46. Xie G, Zhong W, Li H, Li Q, Qiu Y, Zheng X, et al. Alteration of bile acid metabolism in the rat
induced by chronic ethanol consumption. FASEB J. 2013; 27(9):3583-93. [PubMed: 23709616]

47. Neuschwander-Tetri BA, Loomba R, Sanyal AJ, Lavine JE, Van Natta ML, Abdelmalek MF, et al.
Farnesoid X nuclear receptor ligand obeticholic acid for non-cirrhotic, non-alcoholic
steatohepatitis (FLINT): a multicentre, randomised, placebo-controlled trial. Lancet. 2015;
385(9972):956-65. [PubMed: 25468160]

48. Ali AH, Carey EJ, Lindor KD. Recent advances in the development of farnesoid X receptor
agonists. Ann Transl Med. 2015; 3(1):5. [PubMed: 25705637]

49. Mouzaki M, Bandsma R. Targeting the Gut Microbiota for the Treatment of Non-Alcoholic Fatty
Liver Disease. Curr Drug Targets. 2015; 16(12):1324-31. [PubMed: 25882223]

50. Thomas C, Gioiello A, Noriega L, Strehle A, Oury J, Rizzo G, et al. TGR5-mediated bile acid
sensing controls glucose homeostasis. Cell Metab. 2009; 10(3):167-77. [PubMed: 19723493]

51. Kakiyama G, Pandak WM, Gillevet PM, Hylemon PB, Heuman DM, Daita K, et al. Modulation of
the fecal bile acid profile by gut microbiota in cirrhosis. J Hepatol. 2013; 58(5):949-55. [PubMed:
23333527]

52*. Tabibian JH, O’Hara SP, Trussoni CE, Tietz PS, Splinter PL, Mounajjed T, et al. Absence of the
intestinal microbiota exacerbates hepatobiliary disease in a murine model of primary sclerosing
cholangitis. Hepatology. 2016; 63(1):185-96. (This reference showed the role of microbiota in
primary sclerosing cholangitis). [PubMed: 26044703]

53. Yoshimoto S, Loo TM, Atarashi K, Kanda H, Sato S, Oyadomari S, et al. Obesity-induced gut
microbial metabolite promotes liver cancer through senescence secretome. Nature. 2013;
499(7456):97-101. [PubMed: 23803760]

54. Ray K. Gut microbiota: Obesity-induced microbial metabolite promotes HCC. Nat Rev
Gastroenterol Hepatol. 2013; 10(8):442. [PubMed: 23817322]

55. Li G, Kong B, Zhu Y, Zhan L, Williams JA, Tawfik O, et al. Small heterodimer partner
overexpression partially protects against liver tumor development in farnesoid X receptor knockout
mice. Toxicol Appl Pharmacol. 2013; 272(2):299-305. [PubMed: 23811326]

56. Clarke G, Stilling RM, Kennedy PJ, Stanton C, Cryan JF, Dinan TG. Minireview: Gut microbiota:
the neglected endocrine organ. Mol Endocrinol. 2014; 28(8):1221-38. [PubMed: 24892638]

57. Llorente C, Schnabl B. The gut microbiota and liver disease. Cell Mol Gastroenterol Hepatol.
2015; 1(3):275-84. [PubMed: 26090511]

58. Bluemel S, Williams B, Knight R, Schnabl B. Precision medicine in alcoholic and nonalcoholic
fatty liver disease via modulating the gut microbiota. Am J Physiol Gastrointest Liver Physiol.
2016; 311(6):G1018-G36. [PubMed: 27686615]

Curr Pharmacol Rep. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fu and Cui

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76*

77.

Page 18

Donohoe DR, Garge N, Zhang X, Sun W, O’Connell TM, Bunger MK, et al. The microbiome and
butyrate regulate energy metabolism and autophagy in the mammalian colon. Cell Metab. 2011;
13(5):517-26. [PubMed: 21531334]

Nicholson JK, Holmes E, Kinross J, Burcelin R, Gibson G, Jia W, et al. Host-gut microbiota
metabolic interactions. Science. 2012; 336(6086):1262—7. [PubMed: 22674330]

Miyoshi M, Sakaki H, Usami M, lizuka N, Shuno K, Aoyama M, et al. Oral administration of
tributyrin increases concentration of butyrate in the portal vein and prevents lipopolysaccharide-
induced liver injury in rats. Clin Nutr. 2011; 30(2):252-8. [PubMed: 21051124]

Bloemen JG, Olde Damink SW, Venema K, Buurman WA, Jalan R, Dejong CH. Short chain fatty
acids exchange: Is the cirrhotic, dysfunctional liver still able to clear them? Clin Nutr. 2010; 29(3):
365-9. [PubMed: 19897285]

Tilg H, Cani PD, Mayer EA. Gut microbiome and liver diseases. Gut. 2016

Puddu A, Sanguineti R, Montecucco F, Viviani GL. Evidence for the gut microbiota short-chain
fatty acids as key pathophysiological molecules improving diabetes. Mediators Inflamm. 2014;
2014:162021. [PubMed: 25214711]

Kimura I, Ozawa K, Inoue D, Imamura T, Kimura K, Maeda T, et al. The gut microbiota
suppresses insulin-mediated fat accumulation via the short-chain fatty acid receptor GPR43. Nat
Commun. 2013; 4:1829. [PubMed: 23652017]

Schwiertz A, Taras D, Schafer K, Beijer S, Bos NA, Donus C, et al. Microbiota and SCFA in lean

and overweight healthy subjects. Obesity (Silver Spring). 2010; 18(1):190-5. [PubMed:

19498350]

Maslowski KM, Vieira AT, Ng A, Kranich J, Sierro F, Yu D, et al. Regulation of inflammatory

responses by gut microbiota and chemoattractant receptor GPR43. Nature. 2009; 461(7268):1282—

6. [PubMed: 19865172]

Usami M, Miyoshi M, Kanbara Y, Aoyama M, Sakaki H, Shuno K, et al. Analysis of fecal

microbiota, organic acids and plasma lipids in hepatic cancer patients with or without liver

cirrhosis. Clin Nutr. 2013; 32(3):444-51. [PubMed: 23068014]

Tremaroli V, Backhed F. Functional interactions between the gut microbiota and host metabolism.

Nature. 2012; 489(7415):242-9. [PubMed: 22972297]

Koeth RA, Wang Z, Levison BS, Buffa JA, Org E, Sheehy BT, et al. Intestinal microbiota

metabolism of L-carnitine, a nutrient in red meat, promotes atherosclerosis. Nat Med. 2013; 19(5):

576-85. [PubMed: 23563705]

Dumas ME, Barton RH, Toye A, Cloarec O, Blancher C, Rothwell A, et al. Metabolic profiling

reveals a contribution of gut microbiota to fatty liver phenotype in insulin-resistant mice. Proc Natl

Acad Sci U S A. 2006; 103(33):12511-6. [PubMed: 16895997]

Wikoff WR, Anfora AT, Liu J, Schultz PG, Lesley SA, Peters EC, et al. Metabolomics analysis

reveals large effects of gut microflora on mammalian blood metabolites. Proc Natl Acad Sci U S

A. 2009; 106(10):3698-703. [PubMed: 19234110]

Zelante T, lannitti RG, Cunha C, De Luca A, Giovannini G, Pieraccini G, et al. Tryptophan

catabolites from microbiota engage aryl hydrocarbon receptor and balance mucosal reactivity via

interleukin-22. Immunity. 2013; 39(2):372-85. [PubMed: 23973224]

Hashimoto T, Perlot T, Rehman A, Trichereau J, Ishiguro H, Paolino M, et al. ACE2 links amino

acid malnutrition to microbial ecology and intestinal inflammation. Nature. 2012; 487(7408):477—

81. [PubMed: 22837003]

Hubbard TD, Murray IA, Bisson WH, Lahoti TS, Gowda K, Amin SG, et al. Adaptation of the

human aryl hydrocarbon receptor to sense microbiota-derived indoles. Sci Rep. 2015; 5:12689.

[PubMed: 26235394]

*. Rasmussen MK, Balaguer P, Ekstrand B, Daujat-Chavanieu M, Gerbal-Chaloin S. Skatole (3-
Methylindole) Is a Partial Aryl Hydrocarbon Receptor Agonist and Induces CYP1A1/2 and
CYP1B1 Expression in Primary Human Hepatocytes. PL0oS One. 2016; 11(5):e0154629. (This
reference revealed the novel role of indole-derivatives in liver). [PubMed: 27138278]

Murray IA, Nichols RG, Zhang L, Patterson AD, Perdew GH. Expression of the aryl hydrocarbon

receptor contributes to the establishment of intestinal microbial community structure in mice. Sci

Rep. 2016; 6:33969. [PubMed: 27659481]

Curr Pharmacol Rep. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fu and Cui

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

Page 19

Zhu L, Baker SS, Gill C, Liu W, 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(2):601-9. [PubMed: 23055155]

Volynets V, Kuper MA, Strahl S, Maier 1B, Spruss A, Wagnerberger S, et al. Nutrition, intestinal
permeability, and blood ethanol levels are altered in patients with nonalcoholic fatty liver disease
(NAFLD). Dig Dis Sci. 2012; 57(7):1932—41. [PubMed: 22427130]

You M, Crabb DW. Molecular mechanisms of alcoholic fatty liver: role of sterol regulatory
element-binding proteins. Alcohol. 2004; 34(1):39-43. [PubMed: 15670664]

Garcia-Villafranca J, Guillen A, Castro J. Ethanol consumption impairs regulation of fatty acid
metabolism by decreasing the activity of AMP-activated protein Kinase in rat liver. Biochimie.
2008; 90(3):460-6. [PubMed: 17997005]

Nanji AA, Dannenberg AJ, Jokelainen K, Bass NM. Alcoholic liver injury in the rat is associated
with reduced expression of peroxisome proliferator-alpha (PPARalpha)-regulated genes and is
ameliorated by PPARalpha activation. J Pharmacol Exp Ther. 2004; 310(1):417-24. [PubMed:
15016835]

Rao RK, Seth A, Sheth P. Recent Advances in Alcoholic Liver Disease I. Role of intestinal
permeability and endotoxemia in alcoholic liver disease. Am J Physiol Gastrointest Liver Physiol.
2004; 286(6):G881-4. [PubMed: 15132946]

Cani PD, Possemiers S, Van de Wiele T, Guiot Y, Everard A, Rottier O, et al. Changes in gut
microbiota control inflammation in obese mice through a mechanism involving GLP-2-driven
improvement of gut permeability. Gut. 2009; 58(8):1091-103. [PubMed: 19240062]

Cani PD, Neyrinck AM, Fava F, Knauf C, Burcelin RG, Tuohy KM, et al. Selective increases of
bifidobacteria in gut microflora improve high-fat-diet-induced diabetes in mice through a
mechanism associated with endotoxaemia. Diabetologia. 2007; 50(11):2374-83. [PubMed:
17823788]

Alisi A, Manco M, Devito R, Piemonte F, Nobili V. Endotoxin and plasminogen activator
inhibitor-1 serum levels associated with nonalcoholic steatohepatitis in children. J Pediatr
Gastroenterol Nutr. 2010; 50(6):645-9. [PubMed: 20400911]

Miele L, Valenza V, La Torre G, Montalto M, Cammarota G, Ricci R, et al. Increased intestinal
permeability and tight junction alterations in nonalcoholic fatty liver disease. Hepatology. 2009;
49(6):1877-87. [PubMed: 19291785]

Rivera CA, Adegboyega P, van Rooijen N, Tagalicud A, Allman M, Wallace M. Toll-like
receptor-4 signaling and Kupffer cells play pivotal roles in the pathogenesis of non-alcoholic
steatohepatitis. J Hepatol. 2007; 47(4):571-9. [PubMed: 17644211]

Miura K, Kodama Y, Inokuchi S, Schnabl B, Aoyama T, Ohnishi H, et al. Toll-like receptor 9
promotes steatohepatitis by induction of interleukin-1beta in mice. Gastroenterology. 2010;
139(1):323-34 e7. [PubMed: 20347818]

Karczewski J, Troost FJ, Konings I, Dekker J, Kleerebezem M, Brummer RJ, et al. Regulation of
human epithelial tight junction proteins by Lactobacillus plantarum in vivo and protective effects
on the epithelial barrier. Am J Physiol Gastrointest Liver Physiol. 2010; 298(6):G851-9. [PubMed:
20224007]

Clarke G, Stilling RM, Kennedy PJ, Stanton C, Cryan JF, Dinan TG. Minireview: Gut microbiota:
the neglected endocrine organ. Mol Endocrinol. 2014; 28(8):1221-38. [PubMed: 24892638]
Sayin SI, Wahlstrom A, Felin J, Jantti S, Marschall HU, Bamberg K, et al. Gut microbiota
regulates bile acid metabolism by reducing the levels of tauro-beta-muricholic acid, a naturally
occurring FXR antagonist. Cell Metab. 2013; 17(2):225-35. [PubMed: 23395169]

Li F, Jiang C, Krausz KW, Li Y, Albert I, Hao H, et al. Microbiome remodelling leads to inhibition
of intestinal farnesoid X receptor signalling and decreased obesity. Nat Commun. 2013; 4:2384.
[PubMed: 24064762]

Holst JJ. The physiology of glucagon-like peptide 1. Physiol Rev. 2007; 87(4):1409-39. [PubMed:
17928588]

Katsuma S, Hirasawa A, Tsujimoto G. Bile acids promote glucagon-like peptide-1 secretion
through TGR5 in a murine enteroendocrine cell line STC-1. Biochem Biophys Res Commun.
2005; 329(1):386-90. [PubMed: 15721318]

Curr Pharmacol Rep. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fu and Cui

96.

97.

98.

99.

Page 20

Thomas C, Gioiello A, Noriega L, Strehle A, Oury J, Rizzo G, et al. TGR5-mediated bile acid
sensing controls glucose homeostasis. Cell Metab. 2009; 10(3):167-77. [PubMed: 19723493]

Wichmann A, Allahyar A, Greiner TU, Plovier H, Lunden GO, Larsson T, et al. Microbial
modulation of energy availability in the colon regulates intestinal transit. Cell Host Microbe. 2013;
14(5):582-90. [PubMed: 24237703]

Selwyn FP, Csanaky IL, Zhang Y, Klaassen CD. Importance of Large Intestine in Regulating Bile
Acids and Glucagon-Like Peptide-1 in Germ-Free Mice. Drug Metab Dispos. 2015; 43(10):1544—
56. [PubMed: 26199423]

Backhed F, Ding H, Wang T, Hooper LV, Koh GY, Nagy A, et al. The gut microbiota as an
environmental factor that regulates fat storage. Proc Natl Acad Sci U S A. 2004; 101(44):15718-
23. [PubMed: 15505215]

100. Backhed F, Manchester JK, Semenkovich CF, Gordon JI. Mechanisms underlying the resistance

to diet-induced obesity in germ-free mice. Proc Natl Acad Sci U S A. 2007; 104(3):979-84.
[PubMed: 17210919]

101. Magsood R, Stone TW. The Gut-Brain Axis, BDNF, NMDA and CNS Disorders. Neurochem

Res. 2016; 41(11):2819-35. [PubMed: 27553784]

102. Zhang X, Hou HT, Wang J, Liu XC, Yang Q, He GW. Plasma Proteomic Study in Pulmonary

Arterial Hypertension Associated with Congenital Heart Diseases. Sci Rep. 2016; 6:36541.
[PubMed: 27886187]

103. Yan J, Herzog JW, Tsang K, Brennan CA, Bower MA, Garrett WS, et al. Gut microbiota induce

IGF-1 and promote bone formation and growth. Proc Natl Acad Sci U S A. 2016;
113(47):E7554-E63. [PubMed: 27821775]

104. Kohlgruber AC, Donado CA, LaMarche NM, Brenner MB, Brennan PJ. Activation strategies for

invariant natural Killer T cells. Immunogenetics. 2016; 68(8):649-63. [PubMed: 27457886]

105. 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(1):96-105. [PubMed:
21254165]

106. Wang Y, Liu Y, Sidhu A, Ma Z, McClain C, Feng W. Lactobacillus rhamnosus GG culture

supernatant ameliorates acute alcohol-induced intestinal permeability and liver injury. Am J
Physiol Gastrointest Liver Physiol. 2012; 303(1):G32-41. [PubMed: 22538402]

107. Kirpich IA, Solovieva NV, Leikhter SN, Shidakova NA, Lebedeva OV, Sidorov PI, et al.

Probiotics restore bowel flora and improve liver enzymes in human alcohol-induced liver injury:
a pilot study. Alcohol. 2008; 42(8):675-82. [PubMed: 19038698]

108. Schnabl B, Brenner DA. Interactions between the intestinal microbiome and liver diseases.

Gastroenterology. 2014; 146(6):1513-24. [PubMed: 24440671]

109. 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(4):e62885. [PubMed: 23638162]

110. Wong VW, Won GL, Chim AM, Chu WC, Yeung DK, Li KC, et al. Treatment of nonalcoholic

steatohepatitis with probiotics. A proof-of-concept study. Ann Hepatol. 2013; 12(2):256-62.
[PubMed: 23396737]

111. Bauer TM, Schwacha H, Steinbruckner B, Brinkmann FE, Ditzen AK, Aponte JJ, et al. Small

intestinal bacterial overgrowth in human cirrhosis is associated with systemic endotoxemia. Am J
Gastroenterol. 2002; 97(9):2364-70. [PubMed: 12358257]

112. Chen Y, Yang F, Lu H, Wang B, Lei D, Wang Y, et al. Characterization of fecal microbial

communities in patients with liver cirrhosis. Hepatology. 2011; 54(2):562-72. [PubMed:
21574172]

113. 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(7516):59-64. [PubMed: 25079328]

114. Chou HH, Chien WH, Wu LL, Cheng CH, Chung CH, Horng JH, et al. Age-related immune

clearance of hepatitis B virus infection requires the establishment of gut microbiota. Proc Natl
Acad Sci U S A. 2015; 112(7):2175-80. [PubMed: 25646429]

Curr Pharmacol Rep. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fu and Cui

Page 21

115** Ren YD, Ye ZS, Yang LZ, Jin LX, Wei WJ, Deng YY, et al. Fecal Microbiota Transplantation

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Induces HBeAg Clearance in Patients with Positive HBeAg after Long-Term Antiviral Therapy.
Hepatology. 2016 (This reference reported microbiota transplant as an effective HBV therapy).
Schrumpf E, Kummen M, Valestrand L, Greiner TU, Holm K, Arulampalam V, et al. The gut
microbiota contributes to a mouse model of spontaneous bile duct inflammation. J Hepatol. 2016
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. 2016

Sabino J, Vieira-Silva S, Machiels K, Joossens M, Falony G, Ballet V, et al. Primary sclerosing
cholangitis is characterised by intestinal dyshiosis independent from IBD. Gut. 2016; 65(10):
1681-9. [PubMed: 27207975]

Torres J, Bao X, Goel A, Colombel JF, Pekow J, Jabri B, et al. The features of mucosa-associated
microbiota in primary sclerosing cholangitis. Aliment Pharmacol Ther. 2016; 43(7):790-801.
[PubMed: 26857969]

Knights D, Ward TL, McKinlay CE, Miller H, Gonzalez A, McDonald D, et al. Rethinking
“enterotypes”. Cell Host Microbe. 2014; 16(4):433-7. [PubMed: 25299329]

Gonzalez A, Stombaugh J, Lozupone C, Turnbaugh PJ, Gordon JI, Knight R. The mind-body-
microbial continuum. Dialogues Clin Neurosci. 2011; 13(1):55-62. [PubMed: 21485746]

Geurts L, Neyrinck AM, Delzenne NM, Knauf C, Cani PD. Gut microbiota controls adipose
tissue expansion, gut barrier and glucose metabolism: novel insights into molecular targets and
interventions using prebiotics. Benef Microbes. 2014; 5(1):3-17. [PubMed: 23886976]

Hsu YJ, Chiu CC, Li YP, Huang WC, Huang YT, Huang CC, et al. Effect of intestinal microbiota
on exercise performance in mice. J Strength Cond Res. 2015; 29(2):552-8. [PubMed: 25144131]

Budden KF, Gellatly SL, Wood DL, Cooper MA, Morrison M, Hugenholtz P, et al. Emerging
pathogenic links between microbiota and the gut-lung axis. Nat Rev Microbiol. 2017; 15(1):55-
63. [PubMed: 27694885]

Johnson CC, Ownby DR. The infant gut bacterial microbiota and risk of pediatric asthma and
allergic diseases. Transl Res. 2017; 179:60-70. [PubMed: 27469270]

Kepert I, Fonseca J, Muller C, Milger K, Hochwind K, Kostric M, et al. D-tryptophan from
probiotic bacteria influences the gut microbiome and allergic airway disease. J Allergy Clin
Immunol. 2016

Semerano L, Julia C, Aitisha O, Boissier MC. Nutrition and chronic inflammatory rheumatic
disease. Joint Bone Spine. 2016
Emal D, Rampanelli E, Stroo I, Butter LM, Teske GJ, Claessen N, et al. Depletion of Gut
Microbiota Protects against Renal Ischemia-Reperfusion Injury. J Am Soc Nephrol. 2016

Anand G, Zarrinpar A, Loomba R. Targeting Dysbiosis for the Treatment of Liver Disease. Semin
Liver Dis. 2016; 36(1):37-47. [PubMed: 26870931]

Philips CA, Pande A, Shasthry SM, Jamwal KD, Khillan V, Chandel SS, et al. Healthy Donor
Fecal Microbiota Transplantation in Steroid Ineligible Severe Alcoholic Hepatitis - A Pilot Study.
Clin Gastroenterol Hepatol. 2016
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. 2016
Ruiz AG, Casafont F, Crespo J, Cayon A, Mayorga M, Estebanez A, et al. Lipopolysaccharide-
binding protein plasma levels and liver TNF-alpha gene expression in obese patients: evidence
for the potential role of endotoxin in the pathogenesis of non-alcoholic steatohepatitis. Obes
Surg. 2007; 17(10):1374-80. [PubMed: 18000721]

Thuy S, Ladurner R, Volynets V, Wagner S, Strahl S, Konigsrainer A, et al. Nonalcoholic fatty
liver disease in humans is associated with increased plasma endotoxin and plasminogen activator
inhibitor 1 concentrations and with fructose intake. J Nutr. 2008; 138(8):1452-5. [PubMed:
18641190]

Curr Pharmacol Rep. Author manuscript; available in PMC 2018 June 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Fu and Cui Page 22
Table 1
Bacterial metabolites, co-metabolites, and other microbial constituents as modulators of extra-intestinal
function and diseases
Bacterial metabolites | Function Action Site Diseases References
BAs Dietary fat and lipid-soluble vitamins Liver ALD (46, 130, 131)
absorption; glucose and lipid
metabolism; inflammation Liver NAFLD/NASH (41-45, 47, 51)
Liver Cirrhosis (28, 51)
Liver PSC (52)
Liver HCC (53-55)
Energy expenditure Muscle, adipose | Obesity, diabetes (50)
SCFAs Satiety CNS Obesity, diabetes (28)
Glucose and lipid metabolism Liver Obesity, diabetes (63, 64)
GI hormone secretion; glucose Adipose, muscle | Obesity, diabetes (65, 66)

metabolism;

Choline metabolites Glucose and lipid metabolism Liver NAFLD (28,57, 70, 71)
TMAO Heart Cardiovascular diseases (70)
Indole-derivatives Modulate neurotransmitter level; Brain Inflammatory injury (56)
inflammation
Inflammation Liver Hepatic encephalopathy (63)
AhR activation Liver Impaired xenobiotic metabolism | (73, 74, 76)
Ethanol Lipid metabolism; inflammation Liver NAFLD/NASH (78-83)
LPS Inflammation Liver NAFLD/NASH (86-90, 132, 133)
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Table 2

Host hormones that are altered by gut microbiota

Page 23

Host hormones | Functions Regulation by gut microbiota References

T-BMCA FXR antagonist Increases in GF mice (92)

GLP-1 Stimulate insulin secretion and inhibit glucagon secretion | Increase in GF mice (97, 98)

Fiaf Lipoprotein lipase inhibitor that suppresses deposition of Increases in GF mice (99)
triglycerides in adipocytes

Bndf Supports the survival, growth and differentiation of Reduces in GF mice (101)
neurons, long-term memory

IGF-1 Promote bone growth Increases by colonization of GF mice with CV (102)

gut microbiota

Curr Pharmacol Rep. Author manuscript; available in PMC 2018 June 01.



	Abstract
	I. History of research on gut microbiota
	II. Gut microbiota and liver physiology
	II-1. Gut microbiota and the hepatic transcriptome, proteome, and enzyme activities
	II-2. Gut microbiota and xenobiotic metabolism
	II-3. Gut microbiota and the hepatic diurnal rhythm

	III. Gut bacterial metabolites, co-metabolites, and other microbial constituents as multi-organ sensors
	III-1. Bile acids (BAs)
	III-2. Short-chain fatty acids (SCFAs)
	III-3. Choline metabolites
	III-4. Indole-derivatives and other neuroactive compounds
	III-5. Ethanol
	III-6. Endotoxins

	IV. Host hormones that are altered as a result of changes in gut microbiota
	V. Gut microbiota and liver diseases
	V-1. Alcoholic liver diseases (ALD)
	V-2. Non-alcoholic fatty liver diseases (NAFLD) and steatohepatitis (NASH)
	V-3. Liver cirrhosis
	V-4. Hepatic viral diseases
	V-5. Biliary diseases
	VI. Gut microbiota and multi-organ interactions

	VII. Therapeutic potentials
	Conclusion
	References
	Table 1
	Table 2

