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Abstract

Gut microbiota is a community of microorganisms that reside in the gastro-
intestinal tract. An increasing number of studies has demonstrated that the gut-
liver axis plays a critical role in liver homeostasis. Dysbiosis of gut microbiota can
cause liver diseases, including nonalcoholic fatty liver disease and alcoholic liver
disease. Preclinical and clinical investigations have substantiated that the
metabolites and other molecules derived from gut microbiota and diet interaction
function as mediators to cause liver fibrosis, cirrhosis, and final cancer. This effect
has been demonstrated to be associated with dysregulation of intrahepatic
immunity and liver metabolism. Targeting these findings have led to the
development of novel preventive and therapeutic strategies. Here, we review the
cellular and molecular mechanisms underlying gut microbiota-mediated impact
on liver disease. We also summarize the advancement of gut microbiota-based
therapeutic strategies in the control of liver diseases.

Key Words: Gut microbiota; Intrahepatic immunity; Metabolite; Fecal microbial
transplantation; Probiotic; Antibiotic
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Core Tip: Accumulating evidence shows that gut microbiota plays a critical role in liver
pathophysiology and targeting gut microbiota is a potential treatment option for
chronic liver disease. Herein, this review explores the cellular and molecular
mechanisms of how gut microbiota contributes to liver diseases, including alcohol-
induced and nonalcohol-induced liver fatty liver diseases, liver fibrosis, cirrhosis, and
cancer. This review also summarizes the current gut microbiota-based therapeutic
strategies and discusses future directions in promoting gut microbiota-based therapy
for liver diseases.
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INTRODUCTION

The growing evidence of gut microbial roles in human diseases attracts researchers’
attention in exploring gut microbiota-mediated therapy. The gut microbiota is defined
as the entire community of microorganisms residing in the gastrointestinal tract, and it
is dominated mainly by bacteria. In the earlier stages of investigation, people focused
solely on the gut microbiota’s function regarding modulation of human nutrition and
metabolism, on which a healthy status relies. However, dysbiosis of the gut
microbiome may cause inflammatory bowel disease and bacterial infection in addition
to impairing human alimentation”. Nowadays, growing evidence has emerged to
demonstrate how gut microbiota profoundly and systemically influences human
health and disease through various mechanisms, particularly influencing cancer. It has
been discovered that gut microbiota and their associated metabolites are closely
related to malignant tumor generation by developing chronic inflammation and
immune surveillance dysregulation.

More interestingly, due to the close anatomical and physiological connection
between the gut and liver, the role of gut microbiota and its associated metabolites
were found in liver diseases from many studies (discussed in the following sections).
By focusing our attention on the interactions between gut microbiota and liver
diseases, we are pulling back the curtain on how gut microbiota and its associated
metabolomes influence liver health and disease. However, it seems as though these
findings are but the tip of the iceberg. Many questions still remain. Some cause-specific
and disease severity-specific microbiota in liver diseases have been reported, but the
underlying mechanisms are still unclear or only show a piece of the whole picture. For
example, there are distinct explanations for antibiotics cocktail (ABX) mediated
suppression of hepatocellular carcinoma (HCC) tumor progression. Therefore, it is not
surprising that many different independent studies targeted the same question to
attain different answers, as gut-mediated effect on the liver is involved by a wide
range of factors. This further confirms that interactions amongst the gut microbiota
and liver work through multiple pathways. These interactions may have developed
over a long period as a result of evolution. A systemic review of recent research
findings in the gut-liver axis helps to dig the underlying mechanism of how the gut
modulates liver function and disease treatment.

Here, we discuss the current findings in correlations between gut microbiota and
categorized liver diseases. The perspectives of underlying mechanisms will be
reviewed and summarized. Development in gut-microbiota-manipulation-based
preventive and therapeutic strategies in liver diseases also will be considered. Given
all the current progress, gaps in understanding the influence of gut microbiota on liver
diseases are proposed, and the feasible directions are prospectively assumed.
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DYSBIOSIS OF GUT MICROBIOTA FACILITATES LIVER DISEASES

Nonalcoholic fatty liver disease and alcoholic liver disease

Nonalcoholic fatty liver disease (NAFLD) and the advanced stage nonalcoholic
steatohepatitis (NASH) are currently the most common types of liver disease in
humans. Studies have indicated that alteration of gut microbiota is involved in the
development of NAFLD and NASHP4. Endotoxemia induced by increased gut
permeability has been observed in patients with NAFLD, suggesting that gut
permeability-induced inflammatory pathways contribute to NAFLD pathogenesis!.
Small intestinal bacterial overgrowth (SIBO) is another often observed dysbiosis of gut
microbiota occurring in NAFLD/NASHP. Along with the altered intestinal micro-
biota profiles, SIBO was seen in most patients with cirrhosis’l. The presence of SIBOs
may partially explain why the permeability of the gut increases. Gut permeability and
SIBOs enhance the hepatic expression of Toll-like receptor 4 (TLR-4) and the
production of interleukin 8 (IL-8). Therefore, determining the specific pathogenic
bacteria species has been made a very appealing question. Clinical studies revealed
that patients with NASH exhibited significantly lower concentrations of Bacteroidetes in
their gut compared to healthy individuals'". Meanwhile, another cohort study
showed that high-alcohol-producing Klebsiella pneumoniae was associated with up to
60% of NAFLD patients!”. Selective depletion of K. pneumoniae before fecal microbiota
transplant (FMT) from NASH patients into mice prevented NAFLD development in
recipient mice. In contrast, the study on patients with alcohol-induced liver cirrhosis
exhibits a decreased proportion of Bacteroidaceae family than healthy individuals!'”.
Also, the analysis of the gut microbiota profiles in patients with cirrhosis revealed an
increase in pathogenic bacteria and a decrease in beneficial bacteria, such as a
decreased Bacteroidetes along with overgrowth of the Proteobacteria and
Enterobacteriaceae species!'"'?. However, it remains unclear if this change drives disease
or it comes from disease as a result. To answer this question, a well-designed, large-
scale clinical and experimental investigation is needed. Moreover, in excessive alcohol
intake induced gut microbiota dysbiosis, the intestinal innate immune responses, such
as secreted antimicrobial molecules, may impact disease development. For example,
the reduced bactericidal c-type lectins, Reg3b, and Reg3g in the small intestines were
discovered after alcohol feeding, further causing SIBO and dysbiosis in micel*l.

HCC

HCC, the final stage of chronic liver disease, has been evidenced to have gut
microbiota involved in its initiation and progression. In DEN/CCI, induced HCC
murine model, germ-free mice presented fewer and smaller tumors compared to its
syngeneic parallel, indicating that gut commensal flora is required for tumor
progression and the activation of TLR-4 by lipopolysaccharide (LPS) promotes tumor
generation. In HCC murine models, studies also demonstrated that the administration
of ABX in tumor-bearing mice effectively slowed tumor progression>'l. Even though
the underlying mechanisms were distinct in those studies, which will be further
discussed in the following sections, we can assume modulating gut microbiota is
favorable to prevent liver cancer. However, there is still a lack of clinical data to
support it. In addition, obesity-induced gut microbiota dysbiosis that produces DNA
damaging bacterial metabolites has been indicated to facilitate HCC development in
high-fat diet (HFD)/carcinogen 7,12-dimethylbenz[a]anthracene treated murine
model. Furthermore, the administration of antibiotics was able to reduce the
prevalence of tumors in the chemically treated mice!"”l. However, in those studies, the
relevant specific bacteria species remain unclear. Clearly identifying either specific
pathogenic or beneficial bacteria species may be the next mission.

MODULATION OF INTRAHEPATIC IMMUNITY, THE CENTRAL ROLE OF
GUT MICROBIOTA IN LIVER DISEASE

Although etiologies vary in liver diseases, inflammation and liver fibrosis are the basis
for most liver diseases. The intrahepatic immunity has been certified as an acting
point, as gut microbiota can play different roles in liver inflammation and
establishment of fibrosis through different liver infiltrating immune cells and resident
hepatic cells””. Furthermore, the immune checkpoints emerged as a central pivot to
modulate disease progression with gut microbiota-derived metabolites as informatic
messengers (Figure 1) and various TLRs as informatic receivers.
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Figure 1 The development of liver diseases. Without effective treatment or preventive strategies, fatty liver disease, alcohol-induced liver disease,
nonalcoholic fatty liver disease, and nonalcoholic steatohepatitis can result in liver fibrosis, cirrhosis, and hepatocellular carcinoma. Gut microbiota-derived molecules,
including lipopolysaccharide, CpG, and secondary bile acids, initially activate liver resident cells to produce cytokines and chemokines. Quiescent hepatic stellate
cells (HSCs) can be activated and transformed into myofibroblasts (MFBs), which is mediated by chemokines and cytokines released by liver-infiltrating
macrophages, leukocytes, and other cell types, including fat cells and damaged hepatocytes. MFBs are the predominant source of collagen-producing cells and other
extracellular matrix proteins (ECM). With effective treatment, such as fecal microbiota transplant, probiotics, and anti-profibrogenic factors, fibrosis is reversible. The
treatments that induce apoptosis (or deactivation) of activated HSCs or MFBs and degrade the ECM proteins can reduce the stiffness of the liver, reverse liver
fibrosis, and inhibit the progression of liver disease. FL: Fatty liver; ALD: Alcohol-induced liver disease; NAFLD: Nonalcoholic fatty liver disease; NASH: Nonalcoholic
steatohepatitis; HCC: Hepatocellular carcinoma; ECM: Extracellular matrix proteins; HFD: High-fat diet; FMT: Fecal microbiota transplant; LPS: Lipopolysaccharide;
SBAs: Secondary bile acids; HSC: Hepatic stellate cells.

Hepatic resident and infiltrating cells

Hepatic cells are comprised of parenchymal hepatocytes and the non-parenchymal
cells (NPCs), including quiescent hepatic stellate cells (HSCs), Kupffer cells (KCs),
liver sinusoidal endothelial cells (LSECs), and diverse lymphocytes (e.g., natural killer
cells, NKT cells), which play crucial roles in the liver health and disease!"”*’l. Here, we
discuss how gut microbiota modulates intrahepatic immune responses by different
hepatic cell types.

Hepatocytes: Hepatocytes consist of two-thirds of the total liver cell population and
are responsible for the primary metabolic functions and engage in the immune
responses by interacting with NPCs”. In different mouse models of liver fibrosis,
either induced with alcohol or non-alcohol (e.g., CCl, or HFD), injured hepatocytes
release reactive oxygen species and fibrogenic mediators, which recruit lymphocytes
and promote the activation of HSCs’. The Notch signaling pathway also plays a
pivotal role in liver development, liver repair, and carcinogenesis?’. Notch activation
in hepatocytes can induce and promote liver fibrosis in normal chow diet and NASH
diet-fed micel™, respectively. Even though the mechanism by which the gut microbiota
directly impacts the Notch signaling in hepatocytes is unclear, some studies have
shown that dysbiosis of gut microbiota may increase the activation of the Notch
signaling pathway, thus promoting tumor regression!. In addition, the TLR signaling
pathway of hepatocytes is directly involved in the gut-liver axis, which will be
discussed in the following context.

HSCs: HSCs reside in the space of Disse (perisinusoidal space) between the
hepatocytes and LSECs. Their main functions include the storage of vitamin A and
lipid droplets™). HSCs are the primary sources of liver myofibroblasts*! and play a
key role in the initiation, progression, and regression of liver fibrosis*l. All other liver
cells can directly or indirectly impact the activation, trans-differentiation of HSCs to
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myofibroblasts, and their deactivation. There are multiple cellular and molecular
signals involved in these reactions”. The interaction of HSCs with other hepatic cells
is bidirectional. For instance, upon activation, HSCs, in turn, can further activate
macrophages by secreting macrophage colony-stimulating factor (M-SCF), MCP-1, IL-
6, RANTES, and so onl.

KCs: Liver macrophages, including the liver resident KCs and circulating monocyte-
derived macrophages, play essential roles in various liver diseases, including virus
hepatitis, alcoholic liver disease (ALD), NAFLD, NASH, and HCCF'*.. The purpose of
macrophages in NAFLD and NASH and the underlying mechanisms involved in liver
inflammation and liver fibrosis have been well summarized recently”. Gut-derived
endotoxins (LPS), lipid metabolites, and hepatocyte damage-associated molecules are
the main factors inducing macrophage activation in NAFLD". Furthermore, the
activated macrophages secrete chemokines (e.g., CCL2) and cytokines (e.g., TGF-p1),
which leads to the activation of T cells and the transformation of HSCs into
myofibroblasts.

LSECs: With the loss of fenestration, capillarized LSECs reduce the transfer of
nutrients and other products from the blood to hepatic cells™*l, which occurs with
liver fibrosis in animals and humans!™!. The capillarized LSECs can secrete TGF-p1 and
contribute to the accumulation of extracellular matrix proteins, including fibronectin
and laminin in the liver, promoting the activation of HSCs and contributing to the
formation of liver fibrosis™. Xie ef al®”! reported that the reversal of LSEC differ-
entiation with the use of BYY 60-2770, an activator of soluble guanylate cyclase (sGC),
prevented the progress of rat liver cirrhosis. LSECs are directly exposed to dietary and
bacterial products from the gut through the portal circulation. It has been shown that
there is a link between the fenestration of LSECs and diet-induced changes in the gut
microbiome. The increase of fenestration of LSECs was associated with a high
abundance of Firmicutes and a low amount of Bacteroidetest™.

NKT cells: In vivo animal studies showed that alteration of gut bacteria with ABX
treatment induced a liver-selective anti-tumor effect with an increase of hepatic
CXCR6*NKT cells and heightened IFN-y production upon antigen stimulation!"l. NKT
cell accumulation was regulated by CXCL16 expression of LSECs, which is controlled
by gut microbiome-mediated primary-to-secondary bile acid (SBAs) conversion*l.
Similarly, Zhang et al™ reported a significant increase of primary bile acids (PBAs) in
the large intestine of mice treated with antibiotics such as vancomycin and imipenem.
This antibiotic treatment was also associated with the selective suppression of several
bacterial species such as Clostridium, responsible for deconjugating PBAs into SBAs.
Selective depletion of intestinal bacteria Firmicutes increases PBA levels, which further
promotes hepatic NKT cell accumulation and NKT-mediated anti-tumor effect,
indicating that modulating gut microbiota is an optional strategy for HCC treatment.

Immune checkpoints

The efficacy of anti-immune checkpoints (PD-1 or CTLA4) in cancer treatment was
markedly reduced in germ-free mice or specific-pathogen-free mice treated with
broad-spectrum antibiotics!". For instance, the efficacy of anti-CTLA4 on melanoma
immunotherapy in mice and patients was associated with Bacteroides fragilis, since
gavage with B. fragilis or adoptive transfer of B. fragilis-specific T cells recovered the
anti-tumor efficacy of CTLA4 blockade in antibiotic-treated or GM micel*!l. Similarly,
the abundance of Akkermansia muciniphila was associated with the effectiveness of anti-
PD-1 immunotherapy!*l. FMT from cancer patients who were not responding to anti-
PD-1 treatment to tumor-bearing mice failed to ameliorate the anti-tumor effects of
anti-PD-1. In contrast, oral supplementation of A. muciniphila restored the anti-tumor
efficacy of anti-PD-1 in those mice!*l. Meanwhile, Gopalakrishnan et al*’ also reported
the gut microbiota modulated therapeutic responses to anti-PD-1 immunotherapy in
human melanoma patients. lida et al*! concluded that antibiotic-induced disruption of
gut microbiota impaired both CpG oligonucleotide immunotherapy and platinum
chemotherapy in their subcutaneous breast cancer murine model. Investigation on
anti-immune checkpoints on HCC has recently begun!**l; however, the role of gut
microbial effects on the blockage of immune checkpoints in liver diseases remains
unclear. Notably, immune checkpoint inhibitors-associated hepatotoxicity should not
be ignored"’*l. For example, clinical trials have shown that alanine aminotransferase
elevations in grade 3-4 levels are observed in approximately 20% of patients who are
treated with ipilimumab (CTLA-4 inhibitor) and nivolumab (PD-1/PD-L1 inhibitor)®’.
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Metabolites

Currently, the role of microbiota in liver diseases has been broadly investigated™”. Gut
microbiota-associated metabolites such as fatty acids, amino acids, and carbohydrates
are a group of contributory factors involved in the modulation of intrahepatic immune
responses!”l. Ma et all"”! observed that manipulation of gut microbiota by treatment
with an ABX can suppress liver tumor growth via accumulated NKT cells, which
increased anti-tumor immunity in the liver. Modulating commensal gut microbiota
composition with ABX treatment changed the bile acid metabolism and significantly
increased the PBA production in the liver microenvironment. This rise in PBA
production elevated CXCL16 expression on LSECs, which recruited more CXCR6
specific NKT cells to the liver. Conversely, SBAs have been shown to reverse this
phenomenon and reduce CXCL16 expression on LSECs. As such, alteration of the ratio
of PBAs to SBAs resulted in the growth of hepatic NKT cell accumulation in the ABX
treated mice compared to control mice. In addition, the conversion of PBAs to SBAs
can be significantly inhibited with the treatment of antibiotics. SBAs, such as
deoxycholic acid, activated mTOR to promote the HCC development in NASH mice
fed with a steatohepatitis-inducing high-fat diet (STHD-01)I"”. Accumulation of free
fatty acids in hepatocytes can also induce lipotoxicity, which causes hepatocellular
injury and NAFLD progression'™. Similarly, excess carbohydrates from dietary intake
can be de novo synthesized to lipids in the liver, causing lipotoxic liver injury®™l. The
characteristics of metabolites of gut bacteria with the association of liver diseases
found in recent studies are summarized in Table 1. The mechanisms of how
microbiota-derived metabolites might influence liver diseases or their potential roles
as diagnostic markers have been summarized when we were drafting this review ',

TLRs

The TLR family is one of the best-characterized families of pattern recognition
receptors!”, which can activate the innate immune system by recognizing pathogen-
associated molecular patterns and damage-associated molecular patterns®l. There are
a total of 13 TLRs in mammals; only TLR1 to 10 exist in humans*. TLRs, excluding
TLR10, can bind with different bacteria-derived molecules to participate in the
inflammatory and immune responses!®. The gut-liver axis defines the close anatomic
connection, through the circulation of the portal vein and biliary tract, and the
functional interaction of the gastrointestinal tract and the liver®l. Through the portal
vein, bacteria-derived products, including LPS and CpG-containing DNA, might
regularly activate TLR signaling pathway in the hepatocytes and other hepatic cells.
Current studies have demonstrated that TLR signaling pathways play pivotal roles in
liver inflammation, fibrosis, regeneration, and carcinogenesis*“l. TLRs are broadly
expressed in hepatic cell populations, including hepatocytes, LSECs, KCs,
lymphocytes, DCs, biliary epithelial cells, and HSCs!*", which link the gut-liver axis. In
this review, we summarize the recent findings of the role of TLRs in liver diseases.

TLR1, TLR6, and TLR10: Currently, TLR10 is the only member of the human TLR
family without a definite known ligand, function, and localization””. Phylogenetic
analysis shows that TLR10 is most related to TLR1 and TLR6, both of which mediate
immune responses in cooperation with TLR2". The study of chimeric receptors of
TLR10 indicated that it can sense triacylated-lipopeptides and other microbial-derived
agonists, the ligands of TLR1"". We will not describe the separate roles of these three
TLRs at this point.

TLR2: Liver injury resulting from adenovirus or CCl, promoted more robust liver
inflammation by releasing the TLR2/TLR4 ligands, including HSP60, gp96,
HMGB1. The amplified non-autoimmune hepatitis (AIH)-inflammation could result
in the initiation of AIH, a severe autoimmune liver disease, which can lead to fibrosis,
cirrhosis, and HCC. Conversely, TLR2 deficiency promoted HCC development in
C57BL/6 mice associated with the increase of Ly6C"s"[L18Ra* myeloid-derived
suppressor cells and with impaired CD8" T cells function”. This result further
confirmed the previous finding that TLR2 knockdown by siRNAs inhibited the
proliferation of HCC cell line BLE-7402, which was associated with a reduction of IL-6
and IL-8 production!.

TLR3: TLR3 activation by agonist double-stranded RNA BM-06 or poly(I:C) induced
apoptosis of HepG2.2.15 HCC cells". The analysis of human HCC tissue also
indicated that the expression of TLR3 positively correlated with apoptosis of HCC cells
and negatively correlated with the proliferation of HCC cells and angiogenesis!™,
suggesting that TLR3 expression may serve as a prognostic marker of HCC.
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Liver Sample . NI Yo o (v
. s Metabolites Gut microbiota Functions in liver disease Ref.
disease sources
NAFLD  Serum 3-(4-hydroxyphenyl) lactate Abundance in bacteria Firmicutes, Bacteroidetes, It is positively associated with liver fibrosis 1
Proteobacteria
NAFLD  Serum Eight lipids (5a-androstan-3 monosulfate, pregnanediol-3-glucuronide, Without special bacterial species Glycocholate is positively associated with advanced liver fibrosis &1
androsterone sulfate, epiandrosterone sulfate, palmitoleate,
dehydroisoandrosterone sulfate, 5a-androstan-3p disulfate,
glycocholate), one amino acid (taurine) and one carbohydrate (fucose)
FL Stool Tryptamine and I3A Microbiota-dependent without exact bacterial ~ They inhibited the pro-inflammatory cytokines in macrophages and hepatocytes. I
species I3A attenuated inflammatory responses under lipid loading and reduced the
expression of fatty acid synthase and sterol regulatory element-binding protein-1c
FL Stool Gly-MCA Increases in the ratio of Bacteroidetes/ Firmicutes Gly-MCA is an intestinal FXR antagonist, which inhibits HFD-induced fatty liver (2]
HCC Stool Secondary bile acids, such as deoxycholic acid Increase of Bacteroides and Clostridium cluster ~ Bile acids derived from the increased microbiota promote the progression of HCC (e
XVIIL Low of Streptococcus, Bifidobacterium, and
Prevotella
HCC Stool Bile acids, such as primary bile acid CDCA Increase in Clostridium species Removing gram-positive bacteria by antibiotic treatment with vancomycin, which (1
contains the bacteria mediating primary-to-secondary bile acid conversion, was
sufficient to induce hepatic NKT cell accumulation and decrease liver tumor
growth
Liver Stool Glutamic acid, fumaric acid, 4-aminobutyric acid, succinic acid, High of Enterobacteriaceae and Veillonella. Low  These metabolites are involved in the KEGG pathway in nitrogen metabolism e
cirrhosis isoleucine, valine, lactic acid, mannitol, sorbitol, carbamide, 4- of Bacteroidetes alanine, aspartate, and glutamate metabolism, and valine, leucine, and isoleucine,
aminobutyric acid, 5-aminopylamine, glutamate, proline, pantothenate and CoA biosynthesis, glycolysis/ gluconeogenesis, fructose and
hydroxyproline mannose metabolism, arginine and proline metabolism
NAFL or  Stool 1-pentanol and 2-butanone, and 4-methyl-2-pentanone Abundance in Oscillospira, Dorea, and The results indicated that significantly lower levels of Oscillospira and higher 19
NASH Ruminococcus levels of 1-pentanol and 2-butanone in NAFL patients compared to healthy ones.
In NASH, lower levels of Oscillospira were associated with a higher abundance of
Dorea and Ruminococcus and higher levels of 2-butanone and 4-methyl-2-
pentanone compared to CTRLs
ALD Stool, e.g., SCFAs butyrate and propionate The main harmful bacterial species included Metabolites are affected by chronic ethanol feeding or consumption, including (o
urine altered Bacteroides phylum as well as Bilophila, amino acids, steroids and their derivatives, fatty acids and conjugates

Alistipes, Butyricimonas, Clostridium, Proteus,
and Escherichia coli. Faecalibacterium

NAFLD: Nonalcoholic fatty liver disease; FL: Fatty liver; I3A: Indole-3-acetate; Gly-MCA: Glycine-p-muricholic acid; HFD: High-fat diet; HCC: Hepatocellular carcinoma; CDCA: Chenodeoxycholic acid; NAFL: Nonalcoholic fatty liver;
NASH: Nonalcoholic steatohepatitis; ALD: Alcohol-induced liver disease; SCFAs: Short-chain fatty acids.
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TLR4: TLR4 is one of the most well-known TLRs implicated in the liver inflammation-
fibrosis-cancer axis. TLR4 Ligands, including LPS, can induce liver fibrosis by
promoting the transformation of HSCs to myofibroblasts through the TLR4-MyD88-
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NF-«B signaling pathway"l. Dapito et al"! reported that TLR4 was required for HCC
progression but not the initiation, which is relative not limited to the increase of
hepatomitogen epiregulin. Suppressing the TLR4 signaling pathway in HSCs by
Dectin-1, the major progenitors of myofibroblasts, inhibited hepatic fibrosis and
hepatocarcinogenesis””l. Moreover, blockage of TLR4 also potentially inhibited the LPS
induced inflammatory reaction and other immune responses!l.

TLR5: TLR5 knockout can attenuate CCl-induced liver fibrosis in wild-type C57BL/6
mice and the activation of HSCs via inhibiting NF-xB and MAPK signaling
pathways. Through the same signaling pathway, TLR5 knockdown also can
ameliorate hyperammonemia (HA)-induced liver injury in rats by inhibiting
hepatocyte apoptosis, inflammation, and oxidative stress®*’.

TLR7: TLR7 activation by its natural ligand imiquimod can induce autophagy and
release of insulin-like growth factor (IGF-1) and inhibit lipid accumulation in
hepatocytes induced by unsaturated fatty acid (arachidonic acid: oleic acid = 1:1) in
vitro®l. More so, in vivo experiments also showed that TLR7 knockout prevented
NAFLD progression via inducing autophagy and the release of IGF-1 from the liver.

TLR8: Even though not many studies about the role of TLRS are reported currently, its
role in liver disease should not be ignored. Stimulation of liver intrasinusoidal cells
with TLR agonist 1/2,2,2/6,3,4,5,7, 8, or 9 (respectively Pam3CSK4, HKLM, FSL-1,
poly(I:C), LPS, flagellin, imiquimod, ssRNA40, or CpG ODN2216) indicated that only
the TLR8 agonist ssRNA40 selectively can activate the innate immune cells to produce
IFN-y™.,

TLRY: TaklAHep mice with hepatic deletion of transforming growth factor-B-activated
kinase 1 (TaklAHep) can develop a spontaneous liver injury, inflammation, fibrosis,
and HCC, mimicking the progression of human HCC*.. Ablation of TLR9 or TLR4
suppressed the spontaneous process liver inflammation-fibrosis-cancer axis in
TaklAHep mice. The inhibition of HCC progression was associated with downstream
signaling molecules MyD88 and TNFR.

MANIPULATION OF GUT MICROBIOTA, A PROMISING THERAPEUTIC
STRATEGY IN LIVER DISEASE

We have previously highlighted the strong correlations between liver disease and the
intestinal microbiota. Further, the modulation of gut microbiota and its products may
prove to be a promising target for liver disease and HCC treatment. For example, the
abundance of Enterococcus faecalis was associated with liver disease severity and the
mortality of patients with alcoholic hepatitis due to cytolysin production®. Treatment
with E. faecalis-targeted bacteriophages can ameliorate alcohol-induced liver disease in
humanized mice by reducing liver cytolysin. The intestinal microbiome contains
seven-fold more genetic material than the human genome, providing an abundance of
potential therapeutic targets. Here, we focus on current studies involving probiotics,
FMT, and antibiotics in liver disease treatment.

Probiotics, a new use of an old remedy against liver diseases

Probiotics, prebiotics, and synbiotics have recently undergone investigation for their
ability to influence the gut microbiota composition”. Research has long established
that probiotic yogurt can positively impact gut health®!, and more so, the prebiotic
insulin was shown to reduce hepatic lipogenesis and plasma triglyceride
concentrations in human patients!. Further, the use of probiotics to combat the
altered gut microbiota profile in liver disease is currently being investigated in clinical
trials!®)l. One recent randomized, double-blind, placebo-controlled study investigated
the effects of probiotic treatment on intrahepatic fat fractions in 68 patients with
NAFLD. They reported that patients exhibited decreased intrahepatic fat fractions
after 12 wk of probiotic treatment (from 16.3% + 15.0% to 14.1% + 7.7%, P = 0.032),
with an overall mean decrease of 2.61% when compared to baseline measurements!®l.
Although the argument that this statistical significance may not be clinically
significant, the authors propose a mechanism by which specific probiotic agents may
aid in correcting dysbiosis rather than directly decreasing hepatic fat. Moreover, this
may lead others to investigate the use of probiotics for correcting dysbiosis in liver
disease.
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FMT, a star of tomorrow to control patient’s gut microbiota in personalized therapy
FMT is also an old yet underrepresented area of investigation. This technique has
gained considerable attention after its effectiveness in the last resort treatment of
antibiotic-resistant infections such as Clostridium difficile!®). The advantage of FMT from
healthy persons to patients is the resetting of gut microbiota composition, returning
the flora to a “healthy” statel”]. To investigate the effects of FMT in liver disease, one
study used fecal material from patients with ALD to transplant into germ-free mice
through oral gavage. The investigators reported increased intestinal permeability and
bacterial translocation, resulting in severe liver inflammation in the microbiome
repopulated micel”. Similarly, a pilot study containing eight male patients with severe
alcoholic hepatitis were treated with nasoduodenal FMT over the course of 7 d. Results
revealed the resolution of ascites and hepatic encephalopathy (HE) within one week in
most FMT treated patients, along with significantly improved 1-year survival rates
(87.5% vs 33.3%; P = 0.018) compared to historical controls”l. Taken together, these
results demonstrate the importance of the intestinal microbiome population in the
development and treatment of liver diseases. While FMT provides distinct challenges
for its commercial use in the clinical setting, its profound therapeutic effects can no
longer be ignored when current first-line therapies lack adequate efficacy.

Antibiotics, perhaps another resolution in fighting liver diseases

Treatment with antibiotics is the most obvious approach for modulating the intestinal
bacterial profile and its products. It has been well documented that microbiota
depletion with ABX results in a significant reduction of tumor number, size, and
fibrosis severity in several HCC murine models!"*'>"7*l. While ABX treatment is unfit
for human studies, antibiotics have undergone investigation to treat liver disease in
many clinical trials. The overwhelming majority of current antibiotic studies utilize the
antibiotic rifaximin. Further, this section will primarily report current findings related
to rifaximin treatment and liver disease; however, ABX and norfloxacin treatments
will also be briefly discussed.

Rifaximin: Rifaximin is a highly favorable antibiotic due to its safety profile and
broad-spectrum effects against gram-positive and gram-negative aerobic and
anaerobic bacteria. Its classification of a non-absorbable antibiotic makes it well suited
for targeting the intestinal microbiome rather than treating systemic infections. Unique
to most antibiotics, rifaximin works by binding to the beta-subunit of bacterial DNA-
dependent RNA polymerase, consequently blocking bacterial transcription”. Further,
this results in endotoxin-lowering and anti-inflammatory effects rather than
diminishing the gut flora composition”l. Multiple studies have correlated rifaximin
treatment with reduced risk of death and cirrhotic complications in patients with
HE*l. More so, a phase 3, open-label maintenance study revealed long-term
treatment (= 24 mo) of rifaximin (550 mg, twice daily) showed no increased adverse
events in HE patients compared to placebo controls, further confirming its safeness of
use”™. However, patients with cirrhosis lack average BA concentrations, resulting in
decreased efficacy of rifaximin. To combat this issue, rifaximin soluble solid dispersion
(SSD) was introduced. Unlike the previous generation, rifaximin SSD is water-soluble
and no longer dependent on the patient’s intestinal BA concentrations. Despite this
distinct advantage, few clinical trials have implemented rifaximin SSD into their liver
disease studies.

It is widely theorized that liver cancer progression is partly mediated by gut
dysbiosis and other downstream effects. Further, we believe a longitudinal study
should be performed to assess the preventative effects of rifaximin and rifaximin SSD
on liver cancer development in a high-risk patient population. While it is highly
unlikely that rifaximin would provide a therapeutic effect in patients who have
already developed tumors, the benefits of long-term, preventative rifaximin treatment
on patients with a high risk of developing HCC may provide a better response than
the current treatment options.

ABX: Besides enhancing anti-tumor immunity in the liver, antibiotics may also weaken
the tumor-promoting impact of specific intestinal bacteria. One study investigated
how antibiotic alteration of the gut microbiota impacted liver carcinogenesis by
depleting the intestinal flora of mice through regular treatment of ABX. Further,
results indicated a significant reduction in tumor number, size, and liver-body weight
ratio compared to the untreated control micel'l. More so, the authors observed that
antibiotics mitigated tumorigenesis in a healthy liver but did not impact tumors that
had already developed. These results suggest that the gut microbiota plays a role in
preventing hepatic proliferation and fibrogenesis, leading to liver carcinogenesis. And
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also, there was a decreased expression of NF-kB regulated genes and increased
apoptosis rates in gut-sterilized micel!'!, indicating that the gut flora and its products
may promote liver inflammation and carcinogenesis via activating hepatic TLR-4,
further exerting pro-survival signals on hepatocytes.

Norfloxacin: Norfloxacin antibiotics may also attenuate pro-inflammatory phenomena
exerted by the immune system. Zapater et al”! observed that selective intestinal
decontamination, facilitated by the antibiotic norfloxacin, in patients with cirrhosis
reduced serum and ascitic concentrations of pro-inflammatory cytokines TNF-a, IFN-
y, and IL-12 by blunting the activation of serum NF-«xB. Furthermore, norfloxacin
treated patients exhibited both decreased levels of neutrophilic oxidative burst and
apoptotic events. The authors did not describe a precise mechanism by which the
fluoroquinolone mitigated immunological processes, though they did propose that
norfloxacin exerted a direct effect on cellular function.

CONCLUSION

Here we have described many reported mechanisms that the gut-liver axis plays in
liver disease. Further, we aim to spread awareness of the existing knowledge gap that
could be used to modulate the gut-liver axis to alter the disease state. The modulation
of the intestinal microbiome has transitioned to clinical trials for its use in both
preventative and therapeutic approaches in human liver disease. A summary of the
current ongoing clinical trials can be found in Table 2. It should be recognized that
alteration of the gut microbiota is not a one size fits all solution due to its highly
individual nature and convoluted intricacies. However, the bilateral relationship of the
gut-liver axis cannot be ignored when its alteration possesses abundant therapeutic
potential.

To aid in furthering the use of gut microbiota-based therapy against liver diseases,
we will give brief suggestions for future directions in this field. Lacking from clinical
data are well-designed, large-scale investigations of the gut flora profile for liver
disease progression (e.g., NAFLD, NASH, HCC, etc.). Understanding the underlying
mechanisms of how the gut microbiota or its metabolic products alter liver immunity
over time could help clarify liver disease development. Such profiles could provide a
model to test preventative treatments or therapeutic approaches with antibiotics,
probiotics, and FMT. Establishing which bacteria to eliminate and which to nurture
would allow for tailored probiotics and specific antibiotics for chronic liver disease
therapy. Continuing with this strategy comes the need for longitudinal studies to
assess the preventative and therapeutic effects of antibiotics (e.g., rifaximin and
rifaximin SSD) on liver disease development. As stated previously, rifaximin SSD
would be an ideal drug to study its preventative measures against high-risk liver
cancer populations. Pre-, pro-, and synbiotic strategies are underwhelming in clinical
studies due to a lack of high-quality study design. Our review highlighted how a
decreased level of Bacteroidetes is seen in patients with NASH, cirrhosis, and other liver
diseases. Finding commonalities in the abovementioned gut profiles (e.g., decreased
Bacteroidetes) will prompt the use of gut microbiome repopulation therapies in clinical
trials. Lastly, the use of FMT treatment desperately needs a more substantial safety
investigation. Conducting a proper prospective cohort study with a large study size
and a longer observation period is crucial for its safe implementation in the clinical
setting.

Collectively, modulating the population of the gut microbiome by biological
products may be a new generation therapeutic strategy for liver disease. For now, we
must wait to see the results of ongoing and scheduled clinical trials. As we wait in
anticipation for the results of mentioned clinical trials, we hope that our current
knowledge of the gut-liver-axis inspires new ideas for the next potential therapies in
liver disease.
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Table 2 Gut microbiota-based clinical trials

Estimated

. Trial ~ Patients ClinicalTrials.gov  stud

Study Mechanism N ‘ J .
phase (n) identifier completion
date
Nivolumab (Anti-PD1), Tadalafil and Oral Vancomycin in People ~ Immunotherapy + Phasell 27 NCT03785210 2022
with Refractory Primary Hepatocellular Carcinoma or Liver Antibiotic
Dominant Metastatic Cancer from Colorectal or Pancreatic Cancers
Administration of Rifaximin to Improve Liver Regeneration and Antibiotic Phase II 96 NCT02555293 2020
Outcome Following Major Liver Resection (ARROW)
Efficacy of the Combination of Simvastatin Plus Rifaximin in Antibiotic Phase 240 NCT03780673 2021
Patients with Decompensated Cirrhosis to Prevent ACLF III
Development (2018-001698-25)
Comparative Study of Rifaximin Versus Norfloxacin in the Antibiotic Phase 100 NCT02120196 2023
Secondary Prophylaxis of Spontaneous Bacterial Peritonitis (SBP) III
Efficacy of Antibiotic Therapy in Severe Alcoholic Hepatitis Antibiotic Phase 280 NCT02281929 2019
Treated with Prednisolone (AntibioCor) III
Rifaximin Reduces the Complications of Decompensated Cirrhosis: Antibiotic Phase 200 NCT02190357 2019
A Randomized Controlled Trial v
Steady-State Pharmacokinetics of Rifaximin 550 mg Tablets in Antibiotic Phase 18 NCT03818672 2019
Healthy and Hepatically Impaired Subjects v
Efficacy, Safety, And Pharmacokinetics of Rifaximin In Subjects Antibiotic Phase 100 NCT01846663 2021
with Severe Hepatic Impairment and Hepatic Encephalopathy v
Rifaximin Soluble Solid Dispersion (SSD) Tablets Plus Lactulose Antibiotic Phase I 325 NCT03515044 2019
for the Treatment of Overt Hepatic Encephalopathy (OHE) (OHE)
Mastiha Treatment for Obese with NAFLD Diagnosis Prebiotic Early 52 NCT03135873 2019
(MAST4HEALTH) Phase I
Study on the Optimal Strategy for Acute-on-chronic Liver Failure  Prebiotic N/A 510 NCT03577938 2020
with Integrative Treatment
Efficacy of Albumin Therapy with Standard Medical Treatment Prebiotic N/A 200 NCT03754400 2020
(SMT) as Compared to Standard Medical Treatment (SMT) in
Improving Patient Survival and Immune Modulation in Patients
with Acute on Chronic Liver Failure (ASIA Trial).
Impact of a Specific Micronutrient-probiotic-supplement on Fatty ~ Probiotic Phase 60 NCT03585413 2019
Liver of Patients After Mini-Gastric Bypass Surgery (FMG-01) I
Probiotics in the Treatment of NAFLD Probiotic N/A 58 NCT02764047 2018
Probiotics in NASH Patients - PROBILIVER TRIAL (NASH) Probiotic N/A 46 NCT03467282 2021
Profermin®: Prevention of Progression in Alcoholic Liver Disease  Probiotic N/A 40 NCT03863730 2031
by Modulating Dysbiotic Microbiota (SYN-ALD)
Novel Therapies in Moderately Severe Acute Alcoholic Hepatitis Probiotic N/A 130 NCT01922895 2019
(NTAH-Mod)
Probiotics in the Prevention of Hepatocellular Carcinoma in Probiotic N/A 280 NCT03853928 2023
Cirrhosis
Dietary Modulation of Intestinal Microbiota as Trigger of Liver Synbiotic N/A 84 NCT03897218 2020
Health: Role of Bile Acids - "A Diet for Liver Health" (ADLH)
Investigation of Synbiotic Treatment in NAFLD (INSYTE) Synbiotic N/A 100 NCT01680640 2019
Fecal Microbiota Transplantation (FMT) in Nonalcoholic FMT Phasel 5 NCT02469272 2018
Steatohepatitis (NASH). A Pilot Study
Fecal Microbiota Transplantation for the Treatment of Non- FMT Phasel 15 NCT03803540 2021
Alcoholic Steatohepatitis (FMT-NASH)
Fecal Microbial Transplant for Alcohol Misuse in Cirrhosis FMT Phasel 20 NCT03416751 2019
FMT in Cirrhosis and Hepatic Encephalopathy FMT Phase II 100 NCT03796598 2023
Fecal Microbiota Transplant as Treatment of Hepatic FMT Phase II 30 NCT03420482 2021
Encephalopathy
Fecal Microbiota Transplantation (FMT) in the Management of FMT Phase Il 10 NCT02255617 2019
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Hepatic Encephalopathy (HE): A Pilot Study

Fecal Transplant for Hepatic Encephalopathy FMT Phase Il 30 NCT03439982 2021

Trial of Faecal Microbiota Transplantation in Cirrhosis (PROFIT) FMT Phase 32 NCT02862249 2019
111

To Assess the Role of Fecal Microbiota Transplant in Acute Liver FMT N/A 40 NCT03363022 2018

Failure
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