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SUMMARY

The liver communicates with the intestine via the portal vein, biliary system, and mediators in the
circulation. Microbes in the intestine maintain liver homeostasis but can also serve as a source of
pathogens and molecules that contribute to fatty liver diseases. We review changes in the gut
microbiota that can promote development or progression of alcohol-associated and non-alcoholic
fatty liver disease—the most common chronic liver diseases in Western countries. We discuss how
microbes and their products contribute to liver disease pathogenesis, putative microbial biomarkers
of disease, and potential treatment approaches based on manipulation of the gut microbiota.
Increasing our understanding of interactions between the intestinal microbiome and liver might
help us identify patients with specific disease subtypes and select specific microbiota-based
therapies.

INTRODUCTION

The human gastrointestinal tract contains trillions of microbes that facilitate digestion and
nutrient absorption, affect host metabolism, shape immunity, and are involved in drug
metabolism. Beyond bacteria, immense populations of viruses and fungi, as well as archaea,
reside in the gut—they interact with each other and with human cells in a complex and only
marginally understood manner.

The liver receives portal vein blood drained from the gastrointestinal tract and is therefore
the first organ exposed to gut-derived microbes and their components and metabolites. On
the other hand, the liver affects the intestine by producing bile, which is secreted into the
biliary system and directly released into the small intestine. Although commensal gut
microbes help maintain liver homeostasis (Mazagova et al., 2015), they can also produce
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factors that cause liver damage under pathologic conditions (Duan et al., 2019; Llopis et al.,
2016).

Alcohol-associated liver disease (ALD) and non-alcoholic fatty liver disease (NAFLD) are
global health burdens with growing incidence. With an overall prevalence of 6% and 25%,
respectively, ALD and NAFLD are the most common chronic liver diseases in Western
countries (Xiao et al., 2019). ALD has become the leading cause for liver transplantation in
the United States (Lee et al., 2019), whereas non-alcoholic steatohepatitis (NASH) has
become the second-leading liver disease among patients awaiting liver transplantation
(Wong et al., 2015).

NAFLD and ALD share histopathology characteristics, ranging from benign simple steatosis
to steatohepatitis and to more advanced disease, including advanced fibrosis and cirrhosis,
which can ultimately lead to hepatocellular carcinoma, liver failure, and death.

Only 10%-20% of patients with alcohol-associated or non-alcoholic fatty liver disease
develop progressive liver disease (Loomba and Adams, 2019; Parker et al., 2019). Therefore,
other factors, which might be behavioral, environmental, and/or genetic, affect progression.
Changes in gut microbiota composition, microbial metabolism, and gut barrier function are
additional co-factors that can contribute to progression of ALD and NAFLD. Transplanting
feces from alcoholic hepatitis patients into germ-free mice, exacerbates ethanol-induced
liver disease. Liver damage was reversible when feces from alcoholics without alcoholic
hepatitis were re-transplanted (Llopis et al., 2016). Germ-free mice are protected from
obesity, and fecal transfer from obese mice into germ-free mice resulted in greater body fat
gain than fecal transplant from lean mice (Béackhed et al., 2004; Turnbaugh et al., 2006).
Although these studies suggest an important role of the gut microbiota in modulating
alcohol-associated and metabolic diseases, studying the microbiome in the controlled setting
of preclinical models has several limitations and causal relationships are elusive in the very
complex human ecological situation.

In this review, we elucidate the role of the gut microbiome in ALD and NAFLD. We focus
on pathogenic pathways in humans, the potential to use the gut microbiome as diagnostic
tool, and on strategies to alter the intestinal microbiome for treatment of liver disease.

PATHOGENESIS

Fatty liver development

Increased and chronic ethanol intake is the main cause of alcohol-associated fatty liver
disease. Ethanol is converted in the liver into acetaldehyde by alcohol dehydrogenases and
the microsomal ethanol-oxidizing system. Highly toxic acetaldehyde is further metabolized
to acetate, which is then quickly released into the bloodstream, where it can be used as
biological fuel for energy production. In addition to the toxic properties of acetaldehyde,
hepatic ethanol metabolism results in the generation of highly reactive molecular fragments
that create an oxidative stress environment and contribute to liver damage. Ethanol affects
gene regulation in hepatocytes, resulting in fat accumulation by promoting lipogenesis and
inhibiting beta-oxidation and lipolysis.
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Overnutrition, physical inactivity and adiposity are the most important contributors to
NAFLD. Accumulation of fat in the liver is a consequence of an increased availability of
free fatty acids derived from adipose tissue, which contributes up to 60% of hepatic fat
content, while hepatic de novo lipogenesis, is responsible for up to 30% of hepatic fat, with
added contribution from dietary lipid intake (Donnelly et al., 2005). An interplay between
adipose tissue inflammation, adipocyte lipolysis, increased free serum fatty acids, impaired
adiponectin signaling, and increased hepatic lipogenesis contributes to NAFLD. These
features are interrelated with insulin resistance, a critical pathophysiological factor in
NAFLD, that worsens adipocyte dysfunction and allows hepatic de novo lipogenesis to
continue (Figure 1). A consecutive inflammatory cascade contributes to hepatocyte
mitochondrial dysfunction, endoplasmatic reticulum stress and generation or reactive
oxygen species, ultimately leading to hepatic inflammation, cell death and fibrosis (Buzzetti
et al., 2016). In this vicious cycle, gut microbial components modulate disease at the level of
the intestine, liver and systemic circulation.

Changes in the gut microbiome

Microbiota research in liver diseases has largely focused on intestinal bacteria. Alcohol
intake is associated with reduced intestinal bacterial diversity and changes in the
composition of the microbiome, with a depletion of bacteria that are considered beneficial,
and an increase of pathobionts, with a shift towards gram-negative bacteria (Duan et al.,
2019; Smirnova et al., 2020). In addition to changes in the bacterial microbiome, alcohol-
related liver disease is associated with reduced diversity of intestinal fungi and overgrowth
of Candlidaspp. (Chu et al., 2020; Lang et al., 2020b; Yang et al., 2017).

Several studies have described the composition of the bacterial microbiome in fecal samples
from patients with NAFLD, but results are inconsistent and contradictory. The most
consistent changes observed in patients with NAFLD compared with healthy individuals, or
in patients with mild vs more severe NAFLD, were increased relative abundances of
Proteobacteria, Enterobacteriaceae, Escherichiaand Dorea, and decreased abundances of
Ruminococcaceae, Anaerospacter, Coprococcus, Eubacterium, Faecalibacterium, and
Prevotella (Aron-Wisnewsky et al., 2020). Intestinal viruses, which are the most abundant
microbes in the gut, have not been characterized in patients with any liver disease.

Certain aspects of gut microbiota signatures associated with ALD and NAFLD show
remarkable similarities to changes observed in patients with inflammatory bowel disease
(IBD) (Zuo and Ng, 2018). The increase in gram-negative bacteria described in ALD and
NAFLD, as well as other diseases (including IBD and colorectal cancer), represents a source
of lipopolysaccharide (LPS), a major component of the outer membrane of gram-negative
bacteria. LPS can cause a local intestinal immune response, activate the inflammasome in
the liver and recruit macrophages to adipose tissue (Caesar et al., 2012). Other bacteria, such
as Ruminococcaceae, Eubacterium or Faecalibacterium, that are depleted in NAFLD and
ALD and other diseases, are important short-chain fatty acid producers, and might therefore
mediate colonic inflammation, gut barrier dysfunction and energy harvest.
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Gut barrier dysfunction and microbe translocation

The intestinal gut barrier provides the first line of protection against pathogens. The physical
and biochemical barrier includes a thick mucus layer and cellular tight junctions, which
firmly link intestinal epithelial cells, and antimicrobial proteins. The immune system
component of the barrier includes secretory immunoglobulin A, B and T cells, dendritic
cells, and neutrophils. This multilayer defense prevents transfer of pathobionts, pathogens,
and microbial products to the circulation and other organs.

Translocation of microbial components—Chronic alcohol intake can disrupt the gut
barrier integrity. Approximately 50% of heavy drinkers have evidence of intestinal dysbiosis,
which is associated with gut barrier dysfunction. Short-term abstinence largely restores
intestinal eubiosis and reduces intestinal permeability (Leclercq et al., 2014). Microbial
components, such as LPS, can translocate from the intestinal lumen through the portal vein
to the liver. They are recognized by pattern recognition receptors such as toll-like receptors
(TLRs) in the liver, resulting in hepatic inflammation, hepatocyte damage, and liver fibrosis
(Figure 1). Similar pathways are believed to contribute to development of NAFLD, but
instead of alcohol intake, other stimuli such as dietary factors contribute to intestinal
inflammation and gut barrier disruption. Inflammasome activation, in particular the NOD-
like receptor protein 3 (NLRP3) inflammasome has been identified as another trigger for
liver inflammation responding to pathogen-associated molecular patterns (PAMPS) such as
LPS. NLRP3 activation in the liver leads to activation of caspase 1 and the production of
interleukin-18 and several other inflammatory cytokines, ultimately resulting in programmed
cell death, inflammation and fibrosis. NLRP3 is significantly upregulated in the liver of
patients with NASH compared with simple steatosis (Wree et al., 2014), and liver
inflammasome components correlate with the activity of alcohol-associated liver disease
(Voican et al., 2015). On the other hand, NLRP6 and NLRP3 inflammasome deficiency
modulates the gut microbiota, which causes gut barrier dysfunction and exacerbates
steatohepatitis in mice (Henao-Mejia et al., 2012).

Similar to early-stage ALD, the role of gut barrier disruption in NAFLD development is
unclear—only a subset of patients with NAFLD has increased intestinal permeability (Chu
etal., 2019). TLR4 activation was reported to contribute to liver disease in mouse models of
NAFLD, but inhibition of TLR4 with JKB-121 in a phase 2, randomized, placebo-
controlled, double-blind trial in NASH patients (NCT02442687) had discouraging results.
Gut barrier disruption in combination with TLR4 or inflammasome activation might
contribute to a subset of cases of ALD and NAFLD. It is tempting to speculate that increased
intestinal permeability is a factor that contributes to disease progression, but further studies
are necessary to elucidate this association.

Translocation of viable bacteria—Not only bacterial products, but viable bacteria can
translocate across the intestinal barrier. Findings from preclinical models support the
contribution of translocated viable bacteria to ethanol-induced liver disease (Duan et al.,
2019; Llorente et al., 2017; Wang et al., 2016). The space between intestinal epithelial cells
with disrupted tight junctions is too narrow to allow passage of intact bacteria (Turner,
2009), and the molecular mechanisms of bacterial translocation across the intestinal
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epithelial cell barrier are not fully understood. This process can contribute to development of
disease, but also occurs under healthy conditions, in which commensal bacteria are
transported to mesenteric lymph nodes by dendritic cells, induce a local immune response,
and are eliminated by the innate immune system.

Patients with advanced stages of chronic liver fibrosis or with acute hepatitis have been
reported to have deficits in innate and adaptive immune responses. These deficits can lead to
the systemic invasion of gut pathobionts beyond mesenteric lymph nodes, resulting in a
systemic inflammatory response and infections—particularly those caused by aerobic, gram-
negative bacteria. However, further studies are needed to determine the contribution of
translocated viable bacteria to progression of early stages of liver disease in patients.

Bacterial metabolites

Bile acids—Changes in microbe-derived metabolites have been implicated in pathogenesis
of fatty liver diseases. Bile acids are not only important for the emulsification of dietary
lipids, they also act as signaling molecules through binding to host nuclear and G-protein-
coupled receptors. Binding to these receptors impacts several host metabolic functions
including regulation of glucose homeostasis and lipid metabolism. Primary bile acids are
synthesized and conjugated in hepatocytes and reach the intestine through secretion in the
biliary tract. Primary, conjugated, and hydrophilic bile acids can be reabsorbed from the
terminal ileum. Microbial bile salt hydrolases (BSH) deconjugate primary bile acids, which
prevents their reabsorption. Many bacterial species can deconjugate bile acids, including
Clostridium, Lactobacillus, Bifidobacterium, Eubacterium, Escherichia and Bacteroides
(Wahlstrom et al., 2016). A small fraction of unabsorbed bile acids enter the distal
gastrointestinal tract, where they undergo formation to secondary bile acids through bacterial
hydroxylation, epimerization, esterification and desulfation (Molinero et al., 2019).
Generation of secondary bile acids is a microbial collaborative act, whereas the 7a/R-
dehydroxylation pathway, known to be performed by bacterial species belonging to
Clostridium, Lachnospiraceae and Eggerthella, is one major relevant pathway in humans
(Heinken et al., 2019). Hepatic bile acid synthesis is regulated by a negative feedback
mechanism that includes activation of the farnesoid X receptor (FXR), which is expressed in
many tissues but has been mostly studied in intestinal and liver cells. Activation of FXR in
the intestine, predominantly by primary bile acids, leads to the transcription of fibroblast
growth factor 19 (FGF19), which reaches the liver through the portal vein. In the liver,
FGF19 suppresses expression of CYP7AL and thereby decreases bile acid synthesis. Takeda
G protein-coupled receptor 5 (TGR5) is another bile acid responsive receptor, expressed on
several cell types such as Kupffer cells, immune cells and adipose tissue, and is involved in
important metabolic processes (Arora and Backhed, 2016).

Although intestinal bacteria control the rate-limiting step in production of secondary bile
acids, bile acids themselves affect the composition of the gut microbiota (Lorenzo-Zdfiga et
al., 2003). Increasing bacterial BSH activity in mouse intestine, changed the bile acid pool
and had a beneficial impact on host metabolism and adiposity (Joyce et al., 2014).

Ethanol intake leads to quantitative and qualitative changes in bile acid homeostasis.
Chronic administration of ethanol to mice caused increased expression of genes that control
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bile acid biosynthesis in the liver and increased plasma and fecal levels of unconjugated bile
acids. In humans, secondary bile acids were increased in fecal and serum samples from
active consumers of alcohol (Kakiyama et al., 2014). Bile acid homeostasis and FGF19
signaling are dysregulated in patients with alcoholic hepatitis (Brandl et al., 2018), which is
the most severe form of ALD and characterized by severe hepatic cholestasis. Unconjugated
and conjugated bile acids were increased in serum samples from patients with alcoholic
hepatitis, but in contrast to findings from studies of mice, de novo bile acid biosynthesis was
decreased, based on serum levels of 7-alpha-hydroxy-4-cholesten-3-one (C4) (Brandl et al.,
2018).

FXR signaling is involved in regulation of glucose and lipid metabolism, and also increases
insulin sensitivity (Zhang et al., 2006), which is reduced in patients with NAFLD. FXR is
activated by the primary bile acid chenodeoxycholic acid (CDCA) but inhibited by the
secondary bile acid deoxycholic acid (DCA) (Parks et al., 1999). Similar to ALD, NAFLD is
associated with changes in intestinal and circulatory bile acid composition. Serum samples
from patients with NASH have higher levels of DCA and lower levels of CDCA compared
with healthy individuals (controls). Liver tissues from patients with NASH have increased
expression of genes involved in bile acid synthesis and reduced expression of FGF19,
compared with healthy controls (Jiao et al., 2018). Pediatric patients with NASH have
decreased serum levels of FGF19 and reduced levels of FXR in the liver (Nobili et al.,
2018). Fecal levels of bile acids are increased in patients with NASH patients compared with
controls, and serum levels of C4 are also increased (Mouzaki et al., 2016). Patients with
NAFLD and higher stages of liver fibrosis have increased serum levels of bile acids (Caussy
etal., 2019).

These findings indicate that bile acid and FXR dysregulation is a metabolic feature of
patients with ALD or NAFLD. Although bile acid metabolism is regulated by gut microbes,
it is not clear to what extent alterations in the intestinal microbiota of patients contribute to
bile acid dysregulation, or if bile acids affect the function and composition of the intestinal
microbiome.

Short-chain fatty acids—Bacterial fermentation of non-digestible carbohydrates results
in production of short-chain fatty acids (SFCAs)—butyrate, propionate, and acetate are the
most abundant in the intestine. SCFAs have beneficial effects, providing energy sources for
enterocytes and colonocytes, helping maintain the gut barrier, and inhibiting proliferation of
hepatic cells. SCFAs also have anti-inflammatory effects, increase satiety, and decrease food
intake (Schwenger et al., 2019). The most abundant SFCA-producing bacteria belong to
Lachnospiriaceae and Ruminococcacecae. Within these families, Eubacterium rectale,
Faecalibacterium prausnitzii and several Roseburia species as well as Anaerostipes are
known butyrate producers (Baxter et al., 2019).

Chronic alcohol use is associated with reduced fecal levels of SCFAs (Couch et al., 2015).

Fecal samples from patients with alcoholic hepatitis contain lower concentrations of SCFAs
and fewer SCFA-producing bacteria than samples from heavy drinkers (controls) (Smirnova
et al., 2020). In patients with cirrhosis, low circulating levels of butyrate are associated with
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markers of inflammation, serum endotoxin, and more advanced liver disease (Juanola et al.,
2019).

In contrast, higher concentrations of SCFAs have been associated with weight gain in mouse
models of obesity (Turnbaugh et al., 2006) and with overweight in humans (Schwiertz et al.,
2010). A study of a small number of patients with NASH found higher levels of SCFAs and
a higher abundance of SCFA-producing bacteria in fecal samples from patients with NASH
than controls. The increase in SCFAs was associated with immune features of disease
progression (Rau et al., 2018).

Increased energy harvest—The gut microbiota is essential for efficient nutrient harvest
from polysaccharide rich diet. Early mouse studies suggested an increased capacity to
harvest energy from diet in the obese mouse microbiota through increased generation of
SCFA (Turnbaugh et al., 2006), or increased luminal absorption of monosaccharides with
resulting de novo lipogenesis (Béckhed et al., 2004). A later study with 12 lean and 9 obese
individuals could not confirm these results. Although rapid changes in the gut microbiota
were observed following changes in the caloric intake, there were no differences in nutrient
absorption at baseline between healthy and obese subjects, as measured with bomb
calorimetry of fecal contents (Jumpertz et al., 2011). Overall, the role of potentially
increased energy harvest by the gut microbiota in humans requires additional studies.

Ethanol—Microbial fermentation in the gut can lead to endogenous alcohol production.
Even in the absence of ethanol supplementation, increased ethanol has been measured in the
breath of obese, but not of lean mice, and can be decreased by antibiotic administration
(Cope et al., 2000). Pediatric patients with NASH had increased blood levels of ethanol
related to endogenous ethanol production by gut bacteria (Zhu et al., 2013). A recent study
identified high ethanol-producing strains of K. pneumoniae in fecal samples from a patient
with NASH who had autobrewery syndrome, which is characterized by extensive production
of ethanol by intestinal microbes. This results in high blood concentrations of alcohol in the
absence of alcohol consumption. Transfer of fecal microbes from patients with NASH into
intestines of mice results in liver damage in the recipient mice. The severity of liver damage
can be reduced by eliminating the K. preumoniae strains that produce high levels of ethanol.
Furthermore, weight loss in patients with NASH was associated with a significant decrease
in the ability of intestinal microbes to produce ethanol (Yuan et al., 2019). Increased
endogenous ethanol production by the microbiota in the absence of exogenous alcohol
intake can cause the development and progression of NAFLD. This might contribute to the
similar histopathologic features of ALD and NAFLD.

Virulence factors—Studies investigating associations of the gut microbiota and liver
diseases have predominantly focused on diversity, relative abundance, and metabolic profiles
of specific microorganisms. However, little is known about the specific features of microbes
believed to be responsible for the disease development and progression. Virulence factors
are proteins or peptides encoded by microbial genes that help the organisms colonize the
intestine or mediate disease. A recent study found that cytolysin, a virulence factor
expressed by E. faecalis, causes direct lysis of hepatocytes and liver damage, likely through
its ability to form pores. The presence of cytolysin, but not the abundance of £. faecalis, was
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highly associated with worse clinical outcomes and increased mortality in patients with
alcoholic hepatitis. This means that liver disease might be mediated by microbial expression
of specific virulence factors. Cytolysin is specifically associated with alcoholic hepatitis—it
was not associated with the presence or progression of NAFLD (Lang et al., 2020a).

THE GUT MICROBIOME AS DIAGNOSTIC TOOL

Although it is unclear whether changes in the gut microbiota of patients with ALD or
NAFLD cause disease development and progression or result from it, features of the gut
microbiota might serve as diagnostic or prognostic markers. Cytolysin, a two-subunit toxin
that is expressed and secreted by E. faecalis, which has been mechanistically linked to liver
damage in patients with ALD, had better performance in identification of people who died
within 90 days than other commonly used prognostic scoring systems, such as the model for
end-stage liver disease score (Duan et al., 2019). This study was performed in an
international multicenter cohort of patients with alcoholic hepatitis, but the finding requires
validation in an independent and larger cohort.

A set of gut microbial markers derived from metagenomic sequencing, together with age and
body mass index, is able to identify patients with NAFLD who have advanced fibrosis with
high accuracy (Loomba et al., 2017). This is important because liver biopsy is still required
for grading and staging of patients with NAFLD—non-invasive markers of risk of
development of liver-related complications are urgently needed. Other potential biomarkers
for NAFLD include microbe-derived metabolites, such as metabolites from aromatic amino
acid and branched-chain amino acid metabolism (Caussy et al., 2018; Hoyles et al., 2018).

These markers and scoring system must be validated in independent cohorts of patients with
NAFLD and controls, of different geographical and therefore dietary, ethnic, and
environmental background. Furthermore, their superiority to other clinical or imaging-based
methods of evaluation, or whether these types of analyses are easier to perform, has not been
shown.

MICROBE-BASED TREATMENT OF LIVER DISEASES

Bugs as drugs

If changes in the intestinal microbiome can cause fatty liver diseases, strategies to alter the
composition of the gut microbiome in an additive way might be used as treatments (Mimee
et al., 2016). One approach is fecal microbiota transplantation (FMT), which involves
transplant of entire microbiota communities. Probiotics (living bacteria), prebiotics (groups
of nutrients that promote expansion of specific bacteria), and synbiotics (combination of
probiotics and prebiotics) are first-generation microbe-based therapies; these might add or
nurture beneficial bacterial strains to the commensal microbiota. Beneficial bacteria are
thought to either replenish diminished commensal bacteria or provide resistance against
colonization by pathogens and pathobionts. Engineered bacteria have been classified as next-
generation microbiome therapeutics (Mimee et al., 2016). These bacteria are precisely
designed to either produce a beneficial metabolite or metabolize toxic products (Figure 2).
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FMT—FMT is a radical approach of changing the composition of an individual’s gut
microbiome. FMT has been investigated in cirrhotic patients with recurrent hepatic
encephalopathy and alcoholic hepatitis with overall promising results (Table 1). There have
been no published reports of the effects of FMT in patients with NASH. In FMT studies
including patients with metabolic syndrome and obesity, FMT led to improved peripheral
insulin sensitivity in some studies, however, effects were mild and no significant changes
were observed related to other metabolic parameters and body mass index (Table 1). In
addition to recently raised safety concerns (DeFilipp et al., 2019), there are questions about
whether FMT alone, without other treatments such as lifestyle interventions, will have long
and lasting effects—particularly for patients with NAFLD, characterized by disease
progression over years and multifactorial pathogenesis.

First-generation biotics—Several studies have investigated the effect of probiotics,
prebiatics, or synbiatics in patients with chronic liver diseases (for a review, see (Schwenger
et al., 2019). Administration of probiotics, prebiotics, or synbiotics to patients with ALD,
cirrhosis, and hepatic encephalopathy led to improvements in direct and indirect markers of
disease severity (Schwenger et al., 2019). A meta-analysis of data from 1252 participants in
21 trials concluded that administration of probiotics or synbiotics to patients with NAFLD
was associated with significant reductions in levels of alanine aminotransferase, in liver
stiffness measurements, and in hepatic steatosis graded by ultrasound (Sharpton et al., 2019).
However, due to heterogeneity among studies and small sample sizes in individual trials, no
clear recommendation can be made for the use of probiotics, prebiotics, or synbiotics in
patients with chronic liver diseases.

Next-generation engineered bacteria—Administration of ammonia consuming
engineered bacteria has been tested as treatment for hepatic encephalopathy after
demonstrating the potential to lower blood ammonia level in mouse models of
hyperammonemia. However, further drug development was discontinued because blood
levels of ammonia could not be lowered in patients with cirrhosis (Table 1). Another
potential application of engineered bacteria is increasing interleukin 22 (IL-22), a cytokine
that signals to epithelial cells in several organs, including the intestine and the liver
(Hendrikx and Schnabl, 2019). In parallel to studies in mice, using engineered Lactobacillus
reuterf-producing IL-22 (Table 1), the IL-22 agonist F-652 was evaluated in a phase 2a
open-label study of patients with alcoholic hepatitis. F-652 was safe and resulted in reduced
serum and plasma markers of inflammation and high rates of survival (Arab et al., 2019).
Overall, engineered microbes might be used to restore homeostatic functions to the gut
microbiome and improve liver-related outcomes.

Drug the bug

Bacteria, pathobionts, or pathogens can also be harmful and promote liver disease
progression. However, bacteria can be targeted and eliminated with subtractive treatment
approaches (Mimee et al., 2016). Currently used approaches with antibiotics are not specific
and can have side effects because they also eliminate beneficial commensals. Highly specific
treatment approaches with bacteriophages (phages) have been developed and can effectively
edit the gut microbiota. Even more sophisticated approaches could target specific microbial
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enzymes to change synthesis of metabolites. One preclinical example demonstrated that a
specific chemical inhibitor targeting microbial trimethylamine lyase decreases
trimethylamine N-oxide (TMAO) production, which has been implicated in pathogenesis of
cardiovascular diseases (Wang et al., 2015) (Figure 2).

Antibiotics—Patients with advanced liver diseases are frequently given antibiotics due to
an increased susceptibility to pathobiont invasion caused by immune dysfunction, or to
reduce episodes of hepatic encephalopathy. Due to the relative non-specificity of most
antibiotics and the risk for emergence of multidrug-resistant bacteria, it is unlikely that
management of patients with ALD or NAFLD without cirrhosis will involve long-term
administration of antibiotics.

Bacteriophages—Bacteriophages (phages) are viruses that infect bacteria, replicate inside
them, and kill them. Phage-based therapies have been predominantly studied to treat
infectious diseases caused by multidrug-resistant bacteria. Administration of phages against
cytolytic E. faecalis to gnotobiotic mice that received transplantations of feces from patients
with alcoholic hepatitis who carried cytolysin-positive £. faecalis reduced the severity of
ethanol-induced liver disease in the mice (Duan et al., 2019). This study provided the first
evidence that strategies to target single gut pathobionts might be developed for treatment of
liver disease, but testing in humans, and addressing bacterial resistance against phages, is
required.

Drugs from bugs

Microbe-derived metabolites (also called postbiotics) and their related signaling pathways,
in humans or in other microbes, might be used in treatment of ALD and NAFLD (Mimee et
al., 2016). Supplementation with these molecules or their derivatives could replace some
metabolic activities of lost or reduced microbes (Figure 2).

Targeting the bile acid pathway—Given the associations between dysregulation of bile
acid homeostasis and severity of ALD and NAFLD, it might be effective to target the bile
acid and FXR pathway. This has been successfully proven in mouse models of ethanol-
induced liver damage but studies in humans are needed (Table 1).

Targeting the bile acid pathway, e.g. with FGF19 analogues and FXR agonists such as
obeticholic acid (OCA) is one of the most promising approaches for treatment of NAFLD
(Table 1). OCA leads to alterations in the human gut microbiome (Friedman et al., 2018) and
preclinical studies found that OCA prevents disruption of the gut vascular barrier (Mouries
et al., 2019). Therefore, the positive effects of OCA could be mediated, in part, by
modulating the intestinal microbiome or gut barrier integrity. On the other hand, patients
might respond in different ways to OCA or other drugs that affect interactions between the
intestine and liver, depending on the composition of the gut microbiome, presence of gut
bacterial overgrowth, and gut barrier dysfunction.

SCFAs—OQverall, there are many questions about the relationship between SCFAs and ALD
and NAFLD and data on using SCFAs as therapeutic approach in these patients is limited
(Table 1). Trials should investigate the effects of increasing intestinal levels of SCFAs, via
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direct supplementation or administration of SCFA-producing bacteria, in patients with these
liver diseases.

CHALLENGES AND FUTURE PERSPECTIVES

It is important to study the gut microbiome in humans, because rodents develop only some
features of human specific alterations in the gut microbiome. The microbiota of mice can be
humanized, by transplantation of fecal material into intestines of gnotobiotic mice; this
allows for studies of relationships between human microbes and specific diseases, but this
model has several important limitations. Most importantly, some human taxa cannot
colonize mice, and the microbial communities differ substantially between recipient mice
and their human donors (Walter et al., 2020).

Studies of the human microbiome have predominantly relied on cross-sectional,
observational designs—an important shortcoming. The composition of the gut microbiome
responds rapidly to variations in nutrition, lifestyle, medications, and environmental
conditions (Gupta et al., 2017). Most studies rely on a single snapshot of gut microbiota
composition, so it is not surprising that there are issues in reproducibility. These issues have
limited the utility of gut microbes or microbial profiles as prognostic or diagnostic markers.
Furthermore, patients with fatty liver often have co-morbidities that can bias results—
identified gut microbiota signatures could be affected by obesity or type 2 diabetes, or
medications used. Longitudinal sample collection and better-matched controls are needed to
establish associations between gut microbiota signatures and specific disorders. Studies that
monitor gut microbiota dynamics over time, in large numbers of patients with different
features, and in response to different events, are needed to determine the mechanisms by
which the intestinal microbiota contributes to or responds to liver disease (Poyet et al.,
2019).

In addition to studies of the intestinal bacteria associated with liver diseases, studies are
needed of other microbes, such as fungi, viruses, and archaea, as well as the interactions
among all gut microbes. There is evidence that microbes behave differently in different gut
environmental conditions, so microbiota research might shift from taxonomic descriptions
toward functional studies of interactions among human cells, microbes, and their metabolic
pathways. Further research is needed to determine the presence and abundance of small
metabolites and the expression of microbial virulence factors in network analyses. All of
these aspects will hopefully lead to a better understanding of the dynamic interactions
between the gut microbiome and liver diseases.

One of the biggest challenges will be to categorize patients with ALD or NAFLD into
subgroups and to identify those associated with specific microbiome alterations. We have
made progress in developing methods to edit the gut microbiota, such as with phages, and
introduce engineered bacteria that can restore a specific deficiency or supplement depleted
microbial-derived metabolites as postbiotics. Despite these technological advances, current
trial designs are still one size fits all. As we have shown in this review, not all patients have
gut barrier dysfunction—a drug that restores gut barrier function will fail if participants are
not selected based on biomarkers of increased intestinal permeability. Microbiota-based
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treatments must be carefully selected based on the specific alteration in a patient’s intestine
or microbiome.

Individualized treatment approaches can now target specific strains of bacteria to increase
the efficacy of medical treatments and decrease side effects. It is unlikely that patients with
NAFLD all have increased endogenous ethanol production or increased bile acid synthesis.
Therefore, it will be important to not only report the mean values of test results for the entire
patient population, but to assign patients to subgroups based on microbial, genetic, and
metabolic features—or a combination of these (Figure 3). These markers might help identify
patients at risk for progression of ALD and NAFLD and select treatment approaches.

Understanding the intimate, essential, and sometimes toxic relationship among gut microbes
and humans has tremendous potential for development of new non-invasive diagnostic and
prognostic approaches as well as for development of personalized microbiota-based
treatments. It appears, though, that there is much more that we don’t know than what we
truly understand.
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Fatty liver diseases are the most common chronic liver diseases in Western countries. The
liver is exposed to components of the gut microbiota which can modulate disease. This
review discusses our current understanding of the gut-liver crosstalk and implications for
microbe-based biomarkers and treatment approaches.
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Figure 1. Dysregulated interactions between the intestine and liver in patients with fatty liver
disease.

Alterations in the gut microbiota in (A) alcohol-associated liver disease and (B) non-
alcoholic fatty liver disease. Gut-derived pathogen-associated molecular patterns (PAMP)
that reach the liver through the portal vein are recognized by pattern recognition receptors
such as toll-like receptors. The activation ultimately results in steatosis, cell death,
inflammation, and fibrosis. Alternatively, direct hepatocyte damage can be induced. Bile
acids (BA), produced by the liver, are secreted in the intestine via the bile duct. In NAFLD,
insulin resistance, macrophage recruitment and adipocyte dysfunction can be modulated by
intestinal derived BA signaling, lipopolysaccharide (LPS) delivery and glucagon like
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peptide-1 (GLP-1), which in turn affect NAFLD development. C4, 7-alpha-hydroxy-4-
cholesten-3-one; IL-22, interleukin-22; REG3G, regenerating islet derived protein 3 gamma;
IgA, immunoglobulin A; SCFAs, short-chain fatty acids; TMAO, trimethylamine N-oxide;
PAA, phenylacetic acid; FXR, farnesoid X receptor; FGF19, fibroblast growth factor 19.
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Figure 2. Targeting the gut microbiota for treatment of liver disease (bugs as drugs).
Additive approaches include fecal microbiota transfer (FMT), transplanting entire microbe

communities; and administration of probiotics (living bacteria), prebiotics (group of
nutrients that enhance growth of specific bacteria), synbiotics (combination of probiotics and
prebiatics), and engineered bacteria, which can produce beneficial metabolites or metabolize
toxins into non-toxic products (drug the bug). Specific pathogens or pathobionts can be
eliminated using bacteriophages (phages) targeting specific bacterial strains. Pathogenic
microbes, such as those with the ability to generate high levels of ethanol or ammonia could
be targeted with antibiotics or antifungals (drugs from bugs). Supplementation of microbe-
derived molecules or their derivatives such as farnesoid X receptor (FXR) agonists, FGF19
analogs, or short-chain fatty acids (SCFA), can replace lost metabolic activity of microbes.
Microbial bile acid metabolizing enzymes include bile salt hydrolases that catalzye
deconjugation, enzymes for hydroxylation, epimerization, esterification and desulfation,
which eventually leads to the transformation of primary bile acids (P-BA) to secondary bile
acids (S-BA). G/T represents glycine/taurine conjugates, OH represents hydroxy groups.
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Figure 3. Precision therapies for fatty liver disease.
Microbiome studies might identify new pathways and factors that contribute to progression

of fatty liver diseases; these might be used to assign patients to subgroups and identify those
associated with specific alterations to the gut microbiota. Integration of this knowledge into
diagnostic analyses might increase diagnostic and prognostic accuracy, and lead to
personalized microbiota-based therapeutics. These approaches could increase therapeutic
efficacy and reduce treatment-associated side effects, compared with standard approaches.
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Selected studies targeting the gut-liver axis

Page 23

patients (mainly due
to chronic hepatitis C
virus and/or alcohol
use disorder) with
MELD <17 and
recurrent HE

following antibiotic
treatment vs. SOC

significantly less
patients receiving FMT
developed HE. FMT
increased microbial
diversity and increased
beneficial bacterial taxa

Type Study subjects Intervention Key outcomes Safety Reference
details
FMT n=20 cirrhotic Single FMT enema FMT well tolerated, Less SAEs inthe | (Bajajetal., 2019)

FMT group
compared with
SOC, no
complications
related to FMT

n=8 severe AH Daily FMT via naso- 87.5% of patients who Excessive (Philips et al.,
patients, n=18 jejunal tube for 7 received FMT survived flatulence was a 2017)
historical controls with | days for 1 year, compared complaint of

severe AH, both groups with 33.5% of matched 50% of patients

steroid-ineligible controls with FMT

n=51 patients with n=8 corticosteroids, Proportions of patients Not reported (Philips et al.,
severe AH n=17 nutritional surviving at the end of 3 2018)

support only, n=10
pentoxifylline, n=16
FMT (daily via naso-
jejunal tube for 7
days)

months in the steroids,
nutrition, pentoxifylline,
and FMT group were
38%, 29%, 30%, and
75%, respectively

n=38 patients with

Single allogenic FMT

No metabolic changes at

No SAEs in both

(Kootte et al.,

metabolic syndrome via naso-jejunal tube 18 weeks after FMT, groups 2017)
from lean donor vs. insulin sensitivity at 6
autologous FMT weeks after allogenic
FMT was significantly
improved
n=18 patients with Single allogenic FMT | Significantly improved No SAEs in both | (Vriezeetal.,
metabolic syndrome via naso-jejunal tube peripheral insulin groups 2012)

from lean donor vs.
autologous FMT

sensitivity 6 weeks after
FMT

n=22 obese subjects
without diabetes,
NASH or metabolic
syndrome

Randomized, double-
blind study, FMT by
capsules from a lean
donor or placebo
capsules

No significant changes
in BMI at 12-week
follow-up

No adverse
events in both
groups

(Allegretti et al.,
2020)

n=24 obese subjects
with mild to moderate
insulin resistance

Randomized, double-
blind study, weekly
FMT by capsules vs.
placebo capsules for
6 weeks

No significant
differences between
groups for insulin
sensitivity, body mass
index and fat mass

No significant
differences in
adverse events,
no FMT related
SAEs

(Yuetal., 2020)

Next-generation
engineered
bacteria

Mouse models of
hyperammonemia

Oral gavage of
engineered
Escherichia coli
Nissle strains
(SYNB1020)

Significant lowering of
blood ammonia levels

(Kurtz et al., 2019)

n=23 patients with
cirrhosis

Escherichia coli
Nissle strains
(SYNB1020) for 6
days vs. placebo

No evidence of blood
ammonia lowering or
changes in other
exploratory endpoints
relative to placebo

No adverse
events reported

(Synlogic, 2019)

Experimental
alcoholic liver disease
(mice)

Oral gavage of
engineered
Lactobacillus reuterr-
producing 1L-22 vs.
non-engineered
Lactobacillus reuteri

Reduced bacterial
translocation to the liver
by increasing the
expression of REG3G in
the intestine, reduced
ethanol-induced liver
damage

(Hendrikx et al.,
2019)

Bacteriophages

Humanized mouse
models of ethanol-
induced liver damage

Oral gavage of
bacteriophages
targeting cytolysin-

Bacteriophage
administration reduced
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damage

composed of butyrate
and glycerol)

injury,however, no effect
on liver injury from
long-term ethanol
administration

Type Study subjects Intervention Key outcomes Safety Reference
details
positive E. faecalis the severity of ethanol-
vs. control phages induced liver disease
Targeting the Mouse models of Non-tumorigenic Improved gut barrier (Hartmann et al.,
bile acid ethanol-induced liver variant of FGF19 vs. function and reduced 2018)
pathway damage vehicle liver damage
n=19 AH patients Obeticholic acid Decrease in MELD No AEs related Clinicaltrials.gov
(OCA) vs. placebo score from baseline to to study drug but identifier:
Day 42 of -3.4 in the discontinued due NCT02039219
OCA arm, and -2.2 in to safety
the placebo arm (P- concerns in
Value of 0.62) patients with
advanced liver
disease
n=82 biopsy-proven Randomized, double- | Significant reduction in AEs included (Harrison et al.,
NASH blind, placebo- histological features, diarrhea, nausea, 2018; Harrison et
controlled, phase 2 such as the NAFLD frequent bowel al., 2019)
study, NGM282 activity score and liver movements, and
(engineered FGF19 fibrosis after 12 weeks abdominal pain.
analogue) vs. placebo | of treatment No SAE related
to study drug
n= 931 biopsy-proven Interim analysis of a OCA 25 mg Most common (Younossi et al.,
NASH randomized, double- significantly improved adverse event 2019)
blind, placebo- fibrosis and key were pruritus and
controlled study, components of NASH increases in LDL
OCA vs. Placebo disease activity after 18 cholesterol
months of treatment related to OCA
SCFAs Mouse models of Administration of Gut barrier stabilization, (Cresci et al.,
ethanol-induced liver tributyrin (ester reduced liver 2014).

n=60 overweight
subjects

Randomized,
controlled study,
inulin-propionate
ester vs. inulin-
control
administration over
24 weeks

Significantly reduced
weight gain, intra-
abdominal adipose
tissue distribution,
hepatic lipid content in
the Inulin-propionate
ester group

No increased
AEs in the inulin-
propionate ester
group

(Chambers et al.,
2015)

n=10 patients with
metabolic syndrome,
n=9 healthy

Oral administration
of sodium butyrate
daily for 4 weeks

No effect on plasma and
fecal butyrate levels
after treatment.
Significantly improved
insulin sensitivity only
in healthy lean subjects

Not reported

(Bouter et al.,
2018)

Bold font in the second column highlights the studied organism or disease. AEs, adverse events, AH, alcoholic hepatitis; BMI, body mass index;
FMT, fecal microbiota transfer; HE, hepatic encephalopathy; OCA, obeticholic acid; REG3G, antimicrobial molecule regenerating islet derived 3
gamma; SAEs, severe adverse events; SCFAs, short-chain fatty acids; SOC, standard of care
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