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Changes in gut microbiota (GM)may be associated with the causation and progression of multiple liver diseases
such as metabolic-associated liver disease, alcohol-associated liver disease (ALD), alcohol-associated hepatitis
(AH), primary biliary cholangitis, primary sclerosing cholangitis, autoimmune liver disease, and most impor-
tantly, complications of cirrhosis and portal hypertension such as hepatic encephalopathy (HE), infection,
and hepatocellular carcinoma. ALD includes simple steatosis, steatohepatitis, AH, cirrhosis, and acute-on-
chronic liver failure. Alcohol consumption is associated with GM changes even before ALD development, and
continued alcohol intake results in progressive dysbiosis and development of clinical events such as AH, infec-
tion, and HE. The composition and function of GM, specific changes in bacterial communities, and the func-
tional metabolism of GM are affected in the spectrum of ALD, as revealed using high-throughput sequencing.
It was reported in preliminary studies that modulation of disrupted GM improves adverse clinical events and
ameliorates disease progression in ALD. In this review, we exhaustively discuss the preclinical and clinical studies
on GM in ALD and critically discuss GMmodulation and its effects based on various human and animal models
of ALD. ( J CLIN EXP HEPATOL 2022;12:1349–1359)
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Thehuman gut microbiota (GM) comprises bacteria,
viruses (including phages), fungi, and primitive
prokaryotic archaea that inhabit the digestive tract,

express 100 times more genes than their human host, and
play key roles in human health and disease causation and
progression. GM facilitates the breakdown and absorption
of dietary nutrients and minerals, synthesis of antimicro-
bial peptides, fermentation of fibers to short-chain fatty
acids (SCFAs), neutralization of toxins, and regulation of
local and systemic endocrine and immunological func-
tions.1 Compositional and functional profiling revealed
the association between human GM and multiple diseases
affecting the liver. These diseases include hepatic steatosis,
non-alcoholic fatty liver disease, alcohol-associated liver
disease (ALD), alcohol-associated hepatitis (AH), chronic
cholestatic conditions (e.g., primary biliary cholangitis
and primary sclerosing cholangitis), autoimmune liver dis-
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ease, complications of cirrhosis and portal hypertension
such as hepatic encephalopathy (HE), infections such as
spontaneous bacterial peritonitis, and hepatocellular carci-
noma.2

In microbiome research, the most widely used high-
throughput sequencing methods for analyzing bacterial
communities include polymerase chain reaction (PCR)
amplicon-based sequencing such as 16S ribosomal ribonu-
cleic acid (rRNA) sequencing, deoxyribonucleic acid
(DNA)-based shotgun metagenomic sequencing, and ribo-
nucleic acid (RNA)-based meta-transcriptomic sequencing.
The 16S rRNA sequencing method utilizes PCR to target
and amplify areas of hypervariable regions (V1–V9) of bac-
terial rRNA subunit genes. In contrast, with the shotgun
sequencing method, the entire metagenome of the sample
can be randomly sequenced (with difficulty differentiating
DNA from viable or dead cells) with no need for a specific
primer. Metatranscriptomics is used to identify active mi-
crobial members in the biological sample and actively ex-
pressed genes in the community under specific
conditions.3 Thereafter, the raw sequenced data generated
using these methods are entered into bioinformatics soft-
ware pipelines for taxonomic assignment and microbial
community analysis and visualization using operational
taxonomic unit-based or amplicon sequence variant-
based analysis. As soon as phylogenetic information is
collected, functional gene composition of the bacterial
community is then predicted using pipelines such as
Phylogenetic Investigation of Communities by
vier B.V. All rights reserved.
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Reconstruction of Unobserved States. To further identify
significant and differentially abundant microbial taxa be-
tween communities in specific disease conditions, software
tools optimized for statistical analysis of microbiome big-
data, such as Linear Discriminant Analysis Effect Size, are
used.3,4

ALD comprises simple steatosis, steatohepatitis, AH,
cirrhosis, and the syndrome of AH-related acute-on-
chronic liver failure (ACLF). Alcohol consumption is asso-
ciated with GM changes even before ALD development.5

Continued alcohol intake worsens dysbiosis and is associ-
ated with disease progression and clinical events such as
infection and HE. As reported in bench-to-bedside studies,
GM composition and function play a role in the spectrum
of ALD, and GM modulation improves adverse clinical
events and disease progression.6 In the sections below, we
exhaustively discuss relevant preclinical and clinical
studies on GM in ALD and critically discuss GM modula-
tion and its effects based on various human and animal
models of ALD.
PRECLINICAL STUDIES ON THE ROLE OF GM
IN ALD

As early as 1995, it was found that fecal cultures of male
Wistar rats exposed to alcohol continuously for up to three
weeks via intragastric feeding (after undergoing gut steril-
ization using polymyxin B and neomycin) had virtually no
growth of gram-negative bacteria. Antibiotic therapy was
reported to significantly reduce endotoxin levels and the
average hepatic pathological score and to inhibit aspartate
aminotransferase level elevation. The investigators re-
ported that the benefits observed are as a result of reduc-
tion in Kupffer cell activation due to antibiotic therapy,
without linking antibiotic therapy to the role of GM and
GM modulatory effects.7 When intragastric alcohol or
dextrose was administered to male Sprague–Dawley rats
by gavage twice daily for up to 10 weeks, investigators
observed changes in mucosa-associated microbiota
composition in the colon, but not at weeks four and six.
The authors concluded that daily alcohol consumption
may affect colonic microbiome composition and result in
dysbiosis that may trigger alcohol-induced endotoxemia.
This study offered the first glimpse into alcohol-induced
enteric dysbiosis using length-heterogeneity PCR finger-
printing.8 In an intragastric alcohol-fed mouse model, in-
vestigators found that bacterial translocation occurred
prior to GM changes. Using conventional culture tech-
niques, bacterial overgrowth in the small and large intes-
tine was observed after mice were fed intragastrical
alcohol for at least three weeks. Pyrosequencing of 16S
rRNA genes revealed the relative abundance of Bacteroi-
detes and Verrucomicrobia and the low abundance of
Lactobacillus (phylum Firmicutes) in alcohol-fed mice
associated with down-regulation of gene and protein
1350 © 2022 Indian National Associa
expression of bactericidal c-type lectins Reg3b and Reg3g
in the small intestine. Prebiotics were found to partially
restore bactericidal lectins, ameliorate bacterial over-
growth, and reduce steatohepatitis.9 In an experimental
ALD model inspired by the Tsukamoto–French model
that involved continuous intragastric feeding of wild-
type and Muc2-deficient (�/�) mice with an isocaloric
diet or alcohol, less alcohol-associated liver injury and stea-
tosis were observed in the Muc2-deficient (�/�) mice than
in the wild-type mice. The Muc2-deficient (�/�) mice were
protected from alcohol-associated GM changes dependent
on intestinal mucins, with lower amounts of bacterial
products such as endotoxin found to translocate into the
systemic circulation, thereby reducing the severity of liver
disease.10 In another study, mice were fed liquid Lieber–
DeCarli diet with or without alcohol (5% v/v) for six weeks.
The authors reported that chronic ethanol feeding reduces
the abundance of Bacteriodetes and Firmicutes and pro-
portionally increases the abundance of gram-negative Pro-
teobacteria and gram-positive Actinobacteria.
Furthermore, a significant increase in the abundance of
gram-negative alkaline-tolerant Alcaligenes and gram-
positive Corynebacterium was observed following alcohol
exposure. These GM changes are associated with increased
plasma endotoxin, fecal pH, and liver inflammation and
injury. Lactobacillus rhamnosus GG supplementation for six
to eight weeks after alcohol feeding was reported to reduce
GM changes and liver injury. The authors concluded that
GM dysbiosis may be an important therapeutic target for
the prevention or treatment of chronic alcohol-induced in-
testinal barrier dysfunction and liver disease.11

In the study by Canesso et al. germ-free and conven-
tional mice were subjected to acute alcohol intake by add-
ing alcohol to their drinking water for seven days, with a
higher dose of alcohol added on day seven. Compared to
the alcohol-fed conventional mice, the germ-free mice
were found to have no liver injury, low neutrophil infiltra-
tion, and low pro-inflammatory cytokine levels in the liver.
After conventionalization using intestinal contents from
the alcohol-fed conventional mice, injury, and inflamma-
tion were observed in the liver and intestine of the germ-
free mice, suggesting that alcohol intake causes gut dysbio-
sis and liver injury. In their study, quantitative culturing of
stool samples revealed increased abundance of Entero-
coccus species in the alcohol-fed mice.12 In a
Tsukamoto–French mouse model that involved contin-
uous intragastric feeding with an isocaloric diet or alcohol
for three weeks, analysis of cecal contents revealed reduced
synthesis of saturated long-chain fatty acids (LCFAs) asso-
ciated with reduced abundance of LCFA-producing Lacto-
bacilli. When intestinal levels of saturated fatty acids were
maintained, GM disturbance lessened, resulting in less
alcohol-induced liver injury.13 These studies also show
that alcohol-treated mice have high intestinal levels of
phyla such as Verrucomicrobia, Actinobacteria, and
tion for Study of the Liver. Published by Elsevier B.V. All rights reserved.
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Proteobacteria (and their respective taxa Akkermansia muci-
niphila, Corynebacterium species, and Alcaligenes species),
which support the role of GM dysbiosis associated with
alcohol-induced injuries in the liver and intestines due to
loss of gut barrier integrity and function and promotion
of local and systemic inflammation via portal circulation.

In the Gao-binge mouse model (with chronic plus binge
alcohol feeding), significant and reproducible differences
in microbiome communities were observed between
alcohol-fed mice and control mice on the same diet,
excluding alcohol. In addition to reduction in alpha diver-
sity and dispersion in beta diversity in alcohol-fed mice, it
was found that the initial effect of alcohol was on gram-
positive bacteria (increase in Adlercreutzia and Entero-
coccus), with increase in gram-negative communities
(including Prevotella, Bilophila, Desulfovibrio, and Helico-
bacter), abundance of Clostridium, and reduction in Bifi-
dobacterium, Lactobacillus (which mitigates alcohol
injury), and Turicibacter (which is associated with
anxiety-like effects, social avoidance behavior), and fatty
liver disease.14 In a study on mice by Kang
et al. distinctive GM dysbiosis was observed in chronic alco-
holic fatty liver disease (AFLD) and metabolic-associated
fatty liver disease (MAFLD). Compared to controls, the
AFLD group had significant abundance of Enterococcus
and Streptococcus, and in the MAFLD group, Lachnospir-
Figure 1 Pertinent summary of preclinical studies on gut microbiota in alcoh
shown that liver inflammation was ameliorated with “gut sterilization” (A); com
dysbiosis and endotoxemia (B); intragastric alcohol feeding resulted in reduc
dance of pathogenic bacterial communities (C); alcohol feeding led to specific
germ-free mice, but transferable via fecal transplant from conventional mice u
liver injury (F); and alcohol feedingwas associatedwith gut barrier dysfunction
aminase, GNB—Gram-negative bacteria, GPB—Gram-positive bacteria, MU

Journal of Clinical and Experimental Hepatology | September–October 2022
aceae was the most abundant bacterial family, Erysipelato-
clostridium, Gordonibacter, and Streptococcus were the
most abundant bacterial taxa, and there was a reduction
of Bifidobacterium.15 Researchers from China showed
that GM composition and structure significantly change
with ALD progression and that the relative abundance of
Streptococcus species significantly increases in alcohol-
associated cirrhosis and correlates positively with aspartate
aminotransferase level. They concluded that dysbiosis oc-
curs from the early to the end stages of ALD and that Strep-
tococcus may be a microbiological marker for the
evaluation of liver injury severity in patients with ALD.16

Thus, preclinical studies have demonstrated the distinct
role played by GM in various stages of ALD which are
dependent on microbial metabolism, host immune
response, gut barrier integrity and systemic inflammation.
A summary of pertinent preclinical study models and
important outcomes in ALD is shown in Figure 1.
PRE-CLINICAL STUDIES ON GM
MODULATION IN ALD

Preliminary alcohol studies using small animal models
have shown that probiotic therapy with Lactobacillus planta-
rum or L. rhamnosus or multi-strain Di-Simone formulation
or any of its generics reduces systemic inflammation and
ol-associated liver disease (ALD). Studies on rodent models of ALD have
pared to dextrose feeding, alcohol feeding was associated with colonic
ed expression of bactericidal lectins leading to increase in relative abun-
gut microbial changes that led to liver injury (D) which was ameliorated in
ndergoing alcohol feeding (E); short chain fatty acid diet reduced alcohol
and dysbiosis (G, H). AST—aspartate transaminase, ALT—alanine trans-
C—mucin expression.
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gut dysbiosis, ameliorates hepatic steatosis, improves liver
tests, and reduces oxidative stress. It was also shown that
antibiotic cocktail or colistin therapy decreases liposac-
charide and bacterial load, reduces hepatic, neurological,
and systemic inflammation, and improves gut barrier
integrity by increasing the relative abundance of mucin-
secreting A. muciniphila. In animal models of ALD,
increased relative abundance of Bacteroides was found to
be associated with reduced oxidative stress, improved gut
barrier integrity, and reduced liver inflammation due to
intake of prebiotic oatmeal, pectin, and fructooligosac-
charides.17,18 In a seminal paper, Llopis et al. reported
that, compared to germ-free mice transplanted with GM
from alcoholic subjects without AH, alcohol-fed germ-
free mice developed severe liver inflammation and necrosis
and increased intestinal permeability when transplanted
with GM isolated from patients with severe AH (SAH).
Thus, susceptibility to alcohol-induced liver injury was
shown to be transmissible from patients to mice through
fecal microbiota transplantation (FMT). Abundance of
taxa such as Bilophila wadsworthia, Alistipes, Butyricimonas,
Clostridium, Proteus, and Escherichia coli and reduced levels
of Faecalibacterium prausnitzii (associated with anti-
inflammatory effects and gut barrier health via butyric
acid production) and A. muciniphila (associated with the
mucin barrier) were found to be associated with SAH.
On further assessment of the fecal metabolome, significant
differences in bile acid derivative levels were observed be-
tween mice with liver injury and mice without liver injury.
In mice without liver lesions, it was found that chenodeox-
ycholic and ursodeoxycholic acid levels are significantly
higher in the fecal samples of mice that received FMT
from an alcoholic patient without liver disease than in
the fecal samples of mice that received intestinal micro-
biota from a patient with ALD.19

Ferrere et al. fed alcohol and a Lieber–DeCarli diet to
mice in two different animal facilities. FMT was performed
with fresh feces from alcohol-resistant donor mice to
alcohol-sensitive receiver mice three times a week. The con-
trol group received pectin during the entire alcohol con-
sumption period. The investigators found that alcohol-
induced steatohepatitis is associated with disruption of
gut homeostasis in alcohol-sensitive mice, but not in
alcohol-resistant mice. It was also found that abundance
of Bacteroides is significantly lower in alcohol-sensitive
mice than in alcohol-resistant mice and that FMT restores
the GM of alcohol-sensitive recipient mice close to that of
alcohol-resistant donor mice. Therefore, the investigators
concluded that GM modulation may prevent alcohol-
induced liver injury.20

In a mouse model of chronic alcohol feeding, re-
searchers found that type 3 innate lymphoid cells of the in-
testine produce lower-than-normal levels of interleukin
(IL)-22 (due to alcohol-induced dysbiosis) and intestinal
indole-3-acetic acid (IAA), a microbial metabolite that reg-
1352 © 2022 Indian National Associa
ulates IL-22 expression. Further, patients with SAH were
found to have low fecal levels of IAA. It was reported that
IAA supplementation or feeding mice IL-22-producing
Lactobacillus reuteri restores IL-22 expression, thereby miti-
gating alcohol-induced liver injury. The study showed
that focused targeting of microbiota and metabolism
may ameliorate alcohol-induced liver injury and prevent
AH.21 It is evident that chronic alcohol consumption is
associated with bacterial dysbiosis. Yang et al. demon-
strated that, in mice, chronic alcohol administration in-
creases mycobiota populations and fungal b-glucan
translocation into the systemic circulation and that anti-
fungal treatment reduces intestinal fungal overgrowth, de-
creases b-glucan translocation, and ameliorates alcohol-
induced liver disease.22

Duan et al. found that cytolysin, a two-subunit exotoxin
secreted by Enterococcus faecalis, causes hepatocyte death
and liver injury and that patients with SAH have increased
fecal numbers of E. faecalis. It was also found that the abun-
dance of cytolytic E. faecalis is significantly associated with
liver disease severity and mortality in patients with SAH.
Using humanized mice colonized with bacteria from the
feces of patients with AH, the investigators studied bacte-
riophage targeting of cytolytic E. faecalis. They found that
bacteriophage reduces cytolysin in the liver and amelio-
rates alcohol-induced liver disease in humanized mice,
thereby demonstrating that cytolysin-positive E. faecalis is
associated with poor clinical outcomes and high mortality
rates in patients with AH. The study offered proof of
concept that precision therapy using bacteriophages to
target cytolytic E. faecalis is a method of intestinal micro-
biota editing for the improvement of clinical outcomes,
pending further prospective clinical trials.23 Wrzosek
et al. used the prebiotic pectin to modulate intestinal mi-
crobiota in a mouse model of ALD in which the GM of
alcoholic patients was transplanted into human-
associated mice. They focused on microbiota tryptophan
metabolites, which are ligands of the aryl hydrocarbon re-
ceptor (AhR), and found that pectin treatment modifies
the microbiome and metabolome of human microbiota-
associated alcohol-fed mice, resulting in increased produc-
tion of bacterial tryptophanmetabolites that are associated
with amelioration of liver injury. The investigators showed
that SAH is associated with low levels of bacterial trypto-
phan derivatives. The use of AhR agonists that target the
GM (e.g., moderate amounts of the prebiotic pectin) may
positively affect the AhR pathway and ameliorate
alcohol-induced liver injury.24 Gut microbiome modula-
tion studies in the preclinical setting have underlined the
role of systemic and local inflammation as well as dysregu-
lated host immune functions in alcohol-associated liver
injury. The use of prebiotic/probiotic therapy, antimicro-
bial agents or fecal transplantation in small animal models
have demonstrated the role of dysbiosis in driving alcohol-
induced liver injury and its amelioration through
tion for Study of the Liver. Published by Elsevier B.V. All rights reserved.
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modification of bacterial communities and beneficial mod-
ifications via microbial metabolite generation or systemic
immune modulation. Figure 2 summarizes the important
preclinical GM modulation studies in ALD.

CLINICAL STUDIES ON GM STRUCTURE AND
FUNCTIONAL CHANGES ACROSS ALD

Alcohol Drinkers and Abstinence
In 1984, Bode et al. reported GM changes associated with
chronic alcohol abuse in humans. They analyzed the types
and numbers of bacteria in jejunal aspirates from chronic
alcoholics and hospitalized control patients. They found
that the number of anaerobic and aerobic microbes
(gram-negative anaerobic bacteria and endospore-forming
rods) is significantly higher and jejunal fluid cultures reveal
coliform organisms more frequently in alcoholics than in
controls.25 A large body of evidence indicates the role of
GM in patients with ALD of different stages. Studies
showed that ALD without cirrhosis is associated with
reduced Bacteroidetes and increased Proteobacteria that
active alcohol use is associated with reduced Ruminococca-
ceae, which reverses after abstinence, and that dysbiosis is
worse in patients with ALD and cirrhosis than in patients
with non-ALD cirrhosis of comparable severity.26–28

Alcohol-associated Cirrhosis and SAH
Depletion of commensal bacteria and increased relative
abundance of Lactobacillus and Bifidobacterium were
observed in actively drinking patients with alcohol-
associated cirrhosis, and oral-predominant bacteria were
Figure 2 Infographic summary of preclinical studies of gut microbial (GM) m
crobial cocktails have shown that GM modulation leads to downregulation o
reduction in liver injury (A); studies on germ-free mice have shown that alco
changes in the intestinal bile acid pool driven by modification of bacterial com
via prebiotic treatment (C); and supplementation of specific metabolites or be
ALDmodels (D), and phage targeting of cytolysin producing Enterococcus fec
disease, FMT—fecal microbiota transplantation, I3AA—indole-3 acetic acid,

Journal of Clinical and Experimental Hepatology | September–October 2022
found to be associated with activation of alcohol meta-
bolism and inflammatory pathways. Researchers also
found that alcohol-dependence correlates inversely with
the levels of butyrate-producing species from the Clostri-
diales order. The pro-inflammatory Enterobacteriaceae
was significantly elevated in patients with alcohol-
dependence, and over-representation of oral microbes in
the gut was observed in patients with cirrhosis.29 Bajaj
et al. reported that, compared to non-drinkers and con-
trols, actively drinking patients with cirrhosis have signifi-
cant duodenal, ileal, and colonic mucosal and fecal
dysbiosis with low autochthonous bacterial taxa,30 which
were linked with alterations in microbial function pertain-
ing to bile acid levels. Studies also showed that reduced
abundance of A. muciniphila is associated with increased
severity of ALD (lowest in AH) and that secondary bile
acid levels are higher in the serum and feces of actively
drinking patients with ALD-related cirrhosis than in those
of non-drinkers.31,32 Similarly, high plasma levels of total
bile acids were observed in patients with advanced ALD-
related cirrhosis and patients with SAH, and low fecal levels
of total and secondary bile acids were found to be associ-
ated with high relative abundance of Actinobacteria and
low relative abundance of Bacteroidetes.33 In another
study, metabolome analysis of passed stool samples and
feces collected directly from the sigmoid lumen revealed
significant differences in the metabolomic signatures of
volatile organic compounds between alcoholics and
healthy controls. The most notable metabolite alterations
included tetradecane (associated with oxidative stress),
reduced levels of fatty alcohols with antioxidant properties,
reduced levels of the SCFAs propionate and isobutyrate
odulation in ALD. Various studies on probiotics, prebiotics and antimi-
f inflammatory pathways, improvement in gut barrier integrity and thus
hol-associated hepatitis is transferable and is associated with specific
munities (B); restoration of beneficial bacterial communities was possible
neficial metabolite producing groups of bacteria ameliorated liver injury in
alis in severe ALD improved liver injury (E). ALD—alcohol associated liver
IL—interleukin, LPS—lipopolysaccharide.
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(associated with gut barrier integrity), decrease in caryo-
phyllene (a natural alcohol consumption suppressor),
decrease in camphene (a natural fatty liver attenuator),
and reduced levels of sulfide end products associated
with qualitative and quantitative alterations in intestinal
microbiota.34 Philips et al. recently reported an association
between GM and the clinical complications and treatment
response in patients with SAH. Catenibacterium and Lach-
nobacterium were found to be associated with HE in pa-
tients with AH, and fecal metagenomic analysis revealed
significantly higher abundance of Pediococcus in cortico-
steroid non-responders who died over the follow-up
period. After growth factor therapy, a significant change
from Enterococcus (which promotes AH) to Barnesiella
(which inhibits Enterococcus faecium, known to promote
SAH) was observed. Mutual interactions between Entero-
coccus cecorum, Acinetobacter schindleri, and Mitsuokella spe-
cies correlated with kidney injury at admission.
Upregulations of the phenylpropanoid biosynthesis
pathway (associated with innate immunity) and the glycer-
ophospholipid metabolism pathway (associated with
cellular integrity) were observed in subjects without infec-
tions and in deceased subjects, respectively.35

Fungal and Viral Microbiome Changes in ALD
Fungal microbiome analysis using internal transcribed
spacer 2 amplicon sequencing of fecal samples revealed
Figure 3 Summary of various microbial community changes associated with
(A) and the pertinent changes in gut microbial functional metabolism (B). AU
chronic liver disease.

1354 © 2022 Indian National Associa
significantly higher abundance of the taxa Candida, De-
baryomyces, Pichia, Kluyveromyces, and Issatchenkia
and of the species Candida albicans and Candida zeylanoides
in patients with alcohol use disorder (AUD) than in con-
trol subjects. After two weeks of alcohol abstinence, the
abundance of these taxa decreased significantly. It was
also observed that the serum levels of anti-C. albicans
immunoglobulin G and M in patients with AUD
decreased with abstinence. Further, the intestinal abun-
dance of the genus Malassezia was reported to be signifi-
cantly higher in patients with AUD and progressive liver
disease than in patients with AUD but without progres-
sive liver disease.36 In addition to bacterial and fungal
communities, researchers studied the intestinal virome
in patients with AH. They observed increased viral diver-
sity in fecal samples from patients with ALD, with the
most significant changes found in patients with AH. Es-
cherichia-, Enterobacteria-, and Enterococcus phages
were over-represented, and significant increases in
mammalian viruses such as Parvoviridae and Herpesviri-
dae were observed. Antibiotic treatment resulted in
increased viral diversity, and specific viral taxa, such as
Staphylococcus phages and Herpesviridae, were found
to be associated with increased liver disease severity and
90-day mortality.37 An infographic summary of various
clinical studies on the role of gut microbiota in human-
ALD is shown in Figure 3.
alcohol use and spectrum of alcohol-associated liver disease in humans
D—alcohol use disorder, AH—alcohol-associated hepatitis, and CLD—

tion for Study of the Liver. Published by Elsevier B.V. All rights reserved.



JOURNAL OF CLINICAL AND EXPERIMENTAL HEPATOLOGY

A
lc
o
h
o
lA

ss
o
ci
a
te
d

Li
ve

r
D
is
ea

se
CLINICAL STUDIES ON GM MODULATION
AND OUTCOMES IN ALD

Non-FMT-Based Therapeutic Strategies
GM modulation can be performed using prebiotics and
probiotics, antimicrobials, or healthy donor FMT. In
various studies, the clinical outcomes of probiotic therapy
at different stages of ALD were analyzed. In most of the
studies, improved liver tests, reduced levels of inflamma-
tory markers (such as C-reactive protein and tumor necro-
sis factor-alpha) and endotoxin, improved immune
function (evaluated using the phagocytic capacity of neu-
trophils in the short term), and improved Child–Pugh
scores (in some studies) were observed. These findings
were notable in the presence or absence of qualitative
and quantitative GM changes such as increase in Clos-
tridium coccoides and Eubacterium cylindroides and decrease
in Enterobacteriaceae and E. coli. In current literature, pro-
biotic therapy in severe stages of ALD is not shown to
improve realistic clinical outcomes (such as transplant-
free survival and liver disease severity) or reduce the risk
of portal hypertension, extrahepatic organ dysfunction,
or infection.38 In a recent study by Kim et al. GM composi-
tion in patients with SAH was investigated, and micro-
biome recovery after rifaximin treatment was evaluated.
It was found that patients with AH have lower alpha diver-
sity and higher beta diversity than healthy controls and
that patients with AH have significantly increased Bacilli,
Lactobacillales, and Veillonella but significantly decreased
Eubacterium, Oscillibacter, and Clostridiales. It was also
found that, after rifaximin treatment, Veillonella decreased
and Prevotella increased. The study highlights the role of
dysbiosis in SAH and the improvement of dysbiosis with
non-absorbable antibiotic-related GM modulation.39

FMT-Based Therapeutic Strategies in Alcohol-
use Disorder, Cirrhosis and Infections
The gut-brain communication is mostly driven by the im-
mune, metabolic and neural pathways that are affected by
GM structure and functions in health and disease. The me-
tabolites arising from the tryptophan–kynurenine pathway
were demonstrated to be at the interface between GM, host
immune response and brain functions in a recent study.
The authors found that increased concentration of the
neurotoxic metabolite quinolinic acid and decreased levels
of the neuroprotector metabolite kynurenic acid, both
which modulate glutamatergic neurotransmission were
observed in AUD patients. Further, tryptophan and kynur-
enic acid correlated with depression and alcohol craving
respectively. On GM analysis, the researchers found that
SCFAs producing intestinal bacteria and their metabolites
such as butyrate and medium-chain fatty acids were associ-
ated with some metabolites of the tryptophan–kynurenine
pathway.40 A recent randomized clinical trials of patients
Journal of Clinical and Experimental Hepatology | September–October 2022
with AUD and cirrhosis revealed increased microbial diver-
sity with increased Ruminococcaceae and other SCFA-
producing taxa post-FMT, but not with placebo. The inves-
tigators reported that FMT is safe and associated with
short-term reduction in alcohol craving and consumption
and reduction in alcohol use-related events over six
months.41 Acute and chronic alcohol use leads to an
impaired immune response and dysregulated inflammatory
state that is driven by dysbiotic microbiota, which contrib-
utes to a markedly increased risk of infection. These effects
are most evident in patients with SAH and alcohol-
associated cirrhosis. Particularly in SAH patients, the use
of corticosteroids increases risk for developing serious infec-
tions which was revealed to be dependent on the level of
circulating bacterial DNA before treatment. Development
of infections in SAH and multi-drug resistance in cirrhosis
is associated with very poor prognosis.42–44 A recent
systematic review revealed that FMT could be used as a
treatment for eradicating multidrug resistance
colonization and possibly prevents recurrent multidrug
resistant infections, once more supporting efficacy and
safety data were available. Bajaj et al. found that
antimicrobial resistance gene expression and abundance
was largely reduced after FMT compared to pre-FMT base-
line and non-FMT groups in decompensated cirrhosis
proving proof of concept of utility of FMT in tackling recur-
rent infections in patients with advanced liver disease.45,46
Severe Alcohol-associated Hepatitis
In an open-label study with one-year follow-up period,
steroid-ineligible patients with AH underwent daily FMT
from several healthy donors for seven days through a naso-
jejunal tube, and it was found that the patients had higher
transplant-free survival than historical controls. This
finding is associated with a reduction in potentially path-
ogenic species and improved liver disease severity scores.
Firmicutes phylum dominated in donors and recipients
one year after FMT and is associated with reduction in Pro-
teobacteria and increase in Actinobacteria after FMT. In
the long term, the relative abundance of Klebsiella pneu-
monia reduced, and the relative abundance of non-
pathogenic species (e.g., Enterococcus villorum and Bifidobac-
terium longum) and Megasphaera elsdenii increased at six and
12 months after FMT. Methane metabolism and fluoro-
benzoate acid degradation and bacterial invasion of epithe-
lial cell pathways mediated by Pseudomonas and E. coli,
were upregulated at baseline and decreased one year after
FMT. It was reported that antioxidant pathways (e.g., the
carotenoid and pantothenate biosynthesis pathways) are
downregulated in SAH but improve after FMT.47 In
another open-label study with a three-month follow-up
period, the outcomes of nasojejunal FMT were analyzed
and compared to those of pentoxifylline, corticosteroid,
and nutritional therapy. Survival was found to be highest
| Vol. 12 | No. 5 | 1349–1359 1355
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with FMT and is associated with beneficial modulation of
bacterial communities and functional composition. Bene-
ficial modulation from predominantly pathogenic bacteria
such as Bilophila, Citrobacter, Enterobacter, and Klebsiella
to Bacteroides, Parabacteroides, and Porphyromonas at the
end of one week and to Roseburia andMicrococcus beyond
30 days after FMT was notable. At one month, in subjects
that underwent FMT, amino acid biosynthesis, and perox-
isome proliferator-activated receptor signaling pathways
were significantly active, but lipopolysaccharide signaling
pathways were subdued.48

AH-related ACLF is associated with high mortality in the
presence of corticosteroid non-response and absence of liver
transplantation.The reported90-day survival rates of steroid
non-responders with ACLF grades 0, 1, and (2 + 3) are 68.1%,
45.8%, and 36.7%, respectively. In a retrospective study on
FMT in patients with AH-related ACLF ineligible for steroid
therapy, an overall survival rate of 66% at 548 days of follow-
up and a mean overall survival of 389 days were reported.
The survival rates at lower and higher ACLF grades at the
end of 548 days of follow-up were 72.7% and 58.3%, respec-
tively, showing proof of concept on the benefits of FMT in
a very sick group of patients with ACLF.49

In some recent studies published as abstracts, improved
clinical outcomes of FMT in subjects with AH were also re-
ported. A randomized trial reported a survival rate of 83%
in patients who underwent healthy donor FMT and
compared it to the survival rate of 40% in patients who un-
derwent pentoxifylline therapy. The rates of clinically
evident ascites and HE were significantly higher in patients
who underwent pentoxifylline therapy than in patients
who underwent FMT. Further, it was found that Firmi-
Figure 4 Summary of preliminary evidence for clinical benefits with health
alcohol-associated liver disease. For detailed discussion, please refer to text s
in ALD.” AH—alcohol-associated hepatitis, ACLF—acute on chronic liver failu
standard care.

1356 © 2022 Indian National Associa
cutes and Bacteroides increase post-FMT (with gradual
reduction in Proteobacteria) and that beneficial Bifidobac-
terium is most abundant three to six months post-FMT.50

In a study by Chandigarh, it was reported that single-
session nasojejunal FMT is tolerable and safe for patients
with AH. It was also reported that one-month mortality
is lower with FMT than with standard-of-care treatment
and that FMT is associated a higher rate of ascites resolu-
tion than standard-of-care treatment, with a trend toward
improved three-month survival and amelioration of HE.51

Another randomized controlled trial compared FMT with
corticosteroid therapy and found that patients on FMT
have higher survival rates than patients on corticosteroid
therapy. Butyricicoccus, Bifidobacterium, Lactobacillus,
Collinsella, Roseburia, and Dorea, which were absent pre-
FMT, were introduced after therapy. The phylum Firmi-
cutes, family Lachnospiraceae, and genera Veillonella and
Prevotella are associated with good FMT outcomes.52

Moreover, a recent study showed that, in patients with
SAH, healthy donor FMT is associated with significantly
less episodes of HE, critical infections, hospitalizations,
and alcohol relapse (with a trend toward higher survival
rates) than corticosteroid therapy. High-dimensional
biomarker discovery revealed significantly increased rela-
tive abundance of Bifidobacterium and a reduction in Aci-
netobacter in subjects that underwent FMT. It was
reported that, beyond one to two years, the relative abun-
dance of Porphyromonas is significantly higher and that
of Bifidobacterium is lower in subjects that underwent
corticosteroid therapy than in subjects that underwent
FMT.53 Figure 4 summarizes preliminary benefits associ-
ated with healthy donor FMT in ALD.
y donor fecal microbiota transplantation (FMT) in patients with severe
ection on FMT under “Clinical studies on GMmodulation and outcomes
re, HE—hepatic encephalopathy, PHT—portal hypertension, and SC—

tion for Study of the Liver. Published by Elsevier B.V. All rights reserved.
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CONCERNS AND FUTURE DIRECTIONS

Healthy donor FMT is generally considered safe with strict
donor screening protocols. Serious adverse events directly
related to FMT have not been reported from trials
involving liver disease patients. A recent systematic review
on the adverse events (AE) associated with FMT in patients
with recurrent Clostridioides difficile infections (RCDI) re-
vealed that the total incidence rate of AEs was 28.5% of
which only 5 types of events (most common, abdominal
discomfort—cramps and bloating) were definitely attrib-
uted to FMT. The incidence of serious adverse events
(SAEs; death, life-threatening experience, inpatient hospi-
talization or prolongation of existing hospitalization)
was 2% for upper gastrointestinal route.54 Another
metanalysis of high-quality studies on FMT revealed that
the AE rate of FMT was 39.3%, with most forms of AE
mild and self-limiting. SAEs were uncommon at 5.3%,
and many were only possibly related to the procedure.55

A prospective survey on long-term safety of FMT demon-
strated that new events which included 13% gastrointes-
tinal, 10% weight gain, 11.8% new infections (all deemed
unrelated to FMT) were notable.56 Thus, FMT is generally
considered safe and is well-tolerated even in high-risk pa-
tients in the presence of rigorous donor screening and
testing, mandated to minimize risk of multidrug resistant
infection spread. Nonetheless, long term impact on human
health and disease after FMT beckons further studies.

Currently, the recommended use of FMT is only for
RCDI. In patients with liver disease, especially ALD,
data on the role of GM is slowly but hopefully
emerging and thus, its currently utility remain within
clinical research trials. Multiple factors remain vaguely
defined and require further studies to improve on our
understanding on the role of GM modulation in
ALD. These include defining and identifying a “healthy
stool donor” including “super donors” the latter, pro-
posed to describe donors whose stool results in signifi-
cantly more successful FMT outcomes than the stool of
other donors. The different (optimal) routes of admin-
istration including the use capsule formulations and
their associated efficacy as well as risks across the spec-
trum of ALD needs prospective validation. And finally,
efficacy and safety of single FMT compared to repeated
sessions and their timings in various forms of ALD also
require rigorous studies.

Compositional and functional changes in GM are asso-
ciated with initiation and progression of severe forms of
ALD, especially AH, cirrhosis, and sepsis in cirrhosis. Dys-
biosis drives disruption of gut barrier integrity, which leads
to pro-inflammatory changes within the liver microenvi-
ronment and at the systemic level. Animal model studies
have shown that alcohol feeding causes changes in GM
composition and function and that interventions targeting
the GM (using pre- and probiotics or faeces from healthy
Journal of Clinical and Experimental Hepatology | September–October 2022
donors) improve gut barrier function, reduce endotoxe-
mia, and ameliorate hepatic inflammation. It was also
shown that specific bacterial components and metabolites
are associated with disease events in ALD models. For
example, it was observed that Enterococcus produces cyto-
lysin in subjects with SAH and that the use of phages to
target pathogenic bacteria in the gut improves liver inflam-
mation in animal models. The transfer of AH via fecal
transplant in animal models confirms a major role of
GM in the initiation and progression of severe ALD. Pre-
liminary human studies demonstrated the role of healthy
donor FMT in improving transplant-free survival,
reducing portal hypertension events and infections, and
reducing alcohol craving in patients with AUD. Our under-
standing of the complexities of GM in ALD is developing,
and further bench-to-bedside studies are necessary to
improve our understanding of beneficial GM modulation
and its long-term effects. Before GM modulation can be
recommended for use in specific liver-related events in
ALD, it is necessary to conduct large well-controlled
studies with comprehensive methodological refinements.
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