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Cirrhosis – the common end-stage of chronic liver disease – is associated with a cascade of events, of
which intestinal bacterial overgrowth and dysbiosis are central. Bacterial toxins entering the portal or
systemic circulation can directly cause hepatocyte death, while dysbiosis also affects gut barrier function
and increases bacterial translocation, leading to infections, systemic inflammation and vasodilation,
which contribute to acute decompensation and organ failure. Acute decompensation and its severe
forms, pre-acute-on-chronic liver failure (ACLF) and ACLF, are characterised by sudden organ dysfunction
(and failure) and high short-term mortality. Patients with pre-ACLF and ACLF present with high-grade
systemic inflammation, usually precipitated by proven bacterial infection and/or severe alcoholic hep-
atitis. However, no precipitant is identified in 30% of these patients, in whom bacterial translocation from
the gut microbiota is assumed to be responsible for systemic inflammation and decompensation.
Different microbiota profiles may influence the rate of decompensation and thereby outcome in these
patients. Thus, targeting the microbiota is a promising strategy for the prevention and treatment of acute
decompensation, pre-ACLF and ACLF. Approaches include the use of antibiotics such as rifaximin, faecal
microbial transplantation and enterosorbents (e.g. Yaq-001), which bind microbial factors without
exerting a direct effect on bacterial growth kinetics. This review focuses on the role of microbiota in
decompensation and strategies targeting microbiota to prevent acute decompensation.
© 2020 European Association for the Study of the Liver. Published by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Cirrhosis is the result of many years of chronic liver
disease (CLD).1 Often silent, CLD slowly changes the
liver by restructuring its architecture, combining
wound-healing processes, such as remodelling and
fibrosis, with a decrease in the functioning paren-
chymal mass, which eventually leads to cirrhosis.2

In cirrhosis, which is also silent for years, the
whole organism (skin, brain, kidneys, gastrointes-
tinal tract, immune system, bone marrow, heart,
etc.) changes and adapts to the diseased liver.1

These changes probably portend and prompt the
final showdown in the patient�s life, namely the
acute decompensating event.3 The microbiota,
including bacteria (bacteriome), but also fungi
(fungome) and viruses (virome), are also known to
change during the development and progression of
cirrhosis.4 Several factors appear to affect the
microbiota including the aetiology of liver disease,
such as alcohol and diet (in the case of non-
alcoholic fatty liver disease [NAFLD]).5 CLD pri-
marily reduces bile flow and causes cholestasis,
which impairs the enterohepatic circulation and
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majorly affects the microbiota.4,5 As CLD pro-
gresses, changes in microbiota (dysbiosis) are
maintained and further exacerbated, probably by
changes in intestinal motility, permeability, barrier
function towards the lymphatic and blood
compartment, portal hypertension and the im-
mune system.6 Yet the role of the microbiota seems
to be pivotal in patients with decompensated
cirrhosis, as many decompensating events are
related to microbes or their interaction with the
host.7

To describe the role of microbiota in cirrhosis
and its role in decompensation, we first need to
introduce acute decompensation (AD) and its most
severe form acute-on-chronic liver failure (ACLF).
AD defines the acute development of ascites, he-
patic encephalopathy, gastrointestinal haemor-
rhage or bacterial infections, or any combination of
these.8 AD is a sudden and fast deterioration in
health that is associated with dysfunction of the
liver and extrahepatic organs, especially the kid-
neys and brain.3 The most severe form of AD is
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Key points

Intestinal bacterial over-
growth and dysbiosis occur
during progression of
chronic liver disease and
mutually drive and are
aggravated by
decompensation.
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termed ACLF, which is associated with extremely
high mortality approaching 40% at 28 days.3,9

Recently, the phenotype of patients with AD
without ACLF, was characterised in the PREDICT
study, which defined 3 separate groups of patients
with AD: i) those with pre-ACLF, who present with
high systemic inflammation, will develop ACLF in
the following 90 days, and have very high mortal-
ity;10 those with unstable decompensated
cirrhosis, who will develop complications mainly
due to severe portal hypertension (large ascites or
bleeding requiring TIPS [transjugular intrahepatic
portosystemic shunt]) and will be readmitted to
the hospital <90 days after their index acute
decompensation episode;10 and the majority of
patients with so-called stable decompensated
cirrhosis. That said, 10% of patients with stable
decompensated cirrhosis died within 1 year, hav-
ing developed either ACLF or complications of
portal hypertension. As highlighted above,
different microbiota profiles may either benefit or
exacerbate the liver phenotype and thereby pre-
cipitate decompensation and influence outcome in
these patients. These effects support the rationale
of targeting the microbiota using different tools
(rifaximin, faecal microbiota transplantation
[FMT]) to prevent and treat decompensation in
cirrhosis. This is the topic of the current review,
wherein we focus on the role of microbiota in the
decompensation of patients with cirrhosis, as well
as strategies targeting microbiota to prevent or
treat decompensation.
Alteration of the microbiome and its
associated changes in cirrhosis
The large observational prospective studies NAC-
SELD, APASL-AARC, CANONIC and PREDICT identi-
fied several events deriving or possibly deriving
from the gut microbiota or their products, which
precipitate AD and ACLF.9–14 Bacterial infection and
alcoholic hepatitis are the precipitating events
most commonly associated with acute decompen-
sation, with recent data from the PREDICT study
demonstrating that either of them (or their com-
bination) account for 90% of identifiable precipi-
tating events.10 However, even in prospective, very
detailed investigations, the precipitating event
leading to acute decompensation cannot be deter-
mined in almost one-third of patients.9,10 The
microbiota and its metabolites may play a role in
these undetermined cases, as shown recently.14

The question that arises is, which changes in the
microbiota during cirrhosis development and pro-
gression are relevant for the development of
decompensation.

Changes in the microbiota occur early in the
development of CLD, even before detectable liver
damage, especially in alcohol-related CLD and
NAFLD.15 Different studies have shown shifts in the
composition of the gut microbiome in different
Journal of Hepatology 2021 vol. 75 j S
CLDs.15,16 Yet, one common property of these
changes, which is easy to assess, is the massive
reduction in microbial diversity upon the devel-
opment of cirrhosis and the even greater reduction
upon decompensation.17–19 In addition to reduced
species diversity, bacterial overgrowth occurs in
the small bowel, so-called small intestine bacterial
overgrowth (SIBO),20 which is partly due to
decreased gut motility.21 It is suspected that
because of the sympathetic activation required to
regulate the tone of dilated splanchnic vessels in
cirrhosis, the motility of the gut is decreased,
which leads to an increase in contact time of bac-
teria and thereby to fermentation changes in the
luminal content.22 This may lead to changes in the
microbial metabolites, which may affect the
epithelial cells and the liver itself. Specifically, for-
mation of short-chain fatty acids (SCFAs) seems to
be crucial in the homeostasis of the epithelial
layer,23 while different SCFAs may play a pathoge-
netic role in inflammation24 and the liver disease
itself.25

Despite SIBO and decreased richness, several
studies have identified cirrhosis-specific profiles of
the microbiota.17,18,26,27 These profiles seem to be
predominated by Fusobacteria, Proteobacteria,
Enterococcaceae and Streptococacceae with relative
decreases of Bacteroidetes, Ruminococcus, Rose-
buria, Veillonellaceae and Lachnospiraceae inde-
pendent of cirrhosis aetiology.17,18,26,27 The
similarity of the microbiome changes in cirrhosis is
quite important, since it demonstrates that the
cirrhotic liver per se can impair the microbiota. This
occurs when the aetiological agent has direct
contact with the microbiome (alcohol-related or
NASH-cirrhosis) and when the aetiology of the
liver disease is not directly linked with the micro-
biome (hepatitis B and C). In addition to the in-
crease in potential pathogenic taxa in cirrhosis,
there is also a decrease in potential beneficial taxa,
such as Akkermansia abundance, which was found
to be decreased in patients with different liver
disease aetiologies.28–30 As mentioned, these pro-
found changes in the microbiome are at least partly
related to the liver disease itself rather than the
direct effects of the aetiologic factor. This was
confirmed by at least partial restoration of the gut
microbiota after liver transplantation.31

Another reason for the dysbiotic composition of
the cirrhotic microbiota is impaired enterohepatic
circulation. Cirrhosis is associated with decreased
secretion of primary bile acids into the gut
lumen.32 The secondary bile acids produced by
bacteria are in turn decreased.32–34 Moreover, bile
acids are involved in the uptake of fat and fat-
soluble proteins, and thereby have a tremendous
influence on metabolism and possibly coagulation
(Vitamin K-dependent coagulation factors) as well.
Therefore, signs of malnutrition, including
increased international normalised ratio, may be at
least partly mediated by decreased primary and
67–S81
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Fig. 1. Microbiome and decompensated cirrhosis. Changes during progression of cirrhosis affect to a large extent the microbiota. Especially alcohol and diet,
decreased bile flow, portal hypertension and activation of sympathetic nervous system impair gut motility and permeability, lead to decreased diversity, but
increased bacterial load and bacterial overgrowth, imbalance in bacterial species and finally increased bacterial translocation. SCFA, short-chain fatty acid.

Key points

Acute decompensation,
and especially its most se-
vere forms, pre-ACLF and
ACLF, are mainly precipi-
tated by proven bacterial
infection and/or severe
alcoholic hepatitis, but also
secondary bile acid synthesis and uptake in
cirrhosis. Bile acids are also strong modulators of
the farnesoid X receptor (FXR)-axis, which is
crucial in the homeostasis of the epithelial barrier
and the gut-vascular barrier,35,36 the impairment of
which facilitates bacterial translocation. FXR has
also been identified as a good target for treatment
in cirrhosis, with decreased bacterial translocation
following its agonism.37,38 Bacterial translocation is
also increased by structural changes to the intes-
tinal epithelial layer, resulting from an increase in
portal pressure (reviewed elsewhere22) and the
changes in the type of resident and infiltrating
immune cells.38,39 The changes in the gut-
Journal o
associated immune system include decreased
synthesis and release of antibacterial peptides, IgA,
defensins and hypo- or achlorhydria.40–42 Bacterial
translocation, which is facilitated by the afore-
mentioned changes to the microbiota and its
functions, may then induce decompensation of
cirrhosis (Fig. 1).

Microbiome changes and development of
decompensation
Cirrhosis is associatedwith systemic inflammation as
evidenced by increased systemic levels of oxidative
stress, inflammatory cytokines, and markers of acti-
vated neutrophils and macrophages.43–49 The degree
by bacterial translocation
due to impaired intestinal
barrier.
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of systemic inflammation increases with liver disease
severity, infections,50 renal failure,51 hepatic en-
cephalopathy52 and ACLF.9 Gut-derived pathogen-
associated molecular patterns are major inducers of
systemic inflammation; they translocate through a
disrupted gut barrier from the intestinal lumen via
the portal vein to the liver and systemic circulation.
Decompensation is characterised not only by wors-
ening of this increased paracellular intestinal
permeability, but also by translocation of viable
bacteria. Bacteria likely translocate by transcytosis
from the gut to the extraintestinal space and organs
,53 where they cause infections (such as spontaneous
bacterial peritonitis) and contribute to systemic
inflammation, arterial vasodilation and organ fail-
ure.43,54,55 Fungal infections in a cirrhotic inpatient
cohort are associated with higher ACLF development
rate and worse 30-day survival.56

Several mechanisms contribute to this addi-
tional layer of gut barrier dysfunction, which are all
closely connected to intestinal dysbiosis. While
intestinal bacterial overgrowth and changes in
microbiota composition are common in patients
with cirrhosis,20 dysbiosis worsens during decom-
pensation. Faecal microbial gene richness, micro-
bial richness and species diversity are decreased in
patients with decompensated cirrhosis compared
with compensated cirrhosis.57 A significant reduc-
tion in faecal Clostridiales XIV, Ruminococcaceae
and Lachnospiraceae with a significant increase in
pathogenic taxa such as Enterococcaceae, Staph-
ylococcaceae and Enterobacteriaceae at the family
level was found in patients with cirrhosis and
worsening liver disease.17 Using metagenomic
sequencing, faecal Alistipes indistinctus, Bilophila
wadsworthia, Bilophila sp. 4_1_30, Ruminococcus
champanellensis, Tannerella sp. 6_1_58FAA_CT1,
Clostridium botulinum, Clostridium leptum, Clos-
tridium methylpentosum and Clostridium sp. MSTE9
were lower, while Veillonella atypica, Veillonella sp.
ACP1, Veillonella dispar, and Veillonella sp. oral taxon
158 were higher at the species level in patients
with decompensated cirrhosis compared with
compensated cirrhosis.57 Changes in microbiota
translate into functional metabolic differences.57

Bacterial pathogenicity can be mediated via viru-
lence factors. The toxin cytolysin, secreted by
Enterococcus faecalis in the intestinal microbiota,
associates with worse clinical outcomes and mor-
tality in patients with alcoholic hepatitis.58 While
fungal dysbiosis and decreased fungal diversity is
similar between patients with early stages of
alcohol-associated liver disease and alcoholic hep-
atitis, the systemic immune response to fungal
products is associated with increased mortality in
patients with alcoholic hepatitis, likely because of
impaired gut barrier function.59 Candidalysin, a
secreted exotoxin of Candida albicans, is associated
with liver disease severity and mortality in
patients with alcoholic hepatitis.60 Cytolysin and
Journal of Hepatology 2021 vol. 75 j S
candidalysin can directly damage primary hepato-
cytes, which might directly contribute to wors-
ening liver function. Increased viral diversity was
observed in faecal samples from patients with
alcohol-associated liver disease, with the most
significant changes in samples from patients with
alcoholic hepatitis. Specific viral taxa, such as
Staphylococcus phages and Herpesviridae, were
associated with increased disease severity and 90-
day mortality in patients with alcoholic hepatitis.61

In a recent study of outpatients with cirrhosis,
bacteriophages that differentially associated with
bacteria over the course of disease were less likely
than bacteria to predict 90-day hospitalisations.
That said, phages focused on urease-producing
Streptococcus were linked with the action of rifax-
imin in patients with cirrhosis and hepatic en-
cephalopathy.62 How changes in the intestinal
virome contribute to hepatic decompensation is
not known.

Dysbiosis causes intestinal inflammation, which
in turn contributes to gut barrier dysfunction and
pathological bacterial translocation.63 Impaired
antimicrobial activity in the intestine is associated
with translocation of viable bacteria to the
mesenteric lymph nodes in rats with cirrhosis and
ascites.42 Intestinal immune surveillance improves
following intestinal decontamination with antibi-
otics in experimental cirrhosis, indicating that the
bacterial microbiota contributes to exhausting the
mucosal immune response during
decompensation.64

Cholestasis causes a reflux of bile acids from the
hepatocytes into the circulation and decreases bile
flow into the biliary system and the intestine.
Lower bile flow and less intestinal bile acids will
further increase bacterial overgrowth and affect
the composition of the gut microbiota during
decompensation. Vice versa, dysbiosis changes in-
testinal bile acid metabolism and reduces the
conversion of primary into secondary bile acids,
which in turn can affect gut barrier function by
modulating FXR activity.38,65 Patients with
advanced cirrhosis had the lowest total faecal bile
acids, with a reduced ratio of secondary to primary
bile acids compared to those with early cirrhosis
and controls, while serum primary bile acids were
higher in those with advanced cirrhosis than in
those with early cirrhosis or controls.32 Total and
conjugated serum bile acids were shown to corre-
late positively with disease severity (model for
end-stage liver disease [MELD]) in patients with
alcoholic hepatitis.66 In viral hepatitis, the mecha-
nisms may be different. In these patients hepatic
injury may lead to AD and ACLF via danger-
associated molecular patterns.67,68 Indeed, circu-
lating bacterial DNA (a measure of bacterial trans-
location) was significantly increased in patients
with HBV-related ACLF and correlated with in-
flammatory markers.69
67–S81
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Fig. 2. Microbiome and hepatic decompensation. Worsening of liver disease initiates a cascade of events with intestinal
bacterial overgrowth and dysbiosis as central events. Intestinal dysbiosis contributes to gut barrier function via several
mechanisms. Increases in bacterial translocation lead to upregulation of systemic inflammation and infections, vasodilation and
contribute to hepatic decompensation and multi-organ failure. Toxins produced by the microbiota can directly cause hepa-
tocyte death and worsening of liver function.

Key points

Bacteria and bacterial
components are known to
contribute to acute
decompensation in
cirrhosis both through
direct hepatotoxicity and
indirectly via increased
systemic inflammation.
Taken together, worsening liver disease initiates
a cascade of events, of which intestinal bacterial
overgrowth and dysbiosis are central. Bacterial
toxins can directly cause hepatocyte death and
worsening of liver function. Dysbiosis also affects
gut barrier function and increases bacterial trans-
location, leading to infections, systemic inflamma-
tion and vasodilation, which contribute to acute
decompensation and multi-organ failure. (Fig. 2).

Lactulose and nutrition as modulators of
the gut microbiome
There are no published data employing untargeted
or global culture-independent methodologies to
assess the faecal microbiome in healthy individuals
receiving lactulose. Lactulose has been shown to
increase alpha diversity in healthy mice70 and
pigs,71 as well as to increase Veillonellacaeae and
Bifidobacteriaceae and to reduce Bacteroidaceae
and Fusobacteriaceae in dogs.72 The impact of lac-
tulose in ameliorating dysbiosis in patients with
cirrhosis is not clear cut. Studies utilising culture-
dependent methodologies in patients with
cirrhosis and minimal hepatic encephalopathy (HE)
show increased Bifidobacterium, Lactobacillus and
Bacteriodaceae colonies and reduced Enterobac-
teriaceae, Enterococcus and yeasts accompanying
Journal o
plasma ammonia reduction, improved psycho-
metric tests and reduced risk of developing overt
HE.73 Furthermore, lactulose leads to a decreased
faecal pH with increased aerobic and anaerobic
bacterial counts and lactobacilli in patients with
cirrhosis without HE.74 Studies utilising 16S rDNA
gene sequencing have failed to substantiate any
impact of lactulose on the microbiome of patients
with cirrhosis without HE and have reported only
subtle changes in patients with HE,75 including
after lactulose withdrawal.76

The effects of dietary habits on clinical out-
comes in patients with cirrhosis have been inter-
rogated; for example, cirrhotic and control groups
in the United States have been compared to groups
from Turkey. The Turkish diet, rich in fermented
milk products, coffee, tea, and chocolate, was
associated with increased microbial diversity.
Furthermore, it was shown that coffee, tea, vege-
tables, and cereals were protective against 90-day
rehospitalisation rates.77

Potential therapeutic implications of new
targets including
Faecal transplantation as a promising tool
The revolving door of hospitalisations, re-
hospitalisations, antibiotic and proton pump
f Hepatology 2021 vol. 75 j S67–S81 S71



Table 1. Studies analysing FMT in cirrhosis.

Study and design Samples/groups compared Route and duration of FMT Findings and
significance

Limitations

Alcohol-related disorders
Bajaj et al. Hepatology
2020 147

Men with AUD and cirrhosis
who were not successful on
abstinence using current
therapies

� One-time enema vs. placebo
� Reduced short-term alcohol craving

and consumption with higher SCFA in
FMT

� Lower AUD-related hospitalisations
long-term in FMT vs. placebo

Reduction of addictive behaviour
resulting in long-term reduction
in AUD-related hospitalisations
over 6 months

� Small-scale
� All men

Phillips et al. CGH 2017148 Men with steroid resistant
alcohol-related hepatitis

� One week of daily NJT FMT from many
donors

� One year open-label study with his-
torical controls

Higher survival vs. controls � Open-label
� Historical controls
� All men

Phillips et al. Indian J
Gastro 2018149

Men with alcohol-related
hepatitis

� One week of daily NJT FMT from many
donors vs. standard therapy

� Three-month follow-up

3-month survival higher in FMT
group, while 1-month survival
was similar

� Open-label
� Small numbers
� All men

Cirrhosis
Kao et al. Hepatol 2016150 One patient with HE � 1 FMT via colonoscopy followed by 3

weekly enemas
� Safe and well tolerated with

improvement in cognitive function

Case report of FMT in cirrhosis
with brain function improvement

� Case report

Bajaj et al. Hepatol 2017
and 201892,151

20 HE patients on lactulose
and rifaximin

� One 90 ml of enema after 5 days of
broad-spectrum antibiotics

� Safe and well tolerated, improvement
in hospitalisations, dysbiosis and
SCFAs post antibiotics after FMT

First randomised trial to study
this in cirrhosis and HE and under
Investigational new drug under
FDA

� Small-scale
� Antibiotics +FMT rather

than FMT alone

Mehta et al. Indian J Gas-
tro 2018152

Case series

10 HE patients open-label � One FMT via colonoscopy
� Sustained clinical response at week 20

in 6 patients

Further evidence about safety and
potential efficacy

� Open-label case series

Bajaj et al. Hepatology and
JCI Insight 201993,153

20 HE patients on lactulose
and rifaximin

� 15 capsules of FMT vs. placebo once
� Brain function improved and out-

comes got better in those with sec-
ondary BA formation

Oral capsular FMT is also safe in
HE and success can be linked to
secondary BA formation.

� Small numbers

AUD, alcohol use disorder; BA, bile acid; FMT, faecal microbiota transplantation; HE, hepatic encephalopathy; NJT, nasojejunal tube; SCFA, short-chain fatty acid.
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Table 2. Selected studies of rifaximin to reduce hepatic decompensation and improve outcomes.

Study and design Samples/groups compared Route and duration of therapy Findings and significance Limitations

Bass N et al. NEJM
2010;362(12):1071-81108

299 patients with cirrhosis with 2 or more
overt HE episodes in the preceding 6-
months.

Rifaximin 550 mg twice daily vs. placebo
for 6 months. 91% of patients were on
concomitant lactulose.

Rifaximin significantly reduced risk of HE, as
compared with placebo, over a 6-month period
(hazard ratio with rifaximin, 0.42; 95% CI 0.28–0.64;
p <0.001). A breakthrough episode of HE occurred in
22.1% of patients on rifaximin, as compared with
45.9% of patients on placebo. 13.6% of the patients on
rifaximin group had a hospitalisation involving HE,
as compared with 22.6% of patients on placebo,
hazard ratio of 0.50 (95% CI 0.29–0.87; p = 0.01).

MELD score 25 or less

Bajaj JS et al. PLoS One
2013;8(4):e60042118

20 patients with cirrhosis and minimal HE
underwent cognitive testing, endotoxin
analysis, urine/serum metabolomics and
faecal microbiome assessment (16S rRNA)
pre- and post-rifaximin.

Rifaximin 550 mg twice daily for 8-weeks Rifaximin improved cognitive function and endo-
toxemia accompanied by alteration of gut bacterial
linkages with metabolites without significant change
in microbial abundance.

-

Orr JR et al. Liver Int.
2016;36(9):1295-303.109

326 patients in 10 UK centres. Patients treated with rifaximin 550 mg
twice daily. Data on hospital resource
utilisation collected 12-months pre- and
post-rifaximin therapy.

Initiation of treatment with rifaximin-a was associ-
ated with a marked reduction in the number of
hospital admissions and hospital length of stay.

Retrospective study

Goel A et al. Aliment
Pharmacol Ther. 2017;
46(11-12):1029-36.112

Five studies with 555 patients (295 rifaximin,
260 systemic antibiotics) compared rifaximin
with systemic antibiotics.

Systematic review with meta-analysis:
rifaximin for the prophylaxis of sponta-
neous bacterial peritonitis.

Rifaximin reduced the risk of SBP by 47% compared
to no antibiotics for primary prophylaxis and by 74%
compared to systemic antibiotics for secondary
prophylaxis.

Systematic review with
meta-analysis

Ibrahim ES et al. Eur J
Gastroenterol Hepatol.
2017;29(11):1247-50113

80 patients with cirrhosis and ascites. Randomised to rifaximin 550 mg twice
daily for 12 weeks or standard of care.

Hepatorenal syndrome developed more in the con-
trol group than the rifaximin group [9 (22.5%) vs. 2
(5%); p = 0.048]

No placebo

Salehi S et al. Aliment
Pharmacol Ther.
2019;50(4):435-41.114

622 patients listed for transplantation; 101
had HE

Outcomes of patients treated with rifax-
imin 550 mg twice daily vs. those who
were naïve.

Patients on transplant waiting list treated with
rifaximin had reduced all-cause admissions, epi-
sodes of spontaneous bacterial peritonitis and vari-
ceal bleeding. Multivariate regression analysis
demonstrated that rifaximin was independently
associated with an increase in average days to
readmission (adjusted effect estimate 71, 95% CI 3-
140 days).

Retrospective study

HE, hepatic encephalopathy; MELD, model for end-stage liver disease; SBP, spontaneous bacterial peritonitis.
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Key points

Targeting the microbiota
may influence the rate of
decompensation and
thereby outcome in these
patients.
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inhibitor (PPI) use, multiple instrumentations and
inadequate dietary intake contribute to continued
dysbiosis in cirrhosis.78 Resetting this requires a
major shift in the gut ecosystem through FMT.
Studies in germ-free and specific-pathogen-free
mice have shown that FMT from affected human
donors can partly replicate microbial and brain-
related injury even without continued exposure
to the toxin(s) that caused the liver injury.79–81

FMT has been extensively used to treat Clos-
tridium difficile infections, which are characterised
by an acute, major reduction in microbial diversity,
unlike cirrhosis where there is a consistent gut-
liver axis alteration. After FMT, bile acid moieties
recover, indicating functional benefit.82 Moreover,
when exposed to liver injury, permissive micro-
biota were more likely to propagate liver damage81

but FMT alone did not lead to cirrhosis.
The experience with FMT in humans with

cirrhosis spans outpatients with compensated
cirrhosis and alcohol use disorder (AUD), out-
patients with HE on rifaximin and lactulose, and
inpatients with alcoholic hepatitis83 (Table 1).
Moreover, it has been successfully used to treat
concomitant C. difficile.84–86 Several more studies
are being planned or are in process to leverage this
exciting approach.87 Most current studies are
small-scale, illustrating the first important step of
any investigation, i.e. safety. Of note, there are no
data for patients with complications (e.g. variceal
bleeding) or decompensated patients. All studies
demonstrate that this approach is safe even long-
term and does not result in a greater incidence of
infections if donors are screened according to
guidelines.88 When these protocols were not fol-
lowed, donor-derived infections were easily
transmitted to immunosuppressed patients.88

Therefore, it is critical to select donors appropri-
ately and in the era of COVID-19, ensuring that FMT
is safe is even more important89,90 (See Table 2).

As found in trials for C. difficile, FMT did not
dramatically change the recipient’s microbial
composition or diversity.91 Rather functional
changes focused on bile acids, SCFAs and other
metabolites were found.92,93 Currently published
trials are not powered for efficacy but nonetheless
showed results that support the development and
further refinement of FMT.

Hepatic encephalopathy: 1 case report, 1 case
series and 2 small randomised controlled trials
using enema, colonoscopy, and capsules have
shown the safety of FMT. In studies that assessed
cognition, FMT was shown to be associated with
more frequent improvements than placebo/stan-
dard of care. Also, there were trends towards lower
adverse events in the FMT compared to no-FMT
group.

Alcohol use disorder: in a double-blind, pla-
cebo-controlled randomised clinical trial of men
with AUD who had failed several attempts at
pharmacological or behavioural therapy for
Journal of Hepatology 2021 vol. 75 j S
abstinence, one-time enema FMT was safe over 6
months. There was a short-term reduction in
alcohol craving and consumption accompanied by
better microbial diversity and SCFA production in
patients who underwent FMT. Over the long-term,
AUD-related serious adverse events were signifi-
cantly reduced in patients randomised to FMT
(compared to placebo).

Alcohol-related hepatitis: the safety and po-
tential benefit of FMT (compared to historical
controls) was observed in steroid-ineligible pa-
tients over 1 year, while another open-label trial
confirmed the safety of FMT.

The next steps are (a) defining efficacy (b) dose-
response, (c) route of administration and (d) which
microbe(s) are essential for potential beneficial
impact. The risks and benefits of FMT must be
balanced against the potential risks or absence of a
viable therapeutic alternative. There should be an
equipoise when employing FMT for cirrhosis. Given
that the underlying liver aetiology also needs to be
treated, it is important to continue efforts towards
correcting the aetiology while pursuing FMT.

Antibiotics in cirrhosis: A double-edged sword
Perturbations in the gut microbiome underpin the
increased susceptibility of patients with cirrhosis
to the development of infections, which may be
asymptomatic in up to 50% of cases.94 Bacterial
translocation is a significant driver of cirrhosis-
associated immune dysfunction, although the
mechanisms by which intestinal dysbiosis drives
immune cell dysfunction remain poorly charac-
terised.53,95 As infection is a potent precipitant of
decompensating events, ACLF, and contributes to
high mortality, patients are frequently prescribed
broad-spectrum antibiotics.96,97 Furthermore,
approximately 25% of all patients with cirrhosis are
on long-term antibiotics for the primary and sec-
ondary prophylaxis of spontaneous bacterial peri-
tonitis (SBP)98 and to prevent the recurrence of
overt HE.99 Whilst life-saving on the one hand,
antibiotics are very much a double-edged sword,
exacerbating pre-existing gut dysbiosis, augment-
ing disruption of the normally symbiotic popula-
tion of intestinal bacteria and potentially
predisposing to further opportunistic infections
and SIBO.100–102 This in turn adversely impacts on
microbial diversity, composition, activity and gut
wall integrity. Moreover, between 2011 and 2017/
18, the prevalence of multidrug antimicrobial
resistance (AMR) increased from 29% to 38% in
culture-positive infections in patients with
decompensated cirrhosis and ACLF.97

Manipulation of the gut microbiome in cirrhosis to
reduce hepatic decompensation and improve
outcomes
Rifaximin is an antibacterial drug of the rifamycin
class that irreversibly binds the beta sub-unit of the
bacterial enzyme DNA-dependent RNA polymerase
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and consequently inhibits bacterial RNA synthesis.
It has a broad antimicrobial spectrum against most
gram-positive and negative, aerobic and anaerobic
bacteria, including ammonia-producing species. It
may inhibit the division of urea-deaminating bac-
teria, thereby reducing the production of ammonia
and other compounds that play an important role
in the pathogenesis of HE. Rifaximin can down-
regulate microbe-induced gut epithelial inflam-
matory responses by inhibiting activation of NF-jB
via the pregnane X receptor and by reducing the
expression of the pro-inflammatory cytokines
interleukin-1b and tumour necrosis factor-alpha
(TNF-a).103,104 Rifaximin also has eubiotic effects
by selecting beneficial bacterial taxa.105,106 Lacto-
bacilli can grow in response to rifaximin adminis-
tration, an effect restricted only to this antibiotic
and not seen with another poorly absorbed anti-
biotic, neomycin.107 Rifaximin reduces the risk of
recurrence of overt HE and the need for hospital-
isation; in conjunction with lactulose, it has
become a mainstay second-line therapy for HE.108

Rifaximin has been associated with significant re-
ductions in hospitalisation, bed days, emergency
department attendances and 30-day read-
mission.109,110 The specific mechanism of action of
rifaximin in HE remains to be elucidated and it has
not been shown to appreciably lower blood
ammonia levels in any study. As mentioned earlier,
its action has been linked to bacteriophages that
target urease-producing Streptococcus. Rifaximin
reduces all-cause admissions, episodes of SBP and
variceal bleeding, and length of hospitalisation in
patients with advanced cirrhosis.111–114 Further-
more, the use of rifaximin by patients on the liver
transplant waiting list has been linked to reduced
early allograft dysfunction following trans-
plantation.115 However, considerable concern re-
mains regarding whether long-term rifaximin use
may contribute to AMR in cirrhosis. Indeed, in a
recent study, 50% of patients prescribed rifaximin
for HE developed rifaximin-resistant staphylo-
coccal isolates after as little as 1-7 weeks of rifax-
imin treatment.116

Antibiotics as modulators of inflammation in cirrhosis
Rifaximin reduces circulating levels of gut-derived
endotoxins such as lipopolysaccharide.117,118

Studies examining changes in the composition of
the faecal microbiome in response to rifaximin
have categorically failed to demonstrate any clear
changes in microbial abundance by 16S rRNA faecal
microbiota profiling.118,119 However, a significant
increase in serum saturated (myristic, caprylic,
palmitic, palmitoleic, oleic and eicosanoic) and
unsaturated (linoleic, linolenic, gamma-linolenic
and arachnidonic) fatty acids post-rifaximin has
been observed. Rifaximin led to a shift from path-
ogenic to beneficial metabolite linkages using
network connectivity analysis centred on
Journal o
Enterobacteriaceae, Porphyromonadaceae and
Bacteroidaceae.118

There are emerging data to suggest that rifax-
imin has potent anti-inflammatory actions
including reducing anti-TNF-a and neutrophil toll-
like receptor 4 expression.120 Mucosal-associated
invariant T (MAIT) cells are non-conventional T
cells that display altered functions during chronic
inflammatory diseases. MAIT cells are reduced in
patients with alcoholic or NAFLD-related cirrhosis
while they accumulate in liver fibrotic septa. In 2
models of chronic liver injury, MAIT cell-enriched
mice show increased liver fibrosis and accumula-
tion of hepatic fibrogenic cells, whereas MAIT cell-
deficient mice were resistant to fibrosis. Long-term
prophylactic antibiotic therapy with norfloxacin or
rifaximin was significantly associated with a lower
reduction in MAIT cell frequency.121 Antibiotic-
exposed patients with cirrhosis displayed signifi-
cant reductions in CD25 expression, suggesting
that long-term antibiotic therapy partially prevents
MAIT cell reduction and activation .121

Adsorbents
Manipulation of the gut microbiome may also be
achieved via adsorption of intraluminal host or
microbial metabolites or ligands. Studies to date
have focused on targeting enterosorption of path-
ogenic factors such as ammonia or endotoxin or
modulation of bile acid pathways. The advantage of
such an approach is that it does not confer a risk of
AMR or introduce potential pathobionts. Concep-
tually the enterosorbants act as a ‘sink’ for patho-
logical factors that would otherwise drive
pathogenesis in liver disease.

Enterosorption of pathological bacterial ligands and
metabolites
The first carbon-based enterosorbant to be evalu-
ated in cirrhosis was AST-120 (Ocera Therapeutics
Inc), a microporous carbon which had been
demonstrated to efficiently adsorb ammonia
in vitro. Bosoi et al. evaluated the capacity of AST-
120 to lower blood ammonia, oxidative stress and
brain oedema in bile duct ligated (BDL) rats, as
both a prophylactic and therapeutic strategy.122

Plasma ammonia concentrations in BDL rats were
significantly decreased by AST-120 in a dose-
dependent manner with normalisation of brain
water content and locomotor activity. A multi-
centre, double-blind, randomised, placebo-
controlled, dose-ranging study of AST-120 was
conducted in patients with compensated cirrhosis,
an MELD score <−25 and covert hepatic encepha-
lopathy (Astute study). AST-120 was found to be
well tolerated but failed to achieve its primary
endpoint of improvement in covert hepatic en-
cephalopathy (Bajaj et al., personal communica-
tion). A Cochrane review concluded that whilst
AST-120 lowers blood ammonia concentrations
f Hepatology 2021 vol. 75 j S67–S81 S75



Key points

Diet, lactulose, antibiotics
(e.g. rifaximin), faecal mi-
crobial transplantation and
enterosorbents (e.g. Yaq-
001) are tools to prevent
acute decompensation.
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compared to placebo, there was little evidence this
translated into clinical benefit.123

Yaq-001 (Yaqrit Limited, UK) is a more recent
carbon-based enterosorbant that has been studied
in cirrhosis. In contrast to AST-120, Yaq-001 is a
non-absorbable synthetic carbon with a tailored
bimodal distribution of porous domains within the
macroporous range (>50 nm) and microporous
range (<2 nm) and a very large surface area. The
biological significance of this is that, in addition to
binding smaller mediators such as indoles, acetal-
dehyde and fMLP, Yaq-001 exhibits rapid adsorp-
tion kinetics for larger molecular weight factors
such as endotoxin, exotoxins and cytokines.124 Yaq-
001 was found to reduce liver injury, portal pres-
sure and lipopolysaccharide-induced reactive oxy-
gen species production in an in vivo model of
cirrhosis and ACLF.125 Whilst not exerting a direct
effect on bacterial growth kinetics, shifts in
microbiome composition were observed in stool.126

Phase II clinical studies to evaluate safety, tolera-
bility, and secondary efficacy endpoints have now
been completed, with results due later this year.

Modulation of bile acid pathways
Intraluminal bile acid availability exerts a selection
pressure on microbiome composition. The gut
microbiota has a reciprocal influence on the
biotransformation of bile acids and downstream
FXR and G protein-coupled membrane receptor 5
signalling pathways. Thus, manipulation of these
pathways, using FXR agonists or by intraluminal
sequestration of bile acids, represents a strategy to
target the microbiome and impact on clinical
outcomes.

The most well studied compound is the syn-
thetic FXR agonist obeticholic acid (OCA), although
many other therapeutic options have been devel-
oped, principally for pre-cirrhotic non-alcoholic
steatohepatitis. An exhaustive discussion of these
studies is beyond the scope of this review. In a
rodent model of cirrhosis, OCA was found to
significantly reduce bacterial translocation from
78.3% to 33.3% and significantly modulate mucosal
microbiota composition.38 Treatment was associ-
ated with favourable effects on ileal antimicrobial
peptide, tight junction expression, intestinal
inflammation and liver fibrosis. Clinical translation
however has been hampered by safety concerns
over OCA in patients with advanced disease.

Bile acid sequestration
The bile acid sequestrant colesevelam has been
shown to attenuate cholestatic liver and bile duct
injury in Mdr2-/- mice by modulating composition,
signalling and excretion of faecal bile acids. Fuch
et al. demonstrated that colesevelam increased
faecal bile acid excretion and enhanced conversion
to secondary bile acids, thereby attenuating liver
and bile duct injury in Mdr2-/- mice.127
Journal of Hepatology 2021 vol. 75 j S
The phosphate sequestrant sevelamer has been
studied in murine models of NASH because of its
favourable effects on LDL cholesterol, attributed to
sequestration of hydrophilic bile acids. Indeed,
sevelamer was shown to prevent hepatic steatosis,
inflammation and fibrosis.128 Sevelamer improved
a lower a-diversity and bound intraluminal endo-
toxin. Takahashi et al. demonstrated that in addi-
tion to demonstrating efficacy as a prophylactic
strategy, sevelamer could reverse liver injury.129

Metabolomic and microbiome analysis revealed
that this beneficial effect is associated with
changes in the microbiota population and bile acid
composition, which are linked to improvements in
insulin resistance.

Areas of controversy
There remain several areas of controversy in this
burgeoning field, which can inform future trials.

The depth of coverage, functional assessment,
metabolic activity and host response to microbiota
vary between studies.4 These factors, along with
differing geographic areas, dietary practices, sex,
ethnic variations, and aetiological differences can
potentially alter the microbiome.130,131 Therefore,
these variables need to be controlled for in mi-
crobial analyses.

We do not know whether the microbiota is the
“chicken or the egg” in human studies. In mice that
have been humanised with stools from carefully
phenotyped human donors, there is liver injury but
not to the extent that is achieved by exposing the
mice to the aetiological agent or to that found in
the donor humans.79,81,132 Therefore, the focus
needs to be on determining the complicity of mi-
crobes at this stage.

An important source of controversy, is whether
microbiota or their products mediate clinical
outcomes.14,32,58,60,133,134 There are redundancies in
microbial function that can cross bacterial taxa and
may be more relevant than composition. Studies
isolating microbial products and/or dead bacteria
offer a controversial insight into these differences.

Modern medical care has had a huge impact on
the changes induced in the microbiome. The
rampant overuse of antibiotics and PPIs can make
the gut milieu in patients with cirrhosis hos-
tile.135,136 The controversy over routine use of
antibiotic prophylaxis in patients with cirrhosis,
especially in those who have not experienced SBP,
is important from a clinical and microbiological
perspective.137 Antibiotics such as rifaximin may
beneficially select taxa such as Lactobacilli which
may protect against inflammation and hepatic
decompensation107,114 but others may promote
hepatic toxicity. Further mechanistic studies are
therefore warranted.

Furthermore, non-antibiotic drugs have a huge
effect on the microbiome and may contribute to
the development of antibiotic resistance, a growing
67–S81



problem in this patient population.138 Finally, we
need to account for the impact of planned and also
necessary endoscopic procedures, fasting periods
and other interventions (e.g. professional peri-
odontal cleaning) that may also induce at least
temporary changes in the microbiome.139,140 These
factors may be crucial in the interpretation of
cross-sectional microbiome research and require
longitudinal large-scale and in-depth analysis with
cautious interpretation that controls for these
factors.

In addition, the role of non-bacterial microbiota
such as fungi and viruses are important to eluci-
date since they interact with bacteria, with each
other, and with their host in a complex
ecosystem.59–61,102 In selected circumstances they
can become pathogenic. Virome constituents could
potentially be used to treat specific infections or
modulate the activity of target bacteria and their
potential products.58,141

Microbial changes in easily accessible biofluids
such as stool and saliva have been studied, but
there are relatively few reports on microbiota from
ascites, mucosal surfaces, liver tissue, bile and
other tissues.142–146 Microbial alterations in these
tissues may be more closely linked to organ
dysfunction. Therefore, the microbial milieu of
these organs may be different and should not be
conflated with stool or saliva unless there is further
evidence.

Future perspectives
More detailed longitudinal, large-scale and in-
depth analyses of the microbiota’s role in liver
disease are warranted. There remain several factors
that can influence the microbiota, such as de-
mographics (geographic area, sex and diet), aeti-
ology, drugs, interventions, and finally the
sampling compartment. These factors need to be
controlled for and considered in the interpretation
of future studies. Moreover, more mechanistic in-
vestigations on the role of the microbiota and its
components are required to develop treatment
strategies that can benefit patients without nega-
tively influencing the gut ecosystem.

Current understanding on the composition and
function of the gut microbiome and how this re-
lates to progression and outcomes in patients with
cirrhosis remains in its infancy and is based on
descriptive snapshots afflicted with confounders
and lacking robust clinical validation. As pertur-
bations in the gut microbiome are a hallmark of
advanced CLD that influence the rate of progres-
sion to liver failure and drive the susceptibility to
infection, unlocking the potential of the micro-
biome and developing antibiotic-free therapies
such as FMT to tackle these unmet needs is a
research priority. Further multicentre randomised
controlled trials are now needed to prove the effi-
cacy of FMT in larger populations of patients with
Journal o
cirrhosis and to elucidate its mechanisms of action,
which remain unclear.
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