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Abstract | The human gut microbiome has emerged as a major player in human health and
disease. The liver, as the first organ to encounter microbial products that cross the gut epithelial
barrier, is affected by the gut microbiome in many ways. Thus, the gut microbiome might play

a major part in the development of liver diseases. The common end stage of liver disease is
decompensated cirrhosis and the further development towards acute-on-chronic liver failure
(ACLF). These conditions have high short-term mortality. There is evidence that translocation
of components of the gut microbiota, facilitated by different pathogenic mechanisms such

as increased gut epithelial permeability and portal hypertension, is an important driver of
decompensation by induction of systemic inflammation, and thereby also ACLF. Elucidating the
role of the gut microbiome in the aetiology of decompensated cirrhosis and ACLF deserves
further investigation and improvement; and might be the basis for development of diagnostic
and therapeutic strategies. In this Review, we focus on the possible pathogenic, diagnostic and
therapeutic role of the gut microbiome in decompensation of cirrhosis and progression to ACLF.

Over the past decade, the human gut microbiome has
emerged as a major component in human health and
disease. It carries the largest pool of genetic material
in the body, even larger than the human genome, and
has metabolic activity'. Many estimates of human gut
microbiome features come with large error margins
and are controversial, but our gut seems to be inhabi-
ted by trillions of microbial cells, whose count is at
least on par with the number of human cells'*. Each
of us harbours more than a thousand microbial spe-
cies in the gut and, collectively across populations,
the human gut microbiome consists of more than ten
million non-redundant microbial genes, which is prob-
ably a vast underestimate’~. Beyond the well-known
metabolic functions such as vitamin provision and
carbohydrate degradation, the gut microbiome also
contributes to host defence mechanisms in close inter-
action with the immune system, with many additional
roles continuously proposed?.

The composition of the human gut microbiota has
been associated with many diseases, such as gastro-
enterological, neurological, respiratory, metabolic,
hepatic and cardiovascular disorders®. Based on these
disease associations, changes in the gut microbiome are
thought to influence disease development, although
robust evidence for the gut microbiome directly causing

a non-infectious disease is still lacking. The liver, as the
first organ to encounter microbial products that cross
the gut epithelial barrier and enter portal circulation, is
probably affected by the gut microbiome and its changes
in many ways. Components or metabolites of the gut
microbiota interact with the liver through various mech-
anisms (FIG. 1). Some key players in this interaction are:
a ‘leaky gut’ that enables increased translocation of
bacteria or their metabolites to the portal blood circu-
lation; circulating immune cells that the translocated
bacteria encounter; liver cells that bacteria interact with
upon reaching the liver; and bile acids produced by the
liver, some of which alter the gut microbiome composi-
tion but also act as signalling molecules’. Thus, the gut
microbiome might have a major role in development of
liver diseases®”.

The liver has a huge regeneration capacity, yet chronic
liver injury leads to scarring of the liver tissue, which
can progress to clinically significant liver fibrosis'®!".
The progressive accumulation of extracellular matrix
together with the different inflammatory processes,
depending on the aetiology of liver disease (for example,
alcoholic hepatitis, chronic viral hepatitis, nonalcoholic
fatty liver), induces profound changes in the liver archi-
tecture, such as fibrosis or hyperplastic nodules, which
disrupts the bloodstream from the gut'? and changes

NATURE REVIEWS | GASTROENTEROLOGY & HEPATOLOGY

VOLUME 18 | MARCH 2021 | 167


http://orcid.org/0000-0002-7028-3881
http://orcid.org/0000-0002-2627-833X
http://orcid.org/0000-0002-9598-4932
http://orcid.org/0000-0002-0886-9101
mailto:jonel.trebicka@
kgu.de
mailto:jonel.trebicka@
kgu.de
mailto:arumugam@
sund.ku.dk
mailto:arumugam@
sund.ku.dk
https://doi.org/10.1038/s41575-020-00376-3
https://doi.org/10.1038/s41575-020-00376-3
http://crossmark.crossref.org/dialog/?doi=10.1038/s41575-020-00376-3&domain=pdf

REVIEWS

Key points

 The gut microbiome is altered during development of liver cirrhosis, and these
changes are associated with decompensation and development of acute-on-chronic
liver failure (ACLF).

* Progression of liver cirrhosis towards decompensation and ACLF is mainly driven by
the extent of systemic inflammation and associated with high short-term mortality.

* The gut microbiota can contribute to systemic inflammation and, thereby, to
progression of cirrhosis towards decompensation and ACLF, directly via translocation
or indirectly via their metabolites.

* Gut microbiota members or pathobionts might be helpful biomarkers to predict the
presence and development of decompensation and ACLF, but the signatures are not
consistent and more research is needed.

* Gut microbiome targeted therapies are promising strategies to improve the outcome
of decompensated cirrhosis and ACLF, but better stratification for the existing drugs
and novel, more effective strategies are needed.

the bile composition flowing into the gut'’ (reviewed
elsewhere'). This end stage of liver disease is called cir-
rhosis. As a disease that severely affects the enterohepatic
circulation, cirrhosis might influence or be influenced
by both gut barrier function and the gut microbiome.
During progression of cirrhosis, there is a substantial
increase of blood pressure in the portal vein, known as
portal hypertension, leading to further complications
such as bleeding, ascites and infections'” (TABLE 1). Portal
hypertension leads to venous congestion and increased
angiogenesis of intestinal vessels, both of which impair
microcirculation and increase permeability of the gut
barrier, and ascites formation, predisposing to sponta-
neous bacterial peritonitis (SBP) and other infections'.
Indeed, profound differences in gut microbiome struc-
ture and function are found in patients with liver cir-
rhosis compared with healthy individuals'’. However, it
is still not clear whether these changes precede, coin-
cide with or follow development of complications in
cirrhosis, also defined as decompensating episodes'®
(TABLE 1), during which cirrhosis becomes a systemic
disease. During acute decompensating episodes, a seri-
ous condition associated with systemic inflammation
can occur, so-called acute-on-chronic liver failure
(ACLF)'*". This condition has up to 34% mortality in
28 days (ranging from 22 to 77% depending on the grade
of ACLF)”. Bacterial infections, especially SBP, which
mainly derive from the gut microbiota, might play an
important role in the development of ACLF*'. Moreover,
data have demonstrated the association of gut micro-
biota metabolites with the presence of ACLF*’. Thus,
the influence of the gut microbiome on ACLF deserves
investigation and improvement. Here, we review the role
of the gut microbiome as a pathogenic factor, diagnostic
tool and therapeutic target in decompensated cirrhosis
and ACLF. Acute alcoholic hepatitis as a specific form
of ACLF has been addressed elsewhere” and is not the
main focus of this Review.

Cirrhosis and progression to ACLF

Globally, more than 800 million people are affected by
chronic liver disease’ and a further 6-7% of the adult
population without known liver disease are thought to
have undiagnosed liver fibrosis*. Chronic liver disease
represents a major health concern as it can progress to

liver cirrhosis and liver cancer. Cirrhosis is associated
with high mortality (up to 57%)"?, with an increasing con-
tribution towards total deaths globally from 1.9% in 1990
t0 2.4% in 2017 (REF) (TABLE 1). Although the frequency
of cirrhosis due to hepatitis B and hepatitis C is decreas-
ing due to massive vaccination programmes against
hepatitis B in children and the development of effective
antiviral treatments, cirrhosis continues as a global health
and economic challenge due to two major reasons’.
First, the global pandemic of obesity has resulted in an
increased prevalence of cirrhosis associated with non-
alcoholic fatty liver disease and nonalcoholic steato-
hepatitis*®. Second, in Europe, the USA and many Asian
regions, alcohol consumption, which is the leading aetio-
logy of cirrhosis”’~*, is increasing and has contributed
to an increased prevalence of alcoholic cirrhosis.

Even though only 10-30% of patients with chronic
liver diseases, irrespective of the underlying aetiology,
progress to cirrhosis, its effect on global healthcare can-
not be underestimated as cirrhosis has a high mortality
and healthcare burden®'. To make things worse, mor-
tality due to liver cirrhosis has been rising: cirrhosis (not
counting liver cancers) was responsible for 1.32 million
deaths in 2017 compared with 1.2 million deaths in 2013
worldwide, resulting in a 10% increase in 4 years®>*.
Although patients with cirrhosis initially do not have
symptoms, decompensation of cirrhosis, defined as the
development of ascites, hepatic encephalopathy, jaun-
dice and/or gastrointestinal haemorrhage', is a turn-
ing point in the cirrhosis course (FIC. 2). Although the
average life expectancy of a patient with compensated
cirrhosis is 10-13 years, it reduces dramatically to 2 years
if decompensation occurs®. Acute decompensation of
cirrhosis can lead to ACLE, a syndrome characterized
by failure of one or more major organs or systems (liver,
kidney, brain, coagulation, circulation or respiration)*.
Patients with acute decompensation of cirrhosis have
a high short-term risk of developing ACLF (11% by
day28). Although acute decompensation itself has high
mortality rates (5% by day 28, 14% by day 90), pro-
gression to ACLF increases this mortality dramatically
(33% by day 28, 50% by day 90)*’; ACLF is the main
cause of death in decompensated cirrhosis****. In 2020,
the PREDICT study — a large, prospective, multicen-
tre study — confirmed this dangerous progression of
decompensation to ACLF by identifying three different
clinical courses of acute decompensation: stable decom-
pensated cirrhosis, unstable decompensated cirrhosis
and pre-ACLF”. Patients with pre-ACLF developed
ACLE and had 3-month and 1-year mortality rates
of 53.7% and 67.4%, respectively. Patients with unsta-
ble decompensated cirrhosis required >1 readmission
but they did not develop ACLF and had 3-month and
1-year mortality rates of 21.0% and 35.6%, respectively.
By contrast, patients with stable decompensated cirrho-
sis neither developed ACLF nor were readmitted, and
showed a 1-year mortality of only 9.5%. It is important
to note that the definition of ACLF varies between differ-
ent regions of the world, as prescribed by The European
Association for the Study of the Liver — Chronic Liver
Failure (EASL-CLIF) Consortium in Europe, The North
American Consortium for the Study of End-Stage Liver
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Disease (NACSELD) and The Asian Pacific Association
for the Study of the Liver (APASL)***~* and reviewed in
detail by Hernaez et al.”’. The main difference between
the definitions is that cirrhosis is not a requirement for
ACLF in the APASL definition®**. In Asia, the most
prevalent form of ACLF is that developing in patients
with chronic hepatitis B virus (HBV) infection, which
is associated with increased prevalence of liver failure
and coagulation failure but reduced prevalence of other
organ failures*”", thereby making the requirement of
cirrhosis redundant. However, when discussing the role
of the gut microbiome in ACLF, considering the pres-
ence of cirrhosis is important, given that even severe
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portal hypertension does not majorly impair the gut bar-
rier in the absence of cirrhosis*. In cirrhosis, gut micro-
biome changes are probably associated with disease
progression®>*’, making it a major target for diagnostic
and therapeutic approaches (TABLE 1).

The gut microbiome in decompensation

Under normal circumstances, we inherit most of our
microbial diversity from our mother at birth. The micro-
biota is then subjected to major compositional changes
during infancy, but also beyond infancy, with decreasing
variation until adolescence and a reasonably stable state
over time in adulthood*. In healthy conditions, the host
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atives are increased, whereas changes in mucus proteins, dysfunctional
tight junctions and decreased antibacterial peptides facilitate trans-
location of microbiota components and/or their metabolites (pathogen-
associated molecular patterns (PAMPs)) across the intestinal barrier.
The decreased gastrointestinal motility due to sympathetic overactivation
and the decreased secretion of primary bile acids during cirrhosis progres-
sion facilitate changes in the microbiome and also promote translocation
via, for example, decreased farnesoid X receptor (FXR) and/or TGRS stimu-
lation, which leads to disruption of the epithelial barrier. Intestinal inflam-
mation promoted and aggravated by decreased IL-22, glucagon-Llike

3 beneficial species abundance

! T Bacterial overgrowth and

| potential pathogenic species
y 3 abundance

== HSC fi', Microbiome and
T Kupffer cell fts components Lo P 1 Sessndany bile adiband
upffer ce 2% Bile acids and R Vi N~ Microbiome S((e:ch;n ary bile acids an
() Goblet cell other host-derived Do N v interaction +——— S -
molecules Ly AR ¢ inthelumen ! T Tryptophan derivatives
© Immune cell e T Yo s 1| T Virulence factors

{ Antibacterial peptides,

peptide 1 (GLP1), dysfunctional CD4*CD25" regulatory T cells (T, cells) and
increased interferon-y (IFNy) might lead to bursts of systemic inflammation,
known to be associated with acute-on-chronic liver failure. On the other
side of the intestinal barrier, translocated PAMPs on their way to the liver
further aggravate systemic inflammation (upregulation of tumour necrosis
factor (TNF), IL-6 and IL-1p), leading to activation of circulating and
liver-resident immune cells, especially via Toll-like receptor 4 (TLR4)
and TLR9 stimulation. Systemic and hepatic inflammation together with
PAMPs aggravate fibrosis, endothelial dysfunction and hepatocellular
function. CTGF, connective tissue growth factor; DAMP, danger-associated
molecular pattern; FGF19, fibroblast growth factor 19; HSC, hepatic stellate
cell; LPS, lipopolysaccharide; LSEC, liver sinusoidal endothelial cell;
PDGF, platelet-derived growth factor; RBC, red blood cell; TGFp, transform-
ing growth factor-; TGR5, Takeda G protein-coupled receptor 5. Image
courtesy of MICROB-PREDICT.
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Table 1| Cirrhosis and its progression

Clinical condition  Definition Clinical effect
Fibrosis'! Excessive accumulationand  Key determinant of the
changes of extracellular evolution of chronic liver disease
matrix in the liver
Chronic advanced  Diffused nodular Wide clinical presentation as
liver disease or regeneration with dense compensated or decompensated
cirrhosis'*"* fibrotic septae and forms

parenchymal extinction and
collapse of liver vascular
structures

Compensated cirrhosis is usually
silent for 3-10years and might
not be diagnosed in a large
proportion of the patients

Portal HVPG >5mmHg HVPG higher than 10 mmHg
hypertension'#10%1¢* is defined as CSPH

CSPH drives development
of varices, in general
decompensation and even
development of liver cancer

Decompensated Development of overt Patients with liver decomp-

cirrhosis'** clinical signs ensation without an acute
event are also called stable
decompensated patients

Acute decompensation is the
acute development of ascites,
overt encephalopathy, gastro-
intestinal haemorrhage, new
onset of non-obstructive jaundice
and/or bacterial infections

ACLF?036-38134 APASL: acute deterioration ~ ACLF develops in 30% of
of liver function in patients hospitalized patients and in
with chronic liver disease 25% of outpatients

but W'.thOUt bacgenal ACLF according to the EASL-CLIF
infection or previous et o TR ]
. definition is divided into three
decompensations of g ) o
grades with increasing severity:

et Grade | is characterized by either
EASL-CLIF: cirrhosis with renal failure (creatinine >2 mg/dl)
acute decompensation, or renal dysfunction and/or
organ failure(s) and high hepatic encephalopathy | and Il
short-term mortality together with another organ
NACSELD: cirrhosis failure (liver, coagulation, circu-

lation or respiratory); Grade Il
and lll represent at least two and
three organ failures, respectively

with or without previous
decompensation of cirrhosis
and infection at admission

or during hospital stay, Differences in APASL definition:
presenting with one or more  circulatory and respiratory
organ failures failure is disregarded; bilirubin

>5mg/dland/or INR 21.5
constitutes liver and coagulation
failure, respectively

Differences in NACSELD
definition: liver and coagulation
failure are disregarded

Prognosis Role of the gut microbiome
Benign, but progression Changes in the gut micro-

to cirrhosis occurs in biome are influenced by the
atleast 10% aetiology of liver disease®'"”
Decompensation Gut microbiome contrib-
5-7% per year utes to progression of liver

disease to cirrhosis, especially
in alcoholic and nonalcoholic
fatty liver disease but also in
viral hepatitis, autoimmune
and cholestatic diseases®'*’

Survival >12 years

Absence of CSPH: 90% Presence of portal hyper-

of the patients have no tension in cirrhosis facilitates
decompensation within microbial translocation®® from
4years the gut into the portal vein®’/

and might predispose for the
development of ACLF'®

1-year mortality of stable  Infections in particular, but
decompensated patients  also hepatic encephalopathy,
is 20% variceal bleeding and devel-

opment of ACLF might be a
consequence of microbial
translocation®!*'%?

90-day mortality in acutely
decompensated patients
is 10%
Specific microbiome patterns
are found to be diagnostic and
predictive for hepatic enceph-
alopathy and also other
complications of cirrhosis*®

90-day mortality in Microbial metabolites are
different grades of ACLF:  found to be associated with
Grade | 41%, Grade I155%, ACLF development®’

o)
Grade ll 78% Specific microbiome patterns

in stool and blood are found
to be present in patients with
ACLF>#>

ACLEF, acute-on-chronic liver failure; APASL, Asian Pacific Association for the Study of the Liver; CSPH, clinically significant portal hypertension; EASL-CLIF, European
Association for the Study of the Liver — Chronic Liver Failure; HVPG, hepatic-vein pressure gradient; INR, international normalized ratio; NACSELD, North American

Consortium for the Study of End-Stage Liver Disease.

tightly regulates the gut microbial burden, distribution,
composition and activity via the immune system, by
secretion of bile acids and through antibacterial peptides
released by intraepithelial immune cells’. An altered gut
microbiome during disease development might affect
the homeostasis between the host and the gut micro-
biome. An imbalanced gut microbiome is known as dys-
biosis, and different dysbiotic compositions of the gut
microbiota have been associated with different diseases®.

Interaction with the gut barrier. A dysbiotic microbiome
can affect the gut epithelial barrier and lead to poorly
controlled translocation of contents from the gut to the
liver and beyond. Such impairment of the gut epithelial
barrier is known as a leaky gut**>*°. During liver dis-
ease, major changes occur in the host physiology and gut
integrity due to changes in the enterohepatic circulation,
intestinal inflammation and portal hypertension. At the
same time, there are also major changes in the crosstalk
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Median time to death: 2 months

* Mortality 40% in 28 days

* ICU admissions

¢ Drugs, infusions, interventions
and liver transplantation or
best-supportive care in a

Median time to decompensation: 10 years
¢ Decompensation 35% in 28 days
after first hospital admission
¢ Stable decompensated cirrhosis
e Visits every 3 months after discharge
* Drugs

Median time to ACLF: 2-3 years

* ACLF 30% in 28 days at hospital admission

e Unstable decompensated cirrhosis
(readmission within 90 days)

* Frequent hospital admissions

 Pre-ACLF (ACLF within 90 days)

* Drugs, infusions, interventions and liver transplantation

futile situation

Fig. 2 | Transition of liver cirrhosis to ACLF. Patients with compensated cirrhosis might stay stable for years with a

very low mortality of <1% per year. However, after the first hospitalization, 35% of the patients will develop subsequent
decompensation in 28 days, defined by development of ascites. These patients will require frequent hospital admissions,
their median time to acute-on-chronic liver failure (ACLF) is 2-3 years and their mortality would be around 10% each year.
Upon each decompensation, the development of ACLF within 28 days is around 30% and at that stage the mortality
climbs to 40% in 28 days. These patients with organ failures are typically treated in the intensive care unit (ICU) and liver

transplantation is the only curative treatment'®’.

between the gut microbiome and the liver: host mucosal
proteins and pathways (for example, FXR signalling)
in the gut are changed by gut microbiota metabolites
(for example, short-chain fatty acids)” and might pre-
dispose for liver injury*; changes in intestinal inner-
vation due to progression of liver disease might affect
the gut barrier, promote intestinal inflammation*-*
and reduce levels of antibacterial peptides®*% and gut-
associated lymphatic tissue might be involved in the
intestinal barrier dysfunction by driving the intestinal
inflammation and, thereby, increasing permeability of
the barrier”>***, Progression of liver disease is associated
with subclinical inflammation, which is extended to the
gut mucosa, leading to impaired dendritic cell activity,
expansion of TNF and IFNy-expressing lymphocytes
and IL-17-producing T helper cell depletion®.

As bacterial components crossing the gut epithelial
barrier trigger immune responses, a leaky gut is thought
to increase chronic systemic inflammation. For exam-
ple, elevated circulating levels of lipopolysaccharides
(LPS) from bacterial cell walls, a condition also known
as endotoxaemia, have been observed in patients with
liver diseases, particularly cirrhosis™*. A study in 2018
demonstrated that bacteria isolated from circulating
blood and other ‘sterile’ compartments in patients with
decompensated cirrhosis are viable, suggesting that
even live bacteria could translocate across the intestinal
barrier during decompensated cirrhosis™.

Although the aetiology of cirrhosis can vary, in the
end stage of the liver disease, the microbiome-liver inter-
action is largely aetiology independent®. Cirrhosis-
associated dysbiosis (decreased diversity, an increase
in potentially pathogenic species and a decrease in
autochthonous species) and bacterial translocation are
frequent phenomena closely associated with the devel-
opment of decompensation in cirrhosis®****. Bacterial
translocation might also be associated with activation
of platelets™, which might lead to development of portal
vein thrombosis, a sign of clinical progression of cir-
rhosis®®®. Although portal hypertension following
cirrhosis leads to further complications, studies in rats
showed that portal hypertension per se (in the absence
of cirrhosis) does not cause major disruption to the

gut barrier*>®2. Thus, the presence of liver cirrhosis is
the main factor predisposing the interaction of the gut
microbiome with disease progression.

Interaction with the diseased liver. During their natural
history, patients with cirrhosis experience deterioration
of their underlying cirrhosis, called decompensation epi-
sodes, and usually require hospital admission™. In 30%
of these patients, the clinical situation deteriorates and
ACLF occurs within 3 months”. The progression from
decompensation to ACLF is associated with an exten-
sive activation of systemic inflammation, affecting many
cytokines and inflammatory systems'®'". This under-
standing was clearly shown in the PREDICT study, in
which patients who developed ACLF (pre-ACLF group)
had very high systemic inflammation compared with
patients with acute decompensation with an unstable or
stable clinical course™. There are different inducers of
inflammation in this context.

During development of ACLEF, the dying cells of
the different failing organs® and the remodelling of the
extracellular matrix, especially in the liver®, both boost
decompensation and inflammation through the release
of danger-associated molecular patterns, which ulti-
mately might be a prerequisite for the development
of ACLF". This association is particularly common in
patients with HBV-induced cirrhosis and/or ACLF*-*°.
Reactivation of HBV might induce the liver damage
and, thereby, the release of danger-associated molecular
patterns, which subsequently induce organ failure and
ACLE This event was implicated as the main precipitat-
ing factor in a study of Chinese patients*. Interestingly,
superimposed hepatitis A virus and hepatitis E virus
infections might also induce ACLF in patients with
chronic liver disease and cirrhosis®*°.

On the other hand, this burst of inflammation is
preceded’, and probably partly driven, by translocation
of microorganisms or their components*, also known
as pathogen-associated molecular patterns (PAMPs).
The immune response to PAMPs might induce organ
dysfunction in a process called immunopathology, in
which the immune response causes damage as a result
of an infection”. Elevated plasma levels of systemic
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inflammation markers (for example, IL-8 or IL-6),
with or without obvious bacterial infection, were
shown to be associated with acute decompensation of
cirrhosis and ACLF'®". The association between an
altered gut microbiome and ACLF has been strength-
ened by novel data. In addition to the association
between gut microbiota-derived metabolites and ACLF
development?, plasma metabolite signatures, potentially
also deriving from gut microbiota, are also strongly
associated with systemic inflammation and ACLF®.
These findings might explain why an altered gut micro-
biome and increased bacterial translocation possibly
prepare the milieu in different organs for development of
organ failure following immunopathology, aggravating
systemic inflammation and inducing ACLE

In 2019, it was shown that circulating bacterial
DNA was substantially increased in patients with
HBV-associated ACLF and correlated to inflammatory
markers® such as CXCL10, which is a chemokine known
to also be associated with ACLF in non-HBYV aetiologies,
especially alcoholic cirrhosis®. Also, in acute alcoholic
hepatitis, a subtype of ACLE it was shown that patients
with a specific cytolysin-producing Enterococcus strain
had extremely high mortality compared with those with-
out this specific strain (89% versus 3.8% mortality within
180 days)”. Acute alcoholic hepatitis is known to be
closely associated with microbial changes, which might
determine the clinical profile of the patients and their
outcome”’"”2. Both decompensation and ACLF develop
in almost half of patients with acute alcoholic hepatitis***
without any identifiable precipitating events, suggesting
that endogenous mechanisms are involved (for example,
portal hypertension or bacterial translocation).

Role of portal hypertension and alcohol. Even if por-
tal hypertension in cirrhosis is treated efficiently, for
example, by placement of a transjugular intrahepatic
portosystemic shunt (TIPS) stent, many patients (around
47% in 2 years)” still develop further decompensation
and ACLF"*", especially due to systemic inflammation and
subsequent organ failure'**’°. Moreover, the presence of
ascites, an indicator of decompensation”’, determines the
composition of the circulating microbiota in the portal
vein compared with the hepatic vein, right atrium and
peripheral venous blood, and specific circulating micro-
biota members correlate with inflammatory markers®
and the development of ACLF”. However, it should be
stated that the TIPS stent itself might aggravate hyper-
dynamic circulation and thereby lead to increased
levels of endotoxaemia’™. In the long term, the TIPS stent
decreases the rate of decompensation, probably mainly
due to the decreased incidence of ascites in these patients
with cirrhosis.

Decompensated cirrhosis and ACLF occur predo-
minantly in alcoholic cirrhosis®. This finding might
be important not only because alcohol is the most fre-
quent aetiology in decompensated cirrhosis but, pos-
sibly, also due to direct effects of alcohol itself on gut
microbiota and intestinal barrier function. In healthy
individuals and animal models it has been shown that
an acute alcohol binge increases endotoxin and bacterial
DNA levels in the circulation”*. Alcohol substantially

changes the composition of the gut microbiota towards
reduced relative abundances of Bacteroidetes and
increased Proteobacteria®®®. Its metabolites, espe-
cially acetaldehyde, can disrupt tight junctions of the
gut epithelium, inducing a leaky gut and facilitating
the translocation of bacteria® and fungi*', which might
both be associated with progression of liver cirrhosis®.
An altered microbiota composition as well as a leaky gut
are also observed in different aetiologies of liver cirrhosis
(for example, nonalcoholic steatohepatitis or hepatitis
B-induced liver cirrhosis)'”*.

Microbial metabolites and translocation. Dysbiosis and
aleaky gut will increase with the number and severity of
complications of cirrhosis and they might be an impor-
tant variable of microbiome-liver interactions®*. Ascites
are associated with the presence of bacterial products
in the circulation® of patients with cirrhosis and it was
shown that the presence of decompensation is the most
important determinant for the amount and compo-
sition of circulating bacteria in portal venous blood””.
One study showed that the blood metabolite signature
markedly changes during the progression of liver cirrho-
sis towards decompensation and ACLF*. Although this
large study of 903 individuals brought important insight
towards a microbial origin of some strongly predictive
patterns of metabolites, it is difficult to make strong
statements on those findings". Another study with
602 patients demonstrated an association of microbiota-
derived metabolites with the presence of ACLF*. Further
microbial components such as secondary bile acids,
short-chain fatty acids and tryptophan metabolites are
also profoundly changed in cirrhosis and seem to be
associated with progression of disease®*. In particular,
bile acids have been widely investigated and seem to alter
the gut barrier function via downregulation of the FXR
receptor, which opens novel treatment opportunities as
FXR agonists are already available in the clinic”.
There is indirect evidence that the gut microbiome
might influence outcome in cirrhosis. First, studies have
shown that treatment with non-selective -blockers, a
common choice to prevent decompensation of cirrhosis,
improves the gut barrier” and decreases the gut transit
time and, thereby, also the probability of bacterial trans-
location in cirrhosis®*. Second, antibiotic treatment
either during a variceal bleeding episode or as a long-term
prophylaxis in decompensated cirrhosis is a recommended
treatment as it improves outcome'® and the mechanisms
might be related to decreased bacterial translocation.
Although this idea has not been conclusively demon-
strated, knowing that a specific microbiome phenotype
(so-called enterotype) induces pathologies in hepatic
functions®, and given the existence of a wide range of
members of the microbiota such as fungi* or viruses”,
microbiome markers could be very useful clinical tools
to identify patients at risk of decompensation and ACLE

The gut microbiome as a biomarker

To prioritize and optimize treatment of cirrhosis and
decompensation, the gut microbiome could serve
as a biomarker for disease progression, severity and
treatment response, as discussed for other diseases®™.

172 | MARCH 2021 | VOLUME 18

www.nature.com/nrgastro



REVIEWS

Table 2 | Biomarkers and potential for microbiome-based tools

Class of marker

Diagnostic biomarker

Prognostic biomarker

Predictive biomarker

Monitoring biomarker

Efficacy of intervention
or pharmacodynamics
of a biomarker

Companion diagnostic

Definition

A biomarker used to detect or confirm the
presence of a disease or condition

A biomarker used to identify the likelihood
of a clinical event, disease recurrence or
progression in patients with the disease

or medical condition of interest

A biomarker used to identify individuals who
are more likely to experience a favourable
or unfavourable effect from exposure to a
medical product or an environmental agent

A biomarker measured serially for assessing
the status of a disease or medical condition or
for evidence of exposure to a medical product
or an environmental agent

A biomarker used to show that a biological
response has occurred in an individual who
has been exposed to a medical product or an
environmental agent

A medical device, which provides information
that is essential for the safe and effective use
of a corresponding drug or biological product

Potential for microbiome-based tools

Metagenomic signatures hold potential as
non-invasive diagnostics for hepatocellular
carcinoma'?>10%1¢/

Microbiome-based biomarkers to identify
patients at high risk of developing
acute-on-chronic liver failure and other
complications of cirrhosis, and to enable
early preventive interventions*'%°

Microbiome signatures to identify patients
with decompensated cirrhosis who are most
likely to benefit from a particular therapeutic
product (for example, long-term albumin
therapy)

Monitoring effect of novel microbiome-
based therapeutics such as faecal microbiota
transplantation and more targeted
approaches

Changes in gut microbiome composition in
response to a specific intervention

Microbiome signatures to identify patients
who are most likely to benefit from a
particular therapeutic product

Currently, several scores exist to predict patient survival
in cirrhosis, but they all reflect hepatic, renal and other
organ functions as well as general clinical features™'"".
Given its close connection with the gut-liver axis, the gut
microbiome represents a huge opportunity for diagnostic
biomarkers for cirrhosis (TABLE 2).

Using the microbiome as a biomarker for compli-
cations arising from liver diseases is not a new con-
cept. More than 15 years ago, bacterial DNA in ascites
was proposed as a diagnostic marker of SBP'*. This
finding has been extensively investigated, but the evi-
dence to propose its use as a diagnostic tool was not
strong enough for recommendation in clinical prac-
tice guidelines'®. Moreover, in an investigation of the
microbiome in ascites in 2019, admittedly with only
33 patients, a clear relationship between SBP and bacte-
rial DNA in ascites could not be found'”, casting doubts
on the use of bacterial DNA in ascites to monitor or
guide treatment.

The gut microbiome has shown promising poten-
tial for diagnostic biomarkers in many diseases'”'*1%,
Several studies characterized the gut microbiome
in patients with cirrhosis using 16S ribosomal RNA
(rRNA) gene amplicon sequencing technology**'%¢-1%
whereas very few studies used whole-metagenome
shotgun sequencing, as summarized in TABLE 3. Even
though it is often difficult to compare results from
these two technologies, mostly due to the limitations
of resolution achieved by amplicon sequencing, there
are still common gut microbiome signatures of cir-
rhosis that can be identified by both. One 16S rRNA
gene amplicon-based study in 244 patients™ defined
a cirrhosis dysbiosis ratio derived from abundances
of several microbial families considered autochtho-
nous and benign, including Ruminococcaceae and

Lachnospiraceae, in comparison with others including
Enterobacteriaceae and Bacteroidaceae. Progressive
changes in the gut microbiome showed a deterioration
in terms of the cirrhosis dysbiosis ratio with decompen-
sation and development of ACLF**. Another study of
129 patients could identify the reduction in Lachno-
spiraceae as a characteristic of ACLE, whereas the rela-
tive abundance of Pasteurellaceae predicted mortality'*.
Other stool 16S rRNA gene amplicon-based studies
have provided evidence that specific microbiome sig-
natures can differentiate between cirrhosis and healthy
controls'”, and that changes in the microbiome might
be able to monitor the severity and progression of dis-
ease as shown by hospitalizations'*, development of
extrahepatic organ failure, ACLF and death'””. Indeed,
evidence that the microbiome reflects decompensated
liver cirrhosis was provided in a cohort of 45 liver trans-
plant recipients, in whom liver transplantation changed
the gut microbiome towards increased microbial diver-
sity, increased autochthonous bacteria (for example,
Lachnospiraceae) and decreased potentially pathogenic
bacteria (for example, Enterobacteriaceae)'”” (TABLE 3).
Although this study does not prove that the microbiome
causes liver disease, it does underline that the diseased
liver influences the gut microbiome'”.

The first whole-metagenome shotgun sequencing-
based metagenome-wide association study (MWAS)
of patients with liver cirrhosis from China (with or
without alcohol exposure) showed an altered gut micro-
biota composition compared with healthy individu-
als', with >34 differentially abundant species. Among
these species, Veillonella spp. and Streptococcus spp.
were found in elevated levels in patients with cirrhosis,
whereas butyrate-producing commensal bacteria includ-
ing Faecalibacterium prausnitzii and Coprococcus comes
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were depleted. Another study examined 99 patients
from Russia with alcohol dependency and showed that,
compared to patients without cirrhosis but with alcohol
dependency, patients with alcoholic liver cirrhosis har-
boured 46 species and 13 genera that were differentially
abundant®, including elevated levels of Streptococcus spp.

and depletion of E. prausnitzii and Coprococcus eutactus.
Although each MWAS reported more than 30 differ-
entially abundant or discriminative species (TABLE 3),
depletion of F prausnitzii as well as Bacteroides
uniformis and enrichment of Lactobacillus salivarius
were the only signatures at species level found in both

Table 3 | Gut microbiome signatures of ACLF and cirrhosis

Study

16S ribosomal RNA gene amplicon sequencing technology

Bajaj et al.
(2014)*®

Chen et al.
(2015) 106

Bajaj et al.
(2017)'

Bajaj et al.
(2018)™*

Bajaj et al.
(2019)*"

Comparison

Patients with liver
cirrhosis, including
those with ACLF, versus
age-matched healthy
controls

Patients with ACLF
versus healthy controls

Patients with liver
cirrhosis before
versus after liver
transplantation

Patients with liver
cirrhosis with liver
compensation versus
liver decompensation

Patients with liver
cirrhosis developing
ACLF versus those not
developing ACLF

Altered

microorganisms

8 families

3 phyla

8 families

0 phyla
7 families

3 genera

18 genera

2 classes
3 orders

6 families

Whole-metagenome shotgun sequencing studies

Qinetal.
(2014)"

Dubinkina
etal.(2017)%

Patients with liver
cirrhosis versus healthy
controls

In patients with alcohol
dependency: patients
with liver cirrhosis versus
non-cirrhotic controls

3 phyla
22 genera

>34 species

13 genera

46 species

Altered phyla

1 Proteobacteria®®

| Bacteroidetes®®

1 Proteobacteria®®
1 Firmicutes®
| Bacteroidetes®®

None

Not reported

Not reported

1 Proteobacteria®®
1 Fusobacteria

| Bacteroidetes®®

Not reported

Taxa enriched in
ACLF/cirrhosis

Enterobacteriaceae?,
Enterococcaceae?,
Staphylococcaceae

Enterecoccaceae?,
Pasteurellaceae,
Streptococcaceae®,
Veillonellaceae

Enterobacteriaceae® (Shigella,
Escherichia, Salmonella),
Bifidobacteriaceae®

Enterococcaceae?
(Enterococcus),
Peptostreptococcaceae
(Clostridium Group

Xl), Streptococcaceae
(Lactococcus),
Staphylococcaceae
(Staphylococcus)

Epsilonproteobacteria,
Campylobacterales,
Campylobacteraceae;
Cytophagia, Cytophagales,
Cytophagaceae;
Hydrogenophilales,
Hydrogenophilaceae;
Microbacteriaceae,
Promicromonosporaceae,
Pseudonocardiaceae

Fusobacterium, Haemophilus,
Lactobacillus, Megasphaera,
Prevotella, Streptococcus®®,
Veillonella

Bifidobacterium®,
Streptococcus®

Taxa depleted in
ACLF/cirrhosis

Clostridiales Cluster XIV2,
Lachnospiraceae?,
Ruminococcaceae?®,
Veillonellaceae,
Porphyromonadaceae®

Bacteroidaceae®,
Lachnospiraceae?,
Ruminococcaceae?®,
Porphyromonadaceae®

Clostridiales Cluster XIV,
Lachnospiraceae?,
Ruminococcaceae®,
Streptococcaceae,
Desulfovibrionaceae

Lachnospiraceae®
(Anaerostipes, Blautia,
Coprococcus®, Dorea®,
Fusicatenibacter, Roseburia®,
Ruminococcus Group 2),
Ruminococcaceae®
(Faecalibacterium®,
Oscillibacter, Ruminococcus®),
Erysipelotrichaceae
(Clostridium Group XVIII),
Prevotellaceae (Prevotella)®,
Porphyromonadaceae®
(Barnesiella)®, Rikenellaceae
(Alistipes)®

Not reported

Alistipes®®, Bacteroides®,
Bilophila, Coprococcus®,
Dorea®, Eubacterium,
Faecalibacterium®®,
Holdemania, Odoribacter?,
Parabacteroides,
Phascolarctobacterium?,
Roseburia®, Ruminococcus®,
Subdoligranulum, Tannerella®

Acidaminococcus,
Alistipes®®, Anaerotruncus,
Barnesiella®, Coprococcus®®,
Faecalibacterium®®,
Odoribacter?, Paraprevotella,
Phascolarctobacterium?,
Prevotella®, Tannerella®

ACLF, acute-on-chronic liver failure. ?Biomarkers confirmed independently by at least two studies within the same sequencing approach. ®Biomarkers confirmed
by both sequencing approaches.
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studies. However, there was more agreement at the genus
level: Streptococcus was enriched in both studies; and
Alistipes, Coprococcus, Faecalibacterium, Odoribacter,
Phascolarctobacterium and Tannerella were depleted in
both studies. A lack of agreement at increased resolu-
tion (such as the species level) could be due to differ-
ences in data analysis procedures. Consistent analysis of
these data sets could reveal even more overlapping gut
microbiome signatures of liver cirrhosis.

Consistent signatures within the same technol-
ogy and between different technologies are high-
lighted in TABLE 3. For example, while 16S rRNA gene
amplicon-based studies consistently highlighted
depletion of Lachnospiraceae and Ruminococcaceae
at the family level, whole-metagenome shotgun
sequencing-based studies consistently highlighted
depletion of E prausnitzii from the Ruminococcaceae
and of Coprococcus spp. from the Lachnospiraceae.
Given such agreement between technologies across
multiple cohorts, the gut microbiome remains a prom-
ising avenue for biomarkers of liver cirrhosis. Indeed,
the study by Dubinkina et al. showed that the effect of
cirrhosis on gut microbiome community was different
from that of alcohol dependence, suggesting that there
are cirrhosis-specific microbiome biomarkers waiting
to be discovered®.

Analysing the gut microbiome is not as straightfor-
ward as it might seem, as most studies use the faecal
microbiome as a proxy for the gut microbiome. Several
studies have demonstrated that faecal microbiota and
colonic mucosa-associated microbiota are different®-'"°.
Indeed, the microbiota of ileal, jejunal and duodenal
mucosal samples or aspirates are different®''?, and
they might hold important prognostic ability in cir-
rhosis, mainly shown for hepatic encephalopathy''.
However, these samples are not easy to obtain, and it
will be difficult to implement their routine point-of-care
collection as a biomarker. One exception is the salivary
microbiome, which is also very different from the fae-
cal microbiome but might be able to predict hospital-
ization independent of cirrhosis severity, according to
one study'". Further studies are required to draw firm
conclusions.

Patients with different conditions and diseases exhibit
both disease-specific changes as well as non-specific
shared responses in their gut microbiome''?. Identifying
robust disease-specific gut microbiome signatures
is therefore essential before its potential as a biomarker is
realized. Accurate identification of microbiome changes
during disease, independent of other confounding fac-
tors, still remains elusive and so does estimation of
the magnitude of effects. The effect sizes of different
known technical and biological factors on microbiome
composition seem to be in the range of 10-15%. This
relatively low estimate already includes microbiome
variation associated with disease status, raising concerns
of whether microbiome research has been overhyped
and whether microbiome-based biomarkers are indeed
possible. Although the feasibility of gut microbiome bio-
markers in general has been demonstrated for colorectal
cancer, obtaining robust results across large geographical
areas and different studies''>'"*, how broadly applicable
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this approach is remains an open question. A more accu-
rate estimate of the magnitude of effect of diseases on
the gut microbiome needs robust large-scale longitu-
dinal data from across the world, taking confounding
factors into account. For example, when we obtained
gut microbiome profiles corresponding to the cirrhosis
MWAS from China'” from the curated Metagenomic
Data resource'"” and performed a permutational multi-
variate analysis of variance test, only 6.8% of variation
in the genus composition of the gut microbiota can be
explained by the cirrhosis status. Removing just one
confounding factor (alcohol exposure) increases the
explained variance to 7.8%. Understanding and account-
ing for other relevant confounding factors in micro-
biome studies will bring us closer to microbiome-based
biomarkers for cirrhosis.

A major confounder in previous MWAS seems to
be drug treatment. The gut microbiota composition is
altered not only by antibiotic drugs but also by non-
antibiotic drugs. One study showed that 25% of all
non-antibiotic drugs change at least one gut species,
and this value is likely an underestimate''®. Specifically,
proton-pump inhibitors, which have been associated
with increased risk of developing hepatic encephalo-
pathy and SBP in patients with ascites'”’, change the gut
microbiota towards bacterial overgrowth of entero-
cocci and facilitate cirrhosis progression in experimen-
tal and human alcoholic liver disease'*"'*. The use of
proton-pump inhibitors might also be the reason for
the invasion of the gut by buccal microbiota strains,
as the acidic barrier in the stomach is missing and the
buccal strains can migrate unhampered into the gut
and change its composition'”'"*. This situation argues
for careful accounting of medication use in biomarker
discovery studies. Proper consideration of, and strati-
fication for, known microbiome covariates as potential
confounders will not only greatly improve the accu-
racy of MWAS but also inform the interpretation of
longitudinal and interventional data sets.

An integral view of the microbiome including micro-
bial gene expression and microbial-derived metabolites
or proteins might lead to more accurate and holistic
biomarkers, analogous to the robust disease associations
when integrating host genetics with gene expression
and epigenetics. Such a holistic view encompassing the
host-microbial holobiont might also underpin individ-
ualization of diagnosis, stratification and treatment, and
could usher in a new era of holobiome-wide association
studies, expanding MWAS.

Targeting the gut microbiome-liver axis

Several current treatments for liver cirrhosis, such as
non-absorbable antibiotics, already target the gut
microbiome-liver axis and other approaches, such as
faecal microbiota transplantation (FMT), are now in
clinical testing (FIC. 3; TABLE 4).

Probiotics and diet. Probiotics have been the subject of
several clinical studies in cirrhosis, particularly their
effect on brain function and the risk of hepatic enceph-
alopathy. Even though most studies were small (between
20 and 70 individuals) and potentially associated with
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Fig. 3 | Strategies to target the gut microbiome in cirrhosis. Modulation of the gut microbiome with treatments (partly
established and partly experimental) might improve the outcomes of patients with cirrhosis and microbiome biomarkers
might reflect response to those treatments. Different strategies are shown (TABLE 4), but there might be some other
strategies, not yet tested in decompensated cirrhosis and acute-on-chronic liver failure (ACLF) in humans (for example,
agonists for glucagon-like peptide 1 (GLP1), farnesoid X receptor (FXR), Takeda G protein-coupled receptor 5 (TGR5),
fibroblast growth factor 19 (FGF19), FGF21 and apical sodium-dependent bile acid transporter (ABST) inhibitors), which
might be promising according to experimental evidence. HSC, hepatic stellate cell; LSEC, liver sinusoidal endothelial
cell; RBC, red blood cell. Image courtesy of MICROB-PREDICT.

some methodological flaw and risk of bias, a meta-
analysis indeed suggests that probiotics do have clin-
ically meaningful effects for the treatment of hepatic
encephalopathy'®, and a randomized controlled trial
showed a benefit in overall liver disease severity and
hospitalizations'?'.

Diet has a major effect on, among other things, the
gut microbiome and has been studied in the context
of various conditions and diseases®. One study of an
international cirrhosis cohort reported that coffee, tea,
vegetables, chocolate and fermented milk intake were all
associated with increased diversity of microbiome spe-
cies and a reduced rate of hospitalizations'*”’, suggesting
promising avenues for modulating the gut microbiome
for liver health.

Antibiotics and statins. Rifaximin, a poorly absorba-
ble antibiotic, seems to be a good treatment option in
many gastrointestinal diseases such as inflammatory
bowel diseases'”’. Several uncontrolled studies assessing
the effect of rifaximin on liver disease have delivered
some evidence that rifaximin might halt the progres-
sion of liver disease and decrease portal pressure'**'>.
Unfortunately, other studies showed not only that rifax-
imin has no effect on progression of liver disease but also

that the changes induced in the gut microbiome profile
of these patients were not profound'**-'*, which is quite
unexpected for an antibiotic that primarily stays in the
gastrointestinal tract and is approved for the treatment
of hepatic encephalopathy. In addition, a randomized
controlled trial has previously shown that statins might
improve survival of patients with cirrhosis after variceal
haemorrhage'”’, by mechanisms beyond a portal pres-
sure decreasing effect'*. One could speculate that statin
therapy might prevent ACLE, as shown in animals"’, by
improvement of the microbiome profile as shown in a
study in 2020 (REF."**). The LIVERHOPE consortium, fol-
lowing a safety study combining rifaximin and statin'*,
is recruiting for an efficacy trial and will also analyse the
gut microbiome in those patients.

Antibiotics as prophylactics. Antibiotics, in particu-
lar quinolones, have also been used as prophylactic
therapy in decompensated cirrhosis'**. Patients with
ascites have an increased risk for the development of
SBP and frequently receive poorly absorbable antibiotic
prophylaxis (norfloxacin) to prevent development of
SBP. This primary prophylaxis of SBP has been shown
to improve survival in selected patients, especially
those with a low albumin concentration in ascites'*.
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Table 4 | Interventions in cirrhosis that target the gut microbiome

Clinical condition Intervention

Hepatic Rifaximin
encephalopathy

168

Long-term quinolone
prophylaxis

Spontaneous

bacterial peritonitis**®

Suggested mechanism
of action

Reduces ammonia production
from gut microbiota

Direct effect on bacteria and
associated reduced bacterial
translocation and risk of

Clinical effect

Reduces the risk of recurrent
episodes of hepatic
encephalopathy

Improves survival; reduces the
risk of hepatorenal syndrome and
spontaneous bacterial peritonitis

spontaneous infections

Oesophageal Non selective B-blockers

varices”* (propranolol, nadolol
and timolol)

Hepatic Oral and periodontal

encephalopathy'*® hygiene

Hepatic Faecal microbiota

encephalopathy®*"  transplantation profile

In a multicentre, randomized controlled trial using nor-
floxacin in patients with severe liver cirrhosis (Child-
Pugh score C), there was no benefit in the overall
survival, but, again, patients with a low albumin con-
centration in ascites showed improved survival when
receiving norfloxacin'*.

Prophylactic antibiotic treatment is also recom-
mended in several other clinical situations, such as
variceal bleeding, previous SBP and recurrent overt
hepatic encephalopathy'*. However, although the short-
term effects in the most vulnerable patients might be
beneficial, in many other patients these treatments
cannot prevent further decompensation and ACLF.
Perhaps this situation is also partly due to the decrease
in diversity of the microbiome induced by antibiotics.
Additionally, an increased rate of antibiotic-resistant
bacteria is also found in this population of patients'*”*,

The possible role of antibiotic prophylaxis in the
increase of multidrug-resistant bacteria is controversial,
but a large international study suggests that prophy-
laxis does not increase the rate of multidrug-resistant
infections in cirrhosis'*’. Non-selective antibiotic strat-
egies might still lead to increased resistance in bacteria
towards the most commonly used antibiotics. Untargeted
treatment with antibiotics, either using broad-spectrum
antibiotics or as prophylactics, could lead to serious
healthcare challenges in the future. In humans, anti-
biotic treatment during early life has been associated
with obesity'*. Unnecessary use of antibiotics will also
lead to widespread resistance among bacteria, leading
to multidrug-resistant pathogens. Broad-spectrum anti-
biotics amplify this problem by spreading resistance at
an increased rate'”. Thus, a more targeted modulation
of the gut microbiome towards improving liver health
needs to be developed.

Albumin as potential therapy. When the intestinal bar-
rier is weakened, it leaks both ways, which also leads
to leaking of important host molecules from the blood
compartment into the gut lumen. For example, increased

Improve gut barrier function
and improve defence against
bacterial translocation

Decreases the invasion of gut
microbiome by buccal and
oral microbiome

Improves the gut microbiome

Improve survival; reduce risk of
bleeding from oesophageal varices
and episodes of spontaneous
bacterial peritonitis

Improves endotoxaemia and
cognitive brain function;
reduces episodes of hepatic
encephalopathy

Improves cognitive brain function
and reduces episodes of hepatic
encephalopathy

intestinal permeability leads to elevated faecal albu-
min concentrations in animal models of alcoholic liver
disease®. In patients with decompensated cirrhosis,
it can lead to enteral loss of more than 2 g of albu-
min per day, as assessed in a study from the 1960s'*'.
Additionally, albumin synthesis in the liver is impaired
with progression of cirrhosis: on one hand, the hepatic
injury leads to loss of hepatocyte functional mass; on
the other, increased liver stiffness decreases albumin
synthesis'*. Interestingly, not only do the levels of albu-
min decrease but also its potential to bind toxins and
other damaging substances'*-'*. These observations
have positioned albumin level as a key parameter
for severity of liver disease'””. Albumin has also been
investigated as a therapy based on different beneficial
properties including plasma expansion'*, and is rec-
ommended for several situations in decompensated
cirrhosis'*®, such as hepatorenal syndrome, SBP and
large-volume paracentesis (removal of several litres
of ascites)'*. Albumin administration was also shown
to improve immune B cell function by binding pros-
taglandin E, (REF.'¥), decreasing the flares of immune
response in cirrhosis and, thereby, halting the bursts
of systemic inflammation'**'*’ that are tightly associ-
ated with development of ACLF and death". Although
not yet recommended in the clinical guidelines, long-
term albumin treatment of patients with liver decom-
pensation’*’ and non-SBP infections'****"'>* improved
clinical outcome by, respectively, improving survival
and resolving ACLF'**. Thus, it is tempting to hypoth-
esize that albumin leaking into the gut lumen might
influence and be metabolized by the gut microbiota,
thereby possibly altering the microbiome composi-
tion and, indirectly, the host. Currently, no evidence
linking albumin to the gut microbiome exists, neither
regarding potential therapeutic effects nor as pre-
dictive biomarkers for albumin response. Ongoing
large-scale international multicentre studies (for exam-
ple, MICROB-PREDICT) are currently investigating
albumin’s therapeutic effects.
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Periodontal hygiene. Published human MWAS sug-
gest that during cirrhosis the gut microbiome changes
towards an oral microbiome profile'*>'**, and differ-
ent medications such as proton-pump inhibitors might
be responsible for this change. Diminishing the acidic
milieu in the stomach that acts as a natural barrier might
facilitate translocation of the oral microbiota into the
gut, where the epithelial barrier is adapted to a different
microbiome composition. These changes might facilitate
translocation of the gut microbiota across the gut barrier
and then lead to complications as discussed earlier. Thus,
preventing the unwanted translocation of oral micro-
biota into the gut could form the basis of future treat-
ment of cirrhosis. Although intuitive and tempting, this
hypothesis has still not been fully proven. Nevertheless,
there is some support for this hypothesis, as a study
showed that intervention improving periodontal hygiene
in 30 patients with cirrhosis compared with 20 non-
cirrhotic controls changed the gut microbiome and
improved hepatic encephalopathy'>.

Faecal microbiota transplantation. Pilot studies on FMT
in decompensated cirrhosis are emerging with promis-
ing safety profiles, paving the way for larger studies'".
One open-label randomized trial including 20 patients
with recurrent hepatic encephalopathy observed reduced
numbers of hospitalizations and improved cognition
and dysbiosis using an FMT enema'”’, which was also
demonstrated in the long term (12-15months) by
another study'**. Novel applications of FMT using an oral
capsule formulation also show a similar safety profile and
therapeutic effects in cirrhosis and hepatic encephalopa-
thy'*!*°. However, caution is required due to the report-
ing of some fatalities associated with FMT resulting
from drug-resistant bacteria transfer, including in some
patients with cirrhosis'®". Thus, better understanding and

comprehensive characterization of such studies could
lead to defined microbiome-modulating interventions
to treat decompensated cirrhosis (FIG. 3).

Conclusions

Although the description, functionality and role of
the gut microbiome in human health and disease have
advanced, facilitated by fast technological development,
important confounders prevent the implementation
of this knowledge into clinical tools and practice®.
The factors influencing the gut microbiome can be
host-intrinsic (for example, genetics, biological sex,
immunity), host-extrinsic (for example, lifestyle, alco-
hol, diet, medication) and environmental (regional,
household, family). Clearly, these categories overlap,
and many factors are also associated with each other and
determine the role of the microbiome in the develop-
ment of a specific disease”™. As liver cirrhosis presents a
large and important interaction of the gut microbiome
with the host, microbiome diagnostics and treatments
are almost mandatory to treat the progression of disease
and development of decompensation. Unfortunately, the
tools currently used to diagnose cirrhosis and measure
its progression do not reflect the gut microbiome and
are mainly focused on the host. Future studies should
explore and deepen understanding of the dynamics
and mechanisms of gut microbiome changes affecting
cirrhosis progression and development of decompen-
sation. Moreover, strategies targeting the interaction of
the microbiome with the host at different levels might
improve the outcome of the patients. Finally, the inter-
action of the microbiome with different treatments
might also help us in the future to guide treatment and
monitor treatment effects.
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