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Introduction

Liver disease is a significant burden on global
healthcare with approximately 2million attributa-
ble deaths worldwide per year.! Over 75 million
people globally have been diagnosed with alcohol-
use disorder, which puts them at risk of alcohol-
related liver disease (ArLLD). Studies have shown
that only around a third of those consuming harm-
ful amounts of alcohol will develop significant
fibrosis, and 1 in 10 will develop cirrhosis.>»? The
pathogenesis of ArLLD is multifactorial and is influ-
enced by individual metabolic, genetic and comor-
bidity variables as well as environmental factors*
One of these causative mechanisms may be the
increased passage of bacteria or bacterial products
into the systemic circulation — a process known as
bacterial translocation (BT) — due to increased
permeability of the intestinal barrier.> An increase
in bacterial products entering the liver via the por-
tal circulation with an increase in pro-inflamma-
tory cytokine release from Kupffer cell stimulation
leads to further hepatocellular injury. Assessment
of intestinal permeability (IP) can be performed by
direct functional assessment of the intestinal bar-
rier using non-absorbable probes, usually

oligosaccharides. Alternatively, surrogate markers
of barrier function can be measured including sys-
temic  biomarkers or Dbacterial products.
Identification of this pathway in the development
of ArLLD opens up the possibility of therapeutic
intervention. In this article, we review the current
knowledge around BT and IP in ArLLD, including
methods of assessment and therapeutic interven-
tion that are in clinical use or under development.
The therapeutic strategies discussed include
manipulation of the gut microbiome through anti-
biotic decontamination, use of probiotics and fae-
cal microbiota transplantation (FMT).

The gut microbiome and bacterial translocation
The gut microbiome consists of approximately 1014
microorganisms with up to 1000 different micro-
bial species.® This multitude of organisms performs
many roles, including metabolising indigestible
compounds, supplying vitamins, protecting the gut
against pathogen colonisation and contributing to
the host immune system.” The majority of bacteria
that reside in the human gut belong to either the
Bacteroidetes or Firmicutes phyla.
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BT is a physiological process that has been
detected in up to 5% of the population with
microbiological methods available at that time
and plays a part in maintaining host immunity by
presenting small amounts of bacteria and bacte-
rial components to the reticuloendothelial system
in the liver.8 It was first described in 1979 by Berg
and colleagues. They cultured viable enteric bac-
teria, predominantly Escherichia coli and lactoba-
cilli, from the mesenteric lymph nodes (MLN) of
mice.® This concept has now been extended to
include the passage of non-viable bacterial prod-
ucts and fragments.!© These products include
DNA; lipopolysaccharide (LPS): large molecules
found on the outer membrane of Gram-negative
bacteria; peptidoglycan: polymer that plays a key
structural role in Gram-positive bacteria cell
walls; lipoteichoic acid (ITA): a key constituent
of Gram-positive bacterial cell walls; and flagel-
lin: the protein that forms the main component of
a bacterial flagellum.

By contrast, ‘pathological BT’ has been defined
as a ‘sustained increase in quantity (rate and/or
degree) of BT.10 Studies have shown that patho-
logical BT occurs in conditions such as intesti-
nal obstruction, inflammatory bowel disease
(IBD), malignancy, Alzheimer’s disease, depres-
sion and liver disease.!!:12 It has been shown to
occur in up to 25-30% of patients with Child-C
cirrhosis.!?

The Enterobacteriaceae family (E. coli, Klebsiella
spp.), enterococci and streptococci spp. are the
most prevalent organisms seen in BT in humans.!4
A study in mice demonstrated that Gram-negative
bacteria translocated in large numbers to the
MLN whereas Gram-positive and obligate anaer-
obic bacteria translocated at much lower levels.!5
Another study also showed that some species of
E. coli are able to translocate more effectively than
others.1¢ This difference is thought to be due to
an enhanced ability to adhere to the intestinal
mucosa.

Healthy intestinal barrier

The intestinal barrier between the gut lumen and
the systemic circulation is comprised of a number
of entities that act to allow controlled absorption
of nutrients while maintaining a barrier to the
majority of enteric pathogens including bacteria,
fungi and viruses.

The mucus barrier is subdivided into two layers:
an inner sterile layer attached to the epithelium
and a looser outer layer that is colonised by bacte-
ria. The latter is composed of glycoproteins
known as mucins (Muc), which are primarily
made up of O-linked oligosaccharides (O-glycans).
These mucins are secreted by intestinal goblet
cells and either form a gel (Muc2, Muc5AC and
Muc6) or remain as membrane-bound glycopro-
teins (Mucl, Muc3-4, Mucl2-13 and Muc17.17:18
Muc?2 is the most abundant mucin in the small
intestine and colon.!” The mucus layer varies in
thickness throughout the gut, with the thickest
layer seen in the colon, which also has the highest
density of microbes.18 It also plays an important
role in maintaining the integrity of the intestinal
barrier and protection from microbial pathogens.
Several experiments have shown the importance
of the mucosal layer, and of Muc2 in particular,
against infectious diseases. Muc2-deficient mice
were shown to be more susceptible to infection by
Salmonella spp. and Citrobacter rodentium.%-20

There are a group of proteins, including defensins
and regenerating islet-derived proteins, known as
antimicrobial proteins (AMPs) that also play a
role in mucosal defence against bacteria. They are
secreted into the gut by Paneth cells at the bottom
of each intestinal crypt. These Paneth cells are
directly stimulated by bacteria and bacterial prod-
ucts, such as LPS. These are known collectively
as pathogen-associated molecular patterns
(PAMPs) and they activate toll-like receptors on
the surface of Paneth cells.2° The importance of
these cells in barrier defence has been demon-
strated by showing an increase in BT to MLNSs in
a study of Paneth cell-deficient mice,?! which cor-
responds with previous mice studies showing that
Paneth cell a-defensins protect against patho-
genic Salmonella strains.?2

The spaces between intestinal epithelial cells are
composed of a cluster of proteins that make up the
apical junction complex (Figure 1). This structure
comprises the tight junction (T]) — made up of the
transmembrane proteins occludin, claudin and
junctional adhesion molecules — as well as the
cytoplasmic components and zonula occludens
proteins that connect the transmembrane proteins
to the F-actin in the cytoskeleton.?? The adherens
junction sits below the TJ and consists of the
transmembrane protein E-cadherin and cytoplas-
mic catenin proteins that connect to the F-actin.?*
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Figure 1. Apical junctional complex: TJ consisting of transmembrane proteins (claudin, occludin, JAM) and
cytoplasmic molecules (Z0-1, Z0-2). Adherens junction sits below the TJ and also consists of transmembrane
(VE-cadherin) and cytoplasmic (catenin) component proteins. The cytoplasmic molecules connect to F-actin,

which contracts to open the paracellular space.

JAM, junctional adhesional molecule; TJ, tight junction; VE-cadherin, vascular endothelial cadherin; Z0-1, Z0-2,

zonula-occludens 1 and 2.

Contraction of actomyosin microfilaments in the
cytoplasm opens the intercellular space.

Molecules cross the intestinal barrier via one of
two pathways: transcellular and paracellular.
Transcellular transport entails passage of mole-
cules through cells and takes place via simple pas-
sive diffusion, active transport via ATP-driven
efflux pumps and endocytosis. These processes
mediate the transport of high-molecular-weight
antigens (>600 Da) as well as food proteins.
Antigens can also cross the epithelium through
specialised microfold (M) cells located in Peyer’s
patches, which are located predominantly in the
small intestine. Passage between the epithelial
cells is known as paracellular permeability and is
tightly regulated by the apical junction complex.?>
This facilitates the transport of small molecules,
solutes and ions while restricting the passage of
larger molecules such as bacteria and smaller bac-
terial products such as LPS.26

Mechanisms of damage to gut barrier
in ArLD

Increased intestinal permeability in ArL.D
Alcohol has a direct toxic effect on the intestinal
mucosa in both acute and chronic consumption.

Acute ingestion of high levels of alcohol causes
epithelial cell damage and death in mice.?” There
is limited data on the amount of alcohol needed
to cause increased IP. A study of patients with
alcohol dependence found increased IP (as meas-
ured by 31Cr-EDTA) in a subset of these patients

but there was no correlation with the amount of

alcohol consumed.?® Experiments on Caco-2
monolayers have shown that alcohol directly dis-
rupts TJ proteins and reduces expression of ZO-1
and claudin-1.2° Alcohol is metabolised to acetal-
dehyde by alcohol dehydrogenase (expressed on
epithelial cells and produced by the microbiota)
and this has also been shown to disrupt the TJs in
Caco-2 cell monolayers.3® Both animal models
and studies in humans have shown an increase in
the mucus layer in response to alcohol.3! This
increased thickness may limit the antimicrobial
properties of the mucus and thus increase BT.

Structural and functional changes have also been
documented in patients with cirrhosis that are
thought to reduce intestinal mucosal integrity.
One study showed significantly reduced expres-
sion of the TJ proteins occludin and claudin-1 in
patients with cirrhosis compared with healthy
controls, with greater reduction in protein expres-
sion in patients with decompensated compared
with compensated cirrhosis.3?2
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A number of studies have reported changes in
intestinal microcirculation in patients with portal
hypertension, which has been linked to mucosal
congestion, oedema and dilatation of intercellular
spaces.2%27 These structural changes may con-
tribute to altered mucosal integrity leading to
increased IP, but definitive evidence of this poten-
tial mechanism is awaited.??

The disruption of circadian rhythms by alcohol
and the subsequent disturbance of gut barrier
function has also been suggested as a mechanism
for increased IP. In heavy alcohol consumption,
alcohol is also metabolised by the cytochrome
p450 enzyme Cyp2el, which produces reactive
oxygen species and other products that induce
oxidative stress.3* Cyp2el is also expressed on
intestinal epithelial cells and these Cy2el-
generated products may contribute to increased
IP by direct disruption of the intestinal epithe-
lium or oxidative stress-induced cellular signal-
ling which alters TJ protein regulation.3> A study
on Caco-2 cells showed that alcohol exposure
increased oxidative stress and caused monolayer
dysfunction, as measured by reduced transepithe-
lial resistance as well as an increase in the levels of
circadian clock proteins PER2 and CLOCK.3¢
These effects were not seen when the monolayers
were pre-treated with an antioxidant scavenger.

Changes in the intestinal microbiota community

in ArLD

The majority of the studies in cirrhosis have
focussed on small intestinal bacterial overgrowth
(SIBO). SIBO is characterised by an increase in
the number and/or abnormal type of bacteria in
the small intestine with >10° colony-forming
units (CFUs) of bacteria cultured from jejunal
aspirates the traditional gold standard of diagno-
sis, although this test has largely been replaced by
breath testing.3”

Alcohol use also predisposes patients to develop-
ing SIBO. A retrospective study of 196 patients
found moderate alcohol to be a strong risk factor
for developing SIBO with a prevalence of 58%
compared with 38.9% of abstainers (p=0.008).38
This risk has also been shown in animal models,
which revealed an altered microbiota in response
to alcohol with a decrease in Firmicutes and an
increase in Bacteroidetes.?® A recent review of
studies in humans found that, overall, all patients

with cirrhosis, including those who drink alcohol,
had an increase in Gammaproteobacteria and
bacilli, whereas only those who drank showed a
depletion of clostridia.4°

Altered intestinal motility may also play a role in
the pathogenesis of SIBO in cirrhosis by leading
to delayed intestinal transit time, which predis-
poses patients to developing SIBO. A study of
proximal small bowel manometry showed signifi-
cantly prolonged intestinal motor complexes in
patients with cirrhosis compared with healthy
controls.*! Further studies have shown delayed
intestinal transit in patients with cirrhosis and
have correlated it with increasing severity of liver
disease.*?43 Lichtman and colleagues developed
an animal model to show a link between induced
SIBO and hepatic inflammation in rats.** They
showed significantly increased hepatic injury and
mortality in rats with SIBO from self-filling blind
jejunal loops compared with those with self-emp-
tying blind loops.

A recent meta-analysis of studies of SIBO in cir-
rhosis showed an overall prevalence of 40.8%
compared with 10.7% in healthy controls.%
There was no significant difference in prevalence
of SIBO amongst patients according to aetiology
of cirrhosis. The prevalence of SIBO according to
severity of liver disease was analysed in 12 studies
that found that the prevalence was higher in
decompensated cirrhosis (CTP B and C) com-
pared with compensated (CTP A) and higher in
CTP Class C than Class B.

Two studies within a recent meta-analysis looked
at BT in conjunction with SIBO in cirrhosis. They
found that SIBO was an independent risk factor
for BT, with 31.1% of patients with cirrhosis and
SIBO having systemic bacterial DNA compared
with only 4.8% of patients with cirrhosis and no
SIBO.%6:47 This correlates with previous animal
models that showed a positive correlation between
BT and SIBO. However, as up to 50% of animals
with SIBO did not subsequently have BT, this
work suggested that SIBO is only one of many
mechanisms that lead to BT.48

A recent review of the literature on the changes to
the intestinal microbiota in alcoholic liver disease
concluded that the alterations in gut microbiota
were associated with increased IP and gut barrier
breakdown.#® However, as the authors point out,
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neither the causal relationship nor the full clinical
implications of these phenomena have been fully
established and further studies are required.

Immune dysfunction in ArLD and its role in BT

In cirrhosis, there are a number of changes to
almost all parts of the immune system, which not
only reduce its capability of dealing with BT but
also contribute to the intestinal barrier damage.>°
There is significant dysfunction of the reticuloen-
dothelial system as well as increased portosytemic
shunting, which leads to reduced clearance of
BT.5152 There is also reduced chemotaxis, bacte-
rial phagocytosis and monocyte activation in cir-
rhosis compared with controls.>3

The intestinal immune system, comprising the gut-
associated lymphoid tissue (GALT) as well as parts
of the adaptive and innate immune systems, is also
affected in cirrhosis. The increase in BT seen in cir-
rhosis has been associated with an increase in the
number of activated inflammatory cells such as
monocytes, dendritic cells and T cells.>*56 These
cells produce greater amounts of pro-inflammatory
cytokines (such as TNF-a, IFN-y, IL-6) within the
intestinal mucosa causing increased intestinal
inflammation.>*>% Studies in animal models of cir-
rhosis have also shown reduced production of anti-
microbial molecules from Paneth cells including
a~defensins and ReglII proteins, which are involved
in gut microbial homeostasis.3%57

Evidence that this pro-inflammatory intestinal
milieu leads to increased IP, and thus further BT,
comes from a study of patients with non-alcoholic
fatty liver disease (NAFLD) and ArLLD. Activated
macrophages in the intestinal mucosa correlated
with levels of lipopolysaccharide binding protein
(LBP) and LPS in patients with decompensated
cirrhosis.>® There was also altered TJ protein
expression with decreased ZO-1 expression in
decompensated cirrhosis.

Clinical consequences of BT in ArLD

Bacterial infections in patients with ArLLD repre-
sent a significant burden in terms of morbidity
and mortality.>!»>® The commonest infections in
patients with cirrhosis are spontaneous bacterial
peritonitis (SBP), urinary tract infections, soft tis-
sue infections and pneumonia.?® The increased
translocation of pathogenic bacterial strains from
the gut to the systemic system is thought to be

one of the causative factors behind these infec-
tions (see Figure 2). Further evidence for the
importance of BT in the development of infection
in patients with cirrhosis was demonstrated in a
study where fluorescently labelled E. coli was
orally administered to rats with cirrhosis. The
labelled bacteria were shown to translocate not
just to the MLNSs but also to the ascitic fluid,>”
thus showing a model for developing SBP.

There have been several association studies link-
ing increased gut permeability and BT with liver
disease in both human and animal models.%0-6!
An early study in patients with ArLLD showed a
positive association between endotoxin (LPS)
levels and severity of ArLLD.%2 Alcohol fed to rats
with liver disease leads to high levels of endotoxin
and also correlates with the severity of liver dis-
ease.%3 It is also established that alcohol in combi-
nation with endotoxin leads to more severe liver
damage than either factor alone through damag-
ing pro-inflammatory processes.%*

There is also some evidence from animal models
where oral administration of non-absorbable anti-
biotics or lactobacillus reduces endotoxin levels
and hepatic injury in alcohol-fed rats.%%:% A study
by Keshavarzian and co-workers indicates a
causal role for BT by showing that alcohol-
induced increases in gut permeability and subse-
quent BT precede the development of alcoholic
steatohepatitis in rats.%7

One of the most compelling causative arguments
linking BT with liver disease has been a study by
Llopis and colleagues, who looked at patients with
acute alcoholic hepatitis (AAH). AAH is one of the
most severe forms of ArLLD with a 28-day mortal-
ity of nearly 20%.58 This study showed that patients
with AAH had a specific bacterial community that
was not present in patients with a similar alcohol
intake but without AAH. Furthermore, this spe-
cific microbiota composition from patients with
severe AAH, when transplanted into mice, was
able to induce a much more severe pattern of liver
inflammation compared with mice transplanted
with non-AAH microbiota.5®

Further evidence for BT-induced liver disease
comes from a recent paper that identified cytoly-
sin, a specific exotoxin secreted by Enterococcus
faecalis, as a causative factor of hepatocyte inflam-
mation and death in severe AAH.7° AAH patients
with cytolysin-positive E. faecalis had an increased
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Figure 2. Mechanisms and consequences of BT in liver disease: changes to the intestinal microbiota,
intestinal permeability and local immune responses lead to increased BT. In combination with reduced
systemic immunity in the liver (reduced RES and macrophage activity), these changes may lead to
complications of liver disease including increased infections such as SBP, acute decompensation of cirrhosis,

HRS, HE and increased mortality.

BT, bacterial translocation; CLD, chronic liver disease; HE, hepatic encephalopathy; HRS, hepatorenal syndrome;
RES, reticuloendothelial system; SBP, spontaneous bacterial peritonitis; SIBO, small intestinal bacterial overgrowth.

mortality as well as increased severity of liver
inflammation. Mice transplanted with cytolysin-
positive stool developed more severe liver injury,
steatosis and fibrosis than those mice colonised
with cytolysin-negative stool.

The influence of the gut microbiota and BT on
the brain was studied by Leclercq and co-workers
who showed that alcohol-dependent patients who
had increased gut permeability (as measured by
51Cr-EDTA wide infra) not only had altered gut
microbiota but this change was associated with
higher scores of anxiety, alcohol craving and
depression.?® This measured state implies a role
for the microbiota and the gut-brain axis in mod-
ulating behaviour such as alcohol-dependence.

Methods to assess intestinal permeability
Numerous methods are available to assess IP —
both directly and indirectly — these are summa-
rised in Table 1.

Direct measures of intestinal permeability
Single probe measurement of IP is performed by
quantifying the excretion into wurine of a

non-metabolised probe that passes across the
intestinal barrier. A probe such as lactulose (342
Da) crosses the intestinal barrier via the paracel-
lular route and, in healthy individuals, only a very
small amount should cross into the systemic sys-
tem to be excreted in the urine. Alternative probe
molecules can be used; these include polyethylene
glycol (PEG) and >!Cr-labelled ethylenediamine-
tetraacetic acid (EDTA). These are neither pro-
duced endogenously nor metabolised by colonic
bacteria, and thus may provide a more accurate
picture of whole intestinal permeability compared
with oligosaccharides, which are metabolised by
colonic bacteria.”! 51Cr-EDTA crosses the intesti-
nal barrier paracellularly, and its excretion in urine
is thought to represent TJ disruption,’? but it has
also been shown to be affected by both renal func-
tion and tissue distribution.”?> PEG is available in
multiple different molecular weights that can be
administered simultaneously to improve sensitiv-
ity. Importantly, using a single probe to measure
IP means that the measurement is susceptible to
pre-mucosal factors such as altered gastric empty-
ing or intestinal transit and renal clearance.*

The use of two probes was therefore proposed in
order to mitigate for these non-mucosal factors.”
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Table 1. Advantages and disadvantages of methods of assessing IP.

Method Pros

Cons

Direct measures of IP

Dual sugar probes (e.g.
lactulose/mannitol]

SICr-EDTA, PEG

Gold-standard method

Use of two sugars controls for non-mucosal
factors (altered renal function/gastric
emptying/intestinal transit)

Not metabolised by colonic bacteria -

Single probe

assess whole intestine

FITC-dextran

Transcutaneous fluorescence
urine samples

Indirect measures of IP
Serum LPS

Serum LPS-binding protein

Bacterial cultures

Serum bacterial DNA
cultures

Measured from whole blood - urine
collection not needed

Non-invasive - no collection of blood or

Easily available assay

Longer half-life

Gold-standard method

PCR technique much more sensitive than

Single probe

bilirubin.

validated in humans

Short half-life

Metabolised by colonic bacteria - valid
assessment of small bowel IP only

Large volume to drink for unwell patients
Time-consuming experiment

Fluorescein has a similar fluorescence to

Technique under development - not fully

Acute phase protein - increased in infective

episodes

Poor sensitivity

Lag time of several days to grow bacteria
Fastidious organisms difficult to culture

Quicker technique than culture

Intestinal fatty-acid binding
protein

Zonulin

Easily available assay run on serum sample

Correlation between increased IP as

than increased IP

measured by dual sugar probe

Limited data linking bDNA with increased IP

Data links iFABP to epithelial damage rather

Questions over assay validity

bDNA, bacterial DNA; FITC-dextran, fluorescein isothiocyanate conjugated dextran (a fluorescently labelled inert polysaccharide); IP, intestinal
permeability; LPS, lipopolysaccharide; PCR, polymerase chain reaction; PEG, polyethylene glycol.

The current gold-standard method of direct
assessment of IP involves ingestion of two sugars,
commonly lactulose and mannitol, followed by
collection of urine over 24h. Increasingly !3C
mannitol or rhamnose is used to avoid ‘contami-
nation’ of the test by inadvertent mannitol con-
sumption in food or medication, which can affect
its baseline excretion. The smaller molecule, usu-
ally mannitol (182Da), crosses the intestinal bar-
rier freely via the transcellular pathway and acts
as a control. Both lactulose and mannitol are
thought to be affected in the same way by factors
such as dysbiosis, altered motility, metabolism by
colonic bacteria and renal function.”! Analysis is
performed by liquid chromatography plus mass

spectrometry or high-pressure liquid chromatog-
raphy alone.26

The ratio of excreted lactulose to mannitol is
taken as an indicator of the permeability of the
small intestinal barrier via the paracellular route.
The optimal time period for urine collection to
minimise individual subject variation and to eval-
uate the small intestine has been shown to be 2.5—
4h post ingestion.”®

Increased IP, as measured by dual sugar probes,
has been demonstrated in patients with cirrhosis,
where higher IP correlates with increasing sever-
ity of liver disease.’”-78 This was also shown by
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Vogt and colleagues; however, they found that IP
was not a predictor of infection free-survival or
survival overall.”®

Dextran molecules have also been used to assess
IP. Dextrans are inert polysaccharides available
in varying sizes (3kDa to 2000kDa) that can be
conjugated to fluorophores. Following oral
administration of fluorescently labelled dextrans,
blood, urine or tissue samples (typically collected
1-4h after administration) can be analysed by a
fluorimeter or microscope to assess the degree to
which the probe has passed the intestinal barrier.
While this approach is not yet approved for clini-
cal use, fluorescein isothiocyanate conjugated
dextran (FITC-dextran) has been used in research
studies for this purpose in both human and ani-
mal permeability studies.80-82

Another fluorescence-based approach is also
under development to allow non-invasive assess-
ment of IP without the need for urine/blood sam-
ple collection. Dorshow and colleagues reported
quantification of IP in rats based on transcutane-
ous detection of the fluorescence signal from two
orally administered fluorescent dyes (MB-401
and MB-302 - fluorophores with comparable
molar masses to lactulose and mannitol). In this
study, fluorescence was detected using a non-
invasive fibre-optic probe (removing the require-
ment to collect urine or blood samples), with
measurements made through the ears of the
anaesthetised rats.83 A similar method is currently
being deployed by our group in a first-in-human
trial to assess transcutaneous fluorescence spec-
troscopy as a tool for clinical assessment of IP.84
This trial is focussed primarily on the use of fluo-
rescein as the fluorescent contrast agent, which is
used widely in the clinic for other diagnostic pro-
cedures. In addition, this technique has the
advantages of providing automated data collec-
tion and analysis, potentially allowing faster,
more flexible and cheaper diagnoses when com-
pared against the alternative approaches dis-
cussed previously.

Indeed, most of the previously mentioned tests
are time-consuming and there are other limita-
tions as well, including the lack of control probe
for tests other than lactulose/mannitol. The sub-
ject is required to fast overnight before ingesting
the sugar probe(s) which are usually dissolved in
water (e.g. 5g lactulose, 2g mannitol in 100 ml

water) and required to drink a further litre of
water during the test to ensure adequate urine
output.”’* Performing these tests on acutely unwell
patients with severe liver disease who may strug-
gle to consume large volumes of liquid is difficult.
Using systemic markers of bacterial translocation
as an indirect assessment of IP is therefore an
attractive alternative.

Indirect measures of IP

The presence of the endotoxin LPS, one of the
major components of the outer membrane of
Gram-negative bacteria, has been used as a meas-
ure of systemic bacterial load. LPS can be meas-
ured in serum by the limulus amoebocyte lysate
assay (LAL test). The assay was first developed in
the 1970s and, although the sensitivity of this test
has improved with the development of a chromog-
enic assay,®® there remain a number of limitations
with using this method on whole blood in humans.
The major problems with this assay include the
necessity of an endotoxin-specific chromogenic
substrate, lack of consensus over standard-curve
preparation and the need to eliminate plasma
inhibitors from the endotoxin assay.8%-87 In addi-
tion to these issues, LPS has a short half-life of
only 2—3h, which limits its practical use.

LBP is an alternative marker of bacterial translo-
cation. It is an acute phase protein that is synthe-
sised by hepatocytes in response to the presence
of LPS and bacteria in the bloodstream. It binds
to bacterial LPS and facilitates its transfer to cell
receptors such as CDI14, which stimulates an
inflammatory response leading to cytokine release
from liver macrophages. It has a much longer
half-life (2-3 days) than LPS.

A study of 102 cirrhotic patients®® found elevated
LBP levels in those with non-infected ascites
compared with those without ascites, suggesting
increased BT in patients with portal hyperten-
sion. Higher LBP levels in these patients corre-
lated with higher TNF-a, IL-6 and sCD14 levels,
which then normalised after 4 weeks of norfloxa-
cin treatment suggesting that enteric bacteria may
be involved in this process. A further study of 84
cirrhotic patients by the same group showed that
LBP level was the only factor associated with
severe bacterial infection in a multivariate analy-
sis,89 implicating BT in the development of infec-
tious complications in cirrhosis.
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Measuring bacterial load by culturing bacteria
directly from the blood or other bodily compart-
ment is the gold standard of detection; however,
the limitations include poor sensitivity of this
method, the lag time to grow organisms and the
fastidious nature of many bacteria.®® Polymerase
chain reaction (PCR) amplification techniques
have thus been used to try and directly detect
bacterial DNA (bDNA) in the systemic circula-
tion. The method entails extracting and purifying
the DNA from whole blood samples before using
quantitative real-time PCR to detect the bacterial
load. The primers used target the highly con-
served 16S rRNA gene present in all bacterial
genes®!; however, there is a limitation to using
this gene as it is not a single copy gene, and results
may vary by an order of magnitude, depending on
the target species.

Several studies have linked serum bDNA with
other markers of BT or indirect markers of IP.
These include a correlation between bDNA and
serum endotoxin after binge drinking.®? Several
studies have also correlated serum and/or ascitic
bDNA with inflammatory markers or cytokines in
patients with liver disease?3-93; however, the evi-
dence that links systemic bDNA with measures of
increased IP is more limited.

A small study of seven patients with Child Pugh A
or B cirrhosis found serum and ascitic fluid bDNA
in only one patient although this patient did have
the highest IP as assessed by the lactulose/
mannitol test.?® All patients showed altered IP
compared with a control group of 14 healthy vol-
unteers. Serum bDNA will not pick up leucocyte-
associated bDNA thus whole blood DNA
detection may be a more sensitive technique.
Whole blood bDNA in the STOPAH trial was
detectable in the majority of AH patients and cor-
related with infectious complications.%8

Zonulin, a 47 kDa protein discovered by Fasano
and colleagues,®” has shown some potential as a
biomarker of IP. Experiments iz vitro have shown
that it is involved in the disassembly of TJ pro-
teins in non-human primate samples and induces
increased IP on murine samples.”9° The same
group also performed murine studies that showed
an increase in IP (as measured by dual sugar
probes) with exposure to zonulin. It has subse-
quently been used as an indirect measure of gut
permeability in a variety of disease models includ-
ing autoimmune disease, inflammatory bowel

disease and alcohol use disorder.100-102 However,
the diagnostic validity of the assay has recently
been called into question, which may limit its
future potential.103,104

Intestinal fatty-acid binding protein (IFABP) is a
cytosolic protein located on small bowel entero-
cytes that are released into the systemic circula-
tion following damage to the mucosal
epithelium.195 A small study of 18 patients found
that increased iFABP correlated with increased
IP (as measured by urinary lactose/rhamnose) fol-
lowing strenuous exercise.!% There are few stud-
ies in liver disease although one study of patients
with chronic viral hepatitis found higher levels of
both LPS and iFABP in these patients compared
with controls.'97 A correlation with between
iFABP and increased IP has been shown in other
conditions, including sickle cell disease,!08
although again LPS is used as a surrogate marker
of BT and increased IP.

Measurement of faecal albumin has also been
used as an alternative marker for IP as a healthy
intestinal barrier that should prevent the move-
ment of albumin from the blood to interstitial
spaces and the intestinal lumen.!®® An animal
model showed increased faecal albumin, which
correlated with increased IP as measured by
FITC-dextran, in alcohol-fed mice compared
with controls.3! However, one of the limitations
of this test in liver disease is that it can be con-
founded by low serum albumin levels, which are
often a feature of cirrhosis.1%?

Therapeutic interventions to reduce BT in

liver disease

Prophylactic antibiotics in liver disease are given
to those patients who are at high risk of develop-
ing SBP infection.!1? The use of poorly absorba-
ble antibiotics, such as norfloxacin, is a strategy to
try and selectively decontaminate the bowel of
pathogenic Gram-negative bacteria. An animal
model of rats with cirrhosis treated with norfloxa-
cin showed reduced rates of bacterial peritonitis
but no change in BT overall.!!! The major disad-
vantage to the widespread use of prophylactic
antibiotics though is the rise of multidrug-resist-
ant strains of pathogens and the increasing risk
these pose to patients with cirrhosis.!12 An early
study to examine the effect of paromomycin (a
non-absorbable, broad-spectrum antibiotic) on
endotoxin levels in patients with ArLLD did not
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demonstrate any significant change in endotoxin
or liver function tests after 4 weeks.!13

The use of the non-absorbable antibiotic rifaxi-
min as an alternative to lactulose for hepatic
encephalopathy has been established for some
time,!14 with good efficacy and with low risk of
developing multidrug resistant infection.!!2
Recently, it has also been tested as an alternative
to norfloxacin as primary or secondary prophy-
laxis for SBP, with one recent RCT showing sig-
nificantly lower rates of SBP in patients on
rifaximin for secondary prophylaxis compared
with patients on norfloxacin.!’> A recent meta-
analysis found that rifaximin was a reasonable
alternative to norfloxacin for SBP prevention in
patients with hepatitis C cirrhosis.!1® The overall
evidence, however, remains limited and further
evidence is awaited on the broader role of rifaxi-
min in preventing bacterial infections in patients
with cirrhosis.

The use of probiotics and prebiotics to influence
gut microbiota has gained increasing traction in
recent years. Prebiotics are non-digestible com-
pounds, typically fibres, that are used as a sub-
strate for beneficial bacteria. Probiotics are live
microorganisms with intended beneficial proper-
ties that are added to the gut microbiota.!l” These
beneficial properties can include preventing
mucosal colonisation by pathogenic species and
modulation of the local immune response.!18

The results from both animal and human studies
have been mixed. A recent review found that
some studies showed administration of lactoba-
cilli alone or in combination with bifidobacteria
species were effective at reducing BT (as meas-
ured by endotoxin) in rat models of cirrho-
sis,119:120 byt others showed no discernible
benefit.12! A similar picture is seen in randomised
placebo-controlled studies in patients with cir-
rhosis where probiotics have shown a reduction in
infection,!!® gut bacterial profile and BT.122,123

Overall, however, the impact of pro and prebiot-
ics on outcomes in cirrhosis are fairly limited,
with one recent RCT showing no benefit of pro-
biotics on infection rate or mortality.!?* There
may be a number of reasons behind this, includ-
ing failure of most probiotics to reach the intes-
tine due to inactivation in the stomach,!?5 or
intestinal dysmotility or they may simply be deliv-
ered in insufficient numbers to compete with the

increased numbers of pathogenic bacteria seen in
cirrhosis.

Transplanting faeces from healthy donors in
order to restore the gut microbiota is now an
established treatment for recurrent Clostridioides
difficile infection and is approved by the National
Institute for Health and Care Excellence (NICE)
in the UK.% However, there is increasing interest
in the use of FMT outside this indication. In a
small safety study of 20 patients, the safety of
FMT plus broad-spectrum antibiotics was exam-
ined wversus usual standard of care (lactulose and
rifaximin) for hepatic encephalopathy. Improved
cognition and microbial diversity, but no change
in model for end-stage liver disease (MELD)
score were reported, although the use of antibiot-
ics as well as FMT in the treatment group could
have contributed to some of these changes.126

A further small trial by the same group looked at
changes in microbiota composition in decompen-
sated cirrhosis due to antibiotics, and whether
these changes could be improved with FMT.
They administered 5 days of broad-spectrum anti-
biotics (ciprofloxacin 500mg twice daily, amoxi-
cillin 500mg thrice daily, metronidazole 500 mg
thrice daily) followed by FMT to 10 patients with
decompensated cirrhosis and compared this inter-
vention with 10 patients with decompensated cir-
rhosis on lactulose and rifaximin. They showed
that the reduced bacterial diversity after antibiotic
administration was reversed by FMT.127

A prospective feasibility study (PROFIT Trial) of
FMT in cirrhosis is currently underway in the
UK. This trial does not involve pre-administration
of broad-spectrum antibiotics, unlike other stud-
ies, and also delivers the FMT directly to the
small bowel (via nasojejunal tube). The trial is
aiming to assess not only the safety and tolerabil-
ity of administering FMT to patients with cirrho-
sis, but also to try and quantify the effects through
measuring changes to the recipient stool microbi-
ome, plasma endotoxin and bacterial DNA levels
as well as inflammatory cytokines.128

There is also growing interest in using FMT in
AAH. A small pilot study of eight steroid-ineligible
patients with AAH treated with FMT for 7 days
via nasogastric tube showed it to have reduced
mortality compared with unmatched historical
controls together with reductions seen in the abun-
dance of some pathogenic microbiota species.!2?
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The recent study by Duan and colleagues used
bacteriophage to specifically target the cytolysin-
producing bacterium E. faecalis, which has been
shown to induce more severe liver injury in AAH,
in mice colonised by faecal bacteria from patients
with severe AAH.® The phage treatment was
able to reverse the hepatocyte injury and steatosis
induced in these mice.

Conclusion

The role of increased intestinal permeability and
bacterial translocation in the development of liver
disease and its complications has been of interest for
some time. Its full role in the pathogenesis of liver
cirrhosis, its potential for therapeutic manipulation
and our ability to accurately measure it are not yet
fully realised and clearly require further study. The
gold-standard measurement of IP in humans is the
use of dual sugar probes but this method has several
limitations, not least of all the practicality of per-
forming this on acutely unwell hospitalised patients.
Markers such as bacterial DNA, zonulin, LBP and
iFABP are all promising but they remain indirect
measures of IP. The data regarding therapeutic
intervention in this area remains similarly incom-
plete with many questions about the roles of both
probiotics and antibiotic decontamination still to be
answered. However, the potential therapeutic role
of FMT in decompensated liver cirrhosis and espe-
cially in hard-to-treat conditions such as AAH is an
exciting avenue of future research.
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