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Summary

Background: Mortality from chronic liver disease is rising exponentially. The liver is
intimately linked to the gut via the portal vein, and exposure to gut microbiota and
their metabolites translocating across the gut lumen may impact upon both the
healthy and diseased liver. Modulation of gut microbiota could prove to be a poten-
tial therapeutic target.

Aim: To characterise the changes in the gut microbiome that occur in chronic liver
disease and to assess the impact of manipulation of the microbiome on the liver.
Methods: We conducted a PubMed search using search terms including ‘micro-
biome’, ‘liver’ and ‘cirrhosis’ as well as ‘non-alcoholic fatty liver disease’, ‘steatohep-
atitis’, ‘alcohol’ and ‘primary sclerosing cholangitis’. Relevant articles were also
selected from references of articles and review of the ClinicalTrials.gov website.
Results: Reduced bacterial diversity, alcohol sensitivity and the development of gut
dysbiosis are seen in several chronic liver diseases, including non-alcoholic fatty liver
disease, alcohol-related liver disease and primary sclerosing cholangitis. Perturba-
tions in gut commensals could lead to deficient priming of the immune system pre-
disposing the development of immune-mediated diseases. Furthermore, transfer of
stool from an animal with the metabolic syndrome may induce steatosis in a healthy
counterpart. Patients with cirrhosis develop dysbiosis, small bowel bacterial over-
growth and increased gut wall permeability, allowing bacterial translocation and
uptake of endotoxin inducing hepatic and systemic inflammation.

Conclusions: Manipulation of the gut microbiota with diet, probiotics or faecal
microbiota transplantation to promote the growth of “healthy” bacteria may amelio-
rate the dysbiosis and alter prognosis.

The Handling Editor for this article was Professor Peter Hayes, and this uncommissioned review was accepted for publication after full peer-review.
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1 | INTRODUCTION

Our understanding of the gut microbiome in health and disease has
increased significantly in recent years. The use of nonculture-depen-
dent techniques, such as 16s rRNA sequencing and more recently
metagenomic analysis, has been key in these advances, allowing
sequencing of whole populations of microbiota in a short period of
time. The advent of these techniques has allowed researchers to
examine the impact of the microbiome on a host of different condi-
tions. As the liver receives the majority of its blood supply directly
from the microbiota laden gut, via the portal vein, inherently the
host microbiome and the liver become intimately linked. This article
will examine in detail the role of the gut microbiota in the pathogen-
esis and progression of chronic liver disease and tease out how
modulation of the gut microbiome might offer novel therapeutic
targets.

There is a wealth of data to link conditions such as non-alco-
holic fatty liver disease (NAFLD), alcohol-related liver disease
(ALD) and primary sclerosing cholangitis (PSC) with an altered
and potentially “dysfunctional” gut microbiome. The term gut
“dysbiosis” has been coined to encapsulate the perturbations in
the structure of the complex commensal communities, which can
lead to deficient priming of the host immune system leading to a
predisposition to develop immune-mediated diseases. Interest-
ingly, emerging evidence suggests that rather than 1 or 2 domi-
health, the
composition of the entire microbial community contributes to a

nant organisms being responsible for host
balanced immune response. The host has also developed a num-
ber of mechanisms to counteract changes in the gut microbial
community structure. This has broad implications on the develop-
ment of future therapies that goes beyond the introduction of a
single organism to induce health such as introducing a probiotic
agent to the diet. It ultimately means that we must identify
mechanisms that reconstitute a healthy complex microbiome after
dysbiosis has occurred, a process that could be referred to as
“rebiosis,” which will be fundamental to treating chronic liver dis-
ease especially those conditions which may be directly or indi-
rectly immune mediated. The ultimate therapy may, thus, involve
transplanting what might be perceived as a healthy gut micro-
biome from a non-obese healthy donor to a patient with chronic
liver disease, an evolving therapy referred to as faecal microbiota
transplantation (FMT).

2 | BACKGROUND

2.1 | The rise in chronic liver disease

Liver disease is the fifth biggest killer in England and Wales (Bri-
tish Liver Trust) and unlike mortality for cancer and ischaemic
heart disease, mortality from liver disease continues to rise. In
Western countries, alcoholic liver disease (ALD) and NAFLD make
up the majority of the case-load. The prevalence of NAFLD varies
and the prevalence of non-alcoholic steatohepatitis (NASH) is
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uncertain as it requires a liver biopsy for confirmation. An Ameri-
can study of 328 volunteers found the prevalence of NAFLD was
46% and NASH, which can progress to fibrosis and cirrhosis, was
as high as 12%.% In diabetic patients, the prevalence was as high
as 74% for NAFLD and 22% for NASH; NAFLD being strongly
associated with obesity and “the metabolic syndrome.” It is esti-
mated that 10%-15% of those who drink to excess develop cirrho-
sis. The development of cirrhosis is thought to require alcohol
intake of at least 50 g of alcohol per day for men or 30 g for
women over a period of at least 5 years.? NAFLD and ALD
together are a huge public health issue and have a considerable

financial impact on health services.

2.2 | The gut-liver-immune system axis

The gut contains 100 trillion micro-organisms. These out-number
somatic cells in the body by 10-fold.® The characterisation of gut
flora has been greatly improved by 16S ribosomal RNA sequencing
as the majority of gut bacteria are unculturable. The gut microbiota
includes not only bacteria but also includes viruses and fungi. There
are thousands of different bacteria, but the main phyla represented
include Bacteroidetes, Firmicutes and Actinobacteria.* Many differ-
ent factors influence microbiota composition, including diet, age and
comorbid conditions. In children, the microbiota vary depending on
mode of delivery and whether or not the child was breast-fed.
Oligosaccharides from human breast milk promote Lactobacillus and
Bifidobacteria, which are the predominant bacteria found in the
intestines of breast-fed babies, but these bacteria decline following
the introduction of a solid diet.

The diverse and complex role played by the gut microbiome
is central to the development and modulation of the innate and
adaptive immune systems both locally within the intestinal
mucosa facilitating defence against pathogenic invasion but also
systemically. Their dietary and homeostatic functions complement
those of the liver and include glucose metabolism, bile salts and
xyloglucans, the liberation of short-chain fatty acids (SCFAs)
from indigestible starches, and the biosynthesis of vitamins many
of which the human host cannot perform independently. SCFAs
are a vital source of energy for intestinal mucosal cells helping
to maintain gut integrity and bolstering barrier function. The
liver is an important immunological organ and is the first organ
to challenge gut-derived bacteria, bacterial pathogen-associated
molecular patterns (PAMPs) and ingested food products after
they enter the systemic circulation. It is for this reason that
80% of the body’s resident macrophages reside in the liver. The
liver, thus, forms a firewall clearing circulating invading bacteria.®
The healthy liver is also a site of active local regulation of
immune responses favouring induction of T-cell tolerance by the
presence of an unique microenvironment rich in tolerogenic
organ-resident cells.® (Any change, therefore, in the gut micro-
biome composition will impact on homeostatic functions which
may induce perturbations in hepatic function and the develop-
ment of liver disease.
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2.3 | Non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease comprises simple steatosis and
NASH, which can lead on to the development of cirrhosis and hepa-
tocellular carcinoma (HCC). A study of 2287 people looking at the
prevalence of hepatic steatosis in the United States revealed that
34% of Texans had steatosis, with higher rates in those from His-
panic backgrounds.” Another US study found the NAFLD prevalence
to be 46% and the prevalence of biopsy-proven NASH was as high
as 12%.! Rates were also found to be higher in diabetics and
patients from Hispanic backgrounds. With rising rates of obesity, the
issue of NAFLD is becoming more and more pressing, especially as
there are currently no effective drug treatments for the condition.

Gut microbiota have been implicated in the development of obe-
sity and the metabolic syndrome.2 Germ-free mice who were fed a
high-fat, high-sugar diet gained less weight than ordinary mice fed
the same diet.” Germ-free mice were then given gut microbiota from
normal mice, resulting in increased body fat. Le Roy et al took this
one step further, identifying mice with the metabolic syndrome phe-
notype and treating germ-free mice with “metabolic syndrome” gut
microbiota. They then fed the mice a high-fat diet. These mice were
compared with germ-free mice treated with “normal” gut microbiota,
from mice without the metabolic syndrome phenotype. Mice treated
with the metabolic syndrome gut microbiota developed raised blood
glucose and insulin levels and evidence of hepatic steatosis, suggest-
ing that the metabolic syndrome phenotype can be transferred via
transfer of stool microbiota.*°

Gut microbiota produce SCFAs such as acetate, propionate and
butyrate, from digestion of carbohydrates in the colon. Butyrate is
the main source of nourishment for colonocytes.* Examples of
butyrate-producing bacteria include members of the Firmicutes phy-
lum, such as Faecalibacterium prausnitzii. Butyrate is thought to help
modulate intestinal barrier integrity via modulation of expression of
tight junction proteins and mucin.*? This suggests that encouraging
growth of butyrate-producing species could reduce gut permeability,
thus reducing systemic inflammation. Inulin-type fructans promote
the production of butyrate in vitro.'2

Zhu et al examined the role of gut microbiota and endogenous
alcohol production in NASH development. Twenty-five per cent of
those with fatty livers progressed to fibrosis and eventually cirrhosis,
while the remaining 75% had simple steatosis and did not progress.
The aim was to discover which co-factors influenced this progression
to NASH. Gut microbiota were examined from 3 groups—healthy
children, children with biopsy proven NASH and children who were
obese, but who had normal liver biochemistry.*® Children were cho-
sen to avoid alcohol consumption as a confounding factor. A statisti-
cally significant increase was noted in Bacteroidetes with an
associated decrease in Firmicutes in obese subjects and NASH
patients. Proteobacteria, Enterobacteriaceae and Escherichia were
similarly represented between healthy and obese microbiomes, but
were significantly elevated in NASH. Other studies have reported
variable results with regard to Phyla alterations, due to the hetero-

geneity of study design and methodology in NAFLD trials.®
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Alcohol-producing bacteria were more abundant in NASH patients.
Peripheral blood was obtained to assess blood ethanol concentra-
tions in healthy subjects, obese subjects and NASH patients. Inter-
estingly, children with NASH were noted to have significantly
elevated blood ethanol concentrations when compared with healthy
and obese controls. In health, alcohol is constantly produced in the
gut by microbiota, but is usually completely metabolised by alcohol
dehydrogenase (ADH) and other enzymes in the liver. It was postu-
lated that gut microbiota enriched in alcohol-producing bacteria (eg
Escherichia coli) constantly produce more alcohol than healthy micro-
biota (overwhelming the hepatic detoxification capacity) and there-
fore supply a constant source of reactive oxygen species (ROS) to
the liver, which, in turn, induces hepatic inflammation, eventually
resulting in steatohepatitis. Other studies have failed to confirm ele-
vated blood alcohol levels in NAFLD. De Medeiros et al postulated
that NAFLD could represent an “endogenous ALD” as patients with
NAFLD may produce high levels of endogenous alcohol, but do not
necessarily exhibit elevated blood alcohol levels. Endogenous ethanol
is a prodrug, metabolised to acetaldehyde in the gut and liver.
Acetaldehyde is hepatotoxic, with extrahepatic acetaldehyde far
more hepatotoxic than acetaldehyde produced in the liver. Extrahep-
atic acetaldehyde causes steatosis and fibrosis in far lower concen-
Alcohol
dehydrogenase 4 (ADH4) metabolises ethanol to acetaldehyde and is

trations than acetaldehyde produced in the liver.
up-regulated in NASH livers, suggesting higher alcohol exposure.
Small bowel bacterial overgrowth may contribute to excess endoge-
nous alcohol production and hepatic injury.**

2.4 | Alcohol-related liver disease

Not all patients who drink to excess go on to develop cirrhosis. The
reasons for this are thought to relate to host genetic factors and
environmental factors, such as diet and an altered gut microbiome. A
growing evidence base suggests that gut-derived bacterial endotox-
ins may be co-factors for alcohol-induced tissue injury and organ
failure that only occurs in a specific subset of those who drink alco-
hol to excess. Indeed, a recently published murine study examined
the impact of alcohol on the gut microbiome®® and observed that
certain mice are resistant to the effects of alcohol while others are
sensitive to it, resulting in the development of alcohol-related
lesions, for example, steatosis. Alcohol-sensitive mice were noted to
have reduced Bacteroidetes, with increased levels of Actinobacteria
and Firmicutes. Alcohol-sensitive mice had 50% less Bacteroides
than alcohol resistant mice. When FMT was performed from the
alcohol-resistant mice to the alcohol-sensitive mice, FMT was found
to protect against alcohol-induced Bacteroidetes depletion and to
protect against the development of steatosis. The presence of
reduced Bacteroidetes species in colonic biopsies in alcohol-exposed
subjects has also been observed.’® This was accompanied by
increased levels of Proteobacteria. The alterations were correlated
with a high concentration of serum endotoxin in a subset of
patients, suggesting the development of bacterial translocation

across a compromised intestinal barrier. Changes in microbial
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function, rather than abundance, could also account for the increased
levels of gut-derived pro-inflammatory factors such as endotoxin.
There may also be bacterial groups that differ taxonomically yet are
functionally equivalent, and this may differ from individual to
individual. Interestingly, while a subset of both actively drinking and
abstinent alcohol users had dysbiotic mucosal-associated microbiota,
there was no correlation between the duration of sobriety and the
presence of dysbiosis, suggesting that the effects of chronic alcohol
consumption are not temporary but rather long-lasting.

Alcoholic hepatitis is the most florid form of alcoholic liver dis-
ease and has a 28 day mortality approaching 20%.17 It has been
shown by Llopis et al that alcoholic hepatitis is associated with sig-
nificant gut dysbiosis. They reported patients with severe AAH had
more Bifidobacteria and Streptococci than alcoholic patients without
alcoholic hepatitis. Enterobacteria and Streptococci were positively
correlated with AAH scores and Enterobacteria also correlated with
serum bilirubin levels. Atopobium and Clostridium leptum (anti-inflam-
matory gut bacteria) were negatively correlated with blood bilirubin
and fibrosis scores, respectively.'® The group then went on to trans-
plant intestinal microbiota (IM) from a patient with severe alcoholic
hepatitis in to germ-free mice. They also used a control group of
germ-free mice given IM from an alcoholic patient who did not have
AAH. The mice received IM transplants and were then fed an alco-
hol-containing diet for 5 weeks. The mice who received microbiota
transplants from the non-AAH donor gained significantly more
weight than those who received microbiota from the severe AAH
donor. Furthermore, liver inflammation was more severe in the sev-
ere AAH-treated mice, compared with the non-AAH-treated mice.
Along with this, mice treated with the severe AAH IM had increased
intestinal permeability and greater translocation of IM components
than those treated with non-AAH microbiota. It was postulated
that this may, in part, be explained by the reduction in Muc2
expression observed in the severe AAH-treated mice. Muc 2 is a
mucin which provides a barrier to prevent translocation across the
gut wall. Gut microbiota composition differed significantly in the
severe AAH-treated mice when compared with non-AAH-treated
mice. Bacteroides was the dominant bacteria in both groups, but
was significantly more represented in severe AAH mice. Bilophila,
Alistipes, Butyricimonas and Clostridium cluster XIVa were also sig-
nificantly more abundant in the severe AAH mice, when compared
with non-AAH mice. Parasutterella excrementihominis was found to
make up 8.56% of non-AAH mouse microbiota, but represented
only 0.001% in severe AAH donors and was absent in severe
AAH-treated mouse microbiota, suggestive of a possible protective
effect from this bacteria.

Metabolites in severe AAH-treated mice were also different,
with alterations in bile acid composition. Ursodeoxycholic acid
(UDCA), a secondary bile acid, and the primary bile acid chen-
odeoxycholic acid, CDCA, were noted to be increased in the faecal
metabolome of non-AAH-treated mice, when compared with severe
AAH-treated mice. Moreover, UDCA protects hepatocytes through
its antioxidant properties and CDCA can be converted to UDCA by
the action of gut bacteria.? CDCA also enhances production of
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alcohol dehydrogenase 1 (ADH1), enhancing alcohol breakdown
(Figure 1).

Aside from alterations in the bacterial make-up of the gut, alcohol
has also been shown to alter the composition of gut dwelling fungi.
Yang et al assessed the impact of chronic alcohol administration on
the murine mycobiota (fungal inhabitants) and noted fungal over-

growth.2°

Beta-glucan, a constituent of fungal cell walls, was found in
the systemic circulation of the mice exposed to alcohol. Treatment
with Amphotericin B reduced translocation of Beta-glucan and
improved ALD. Alcohol-dependent human subjects were noted to

have reduced fungal diversity and an overgrowth of Candida species.

2.5 | Primary sclerosing cholangitis

Primary sclerosing cholangitis is a chronic condition of unclear aeti-
ology causing inflammation and subsequent stricturing of the bile
ducts, leading to recurrent episodes of infection and eventually cir-
rhosis and liver failure. It is often associated with inflammatory
bowel disease (IBD), more commonly ulcerative colitis (UC). When
the bacterial composition of stool samples from patients with PSC
was compared with healthy controls or patients with IBD,2 3 gen-
era of bacteria were over-represented in PSC (Enterococcus,
Fusobacterium and Lactobacillus) with overall reduced bacterial
diversity. This finding was independent of co-existent IBD and
UDCA treatment. These changes were most pronounced in those
with cirrhosis and previous liver transplantation, compared with
those with stable disease. Another study analysing the mucosa-
associated bacteria, as opposed to stool, also found a lower bacte-
rial diversity in patients with PSC with an underrepresentation of
an uncultured Clostridiales 1122 This was corroborated by a further
study which noted Veillonella to be enriched in patients with PSC.
Microbial communities were similar in PSC patients with and with-
out IBD.2®> While the gut microbial profile in patients with PSC is
distinct from patients with UC without biliary disease and healthy
controls, another study assessing microbiota obtained from mucosal
samples found an enrichment of Blautia and Barnesiellaceae.?* Fur-
thermore, several observations support the gut microbiota being
directly involved in the pathogenesis of PSC with animal models of
small bacterial overgrowth showing PSC-like changes in the liver,
which can be counteracted by antibiotics and cultured cholangio-
cytes from patients with PSC that seem hypersensitive to PAMPs

such as lipopolysaccharide (LPS). 226

2.6 | Hepatocellular carcinoma

Fifteen patients with cirrhosis undergoing transplantation work up
were matched with 15 patients with cirrhosis and HCC, also under-
going transplantation work up. The authors prospectively assessed
the gut microbiota of all patients in the pre-transplant period and
noted a marked increase in E. coli in those patients with HCC, com-
pared with those with cirrhosis without HCC.?” Patients were similar
in age and sex and were matched according to aetiology of cirrhosis
and model for end-stage liver disease scores. These results suggest a
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FIGURE 1 Diagrammatic representation of bile acid circulation. Cirrhosis alters bile acid homeostasis by disrupting the autochthonous gut
flora. Cirrhosis reduces beneficial taxa, for example, Lachnospiraceae, Roseburia, Blautia and Ruminococcaceae, which make the SCFA,
butyrate. Reduced butyrate disrupts tight junction integrity, allowing movement of LPS from the gut lumen into the portal circulation, where it
acts on hepatic macrophages to cause pro-inflammatory cytokine release. Cirrhotic patients also possess increased numbers of pathogenic
bacteria such as Enterobacteriaceae, which in turn produce more LPS, also up-regulating inflammation. Bile salt hydrolases expressed by gut
bacteria deconjugate primary bile acids. Other bacteria expressing 7a-dehydroxylase convert these to secondary bile acids. These bacteria are
altered in cirrhosis, reducing the conversion of primary to secondary bile acids. Bile acids produced in the gut lumen bind to the FXR,
producing FGF19, which enters portal circulation and binds to the FGFR4, down-regulating CYP7A1 expressed on the endoplasmic reticulum
within hepatocytes. Down-regulation of the CYP7A1 enzyme reduces the production of primary bile acids by the liver, further contributing to
the disrupted microbiota. BSEP, Bile salt exporter protein; CDCA, chenodeoxycholic acid; CA, cholic acid; CYP7A1, cytochrome P450 family 7
subtype A polypeptide 1; FXR, farnesoid X receptor; FGF19, fibroblast growth factor 19; FGFR4, fibroblast growth factor receptor 4; LPS,

lipopolysaccharide

potential role for E. coli in hepatocellular carcinogenesis. Further
large-scale studies are needed to confirm this association and inves-
tigate the potential mechanisms associated with this correlation
(Table 1).

3 | THE ROLE OF THE GUT MICROBIOTA
AS A DRIVER OF SYSTEMIC INFLAMMATION
IN END-STAGE CHRONIC LIVER DISEASE

With the onset of cirrhosis, several intestinal factors contribute

to downstream deleterious local and systemic effects that

clinically drive several adverse outcomes including the develop-
ment of hepatic encephalopathy (HE). This as discussed previ-
ously results from the delivery of gut-derived bacteria and their
products directly to the liver via the portal vein, with the liver
generating a robust innate immune response. Small bowel bacte-
rial overgrowth in combination with translocation of these bacte-
ria and their endotoxins (including LPS, flagellin, peptidoglycan
and bacterial DNA) can cross a more permeable gut epithelial
membrane exposing the liver to immune-activating bacterial
degradation products. This is further exacerbated by underlying
portal hypertension and endothelial dysfunction,?® while portosys-
temic increases the these bacterial

shunting delivery of
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TABLE 1 Summary of changes in gut microbiota in liver disease

Condition Predominant microbiota
Health Bacteroidetes and Firmicutes, Actinobacteria
Cirrhosis Reduced autochthonous bacteria such as

Lachnospiraceae/Ruminococcus and Clostridiales
XIV and increased pathogenic species, eg,
Enterobacteriaceae, Staphylococcaceae and
Enterococcaceae

Non-alcoholic
fatty liver disease

Increased Bacteroidetes (some studies report
reduction or no change),8 reduced Firmicutes,
increased Proteobacteria, Enterobacteriaceae
and Escherischia

Alcohol-sensitive Reduced Bacteroidetes, increased Firmicutes

mice and Actinobacteria
Alcoholic hepatitis  Increased Bifidobacteria and Streptococci

Primary sclerosing
cholangitis

Reduced diversity, over-representation of
Enterococcus, Fusobacteria and Lactobacillus,
enriched Veillonella

Hepatocellular Increased Escherischia coli

carcinoma

degradation products to the systemic circulation evading the
reticuloendothelial system.?’

Endotoxins activate hepatic macrophages via toll-like receptors
(TLR), inducing the production of pro-inflammatory cytokines such as
TNF-o and interleukin-8 (IL-8) which triggers the hepatic migration
of neutrophils and monocytes.*® This can ultimately culminate in
hepatic injury and systemic inflammation contributing further to
immune disarray predisposing individuals to infection and heralding
the development of decompensating complications such as sepsis,
bleeding, HE and acute-on-chronic liver failure.t

The evolution of gut dysbiosis has been causally linked to the
pathogenesis of cirrhosis and the progression to end-stage liver
disease.®? Indeed, quantitative metagenomic analyses have demon-
strated that 75 245 microbial genes differ in abundance between
patients with cirrhosis and healthy controls.>®

There is a growing evidence base that supports a relative
decrease in the composition of potentially beneficial autochthonous
taxa as well as a relative overgrowth of potentially pathogenic taxa
(such as Staphylococcaceae, Enterobacteriaceae, and Enterococ-
caceae), which has been independently associated with severity of
liver disease and the development of endotoxemia and multiple end-
organ dysfunction.®1**27 The pathophysiological mechanisms under-
pinning this are likely to be complex and have been poorly charac-
terised. It has been postulated that the reduced production of SCFAs,
anti-bacterial peptides and changes in bile acid production arising
from gut dysbiosis all contribute, in part, to worsening disease sever-
ity and intestinal decontamination with non-absorbable antibiotics
such as rifaximin which has recently been demonstrated to be an
effective treatment for HE, %37 implicates gut dysbiosis in contribut-
ing to the development of neurocognitive dysfunction. A reduction in
the SCFA-producing Lachnospiraceae might also increase colonic pH,
hence increasing ammonia production and absorption, resulting in
HE.®®
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Salivary dysbiosis has also recently been reported to be present
in patients with cirrhosis, with an associated systemic and buccal
pro-inflammatory milieu.*® Salivary dysbiosis was more pronounced
in over a third of cirrhotic patients that went on to require liver-
related hospital admissions during the 90-day follow-up period,
suggesting that saliva may play a key role in maintaining intestinal
barrier integrity and tempering oxidative stress. That said, the
contribution of salivary dysbiosis compared to distal gut dysbiosis is
likely to be trivial due to the quantum difference in the volume of

bacteria between the two sites.

4 | THE GUT-LIVER-BRAIN AXIS IN
CIRRHOSIS

For well over a century, ammonia has been considered central in the
pathogenesis of HE in patients with cirrhosis. The majority of circu-
lating ammonia arises from the intestinal breakdown of ingested
amino acids and urea by resident gut bacteria. Increased enterocyte
expression of enterocyte phosphate-activated glutaminase*! further
augments net intestinal ammonia production and probably also
accounts for why germ-free dogs with a portocaval shunt still
develop hyperammonemia and HE.*? In health, ammonia is detoxi-
fied to urea in the liver in peri-portal hepatocytes and excreted via
the kidneys, or alternatively converted to glutamine by glutamine
synthetase (GS) expressing perivenous hepatocytes.*>4* Skeletal
muscles which richly express glutamine synthetase become the pre-
dominant detoxifier of ammonia in patients with cirrhosis especially
those with large spontaneous or transjugular intrahepatic portosys-
temic shunts. Astrocytes rich in GS serve to protect neurones from
the toxic effects of ammonia and can convert ammonia and gluta-
mate into glutamine. Glutamine accumulation within astrocytes
induces astrocyte swelling and, in excess, may be transported into
mitochondria where it may be broken back down to ammonia again
inducing free radical formation and oxidative stress.*>#® Ammonia
also induces circulating neutrophil dysfunction, causing release of

ROS, up-regulating systemic inflammation and oxidative stress.*®

4.1 | Therapeutic strategies targeting the gut-liver
axis in chronic liver disease

411 | Non-absorbable disaccharides

Historically, the mainstay therapy for HE in patients with chronic
liver disease has been to target the gut with the aim of reducing
colonic bacterial generation and reducing blood ammonia. Non-
absorbable disaccharides such as lactulose acidify the gut lumen
deterring urease-producing gut bacteria from thriving coupled with
inhibition of ammonia diffusion from the lumen into the blood-
stream. While the utility of lactulose in acute HE has been hotly
debated in the absence of any large multicentre randomised trials
ever being performed,”®>2 there is a robust evidence base to sup-

port its use in the secondary prevention of overt HE.>®
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FIGURE 2 Movement of bacteria from the gut lumen to the liver in health and in cirrhosis. Figure 2 shows movement of bacteria from the gut
lumen to the liver in health and in cirrhosis. In health gut barrier, integrity is maintained by a combination of factors including mucus from goblet
cells, secretory IgA, bile acids and tight junctions. This prevents unregulated movement of bacteria and endotoxin from the gut to the liver via the
portal vein. In cirrhosis, gut dysbiosis and bacterial overgrowth disrupt the usual mechanisms of protection, resulting in increased pathological
bacterial translocation (via trans- and para-cellular routes) and endotoxin uptake. These products reach the liver and mesenteric lymph nodes,
activating immune cells and causing pro-inflammatory cytokine release (eg TNF-o and IL-8). Circulating neutrophils degranulate in response to
systemic TNF-o and IL-8 released from hepatic macrophages (Kupffer cells) in response to the endotoxin exposure (via TLR4 receptors on the
macrophages). These neutrophils release a variety of granules including lactoferrin, myeloperoxidase and ROS into the circulation contributing to a
systemic inflammatory response. Neutrophils also avidly phagocytose any circulating bacteria as will tissue macrophages. Abbreviations:
interleukin-8 (IL-8), Lipopolysaccharide (LPS), reactive oxygen species (ROS), toll-like receptor 4 (TLR4), tumour necrosis factor alpha (TNF-a).

4.1.2 | Antibiotics

A Cochrane systematic review and meta-analysis favoured antibiotics
such as vancomycin, neomycin and metronidazole over non-absorb-
able antibiotics; however, their oto-, nephro- and neurotoxicities
have precluded their long-term use.’® The broad-spectrum antibiotic
rifaximin which has minimal systemic absorption has recently come
to the forefront after a large double-blinded randomised controlled
trial demonstrated a significant improvement in maintained remission
from HE and a reduction in hospitalisations due to HE.*? Its mecha-
nism of action is not yet fully understood as it does not convincingly
lower blood ammonia levels and is thought to be multi-factorial. It
may ameliorate the cirrhosis dysbiosis ratio, that is, the ratio of ben-
eficial to harmful bacteria and may improve the function of

beneficial gut microbiota. Rifaximin may reduce the amount of toxic
metabolites produced by the gut microbiota and appears to reduce
serum pro-inflammatory cytokine levels. It may also exert an effect
on secondary bile acids in the bowel and their impact on gut micro-
biota.>* A 2013 study looked at the impact of rifaximin upon gut
microbiota and serum and urine metabolome in 20 cirrhotic patients
with minimal HE. Subjects were treated with rifaximin 550 mg BD
for 8 weeks. Rifaximin improved cognition and endotoxemia. Serum
saturated and unsaturated fatty acids were significantly increased
following rifaximin treatment. There was no significant change in the
composition of the gut microbiome in response to rifaximin treat-
ment, aside from a small increase in Eubacteriaceae and reduction in
Veillonellaceae.>® These results suggest that rifaximin does not alter
the composition of gut bacteria, rather it alters the metabolites of
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the resident bacteria. Arachidonic and linoleic acids were increased
by rifaximin and are known to have a beneficial effect upon brain

function, and cognition was improved by rifaximin in this study.

4.1.3 | Probiotics

A recent meta-analysis assessed the impact of probiotics (“healthy”
or beneficial bacteria) on HE. The investigators looked at 9 high-
quality randomised controlled trials assessing the effects of probi-
otics. They found that probiotics improved both minimal and overt
HE.>® Not only were probiotics noted to reduce arterial ammonia
concentrations, but they also reduced the frequency of hospital
admissions, rates of infection and progression of minimal to overt
HE. Only trials that had confirmed the presence of minimal HE on
psychometric testing were included. There were no significant differ-
ences in overall mortality or rates of minor adverse events, but pro-
biotics were associated with reduced frequency of severe adverse
events. This meta-analysis only included 9 trials that were consid-
ered to be of a high standard based on their Jadad scores, but may
have excluded trials that had low scores, but were not subject to
bias. The probiotics used in each study also varied widely. The need
for large-scale high-quality studies of probiotics in HE is clearly
warranted.

A phase | study published in 2014 examined the effect of probi-
otics in cirrhosis.’” Thirty cirrhotic patients with minimal HE were
randomised to receive Lactobacillus GG (LGG) or placebo for
8 weeks. There was no difference between the active treatment
group and placebo group with respect to serious adverse events, but
the LGG group did experience more diarrhoea (self-limiting). The
LGG group was noted to have altered microbiome, reduced endotox-
emia and TNF-a levels, but there was no change in cognition. Dys-
biosis was defined as having a low ratio of beneficial taxa
(Lachnospiraceae, Clostridiales XIV, Ruminococcaceae and Veillonel-
laceae) to other taxa (Enterobacteriaceae and Bacteroidaceae). The
LGG-treated group experienced a reduction in dysbiosis. Interest-
ingly, the investigators were not able to appreciate an increase in
stool Lactobacillus levels at the thresholds measured. This was pos-
tulated to be due to Lactobacillus promoting the growth of other
beneficial bacteria. An alternative mechanism postulated that Lacto-
bacillus used their pili to attach to the intestinal mucosa, displacing
pathogenic bacteria and hence preventing them from stimulating the
host immune system. Further larger scale studies are needed to
judge the effectiveness of probiotic treatment upon patient symp-
toms, but this study suggests that they are safe for use in patients
with cirrhosis. Unfortunately to date, the majority of studies of pro-
biotics have been disappointing. The 2015 meta-analysis reviewed
135 studies, but was only able to draw conclusions from 9 studies
that they deemed to be of sufficiently high quality. In principle, pro-
biotics should help reconstitute a healthy complex microbiome after
dysbiosis has occurred in the cirrhotic gut; however, owing to the
trillions of resident bacteria in the human colon, the number of inoc-
ulated bacteria given as a probiotic is likely to be wholly insufficient
to displace all of the resident dysbiotic bacteria. Cirrhotic subjects
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often have small bowel bacterial overgrowth, which increases the
number of bacteria present in the gut, and when dosed with probi-
otics, the “healthy bacteria” are required to compete with virulent
resident species. The probiotic bacteria may not reach the colon,
due to altered intestinal motility or may be destroyed by gastric acid
upon ingestion. Cirrhotic patients are often treated with antibiotics
for presumed infection, and these drugs may kill off the fragile probi-
otic species, resulting in as yet disappointing outcomes for probiotics
in liver disease.

4.1.4 | Synbiotics

A synbiotic is a healthy bacteria or probiotic, combined with a prebi-
otic, that provides fuel for the probiotic. A study published in 2004
assessed the impact of a synbiotic in cirrhotic patients with minimal
HE. Twenty patients received the synbiotic (a combination of 4
non-urease-producing bacteria with pectin, inulin, beta-glucan and
resistant starch). Of the remaining subjects, 20 patients received the
fermentable fibre on its own and 15 were given a matched placebo
for 30 days. Synbiotic treatment was shown to increase non-urease-
producing Lactobacillus species for 14 days following cessation of
treatment, leading to a reduction in minimal HE in half of the sub-
jects and to reduced blood ammonia concentrations and endotox-
emia. Those given the fermentable fibre alone also had an
improvement in minimal HE, reduced blood ammonia levels and
increased Bifidobacterium in stool, with reduced pathogenic bacte-
ria, as seen in the synbiotic group.>® Further studies have not been
performed to assess whether synbiotics have a durable effect upon
symptoms.

415 | Diet

A recent study assessing the impact of iso-caloric high-fat, high-
sugar and high-protein diets, as well as an unlimited high-fat intake
diet, upon the development of NAFLD in rats, showed that diets
high in fat and sugar were detrimental to health. The authors also
examined the effects of these diets upon gut microbiota composi-
tion.”? Rats fed a high-fat diet (restricted and unrestricted calorie
intake) had higher portal LPS levels than the other dietary groups.
Unrestricted high-fat diet fed mice also exhibited higher hepatic
triglyceride concentrations. Compared with the control group, free
fat intake mice had more abundant Firmicutes, with a reduction in
Bacteroidetes. Those who consumed a high-fat, but iso-caloric diet
only exhibited an increased Firmicutes abundance. Those fed a high-
sugar diet and high-protein diet experienced the opposite effect (a
reduction in Firmicutes and increase in Bacteroidetes). It was postu-
lated that high-fat and high-sugar diets impact upon development of
NAFLD, independently of caloric intake and alter the gut flora in dif-
ferent ways. The beneficial effects of a high protein diet may relate
to increased levels of Prevotella and Oscillospira.>?

There is a complex interplay between host genetics (in particular
the PNPLA3 and TM6SF2 gene mutations), diet (with high fructose
and high-fat diets being particularly effective at inducing de novo
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hepatic lipogenesis, potentially leading to NAFLD), and gut microbiota
in NAFLD.C Deficiency of dietary choline (found in eggs and meat as
well as cruciferous vegetables) can lead to reversible hepatic steatosis.
Choline may exert its effect by removing fat from hepatocytes. Gut
microbiota metabolise choline to methylamine, which not only reduces
effective concentrations of choline, but methylamine is itself toxic and
pro-inflammatory. Gammaproteobacteria are thought to prevent steato-
sis in women on a choline-deficient diet.® Excess fructose intake may
also correlate with NAFLD. A number of studies have found evidence
to suggest that excess fructose intake up-regulates de novo lipogenesis
and inhibits beta fatty acid oxidation, leading to hepatic steatosis and
initiating inflammation via TLR signalling and release of inflammatory
cytokines.®%¢? Fructose also reduces insulin sensitivity.6?

Previously, it was postulated that protein restriction in cirrhosis
could reduce nitrogenous load and hence reduce ammonia produc-
tion, in turn reducing episodes of HE. A Spanish study published in
2004 showed that protein restriction had no impact upon HE in cir-
rhotic patients.®® Twenty cirrhotic patients admitted with HE were
randomised to receive a low protein diet or a normal diet for
14 days. Protein synthesis and catabolism were measured using radi-
olabelled glycine-N*°. The low protein group exhibited higher protein
breakdown, with no major benefit upon HE outcomes. Indeed, most
patients with cirrhosis are malnourished and protein restriction will
undoubtedly worsen their catabolic state; therefore, protein intake
should never be restricted in these patients.

4.1.6 | Faecal microbiota transplantation

Faeces from healthy volunteers (FMT) have been used with excellent
success rates in recurrent Clostridium difficile infection, to re-popu-
late the gut with healthy intestinal flora, and are approved by NICE
in the UK for this indication (Faecal microbiota transplant for recur-
rent C. difficile infection, Interventional procedures guidance
[IPG485] Published date March 2014). There have to-date been only
a handful of human studies examining FMT in liver disease. A Cana-
dian group is conducting a pilot study assessing the impact of FMT
upon patients with cirrhosis and breakthrough HE in patients on
standard therapy (lactulose, rifaximin, or metronidazole). They will
administer FMT via an initial colonoscopy and weekly enemas.®* Kao
et al have also published a case report of a 57-year-old patient with
cirrhosis secondary to alcohol and hepatitis C treated with FMT
when he was no longer able to access rifaximin for his HE. He was
treated with 5 weekly doses of FMT, initially at colonoscopy and
then administered by enema. The patient experienced subjective and
objective improvements in his HE, but these were only for the dura-
tion of the treatment and he subsequently developed gallstone pan-
creatitis, resulting in worsening of his HE ¢°

Bajaj et al have also undertaken a safety study assessing the impact
of FMT compared with no treatment in patients with recurrent HE.
They assessed the safety of FMT provided by a rationally selected single
donor and examined the impact of FMT upon faecal microbiota compo-
sition and urinary metabolome. Subjects were pre-treated for 5 days
with broad-spectrum antibiotics and 90 ml of FMT was instilled by
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retention enema. The impact of FMT upon cognitive function was also
assessed and found to have a significant positive impact.6®

Our group will be commencing a feasibility study in early 2018
[PROFIT Trial] looking at the administration of FMT to patients with
cirrhosis to assess the safety and tolerability of the intervention. The
ultimate aim of the PROFIT trial is to assess the impact of FMT
upon patients with cirrhosis and whether or not this intervention
positively alters the gut microbiota and ultimately improves out-
comes in this difficult to manage group. This trial differs from those
previously undertaken in that the FMT will be administered by upper
Gl endoscopy in order to deliver microbiota directly to the small
bowel where dysbiosis is believed to be greatest. PROFIT will com-
pare FMT to placebo in a single-blinded fashion with a plan to
recruit 32 patients, 24 of whom will receive FMT and 8 placebo.

A consensus report was recently published setting out guidance
for the use of FMT in recurrent C. difficile infection, IBD, irritable
bowel syndrome and the metabolic syndrome.®” Recommendations
were made for the screening of donors and for the archiving of
donor and patient samples for review in the case of transmissible
infection. Although FMT in liver disease was not explicitly addressed,
the recommendations are applicable to our patients, who are rela-
tively immunosuppressed and thus at increased risk of infection due
to altered gut permeability.

5 | THE FUTURE

Our evolving knowledge of the dysbiosis which develops in chronic
liver disease may help to develop more targeted manipulation of the
gut microbiota. Saiedi et al were able to genetically engineer an E. coli
strain to specifically target the pathogenic bacteria Pseudomonas
aeruginosa.®® The E. coli vessel was designed to produce a pyocin (a
bacterial killing protein that kills P. aeruginosa and not E. coli) in
response to detection of the pathogen via quorum sensing. The E. coli
cells then auto-lysed, releasing the pyocin and killing any P. aeruginosa
in the vicinity. Better understanding of the unique changes seen in cir-
rhosis may help develop targeted therapies to remove pathogenic

strains and selectively re-populate the gut with favourable species.

6 | CONCLUSIONS

As the liver receives the majority of its blood supply directly from
the microbiota laden gut, inherently the host microbiome and the
liver are intimately linked. This review has examined in detail the
role gut microbiota serve in the pathogenesis and progression of
chronic liver disease and explored how modulation of the gut micro-
biome might offer novel therapeutic targets. There is a wealth of
data that now link NAFLD, ALD and PSC with an altered and poten-
tially “dysfunctional” gut microbiome. Advanced liver disease is asso-
ciated with the development of gut dysbiosis, with an over-
representation of pathogenic bacteria and small bowel bacterial
overgrowth. Altered gut permeability, with resultant translocation of
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endotoxins and bacteria into the portal (and via shunting into the
systemic) circulation, results in immune activation and eventual hep-
atic injury as well as systemic inflammation. Amelioration of the dys-
biosis or “rebiosis” could potentially be achieved by manipulation of
microbiota through dietary changes and non-absorbable antibiotics
such as rifaximin. In an era of multi-drug resistant bacteria, the need
for therapies to alter microbiota, without resorting to broad-spec-
trum antibiotics, is strong. Direct manipulation of the microbiota
without drugs may be achieved via probiotic or synbiotic therapy or
eventually whole microbiota transplants in the form of FMT. There
is an urgent need for large-scale, high-quality studies in this area to
assess the most effective way to achieve rebiosis. FMT has the
advantage of repopulating the whole dysbiotic gut milieu, but the
optimal route of administration, duration of treatment, and durability

of response remain to be determined.

ACKNOWLEDGEMENT

Declaration of personal interests: Dr. Shawcross has received honor-
aria from Norgine for consultancy and advisory board activities. Dr
Patel has received an educational grant from Norgine. Dr Shawcross
and Dr Patel have previously recieved funding from Norgine for the
RIFSYS study. AS is in receipt of a Wellcome Trust Grant. CW has
notthing to declare. The views expressed are those of the author(s)
and not necessarily those of the NHS, or the Department of Health.

AUTHORSHIP

Guarantor of the article: Debbie Shawcross.

Author contributions: The paper was written by CW and DS. VP,
DS and CW reviewed and edited the article. AS prepared the figures
in conjunction with CW and VP. All authors approve the final ver-

sion of the manuscript.

ORCID

D. L. Shawcross http://orcid.org/0000-0001-6133-4619

REFERENCES

1. Williams CD, Stengel J, Asike MI, et al. Prevalence of nonalcoholic
fatty liver disease and nonalcoholic steatohepatitis among a largely
middle-aged population utilizing ultrasound and liver biopsy: a
prospective study. Gastroenterology. 2011;140:124-131.

2. Singal AK, Anand BS. Recent trends in the epidemiology of alcoholic
liver disease. Clin Liv Dis. 2013;2:53-56.

3. Conlon MA, Bird AR. The impact of diet and lifestyle on gut micro-
biota and human health. Nutrients. 2014;7:17-44.

4. Scott KP, Gratz SW, Sheridan PO, et al. The influence of diet on the
gut microbiota. Pharmacol Res. 2013;69:52-60.

5. Balmer ML, Slack E, de Gottardi A, Lawson MA. The liver may act as
a firewall mediating mutualism between the host and its gut com-
mensal microbiota. Sci Transl Med. 2014;6:237rabé.

6. Thomson AW, Knolle PA. Antigen-presenting cell function in the
tolerogenic liver environment. Nat Rev Immunol. 2010;10:753-766.

WOODHOUSE ET AL

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Browning JD, Szczepaniak LS, Dobbins R, et al. Prevalence of hepatic

steatosis in an urban population in the United States: impact of
ethnicity. Hepatology. 2004,;40:1387-1395.

. Wieland A, Frank DN, Harnke B, Bambha K. Systematic review:

microbial dysbiosis and nonalcoholic fatty liver disease. Aliment Phar-
macol Ther. 2015;42:1051-1063.

. Backhed F, Ding H., Wang T, et al. The gut microbiota as an environ-

mental factor that regulates fat storage. Proc Natl Acad Sci USA.
2004;101: 15718-15723

Le Roy T, Llopis M, Lepage P, et al. Intestinal microbiota determines
development of non-alcoholic fatty liver disease in mice. Gut.
2013;62:1787-1794.

Brahe LK, Astrup A, Larsen LH. Is butyrate the link between diet,
intestinal microbiota and obesity-related metabolic diseases? Obes
Rev. 2013;14:950-959.

Beards E, Tuohy K, Gibson G. Bacterial, SCFA and gas profiles of a
range of food ingredients following in vitro fermentation by human
colonic microbiota. Anaerobe. 2010;16:420-425.

Zhu L, Baker SS, Gill C, et al. Characterization of gut microbiomes in
nonalcoholic steatohepatitis (NASH) patients: a connection between
endogenous alcohol and NASH. Hepatology. 2013;57:601-609.

de Medeiros IC, de Lima JG. Is nonalcoholic fatty liver disease an
endogenous alcoholic fatty liver disease? - A mechanistic hypothesis.
Med Hypotheses. 2015;85:148-152.

Ferrere G, Wrzosek L, Cailleux F, et al. Fecal microbiota manipula-
tion prevents dysbiosis and alcohol-induced liver injury in mice.
J Hepatol. 2017;66:806-815.

Mutlu EA, Gillevet PM, Rangwala H, et al. Colonic microbiome is
altered in alcoholism. Am J Physiol Gastrointest Liver Physiol.
2012;302:G966-G978.

Thursz MR, Richardson P, Allison M, et al. Prednisolone or pentoxi-
fylline for alcoholic hepatitis. N Engl J Med. 2015;372:1619-1628.
Llopis M, Cassard AM, Wrzosek L, et al. Intestinal microbiota con-
tributes to individual susceptibility to alcoholic liver disease. Gut.
2016;65:830-839.

Pavlidis P, Powell N, Vincent RP, et al. Systematic review: bile acids
and intestinal inflammation-luminal aggressors or regulators of
mucosal defence? Aliment Pharmacol Ther. 2015;42:802-817.

Yang AM, Inamine T, Hochrath K, et al. Intestinal fungi contribute to
development of alcoholic liver disease. J Clin Invest. 2017;127:2829-2841.
Sabino J, Vieira-Silva S, Machiels K, et al. Primary sclerosing cholan-
gitis is characterised by intestinal dysbiosis independent from IBD.
Gut. 2016;65:1681-1689.

Rossen NG, Fuentes S, Boonstra K, et al. The mucosa-associated micro-
biota of PSC patients is characterized by low diversity and low abun-
dance of uncultured Clostridiales Il. J Crohns Colitis. 2015;9:342-348.
Kummen M, Holm K; Anmarkrud JA, et al. The gut microbial profile in
patients with primary sclerosing cholangitis is distinct from patients
with ulcerative colitis without biliary disease and healthy controls. Gut.
2017;66:611-619.

Torres J, Bao X, Goel A, et al. The features of mucosa-associated
microbiota in primary sclerosing cholangitis. Aliment Pharmacol Ther.
2016;43:790-801.

Lichtman SN, Keku J, Clark RL, Schwab JH, Sartor RB. Biliary tract
disease in rats with experimental small bowel bacterial overgrowth.
Hepatology. 1991;13:766-772.

Mueller T, Beutler C, Hurtado Picé A, et al. Enhanced innate immune
responsiveness and intolerance to intestinal endotoxins in human bil-
iary epithelial cells contributes to chronic cholangitis. Liver Int.
2011;31:1574-1588.

Grat M, Wronka KM, Krasnodebski M, et al. Profile of gut micro-
biota associated with the presence of hepatocellular cancer in
patients with liver cirrhosis. Transplant Proc. 2016;48:1687-1691.
Wiest R, Garcia-Tsao G. Bacterial translocation (BT) in cirrhosis.
Hepatology. 2005;41:422-433.


http://orcid.org/0000-0001-6133-4619
http://orcid.org/0000-0001-6133-4619
http://orcid.org/0000-0001-6133-4619

WOODHOUSE ET AL.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Cirera |, Martin Bauer T, Navasa M, et al. Bacterial translocation of
enteric organisms in patients with cirrhosis. J Hepatol. 2001;34:32-37.
Singh R, Bullard J, Kalra M, et al. Status of bacterial colonization,
Toll-like receptor expression and nuclear factor-kappa B activation
in normal and diseased human livers. Clin Immunol. 2011;138:41-
49,

Bajaj JS, Heuman DM, Hylemon PB, et al. Altered profile of human
gut microbiome is associated with cirrhosis and its complications. J
Hepatol. 2014;60:940-947.

Nolan JP. The role of intestinal endotoxin in liver injury: a long and
evolving history. Hepatology. 2010;52:1829-1835.

Qin N, Yang F, Li A, et al. Alterations of the human gut microbiome
in liver cirrhosis. Nature. 2014;513:59-64.

Bajaj JS, Hylemon PB, Ridlon JM, et al. Colonic mucosal microbiome
differs from stool microbiome in cirrhosis and hepatic encephalopa-
thy and is linked to cognition and inflammation. Am J Physiol Gas-
trointest Liver Physiol. 2012;303:G675-G685.

Chen Y, Yang F, Lu H, et al. Characterization of fecal microbial com-
munities in patients with liver cirrhosis. Hepatology. 2011;54:562-572.
Bajaj JS. The role of microbiota in hepatic encephalopathy. Gut
Microbes. 2014;5:397-403.

Nava GM, Stappenbeck TS. Diversity of the autochthonous colonic
microbiota. Gut Microbes. 2011;2:99-104.

Sidhu SS, Goyal O, Mishra BP, et al. Rifaximin improves psychomet-
ric performance and health-related quality of life in patients with
minimal hepatic encephalopathy (the RIME Trial). Am J Gastroenterol.
2011;106:307-316.

Bass NM, Mullen KD, Sanyal A, et al. Rifaximin treatment in hepatic
encephalopathy. N Engl J Med. 2010;362:1071-1081.

Bajaj JS, Betrapally NS, Hylemon PB, et al. Salivary microbiota
reflects changes in gut microbiota in cirrhosis with hepatic
encephalopathy. Hepatology. 2015;62:1260-1271.

Romero-Gomez M, Ramos-Guerrero R, Grande L, et al. Intestinal glu-
taminase activity is increased in liver cirrhosis and correlates with
minimal hepatic encephalopathy. J Hepatol. 2004;41:49-54.

Nance FC, Kaufman HJ, Kline DG. Role of urea in the hyperammon-
aemia of germ free eck fistula dogs. Gastroenterology. 1974,;66:108-
112.

Quartskhava N, Lang PA, Gorg B, et al. Hyperammonaemia in gene
targeted mice lacking functional hepatic glutamine synthetase. Proc
Natl Acad Sci USA. 2015;112:5521-5526.

Haussinger D, Lamers WH, Moorman AF. Hepatocyte heterogeneity
in the metabolism of amino acids and ammonia. Enzyme. 1992;3:72-
93.

Blei AT, Olafsson S, Therrien G, Butterworth RF. Ammonia-induced
brain edema and intracranial hypertension in rats after portacaval
anastomosis. Hepatology. 1994;19:1437-1444.

Bai G, Rama Rao KV, Murthy CR, Panickar KS, Jayakumar AR,
Norenberg MD. Ammonia induces the mitochondrial permeability
transition in primary cultures of rat astrocytes. J Neurosci Res.
2001;66:981-991.

Haussinger D, Kircheis G, Fischer R, Schliess F, Vom Dahl S. Hepatic
encephalopathy in chronic liver disease- a clinical manifestation of
astrocyte swelling and low grade cerebral oedema. J Hepatol.
2000;32:1035-1038.

Cérdoba J, Alonso J, Rovira A, et al. The development of low-grade
cerebral edema in cirrhosis is supported by the evolution of (1)H-
magnetic resonance abnormalities after liver transplantation. J Hepa-
tol. 2001;35:598-604.

Shawcross DL, Shabbir SS, Taylor NJ, Hughes RD. Ammonia and the
neutrophil in the pathogenesis of hepatic encephalopathy in cirrho-
sis. Hepatology. 2010;51:1062-1069.

Als-Nielsen B, Gluud LL, Gluud C. Non-absorbable disaccharides for
hepatic encephalopathy: systematic review of randomised trials.
BMJ. 2004;328:1046.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

11
APT Alimentary Pharmacology & Therapeutics —\W LEYJ—

Gluud LL, Vilstrup H, Morgan MY. Non-absorbable disaccharides ver-
sus placebo/no intervention and lactulose versus lactitol for the pre-
vention and treatment of hepatic encephalopathy in people with
cirrhosis. Cochrane Database Syst Rev. 2016;4:CD003044.

Shawcross DL, Jalan R. Treatment of hepatic encephalopathy: it’s
not lactulose. Brit Med J. 2004;329:112.

Sharma BC, Sharma P, Agrawal A, Sarin SK. Secondary prophylaxis
of hepatic encephalopathy: an open-label randomized controlled trial
of lactulose versus placebo. Gastroenterology. 2009;137:885-891.
Bajaj JS. Review article: potential mechanisms of action of rifaximin
in the management of hepatic encephalopathy and other complica-
tions of cirrhosis. Aliment Pharmacol Ther. 2016;43 (Suppl. 1):11-26.
Bajaj JS, Heuman DM, Sanyal AJ, et al. Modulation of the meta-
biome by rifaximin in patients with cirrhosis and minimal hepatic
encephalopathy. PLoS ONE. 2013;8:e60042.

Zhao LN, Yu T, Lan SY, et al. Probiotics can improve the clinical out-
comes of hepatic encephalopathy: an update meta-analysis. Clin Res
Hepatol Gastroenterol. 2015;39:674-682.

Bajaj JS, Heuman DM, Hylemon PB, et al. Randomised clinical trial:
Lactobacillus GG modulates gut microbiome, metabolome and endo-
toxemia in patients with cirrhosis. Aliment Pharmacol Ther.
2014;39:1113-1125.

Liu Q, Duan ZP, Ha DK, Bengmark S, Kurtovic J, Riordan SM. Synbi-
otic modulation of gut flora: effect on minimal hepatic encephalopa-
thy in patients with cirrhosis. Hepatology. 2004;39:1441-1449.

Liu JP, Zou WL, Chen SJ, et al. Effects of different diets on intestinal
microbiota and nonalcoholic fatty liver disease development. World J
Gastroenterol. 2016;22:7353-7364.

Yu J, Marsh S, Hu J, Feng W, Wu C. The pathogenesis of nonalco-
holic fatty liver disease: interplay between diet, gut microbiota, and
genetic  background.  Gastroenterol Res  Pract. 2016;2016:
2862173.

Jegatheesan P, De Bandt J. Fructose and NAFLD: the multifaceted
aspects of fructose metabolism. Nutrients. 2017;9;Pii: E230

Salamah Mohammad Alwahsh RG. Dietary fructose as a risk factor
for NAFLD. Arch Toxicol. 2017;91:1545-1563.

Cordoba J, Lopez-Hellin J, Planas M, et al. Normal protein diet for epi-
sodic HE- results of a randomised study. J Hepatol. 2004;41:38-43.
Kao D. NCT02255617, A prospective, single centre open label trial
of faecal microbiota transplantation (FMT) in the management of
hepatic encephalopathy (HE): a pilot study.

Kao D, Roach B, Park H, et al. Fecal microbiota transplantation in
the management of hepatic encephalopathy. Hepatology.
2016;63:339-340.

Bajaj JS, Kassam Z, Fagan A, et al. Fecal microbiota transplant from
a rational stool donor improves hepatic encephalopathy: a random-
ized clinical trial. Hepatology. 2017; https://doi.org/10.1002/hep.
29306 [Epub ahead of print].

Konig J, Siebenhaar A, Hogenauer C, et al. Consensus report: faecal
microbiota transfer — clinical applications and procedures. Aliment
Pharmacol Ther. 2017;45:222-239.

Saeidi N, Wong CK, Lo TM, et al. Engineering microbes to sense and
eradicate Pseudomonas aeruginosa, a human pathogen. Mol Syst Biol.
2011;7:521.

How to cite this article: Woodhouse CA, Patel VC,
Singanayagam A, Shawcross DL. Review article: the gut
microbiome as a therapeutic target in the pathogenesis and
treatment of chronic liver disease. Aliment Pharmacol Ther.
2017;00:1-11. https://doi.org/10.1111/apt. 14397



https://doi.org/10.1002/hep.29306
https://doi.org/10.1002/hep.29306
https://doi.org/10.1111/apt.14397

