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KEY POINTS

� The gut-liver-brain axis elucidates the relationship between gut microbiota and hepatic en-
cephalopathy (HE), emphasizing the critical role of gut-derived neurotoxins like ammonia.

� Lactulose and rifaximin are cornerstone treatments that modulate the gut microbiome to
reduce ammonia levels, enhance gut barrier integrity, and improve HE management
outcomes.

� Probiotics and fecal microbiota transplantation are emerging as effective strategies to
restore microbial balance, offering new therapeutic avenues for HE treatment.

� Future research is poised to leverage advances in microbiome science and bioinformat-
ics, moving toward personalized, microbiome-focused treatments that tailor therapy to in-
dividual patient profiles.
INTRODUCTION

The gut and brain are closely linked, this has been known for decades, while the link
between the gut microbiome and the risk of liver disease came into focus later, during
the late 1990s and early 2000s, and fostered the term the gut-liver-brain axis. This term
provides a pathophysiological framework for what had been observed in hepatology
since the 1960s; hepatic encephalopathy (HE) can be effectively treated by targeting
the gut with lactulose. The term gut-liver-brain axis is an overarching term that repre-
sents the sophisticated communication between the digestive system, liver, and brain,
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Abbreviations

AI Artificial intelligence

BCAA Branched-chain amino acids

DNA Deoxyribonucleic acid

FMT Fecal microbial transplant

HBV Hepatitis b virus

HCV Hepatitis c virus

HE Hepatic encephalopathy

MHE Minimal hepatic encephalopathy

OHE Overt hepatic encephalopathy

PBA Primary bile acids

PPI Proton pump inhibitors

SBA Secondary bile acids

SCFA Short-chain fatty acids

TIPS Transjugular intrahepatic portosystemic shunt
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which significantly impacts health and disease. HE is a complex neuropsychiatric syn-
drome arising from liver dysfunction, characterized by cognitive, psychiatric, and mo-
tor impairments. The pathophysiology of HE is multifactorial with a significant
emphasis on the role of gut-derived neurotoxins, particularly ammonia, and the dys-
biotic gut microbiota’s critical involvement in their production and systemic circula-
tion. The gut-liver-brain axis is pivotal in HE’s onset and progression, highlighting
microbial modulation as a cornerstone in the therapeutic and preventive strategy.
This review aims to synthesize current insights into microbial approaches for manag-
ing HE, focusing on the modulation of the gut microbiome by directly or indirectly add-
ing beneficial gut microbes and removing harmful ones. In short, these interventions
can restore gut microbiota balance, reduce ammonia production, and enhance gut
barrier integrity, thereby mitigating neurotoxic effects and improving patient out-
comes. By delving into the mechanisms of action, clinical efficacy, and potential chal-
lenges associated with these microbial therapies, we aim to provide an overview of
well-known and emerging strategies in HE management, also offering a glimpse
into the future of personalized and microbiome-focused treatments for this complex
condition.
TOPIC DELIMITATIONS, LITERATURE SEARCH, AND DEFINITIONS

This review focuses on HE in chronic liver disease, that is, cirrhosis, and not on HE
in acute-on-chronic liver disease and non-cirrhotic portal hypertension, as these
represent pathophysiologically different and relatively rare clinical scenarios. The
literature search includes original publications based on human studies and was
conducted using PubMed and the search terms “hepatic encephalopathy”, “micro-
biome”, and “treatment”. The term microbiome was then exchanged with micro-
biota. This search yielded 122 articles, which were all assessed by title and
abstract. Twenty-nine trials tested a microbial treatment approach to HE, and these
lay the basis for this review supported by landmark pathophysiological publica-
tions. Additionally, key articles representing current views and landmark animal
studies are included in the introduction and pathogenesis sections, respectively.
Microbial approaches are defined as any intentionally induced indirect or direct
modification to the microbiome. Describing the human microbiome requires
advanced bioinformatics, and new terms have been introduced into the medical
literature (Fig. 1).
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Fig. 1. Microbiome vocabulary and definitions. (Created in BioRender. Lauridsen, M. (2024)
BioRender.com/c42f714.)
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PATHOPHYSIOLOGY

The human microbiome includes bacteria, viruses, phages (virus infecting bacteria),
and fungi, and their relative abundance and complex interplay influence the risk and
activity of a variety of diseases and conditions, including cirrhosis and hepatic en-
cephalopathy. Major determinants of our individual microbiome composition include
genetics, age, diet and lifestyle habits, comorbidities, and meds. In cirrhosis, more
than in many other conditions, the microbiome plays a direct role in disease progres-
sion because portal hepatic blood flow is derived solely from the gastrointestinal tract
and contains microbial products mirroring the luminal microbiome composition. As
cirrhosis advances, it is often accompanied by portal hypertension, causing intestinal
edema that, among other factors, challenges gut integrity, thereby magnifying the
impact of an unfavorable microbiome due to enhanced mucosal permeability.
Cirrhosis leads to alterations in the gut microbiome, and the distinct microbiome

signature is heavily impacted by cirrhosis etiology and disease stage.1 Generally,
cirrhosis induces a lower bacterial richness and abundance and a shift in the relative
abundance toward more Escherichia coli, Enterococcus, Klebsiella, Pasteurella, Pro-
teus, Pseudomonas, and Shigella Species and Fewer Firmicutes, Actinobacteria, and
Bifidobacteria.2,3 Among these, there are no good or bad bacteria; instead, a rich and
balanced microbiome is good as opposed to a single sided and skewed community,
which is bad and associated with various adverse health outcomes. Cirrhosis not only
induces a change in bacterial abundance and composition but also a functional alter-
ation of the microbiome with widespread downstream effects.4

There are many consequences and pathophysiological mechanisms of an unfavor-
able microbiome, and 4 main characteristics include (Fig. 2):

1. Increased release of endotoxins, that is, bacterial lipopolysaccharides and deoxy-
ribonucleic acid (DNA) that translocate to the bloodstream to cause systemic
inflammation, which is closely linked to HE development.5,6
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Fig. 2. Microbial alterations in cirrhosis and the physiologic consequences. (Created in
BioRender. Lauridsen, M. (2025) https://BioRender.com/e05l732.)
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2. Reduction in short-chain fatty acid-producing (SCFA) bacteria and the accompa-
nying reduced capacity to produce SCFAs like acetate, propionate, and butyrate
are linked to complications in cirrhosis such as HE.3,7

3. Altered bile acid metabolism is another significant consequence of loss of liver
function and the unfavorable microbiome in combination. Patients with cirrhosis
often have a lower abundance of gut bacteria that promote the conversion of pri-
mary bile acids (PBA) to secondary bile acids (SBA). This imbalance is problematic
because bile acids have been increasingly recognized as metabolically active com-
ponents affecting the liver, brain, and gut. Generally, secondary bile acids help
maintain gut barrier integrity and regulate inflammatory pathways. In cirrhosis,
low SBA levels and high levels of PBAs may impair these functions, leading to
increased gut permeability and systemic inflammation, which are linked to HE.8

Simultaneously, the loss of liver function induces an increased circulating and lower
intestinal bile acid availability.9 Bile acid availability and composition (PBA vs SBA)
directly and profoundly modulate the microbiome toward fewer gram-positive spe-
cies, of which many are favorable SCFA-producing and bile are acid-metabolizing
and converting bacteria. In the context of HE, it is noteworthy that increased levels
of circulating bile acids are associated with more severe disease stages and HE,
possibly because they increase blood-brain-barrier permeability.10

4. Increased ammonia production and decreased detoxification are hallmarks of high
grade HE and ammonia-producing bacteria such as Clostridia and Enterobacteria,
which are often more abundant in cirrhosis.11 The relationship between ammonia
levels andHE isnotclear, and thoughspecificgutbacteriaaredriversof ammoniapro-
duction, high ammonia levels themselves are not a marker of an altered microbiome.

These examples demonstrate that the alterations in the gut microbiome observed in
cirrhosis are directly connected to the pathogenesis and risk of hepatic encephalop-
athy (HE). Therefore, modulating the microbiome is the single most effective HE treat-
ment at all stages until the terminal phase.

MICROBIAL APPROACHES TO HEPATIC ENCEPHALOPATHY MANAGEMENT

The sections below will follow the concept model shown in Fig. 3, outlining the general
approach to HE management through targeting the gut microbiome. The concept
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Fig. 3. Concepts in gut microbiome modulation to reduce the risk of hepatic encephalopa-
thy. (Created in BioRender. Lauridsen, M. (2025) https://BioRender.com/c42f714.)
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introduces the idea of indirectly modulating the gut microbes by targeting the cirrhosis
etiology and directly modulating gut microbes by either removing substances that
impair or adding substances that improve them.

INDIRECT MICROBIOME MODULATION—TARGETING THE CIRRHOSIS ETIOLOGY

HE can be effectively treated and prevented by direct or indirect modulation of the gut
microbiome (see Fig. 2). Indirect microbiomemodulation happens when factors linked
to cirrhosis etiology are targeted and the microbiome is altered as an indirect conse-
quence. As such, these include alcohol cessation in alcohol-related liver disease,
diet-induced weight loss aiming to restore metabolism in metabolic dysfunction-
associated cirrhosis, and antiviral treatment in cirrhosis caused by viral hepatitis.
Transplantation and transjugular intrahepatic portosystemic shunt (TIPS)will not bedis-
cussed in detail here. Still, both introduce significant changes to themicrobiome.While
transplant removes the patient from the risk of further HE, TIPS causes a well-known
slight increase inHE risk that canbemitigated by prophylaxiswith rifaximin (see section
on this below) and low caliber covered stent.12

Alcohol Cessation: Alcohol consumption has detrimental effects on cirrhosis and on
HE risk and remains the single most important factor for survival in alcohol-related liver
disease.13 Alcohol has a direct effect on brain health, which over the years can cause
alcoholic organic brain damage, poorer cognitive reserve, and thereby earlier break-
through of HE symptoms. Alcohol exerts its damage through the gut-liver-brain
axis, and consumption induces a weakened gut barrier and a profound change in
the gut microbiota composition toward more toxin production, which in turn ramps
up inflammation, liver damage, and HE risk.14 Reduced Ruminococcaceae, higher
abundance of proinflammatory Enterobacteriaceae, lower abundance of beneficial
SCFA-producing clostridiales, and a general oralization are some of the microbial
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effects of alcohol and alcohol dependence.15–17 Conversely, alcohol cessation can aid
in the restoration of the microbiome; dampen inflammation; and improve immune
function, Child-Pugh score, and HE risk.18–20

Dietary Interventions: Diet directly impacts microbiome composition, affects ammo-
niogenisis, and alters the HE risk. A weight-reducing diet can indirectly influence the
microbiome through improved liver health.21 A typical Western diet is associated
with a lower microbiome diversity and more hospital admissions, while for example,
a Brazilian or Turkish diet with more cereal, beans, rice, yogurt, chocolate, fermented
milk, vegetables, coffee, and tea yields a higher microbiome diversity and fewer hos-
pital admissions.22–24 Further, low protein intake is associated with dysbiosis and risk
of minimal hepatic encephalopathy (MHE) and admissions.24 Substituting meat with
plant-based high-protein alternatives is a key factor in increasing microbiome diver-
sity, reducing ammonia formation, and reducing HE risk.21,25 Specifically, a micro-
biome with a high abundance of, for example, Prevotellaceae and a high cirrhosis
dysbiosis ratio (high 5 good) is linked to a decreased risk of minimal hepatic enceph-
alopathy.24 Prevotellaceae is promoted by a high intake of polysaccharides found in a
plant-based diet, including whole grains, fruits, and vegetables, which supports the
findings in the Brazilian and Turkish cohorts. Dietary fibers such as resistant starches
and nondigestible oligosaccharides are fermented by Prevotellaceae in the colon, pro-
ducing short-chain fatty acids that benefit gut health and modulate immune re-
sponses. In addition to recommending patients a mainly plant-based diet high in
protein, diet supplementation with branched-chain-amino acids (BCAA) (like leucine,
isoleucine, and valine) can serve as an extra source of protein and has been linked
to improved cognitive performance in HE patients.26

Antiviral treatment: In large parts of the world, viral hepatitis remains a leading cause
of cirrhosis, and HE is seen both in the acute and cirrhotic phases.27 Viral hepatitis,
particularly hepatitis C (HCV), and the immune response to this virus significantly af-
fects the liver and influence the gut microbiome.28 This interaction plays a role in
the progression of liver disease to cirrhosis and, thereby, HE risk. Patients with chronic
viral hepatitis typically exhibit reduced gut microbial diversity. There is often an over-
representation of pathogenic bacteria and a reduction in beneficial commensals. For
instance, increased levels of Enterobacteriaceae and decreased levels of Bacteroi-
detes and Firmicutes are commonly reported and promote a proinflammatory environ-
ment in the gut.29,30 Treatment of Hepatitis b (HBV) and HCV with antiviral drugs can
indirectly impact the gut microbiome and, for example, restore the abundance of Fae-
calibacterium and Bacillus.29 As such, successful viral suppression and reduction in
liver inflammation help restore a healthier gut microbiome, halt cirrhosis progression,
and lower HE risk.31
DIRECT MICROBIOME MODULATION—ADDING SOMETHING BENEFICIAL TO THE
GUT MICROBES
Probiotics

In the following section, differently composedprobioticswill be referred to as probiotics
in general. The taxonomic compositions of the gut microbiome are different in patients
with MHE compared to healthy controls, and patients with MHE have an enrichment of
Proteobacteria and a lack of Bacteroidetes. The differences in the gut microbiome
composition are reduced after treatment with probiotics alone or in combination with
lactulose or rifaximin.32–34 Following treatment with probiotics, there is an increase in
Clostridium andBifidobacterium and a decrease in Firmicutes andProteobacteria.33–36

Specific taxa associated with good cognitive function increase in patients with MHE
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treated with probiotics (eg, Barnesiella, Dorea, and Roseburia).32 Decreased ammonia
levels accompany thesemicrobial changes.34,35,37 In Type C HE rat models, probiotics
induce better scores on behavioral tests and locomotor activity.38 The same observa-
tions havebeenmade in humanstudieswhere 2 smaller studies, in patientswithMHEor
HEgrades 1 and 2 treatedwith probiotics alone, had similar or better cognitive recovery
rates (defined by normalized psychometric hepatic encephalopathy score [PHES] or
Stroop test) than lactulose or rifaximin treatment.32,34 Other studies have found
increased cognitive function in patients with MHE treated with probiotics when given
in addition to conventional therapy.32,34,35 However, 2 studies have also demonstrated
negative findings regarding cognition; probiotics as monotherapy failed to improve
cognitive function in patients with MHE (assessed by critical flicker frequency) and in
patients newly admitted with HE (assessed by PHES).39,40 In patients newly hospital-
ized with an episode of HE and discharged with probiotics as monotherapy (discontin-
uation of lactulose and rifaximin after admission), there was no reduction in the number
of recurrent HE episodes and ammonia levels. However, the reported recurrent HE ep-
isodes were less severe (more grades 1 and 2), and consequently, there were fewer
hospital admissions with HE in patients treated with probiotics since HE could be
managed in an outpatient setting.39 Based on the available evidence, a daily intake of
prebiotics from capsules, yogurt, or other fermented foods is recommendable but is
not a stand-alone treatment option for HE.

Lactulose (Prebiotic)

Lactulose is the recommended first-line treatment for HE and is effective in treating
MHE, with a number needed to treat of 2.4.32,41 Lactulose decreases serum ammonia
and modifies the gut microbiome in patients with MHE and HE.34,37,41,42 The modifi-
cation of the gut microbiome has been demonstrated in human and animal studies.
For example, healthy dogs treated with lactulose had increased bacterial richness
and diversity, increased abundance of Firmicutes and Actinobacteria, and decreased
abundance of Bacteroidetes and Fusobacteria.2 In human studies, there is an in-
crease in the abundance of Bacteroides following treatment with lactulose (this
goes for probiotics and rifaximin as well).32 One study found that patients with
MHE treated with lactulose (with or without rifaximin as add-on therapy) had higher
concentrations of Enterobacteriaceae, Alcaligenaceae, Lactobacillaceae, and Strep-
tococcaceae compared to healthy controls and patients with cirrhosis without HE.
Alcaligenaceae abundance was associated with poor cognitive performance, and
Enterobacteriaceae were associated with increased inflammation. There was no dif-
ference in the gut microbiome in patients treated with lactulose as monotherapy
compared to those treated with rifaximin as an add-on therapy. Upon lactulose with-
drawal, there was minimal change in the gut microbiome, only a reduction in Faeca-
libacterium 14 days after withdrawal.43 Dysbiotic levels of Bifidobacteria and
Lactobacilli have also been described in patients with MHE, and HE treated with lac-
tulose.34 Differences in the gut microbiome in MHE patients with treatment response
to lactulose compared to patients with no treatment response have also been
described. The difference between responders and nonresponders was seen in Acti-
nobacteria, Bacteroidetes, Firmicutes, and Proteobacteria. Firmicutes were higher in
lactulose responders and healthy controls compared to nonresponders.41

Rifaximin

Treatment with rifaximin does not affect the overall richness or diversity of the gut
microbiome, but rifaximin modulates the bacterial composition and improves the
metabolic function of the gut microbiome.36,44–48 This has been described in animal
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studies, where there is no change in the gut microbiome composition and no decrease
in ammonia levels after treatment with rifaximin in mice humanized with stools from a
cirrhosis patient with MHE. However, intestinal and systemic inflammation following
humanization with stool from a cirrhosis patient with MHE is ameliorated, and the func-
tionality of the gut microbiome is improved after rifaximin treatment.49

In patients with HE and MHE treated with rifaximin, studies have reported a
decreased abundance of Streptococcus, Veillonella, Clostridium, E coli, and Candida,
as well as normalization of Bifidobacteria and Lactobacilli.33,34,36,46,50 When looking at
the gut microbiome in patients with and without treatment response to rifaximin, it has
been described that Ruminococcus gnavus is more abundant in patients with no treat-
ment response and suggested that R gnavus could amplify ammonia production of
surrounding urease-positive microbiota.51

Rifaximin improves cognition in patients with MHE and HE, and this improvement is
linked to the altered function of the gut microbiome.32,34,52 For lactulose and probiot-
ics, ammonia levels decrease in patients with MHE treated with rifaximin, and the
reduction has been related to improvement in cognition,34,36,45 which was maintained
after withdrawal of rifaximin.44 Moreover, treatment with rifaximin in patients with
decompensated cirrhosis and no prior HE reduces the risk of future HE.53

Fecal Microbial Transplant

FMT is safe and well tolerated and safe in patients with cirrhosis and recurrent HE.42,54

The first RCT was performed using enema after antibiotics from a rationally selected
donor high in Lachnospiraceae and Ruminococcaceae.55 This was compared to stan-
dard of care and patients were followed for 6 months. The FMT was well tolerated,
improvedmicrobial function (bile acid and SCFA) that were modified after pre-FMT an-
tibiotics, and were associated with lower hospitalizations and HE recurrences.56

Moreover, this lasted for more than 1 year, and when the FMT pre/post and postanti-
biotic pre-FMT stools were inoculated into germ-free mice, neuroinflammation was
worsened postantibiotics and quenched after FMT.57,58 In another phase 1 random-
ized controlled trial using capsules without antibiotics, changes in duodenal and sig-
moid mucosal and stool taxa following treatment with FMT were found. The patients
treated with FMT (capsules, oral route) improved mucosal duodenal microbial diver-
sity, including increased Ruminococcaceae and Bifidobacteriaceae and decreased
Streptococcaceae and Veillonellaceae compared to patients receiving standard
care. The reduction in Veillonellaceae is also found in sigmoid and stool after treatment
with FMT. Moreover, patients treated with FMT had improved cognition assessed by
EncephalApp but not by PHES.54 FMT response could be gauged by systemic bile
acid and endotoxin response.59 In a recent study presented at European Association
for the Study of the Liver Congress 2024, the largest sample size of 60 patients on lac-
tulose and rifaximin with prior HE were randomized 1:1:1:1 into enema or capsule FMT
or placebo with dose-ranging from 0 to 3 FMT doses. FMT was safe and post hoc
reduced HE recurrence. This reduction was independent of the number of FMT doses,
donor type (vegan or omnivorous), or route (oral or enema).60 Further studies are
shown in Table 1.7,61 The efficacy of treatment with FMT for HE needs to be validated
in larger phase 3 studies.
DIRECT MICROBIOME MODULATION—REMOVING THINGS THAT CAN IMPAIR THE
GUT MICROBES

Improving oral microbiome: The oral cavity, a vital part of the microbiome, plays a
significant role in influencing the risk of complications in cirrhosis, including HE.24
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Table 1
Intervention studies in hepatic encephalopathy reporting on the effect on the intestinal microbiome

Reference Intervention Design

Number and Type of

Participants

Observation

Period

Main Findings

Gut Microbiome

Structural Change

Functional Change

(Metabolomics,

Endotoxin,

Inflammation) Clinical Endpoints

Dietary intervention

Bajaj et al,50

2024

Single-meal

intervention — a

burger with 20g

protein of either

meat, vegan or

vegetarian.

Randomized into

3 groups, 1:1:1

50 male outpatients

with cirrhosis 50%

with prior OHE

3 h No change Ammonia increased

and metabolites of

branched chain and

acyl-carnitines

decreased from

baseline in the

meat group but not

the VG or V group.

None during this

short observation

time — larger

studies with longer

duration studies

are warranted

Probiotics

Dhiman

et al,39

2014

Probiotic VSL#3 (4

Lactobacillus

species) vs placebo

(Lactulose and

Rifaximin stopped

during study

period)

Randomized in

2 groups, 1:1

130 patients with

cirrhosis who had

recovered from an

episode of HE

6 mo Decreased levels of

plasma TNF-a, IL1b,

and IL6 levels in the

probiotic group.

No significant change

in ammonia in any

group

No reduction in

recurrent HE

episodes, but HE

episodes were less

severe (more

grades 1 and 2)

Marlicz

et al,40

2016

Probiotic VSL#3 No randomization 20 patients with

cirrhosis (13

compensation and

7 decompensated)

and 10 healthy

controls

28 d Increase in total

number of bacteria

Modulation of

plasma levels of

several molecules

and compounds

(MIP-3a/CCL20, NO,

big-endothelin,

TXB and MPO)

compared to

baseline

No difference in

critical flicker

frequency

(continued on next page)
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Table 1
(continued )

Reference Intervention Design

Number and Type of

Participants

Observation

Period

Main Findings

Gut Microbiome

Structural Change

Functional Change

(Metabolomics,

Endotoxin,

Inflammation) Clinical Endpoints

Zuo et al,33

2017

Probiotics (Bacillus

subtilis and

Enterococcus

faecium) and

rifaximin (400 mg

BID) vs rifaximin

alone

Randomized in

2 groups, 1:1

14 cirrhotic patients

with MHE (defined

by NCT-A and DST)

4 wk Reduced overall gut

microbiome

diversity and

decreased

abundance of

Clostridium in both

treatment groups

but with a more

apparent effect in

the probiotic

group, and also

nonalcoholic

patients responded

better

Xia et al,35

2018

Probiotics

(Clostridium

butyricum

combined with

Bifidobacterium

infantis) vs

conventional

therapy

Randomized in

2 groups,

probiotics in

addition to

conventional

therapy (n 5 37),

conventional

therapy (n 5 30)

67 patients with HBV

induced cirrhosis

and MHE (defined

by NCT-A and DST)

3 mo Increased Clostridium

cluster and

Bifidobacterium,

and decreased

Enterococcus and

Enterobacteriaceae

in the probiotic

group.

Reduction in

ammonia levels

and improved

parameters of

intestinal barrier in

the probiotic group

Improved cognition

in probiotic group

(defined by NCT-A

and DST)

M
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Yossef et al,37

2020

Probiotics (B subtilis

HU58) vs placebo

Randomized in

2 groups,

probiotics

(n 5 29), placebo

(n 5 11)

40 cirrhosis patients

with a history of

elevated ammonia

on a stable dose of

lactulose

4 wk No difference in

ammonia levels

between the 2

groups. However,

when only looking

at ammonia levels

�60ug/dL, there

was decrease in the

probiotic group

compared to

placebo group

Probiotics are safe

and well tolerated

Manzhalii

et al,34

2022

Probiotic Escherichia

coli Nissle (EcN)

1917 strain vs

lactulose and

rifaximin (500 mg

BID)

Randomized into

3 groups, 1:1:1

45 cirrhosis patients

with at least 2

episodes of HE

(grade 1–2) or MHE

within the last 6 mo

1 mo N alization of

fidibacteria and

ctobacilli in all

atment groups,

t most

onounced in the

N group

Greater reduction of

proinflammatory

cytokines (INF-g, IL-

6, IL-8) and

reduction of

ammonia levels in

the EcN and

rifaximin group,

compared to the

lactulose group.

EcN group performed

15% faster on

Stroop test

compared to

lactulose group

Wang et al,32

2023

Probiotics (combined

Bifidobacterium,

Lactobacillus and

Enterococcus) vs

rifaximin vs

lactulose

Randomized in

3 groups,

probiotics

(n 5 34),

rifaximin

(n 5 11),

lactulose (n 5 7)

54 cirrhosis patients

with MHE (defined

by PHES)

4 wk N ifference in

versity, but

creased

cteroidetes

llowing

atment,

gardless of

atment type

No difference in

ammonia levels

following

treatment,

regardless of

treatment type

All treatments

improved MHE

rates (defined by

PHES) with no

difference in

efficacy regardless

of therapy type

(continued on next page)
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Table 1
(continued )

Reference Intervention Design

Number and Type of

Participants

Observation

Period

Main Findings

Gut Microbiome

Structural Change

Functional Change

(Metabolomics,

Endotoxin,

Inflammation) Clinical Endpoints

Lactulose

Wang et al,41

2019

Lactulose vs no

therapy

Randomized in

2 groups, 2:1

(lactulose, no

treatment)

98 patients with

cirrhosis and MHE

60 d Differences in

Actinobacteria,

Bacteroidetes,

Firmicutes and

Proteobacteria in

lactulose

responders

compared to

nonresponders.

Decreased amino acid

metabolism and

carbohydrate

metabolism in

lactulose

responders

compared to

nonresponders.

Higher MHE reversal

rates (defined by

NCT-A and DST) in

treatment group

(NNT 2.4)

Rifaximin

Bajaj,46 2013 Rifaximin 550 mg

BID

All patients

received

treatment.

20 outpatients with

cirrhosis and MHE

8 wk Improvement in

endotoxemia

compared to

baseline.

Improvement in

cognition

compared to

baseline.

Kang et al,49

2016

Rifaximin

100 mg/kg from

day 16–30

Randomized into

4 groups, 1:1:1:1

1) GF

2) GF 1 Rifaximin

3) Humanized

4) Humanized 1

Rifaximin

16 GF mice 30 d No change in gut

microbiome

composition in

humanized mice

Reduced levels of

ammonia due to

increased small-

intestinal

glutaminase, but

no change in

inflammation and

intestinal barrier

function in GF mice

following

treatment.
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Reduced levels of

inflammatory

cytokines, but no

change in ammonia

levels in humanized

mice following

treatment.

Kaji et al,36

2017

Rifaximin 400 mg

thrice daily

No randomization 20 patients with

decompensated

cirrhosis

4 wk No differences in

diversity or major

components of the

microbiome, but

lower abundance

of Veillonella and

Streptococcus after

treatment

compared to

baseline.

Reduced endotoxin

activity levels and

ammonia levels in

patients with high

levels at baseline

following

treatment.

Improved cognition

(NCT-A) in patients

with abnormal

results at baseline

following

treatment.

Kaji et al,45

2020

Rifaximin 1200 mg

daily for 4 weeks

No randomization 30 patients with

cirrhosis and

hyperammonemia

(�70 ug/dL)

4 wk Unchanged richness

and complexity, but

decreased

abundance of

Streptococcus

compared to

baseline.

Decreased endotoxin

activity levels and

ammonia levels

compared to

baseline

No change in

proinflammatory

cytokines levels.

Improved cognition

(NCT-A) compared

to baseline.

Patel et al,48

2022

Rifaximin-a 550 mg

BID vs placebo

Randomized in

2 groups, 1:1

38 patients with

cirrhosis and

chronic HE

90 d Reduced species

richness in saliva

and feces and

suppressed

oralization of the

gut by reduced

Streptococcus,

Veillonella,

Akkermansia and

Hungatella species.

Reduced systemic

inflammation by

reduction of TNF-a

and IL-10 in

treatment group,

but no difference

in ammonia levels.

Normalization of HE

grade (grade zero)

and improvement

in PHES in

treatment group.

(continued on next page)
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Table 1
(continued )

Reference Intervention Design

Number and Type of

Participants

Observation

Period

Main Findings

Gut Microbiome

Structural Change

Functional Change

(Metabolomics,

Endotoxin,

Inflammation) Clinical Endpoints

Yukawa

et al,51

2022

Rifaximin No randomization,

all received

treatment

27 patients with

compensated

cirrhosis and 26

patients with

decompensated

cirrhosis with HE

(HE defined as

ammonia �70ug/

dL)

2–12 wk No change in the

total amount of

bacteria following

treatment.

Streptococcus

salivarius were

reduced and

Ruminococcus

gnavus were

abundant in

rifaximin

responders

compared to

nonresponders.

Lower levels of

conjugated

secondary bile acids

in the rifaximin

nonresponder

group prior to

treatment.

Fecal Microbiome

Bajaj,55 2017,

2018 and

2018

FMT: enema vs

standard of care

from a single

donor enriched in

Lachnospiraceae

and

Ruminococcaceae

after antibiotics

Phase 1, 1:1

randomized,

placebo-

controlled trail

20 with cirrhosis on

lactulose/rifaximin

with prior HE

5 mo Post-FMT, greater

increase in

Lachnospiraceae

and

Bifidobacteriaceae

Improved Bile acid

and SCFA

physiology

Reduced HE and

all-cause

hospitalization,

improved cognitive

function that

lasted >1 y

post-FMT

Bloom et al,7

2022

FMT: 15 capsules,

administered

5 times over 3 wk

Open-label

single group

intervention

study

10 patients with

cirrhosis and prior

HE

6 mo No significant change

in alpha diversity.

Bifidobacterium

adolescentis and

B. angulatum both

SCFA producers,

predicted PHES

SCFA levels did not

change after 5

doses of FMT

PHES improved after

3 doses of FMT
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Zuo et al,33

2017

Treatment with

rifaximin alone

or rifaximin

plus probiotics

Nonrandomized

observational

study

Patients were

grouped into

the alcoholic

and nonalcoholic

14 MHE patients 4 wk Reduced microbiota

diversity. Decreased

abundance of

ammonia-

producing bacteria.

NA Nonalcoholic MHE

patients responded

better to the

treatment.

Bajaj et al,54

2019

FMT:15 capsules vs

placebo from

a single donor

enriched in

Lachnospiraceae

and

Ruminococcaceae

Phase 1, 1:1

randomized,

placebo-

controlled trail

20 with cirrhosis on

lactulose/rifaximin

and HE

5 mo Post-FMT, duodenal

mucosal diversity

increased only

IL-6 and serum LBP

decreased

EncephalApp

performance

improved post-FMT

Bajaj et al,50

2024

FMT oral vs enema

vs placebo from

2 donors

Phase 2 1:1:1:1

randomized

placebo-

controlled trial

60 with cirrhosis on

lactulose/rifaximin

and HE

6 mo Increased

engraftment of

donor in

Lachnospiraceae

enriched recipients

Reduced HE

recurrence in any

FMT recipient vs

placebo, improved

QOL and cognition

in FMT patients

Periodontal Therapy

Bajaj et al,23

2018

Periodontal

therapy

Prospective case-

control study

Intervention group:

26 with cirrhosis

Control group:

24 cirrhosis and 20

non-cirrhotic.

All with chronic

gingivitis and/or

mild or moderate

periodontitis

30 d Improved dysbiosis in

stool and saliva,

and stool in

intervention

group.

Microbiome

remained similar in

control group.

Improved endotoxin,

LBP, and salivary

and serum

inflammatory

mediator.

LBP and endotoxin

increased over time

in cirrhotic patients

not receiving

therapy

QOL and cognition

improved in HE

patients. remained

similar over time in

the no-therapy

group.

Abbreviations: >, more than; AMP, antimicrobial peptide; CDH: E, cadherin coding gene; d, days; DST, digit symbol test; GF, germ free; IL-6: Interleukin 6; IL1b,
Interleukin-1beta; LBP, lipopolysaccharide-binding protein; mo, month; MIP-3a, macrophage inflammatory protein-3 alpha; NCT-A, Number connection test A;
OHE, overt hepatic encephalopathy; TNF-a, Tumor necrosis factor; wk, week; y, year.
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Munk Lauridsen et al444
Patients with cirrhosis frequently exhibit poor oral health, manifested by higher rates of
periodontal disease and altered saliva composition.62–66 This alteration includes
elevated levels of potassium, total proteins, and immunoglobulin A in saliva, alongside
a disrupted oral microbiome.67,68 There is an increased abundance of Prevotellaceae
and Fusobacteriaceae, bacteria commonly associated with periodontal diseases, and
Enterobacteriaceae, which are more prevalent in immune-deficient individuals.68,69

These microbial changes are significant because they not only elevate the risk of
oral diseases but also have broader implications for the gut microbiome and overall
health. For example, an unhealthy oral microbiome can exacerbate systemic inflam-
mation, contributing to the progression of cirrhosis and increasing the risk of HE.70

Intervention studies indicate that improving oral health through regular dental care,
ideally initiated before the onset of cirrhosis, can significantly reduce inflammation
and stabilize the microbiome.69 Such preventive oral health strategies may be crucial
in mitigating the risk of overt hepatic encephalopathy (OHE). Furthermore, in patients
already suffering from OHE, it is essential to actively diagnose and treat covert infec-
tions in the oral cavity, as these can aggravate the condition, while also prioritizing oral
hygiene during hospital admissions and in the outpatient setting.

Role of Proton Pump Inhibitors

PPIs are liberally prescribed in patients with cirrhosis, and often, there is no clear indi-
cation for PPI use.71 Multiple large cohort studies and multicenter studies have exten-
sively described an increased risk of HE in cirrhosis patients who use PPI compared to
nonusers, and the association has also been reported in 5 meta-analyses.72–83 Treat-
ment with PPI affects the composition of the gut microbiome, leading to a decrease in
diversity and a shift in bacterial taxonomy. Patients with cirrhosis treated with PPI have
a high relative abundance of Lactobacillus, Streptococcus, Selenomonas, Veillonella,
Campylobacter, and Haemophilus compared to nonusers of PPI. Further, PPI users
have a low abundance of Eggerthella, Paraprevotella, Turicibacter, Dorea, Anaerotrun-
cus, and Ruminococcus compared to nonusers.84 The presence of MHE seems to be
more frequent among PPI users, and one study also described an increased risk of
more severe HE in PPI users compared to nonusers.75,76 Likewise, the risk of post-
TIPS HE has been reported to be increased in patients with PPI use, compared to non-
users, and the risk increases with PPI dosage.71,80,85–87 However, there are also
studies and meta-analyses reporting no increased incidence of HE among PPI users,
and one study reports that confounding by indication might be a problem when look-
ing at PPI users in patients with cirrhosis since they represent another phenotype
compared to nonusers.88–90 Physicians treating patients with cirrhosis at risk of HE
should consider if the benefit of treatment with PPI outweighs the risk for the develop-
ment of HE.
THE NEAR FUTURE: WHAT WILL HAPPEN IN THE NEXT 5 YEARS

As highlighted here, treating HE by targeting the gut microbiome includes established
therapies like lactulose and rifaximin and emerging approaches such as probiotics,
prebiotics, and FMT. Despite these treatment options, HE remains a frequent and
burdensome complication of cirrhosis. Future research should focus on low tech
and high tech approaches to establish a closer link between the microbiome changes
and the consequences of these on the circulating metabolome and HE risk.
High tech future perspectives: The scope of HE treatment is expanding through the

convergence of new scientific areas such as multi-omics and artificial intelligence (AI)
and the integration of these two.
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Multi-omics approaches, which analyze various biological data types simulta-
neously, are being employed to understand exactly how a specific gut microbiome
composition translates into a unique circulating metabolomic, proteomic, and lipido-
mic signature, and ultimately, how these affect the brain in cirrhosis. AI, if utilized skill-
fully, will likely provide new ways of delineating clinically relevant individual disease
trajectories within vast and complex multi-omics data sets. An important aspect is
the adequate diagnosis and risk stratification using AI-machine learning profiles of
microbiome. This used nanopore approaches and were able to differentiate HE
from other conditions.91 This can potentially be extended to describe the unique
fingerprint of an individual’s gut microbiome and aid in tailoring FMT or probiotic ther-
apies to their specific gut profiles. Personalized treatment approaches, based on
detailed characterization of the gut microbiome, hold promise for maximizing thera-
peutic effectiveness. Another example is the employment of AI in the detection of
MHE through advanced psychometric testing and analysis of MRI data, and to this
end, studies on AI-based speech pattern recognition for MHE diagnosis are ongoing.
Low tech future perspectives: Future studies should first and foremost include some

bread-and-butter work, which we owe the patients. Diet is the most direct and natural
way of modulating the gut microbiome, and therefore, a low tech and low-hanging fruit
is to use food asmedicine. Multiple studies have examined the effect of various dietary
regimens on HE risk, but to date, no firm dietary advice or regimen is a clinical stan-
dard except for a late night snack to avoid overnight catabolism. Relevant scientific
questions include meal timing, animal versus plant-based protein, and diet tailored
to the individual microbiome. In line with that, the effects of dental advice, treatment,
and cleaning should be examined, as should regimens for FMT donor selection. As for
new therapeutics, intestinal bile acid modulation and mitigation of the neuronal effects
of aberrant bile acids is an avenue that remains unexplored (Fig. 4).
In conclusion, the future direction for treating HE by gut microbiome modulation

likely involves advances in personalized medicine, the application of AI, and compre-
hensive multi-omics studies to fully understand and exploit the gut microbiome’s
Fig. 4. The future perspectives in microbiome and hepatic encephalopathy. (Created in
BioRender. Lauridsen, M. (2025) https://BioRender.com/i88s527.)
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therapeutic potential. The focus should be on better risk stratification and exploring
new and, preferably, tailored treatment options.

CLINICS CARE POINTS
Evidence-Based Pearls
� Routine Use of Lactulose: Lactulose remains the first-line therapy for HE, effectively reducing

serum ammonia levels and ameliorating symptoms.
� Rifaximin as an Add-On Therapy: Rifaximin, when added to lactulose treatment, decreases

the risk of recurrent HE episodes and improves cognitive functions in HE patients.
� Probiotic supplementation: Probiotics may enhance gut health and cognitive function in HE

patients, particularly when used as adjunct therapy with lactulose or rifaximin.

Pitfalls in Clinical Care:
� Monitoring for side effects: While lactulose and rifaximin are generally well tolerated,

clinicians should carefully titrate lactulose to avoid dehydration caused by diarrhea and
monitor for potential antibiotic resistance and liver function abnormalities in long term
rifaximin use.

� Mismanagement of diet: Dietary mismanagement, especially protein restriction, can
exacerbate HE symptoms. Adequate protein intake and a nutritious diet are essential for
maintaining nutritional status and microbial balance.

� Overreliance on pharmacotherapy: Excessive reliance on pharmacotherapy without
addressing underlying causes such as alcohol consumption or viral hepatitis can impede
overall HE management effectiveness.
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