
1

INTRODUCTION

In recent years, the gut microbiota has emerged as a significant mediator of health and 
disease in the human body. Incredibly the number of micro-organisms in the gut and their 
genetic material far outnumber human cells and the human genome1. The gut microbiome 
is involved in the digestion and extraction of vital nutrients and minerals as well as main-
tenance of the immune system2. The gut microbiome functions locally in the gut’s immune 
system by utilizing available resources and outcompeting deleterious microorganisms. Fur-
thermore, it prevents translocation of invasive microorganisms and harmful metabolites by 
maintaining the intestinal barrier. The liver is the first organ to encounter microbial pro-
ducts that cross the gut barrier and enter portal circulation. Therefore, the gut microbiota 
may have a significant role in development of liver disease3,4. This review will discuss the 
latest literature describing the role of the gut microbiota in liver diseases.

OBESITY

In healthy individuals, a diverse gut microbiome has been shown to prevent long term weight 
gain5. Mechanisms by which this occurs are complex, and include maintenance of intestinal 
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integrity, regulated extraction of calories from diet and fat storage in adipose tissue, and 
release of hormones responsible for satiety6,7. 

Dysbiosis that occurs in weight gain appears to be characterized by a reduction in alpha-di-
versity and increased Firmicutes to Bacteroidetes ratio. Thus, in a recent study examining the 
faecal microbiota of obese Italian adults, a reduced abundance of several Bacteroidetes taxa, 
and enrichment of several Firmicutes taxa along with taxa belonging to Enterobacteriaceae 
with endotoxic activity compared to the normal weight group was observed8. In addition, 
Bacteroidetes abundance seemed to be associated with a favourable weight phenotype as it 
negatively correlated with body fat and waist circumference, whereas Firmicutes abundan-
ce had the opposite relationship to body fat8. Similarly, in adults from the UK, the bacterial 
family Lachnospiraceae, genus Bifidobacterium and species Faecalibacterium prausnitzii de-
monstrated causal association with trunk fat mass9. 

In obesity, the presence or absence of metabolic risk factors, influence gut microbiota 
composition. In a recent study10, a significant difference in microbial composition was obser-
ved between obese individuals with at least one metabolic risk factor compared to those wi-
thout. In this setting, those with at least one metabolic risk factor had reduced phylogenetic 
and non-phylogenetic alpha diversity10. The family Coriobacteriaceae and genus Oscillospira 
were associated with a protective effect, with absence of metabolic risk factors10. Whereas 
for obese subjects with diabetes, gut microbiota exhibited an increased abundance of Actino-
bacteria and reduced abundance of Akkermansia muciniphila compared to the control group 
of obese subjects without diabetes11. 

With obesity, changes in gut microbial composition translate to altered metabolic profile. 
For instance, levels of faecal short chain fatty acids (SCFAs), known to influence the metaboli-
sm of energy, lipids, glucose, and cholesterol, are increased in obese individuals compared to 
lean counterparts12. To this effect, studies13 have shown levels of SCFAs, especially propionate, 
are increased two-folds in obese subjects compared to healthy weight controls. Added to 
this, recent studies have demonstrated that in obese individuals with metabolic risk factors, 
altered microbiota composition is associated with dysregulated bile acid metabolism. Thus, 
overweight, and obese individuals with metabolic disease had reduced levels of non-12-OH 
bile acids including ursodeoxycholate, chenodeoxycholate and lithocholate14.

Mechanisms by which the microbiota and its metabolites influence obesity are being elu-
cidated and in the future are likely to provide new diagnostic and therapeutic strategies for 
weight control.

NON-ALCOHOLIC FATTY LIVER DISEASE 

Non-alcoholic fatty liver disease (NAFLD) is considered to be the hepatic manifestation of 
‘metabolic syndrome’, a cluster of conditions, including insulin resistance, dyslipidaemia 
and obesity15. NAFLD encompasses a spectrum of liver disease from simple steatosis to 
non-alcoholic steatohepatitis (NASH), liver fibrosis and cirrhosis. Studies provide evidence 
for dysbiosis along this spectrum of liver disease, and contribute to disease pathogenesis 
through promotion of obesity, altered metabolite production, and aberrant immune re-
sponses.

A reduction in faecal microbiota diversity is consistently seen in subjects with hepatic ste-
atosis. In this regard, several members of the class Clostridia, especially in orders Lachnospi-
rales and Oscillospirales that are known endogenous ethanol producers have been recently 
identified to predict the presence of hepatic steatosis in a large population cohort16. Mo-
reover, the development of hepatic steatosis in patients post liver transplant was observed 
with reduced abundance of Akkermansia muciniphilia and an increase in Fusobacterium 
compared to those who did not have NAFLD recurrence17. Interestingly, patients with a 
high NAFLD activity score (NAS ≥5) had a higher proportion of Bacteroidetes and a lower 
proportion of Firmicutes compared to those with a low NAS score17. Bacteroidetes was po-
sitively correlated with higher hepatic steatosis content, whereas Bifidobacterium showed 
negative correlation17. 

Dysbiosis has also been associated with histologically confirmed NASH. To this effect, 
in a study of patients with biopsy proven NASH, a 12-fold increase in the relative abun-
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dance of the genus Collinsella was observed. Collinsella abundance was positively corre-
lated with serum triglyceride, and negatively with serum HDL-C levels, thus suggesting 
an important role of this genus in influencing host lipid metabolism important in NASH 
pathogenesis18. 

Added to this, Loomba et al19, through shotgun metagenome sequencing of faecal sam-
ples and serum metabolomic profiling has proposed a model for detection of advanced fi-
brosis in liver biopsy proven NASH. They demonstrated that at the species level, Eubacterium 
rectale and Bacteroides vulgatus were most abundant in mild/moderate fibrosis, Bacteroides 
vulgatus and Escherichia coli were most abundant in advanced fibrosis19. Consistent with this, 
Canivet et al20 also demonstrated increased abundance of the Escherichia genus in NASH with 
advanced fibrosis, including Escherichia coli and Escherichia unclassified species, along with 
Bacteroides plebeius, Enterococcus durans, Megamonas rupellensis, and Sutterella wadswor-
thensis. 

Serum metabolomic analysis identified pathways associated with carbon metabolism and 
detoxification in patients with advanced fibrosis, while those with mild/moderate fibrosis 
have increased abundance associated with nucleotide and steroid degradation20. Important-
ly, Oh et al21, through integration of shotgun metagenomic and untargeted metabolomic 
profiles using machine learning algorithms was able to accurately detect cirrhosis in patients 
with NAFLD. In that study, notable composition shifts in patients with NAFLD related cirrhosis 
(NAFLD-cirrhosis), including enrichment in Veillonella parvula, Veillonella atypica, Rumino-
coccus gnavus, Clostridium bolteae, Acidaminococcus sp D21, and decreases in Eubacterium 
eligens, Eubaterium rectale and Faeclibacterium prausnitzii were observed21. Correlations 
were seen between key microbial species and clinical metadata associated with NAFLD-cir-
rhosis, for instance, levels of Veillonella parvula were inversely correlated with albumin and 
platelet counts, parameters decreased in cirrhosis. Further, faecal metabolites with the gre-
atest predictive power for detection of cirrhosis included those involved in metabolism of 
amino acids, bile acids and vitamin D21.

Finally, interest has turned to intrahepatic microbial signatures of liver disease progression 
in NASH. In the first study of its kind, Sookoian et al22, demonstrated that liver DNA profile 
significantly differs between morbidly obese and non-morbidly obese patients with NAFLD. 
Morbidly obese subjects with more severe histological features of NASH (including more bal-
loon degeneration and fibrosis) were associated with higher liver tissue levels of Peptostrep-
tococcaceae, Verrucomicrobia, Actinobacteria and Gamma Proteobacteria. Mechanisms by 
which these taxa promote liver injury are the subject of ongoing study.

Gut microbiota and mechanisms of NAFLD

There are multiple recent publications implicating gut dysbiosis, related aberrant bile acid 
metabolism and an increase in gut permeability in the pathogenesis of NAFLD. Transitional 
increase in serum and faecal bile acid levels have been observed as patients with NAFLD who 
progressed from minimal to severe fibrosis23. Furthermore, serum levels of bile acids (glycolic 
acid and deoxycholic acid) correlated with the abundance of Bacteroidaceae and Lachnospi-
raceae, which in turn was associated with the development of advanced fibrosis23.

Highlighting the role of aberrant bile acid metabolism in NASH progression, Takahashi et 
al24 showed that administration of the bile acid sequestrant sevelamer to HFD-mice reduced 
steatosis, inflammation, and fibrosis, with associated restoration in the bile acid and microbio-
ta composition, leading to increased abundance of Lactobacillus and decreased abundance 
of Desulfovibrio24. Similar findings were observed by Gupta et al25, where HFD mice displayed 
loss of intestinal epithelial barrier, leading to severe NASH, with associated increased bile acid 
concentration, but this was attenuated by in vivo delivery of sevelamer. Elobixibat, an ileal 
bile acid transporter inhibitor, reduced the methionine and choline-deficient diet-induced 
hepatic inflammation and fibrosis in mice, restored intestinal tight junction protein levels 
and reversed the reduced abundance of Lachnospiraceae and Ruminococcacae and increased 
abundance of Enterobacteriaceae26. 

Another mechanism that altered gut microbiota which is suggested to impact NASH pro-
gression is through hepatic accumulation and activation of B lymphocytes with enhanced 
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proinflammatory cytokine secretion and antigen-presenting ability, as seen in NASH mouse 
livers27. FMT from human NAFLD donor to mice led to progression of NASH with increased 
hepatic B lymphocyte accumulation27.

Pharmacotherapy for gut microbiota in NAFLD

Human studies of pharmacotherapy to target gut dysbiosis in NASH patients are limited. Fi-
broblast growth factor 19 (FGF19) functions as a hormone that regulates bile acid synthesis 
as well as glucose and lipid metabolism28. FGF19 is present in reduced levels in individuals 
with insulin resistance and NAFLD and appears to return to normal values in obese patients 
who undergo gastric bypass surgery29. In a phase 2 trial, administration of aldafermin, an 
analog of the gut hormone FGF19, in NASH patients was associated with a dose-dependent 
enrichment of the genus Veillonella which was also associated with an improvement in 
the serum bile acid profile and reduced liver fat content30. Furthermore, serum triglyceride 
concentrations declined over time in patients treated with aldafermin but not placebo30. At 
week 24, 38% of NAFLD patients receiving aldafermin exhibited improvement in fibrosis 
stage, compared to 18% in the placebo group, reflecting a trend towards fibrosis improve-
ment by aldafermin30.

Metformin combined with healthy lifestyle recommendations in non-diabetic obese chil-
dren was associated with a reduced abundance of Bacillus at the genus level and a trend 
towards a reduced abundance of Actinobacteria at the phylum level compared to placebo 
with the same lifestyle recommendations31. A nationwide population study in Korea32 showed 
an association between proton pump inhibitor use and increased risk of NAFLD with hazard 
ratio of 1.50 after adjusting for confounders including age, sex, BMI, smoking, alcohol intake, 
exercise, income level and comorbidities, possibly through the gut-liver axis related to pre-
viously described changes in the gut microbiota.

In a randomized controlled trial33 of patients with non-alcoholic fatty liver disease (NAFLD), 
administration of synbiotic therapy for 1 year led to increases in faecal Bifidobacterium and 
Faecalibacterium species and reductions in faecal Oscillibacter and Alistipes species compared 
to baseline33. Unfortunately, while increased abundance of traditionally beneficial microbiota 
was observed, no changes were seen regarding markers of liver fat or fibrosis.

Faecal microbiota transplantation in NAFLD 
Faecal microbiota transplantation (FMT) is the next natural step in modulating the gut mi-

crobiota in diseased states. This can be achieved by delivering FMT from a healthy donor into 
an unhealthy individual via enema, endoscopically, or by capsule. FMT is already approved for 
treatment in refractory C. difficile infection and is now being investigating for treatment of 
liver disease34.

Several human studies examined the effect of faecal microbiota transplantation (FMT) 
in obese and NAFLD patients. An RCT in a group of obese, type 2 diabetic patients who un-
derwent FMT, those who received lifestyle advice combined with FMT from lean healthy do-
nors had a higher proportion of patients who achieved more than 20% lean-microbiota en-
graftment rate, compared to those who received FMT alone and those who received lifestyle 
advice and sham FMT (100%, 88.2% and 22% respectively)35. Repeated FMTs enhanced this 
effect. Groups that received FMT had increased butyrate-producing bacteria35. FMT combi-
ned with lifestyle intervention was associated with increased abundances of Bifidobacterium 
and Lactobacillus, as well as reduced total and low-density lipoprotein cholesterol and liver 
stiffness compared to FMT alone35.

Recently, the effect of endoscopic delivery of FMT from a thin and healthy donor on pa-
tients with NAFLD was tested in an RCT36. Fifteen patients received allogenic FMT whereas 
six patients received autologous FMT. FMT was delivered endoscopically directly into the 
distal duodenum. The rationale for this delivery method is to directly target and treat SIBO 
which is a common complication of chronic liver disease. Markers of NAFLD activity were 
assessed, including insulin resistance, hepatic proton density fat fraction, and intestinal 
permeability. Patients who received allogenic FMT experienced a significant reduction in 
small intestine permeability 6 weeks after treatment as tested using the lactulose: mannitol 
urine test.  
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Autologous FMT from faecal sample attained from individuals with abdominal obesity or 
dyslipidaemia after six months of green plant-based Mediterranean diet led to a reduced wei-
ght regain, waist circumference gain and insulin rebound over the following eight months37. 
This was not observed with the other two dietary interventions studied37. Furthermore, only 
the green-Mediterranean diet was associated with a significant alteration in the microbiome 
composition during the weight loss phase which was maintained after FMT37.

Overall, FMT for obesity and NAFLD continues to evolve in the literature with more data 
needed for better identification of donor and recipient factors that can influence response to 
this type of gut-based intervention.

CIRRHOSIS

Prolonged liver inflammation results in cirrhosis and end stage liver disease which comes 
with multiple complications, including spontaneous bacterial peritonitis (SBP), ascites, hepatic 
encephalopathy (HE), and hepatocellular carcinoma. Compared to healthy individuals, indi-
viduals with cirrhosis have slower intestinal transit time, overgrowth of intestinal flora, and 
alterations in faecal microbiota composition38. Multiple studies have shown that individuals 
with cirrhosis have a significant reduction in beneficial gut organisms such as Bacteroidetes 
and an increase in harmful organisms such as Proteobacteria and Fusobacteria39-43. 

As previously described, these changes in microbiome profile in a diseased state is known 
as dysbiosis. Beneficial gut organisms have multiple beneficial roles, some of which are me-
diated by the production of bile acids and SCFAs44. Bile acids are involved in the lysis of patho-
gens, as well as regulation of immune inflammatory signalling by facilitating differentiation 
of various T cells45. SCFA are essential in maintaining luminal pH, enterocyte structure, as well 
as regulating the function of gut lymphoid tissue46. In cirrhosis, overgrowth of pathogenic 
organisms results in reduced levels of bile acids and SCFAs. Moreover, poor liver synthetic fun-
ction further exacerbates reduced levels of bile acids. In turn, pathogenic organisms mainly 
of the Enterobacteriaceae family produce endotoxins and lipopolysaccharides leading to the 
prototypical pro-inflammatory state of cirrhosis. These changes are particularly harmful in 
cirrhosis due to underlying portal hypertension which leads to blood bypassing the reticuloe-
ndothelial system and subsequent delivery of harmful metabolites to the systemic circulation.

Spontaneous Bacterial Peritonitis

The mechanism of SBP in cirrhosis involves translocation of bacteria from the intestine into 
ascitic fluid. This in part can be explained by findings showing that mesenteric lymph nodes 
in individuals with cirrhosis have higher proportions of pathogenic bacteria as well as en-
dotoxins compared to healthy individuals47. The most common organisms in infected ascitic 
fluid are Escherichia coli and Klebsiella pneumoniae which belong to the Enterobacteriaceae 
family and are typically found in increased numbers in faecal samples of cirrhotic individuals48. 
Patients with cirrhosis are particularly sensitive to further alterations of their gut microbiome 
and as such proton pump inhibitors which are thought to cause intestinal overgrowth of En-
terococcus species also place patients at higher risk for SBP49,50. 

Hepatic Encephalopathy

Many of the alterations in gut microbiota population seen in cirrhosis have been linked to 
HE51. Compared to those without HE, patients with HE have greater abundance of Veillonel-
laceae which is linked to increased levels of pro-inflammatory cytokines including interleukin 
(IL)-6, tumour necrosis factor alpha, IL-2, and IL-352. Poorer cognition in patients with HE was 
found to be associated with increased levels of these pro-inflammatory cytokines. Due to 
the effectiveness of rifaximin in preventing repeat episodes HE, it is not surprising that indi-
viduals with HE have a higher population of urease-producing Proteobacteria compared to 
individuals without HE53. Ammonia producing microbes such as Streptococcus species were 
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found to be in much larger quantities in the oral cavities of individuals with HE54. Functional 
neurologic changes associated with poorer cognition, including astrocytic injury have been 
detected using magnetic resonance imaging in patients with higher levels of ammonia-pro-
ducing gut organisms55.

In a healthy individual, the proximal intestine contains few bacteria in comparison to the 
distal intestine and colon likely due to acid and enzymes secreted from the nearby stoma-
ch which have a strong bactericidal effect56. Furthermore, continuous downward peristalsis 
and prevention of retrograde flow by the ileocecal valve play an active role in keeping the 
upper intestine free of colonic bacteria. However, given the enormous population of colonic 
bacteria, a small amount of retrograde migration of organisms into the small intestine leads 
to a substantial increase in bacterial population and to small intestinal bacterial overgrowth 
(SIBO). SIBO is highly present in individuals with cirrhosis compared to healthy individuals af-
fecting up to 60% of these patients57. One proposed mechanism is the slower intestinal transit 
time seen in cirrhosis in addition to cirrhosis-associated immune dysfunction. SIBO has been 
linked to increased risk of decompensation of chronic liver disease and development of HE58. 
Individuals with cirrhosis have an over-abundance of gram-negative bacteria in the jejunum 
including E. coli and K. pneumoniae even more so compared to non-cirrhotic patients with 
SIBO59. 

Targeting the Gut Microbiota in Cirrhosis

Modification of altered gut microbiota in cirrhosis is a hallmark of treatment of HE. Non-ab-
sorbable disaccharides such as lactulose and lactitol work by decreasing serum ammonia by 
accelerating intestinal transit whereas antibiotics such as rifaximin decrease abundance of 
harmful bacteria. As such, most research regarding therapeutics targeting the gut microbio-
me in cirrhosis have aimed to treat HE. 

Dietary changes have been shown to be helpful in increasing populations of beneficial 
micro-organisms and reducing organisms linked with systemic inflammation. Comparing in-
dividuals with cirrhosis in Turkey and the United States, a Turkish diet rich in vegetables and 
fermented mild products led to higher microbial diversity and was associated with a lower risk 
of 90-day hospitalizations compared to their U.S.-based cohort60. 

Probiotics and synbiotics (combination of probiotics and prebiotics) have been utilized in 
multiple studies to modulate altered gut microbiota in cirrhosis. In patients with cirrhosis 
and covert HE, treatment with probiotics decreased hospitalization rates and ameliorated 
progression to overt HE compared to placebo. More recently, the effect of the probiotic Lac-
tobacillus casei was tested in patients with cirrhosis and compared to placebo61. While it did 
not lead to changes in clinical outcomes including significant infections compared to placebo, 
there was significant improvement in cytokine profile with reductions in plasma monocyte 
chemotactic protein-1, plasma interleukin-1B, interleukin-17a, and macrophage inflamma-
tory protein-1B. This suggests that treatment with L. casei shifts the cytokine profile towards 
an anti-inflammatory phenotype. A meta-analysis of synbiotic therapy prior to liver transplan-
tation or liver resection showed reduced rates of peri-operative infection and may improve 
liver function compared to placebo62. 

Fecal Microbiota Transplantation in Cirrhosis

Multiple clinical trials have been completed to demonstrate safety and efficacy of FMT in cir-
rhosis. In the first clinical trial to date involving patients with recurrent HE, stool was obtained 
from a healthy volunteer with high populations of Lachnospiraceae and Ruminococcaceae63. 
Patients underwent pre-treatment antibiotic therapy prior to receiving a one-time FMT ene-
ma while continuing their home rifaximin and lactulose. The FMT group experienced less 
serious adverse events and had no episodes of HE up to 150 days after treatment compared 
to the non-treatment group. Furthermore, cognitive testing via psychometric HE score (PHES) 
and EncephalApp Stroop (EAS) demonstrated improved cognition in the treatment arm after 
20 days compared to their baseline cognition. 
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Concerns regarding safety of FMT have been raised especially with transmission of harmful 
microorganisms. Although a rare adverse event, cases of transmission of drug-resistant E. coli 
have been reported leading to bacteraemia and death64. This led to a 2019 update in the FDA’s 
protocol regarding screening donors for these drug-resistant organisms. Long term safety of 
FMT enema was tested using a similar protocol to the previously discussed study except for 
the addition of proton pump inhibitors to their pre-treatment regimen65.  No adverse events 
occurred in the treatment group over a 12-month period suggesting FMT via enema was safe 
for long-term use. Patients who had received FMT enema had fewer hospitalizations and 
HE episodes compared to no treatment. Cognition was also improved when measured using 
PHES and EAS. Notably, no statistically significant difference in stool microbiota was detected 
between the FMT group and placebo group. 

As FMT can be administered in multiple ways, safety of capsular FMT was addressed in 
a phase 1, randomized, placebo-controlled trial66. FMT was harvested in the same fashion 
(from a healthy donor with high abundance of Lachnospiraceae and Ruminococcaceae) and 
delivered in capsular form. Patients were followed for 5 months after treatment and only one 
serious adverse event occurred in the treatment arm while eleven serious adverse events were 
reported in the control arm. While cognition improved in the treatment group as measured 
by EAS, it did not change when measured by PHES. Significant changes in microbiome signa-
tures were detected in the duodenum, sigmoid, and stool of patients treated with capsular 
FMT. Most noteworthy, there was a significant reduction in abundance of the ammonia pro-
ducing Streptococcaceae organism in the duodenum of patients in the treatment group. Ad-
ditionally, FMT delivery via endoscopy was retrospectively analysed in patients with cirrhosis 
and refractory HE67. The treatment group had significant and sustained reductions in arterial 
ammonia levels, Child-Pugh score, and model for end-stage liver disease score after 20 weeks 
of treatment.

The effects of FMT enema have been evaluated in patients with alcohol-use-disorder-re-
lated cirrhosis in a phase 1, double-blind, randomized clinical trial68. Patients received either 
one placebo or one FMT enema treatment from a donor enriched in Lachnospiraceae and 
Ruminococcaceae and followed for 6 months. At day 15, subjective craving for alcohol were 
reduced when measured by questionnaire and objectively reduced as demonstrated by lower 
levels of urinary ethyl-glucuronide in the FMT group compared to baseline. Cognition and 
psychosocial quality of life were improved in the treatment group compared to placebo. Com-
pared to baseline, patients treated with FMT had reduced IL-6 and lipopolysaccharide-binding 
protein. Furthermore, stool microbiota in treated patients showed increased abundance of 
SCFA producing taxa such as Ruminococcaceae which was not detected in the placebo group. 
There was a statistically significant decrease in incidence of any serious adverse events and 
alcohol-use-disorder related serious adverse events in the treatment group compared to pla-
cebo.

In addition to changes in stool microbiota signatures, antibiotic resistance is a common 
complication of cirrhosis leading to poor prognosis. FMT has been postulated to be a poten-
tial therapeutic that may reduce the incidence of organisms with multidrug resistance genes. 
This was addressed in two studies, one with capsule FMT and one with enema FMT in patients 
with cirrhosis on rifaximin, lactulose, and proton pump inhibitors69. Antibiotic resistance gene 
(ARG) burden was detected in stool samples using metagenomics and mapped against the 
Comprehensive Antibiotic Resistance Database. After 4 weeks, patients who received capsular 
FMT had lower levels of beta-lactamase ARG expression compared to baseline and had lower 
abundance of vancomycin, beta-lactamase, and rifamycin ARGs compared to placebo. Patien-
ts who received FMT via enema underwent pre-treatment antibiotic therapy and interestingly 
after 7 days these patients showed an increase in vancomycin and beta-lactamase ARGs com-
pared to baseline. However, after 15 days these changes were reversed and decreased below 
baseline levels. Yet, quinolone resistance ARG expression increased at day 15 compared to 
baseline.

Ongoing trials are taking place to further elucidate the effectiveness of different routes 
of FMT administration. The PROspective, randomized placebo-controlled feasibility trial of 
Faecal microbiota Transplantation (PROFIT) is a single-centre trial assessing the feasibility and 
effectiveness of FMT delivered endoscopically into the small bowel of patients with cirrhosis70. 
While the trial is ongoing, early data has shown that patients with cirrhosis who received FMT 
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had significantly reduced plasma ammonia concentrations at day 30 compared to baseline71. 
Stool analysis showed that ammonia level was increased after 30 days in the placebo group 
and not in the treatment group. The PROFIT trial is increasing their study cohort to recruit 
300 more patients over a two-year period to compare capsular FMT to their previously studied 
endoscopic FMT.

A criticism of most of the FMT data is small sample size. While this is being addressed by the 
PROFIT trial as described above, we are also aiming to address this in a 100-participant trial 
to further analyse modes of delivery and dosages. This study has four groups: 1) simultaneous 
capsular and enema FMT, 2) capsular FMT and enema placebo, 3) capsular placebo and enema 
FMT, and 4) capsular placebo and enema placebo. Patients are to be followed for 6 months. 
The primary outcome is serious adverse events while secondary outcomes are changes in mi-
crobial diversity of stool, blood, and saliva as well as changes in intestinal permeability, and 
cognitive ability assessed by EAS and PHES.

HEPATOCELLULAR CARCINOMA

Hepatocellular carcinoma (HCC) is a complication of chronic liver disease that is associated 
with poor prognosis, now representing the fourth leading cause of cancer-related mortality 
worldwide72. Development of HCC in patients with cirrhosis has been associated with altera-
tions in gut microbiota, with reduced bacterial richness and production of aberrant metaboli-
tes observed as hallmark changes as liver disease progressed from cirrhosis to HCC73,74. 

Studies attempting to identify a core microbiome characterising HCC have so far yielded 
variable results, namely due to the methodology used (16S rRNA versus metagenomics), diffe-
ring aetiology and extent of the underlying liver disease (advanced versus early).

In this regard, studies in patients with NAFLD or hepatitis C-related HCC, an increased 
abundance of Clostridium and CF231 genus of Paraprevotella and reduced abundance of 
Alphaproteobacteria was noted compared to those with cirrhosis but without HCC73,74. Fur-
thermore, metagenomic analyses of stool microbiota identified a consortium of species that 
were NAFLD-HCC specific including Enterobacteriaceae at the family level and Bacteroides 
caecimuris and Veillonella parvula at the species level74. These consortia of microbiota were 
SCFAs-producing, and this was confirmed in subsequent metabolomic analysis in stool and 
serum samples74. The data contrasted with studies mainly focusing on studying HBV rela-
ted liver cancer, whereby dysbiosis characterised HCC patients with cirrhosis but not HCC 
patients without cirrhosis75.  There was reduction in SCFAs producing genera such as Bifi-
dobacterium and Lactobacillus and increased lipopolysaccharide-producing genera such as 
Enterococcus74. The contrasting data related to abundance of SCFAs producing microbiota 
in NAFLD-related HCC versus HBV- related HCC is likely attributable to the underlying liver 
disease and the fact that, unlike the HBV cohort, the NAFLD group has several metabolic 
risk factors, likely to influence bacterial metabolites, including SCFAs. Notably, a study inclu-
ding a small number of patients and using 16S rRNA analyses reported that changes in gut 
microbiota could distinguish HCC, regardless of the presence or absence of metabolic risk 
factors76. The study, however, was not well powered, and clearly, larger studies are needed 
with adequate control groups in addition to in-depth analyses to dissect out metabolic ver-
sus HCC-specific microbial signatures76. 

In terms of the relationship between the microbiome and the immune milieu in HCC, Behary 
et al74 have demonstrated an ex-vivo culture model that bacterial extracts from patients with 
NAFLD related HCC promotes an immunosuppressive milieu with increased expansion of T 
regs and other anti-inflammatory cytokines. Furthermore, work from Huang et al77 examining 
the association between gut microbiota and tumorigenesis transcriptome demonstrated a 
correlation between several microbial species and down regulation of key genes involved in 
regulating anti-tumour NKT cell responses77.

The microbiome composition has also been shown to predict outcomes from HCC. Thus, a 
high tumour burden in HBV related HCC has been shown to associate enrichment of Bacte-
roides, Lachnospiracea incertae sedis, and Clostridium XIVa77. In contrast higher abundance 
of Clostridium sensu stricto and Anaerotruncus has been proposed to be associated with pro-
tection against HCC development regardless of underlying liver disease aetiology76. 
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Recent studies examining liver samples from HCC and adjacent tissue have demonstrated 
the existence of an intratumor microbiome in the liver77,78. To this effect, Chakladar et al78 
recently reported a significant microbiome dysregulation landscape within HCC liver samples 
obtained from subjects with HBV and alcohol related HCC. The combination of alcohol and 
HBV was associated with distinctive microbial composition, with increased abundance of cer-
tain species correlating with worse prognosis78. Several of the abundant microbial species cor-
related with the expression of key immune associated cytokines such as CCL28, CCL26, CSF3, 
and SOCS378. The authors concluded that the intratumor microbiome was likely to influence 
cytokine expression and immune system regulation in HCC78.

Gut Based Interventional Studies in HCC

According to recent studies, gut-based modulation strategies has been shown to ameliorate 
the complication of chronic liver disease79,80. To date, interventional and longitudinal studies 
to examine the role of the microbiome in HCC have been limited to animal models. Progressi-
ve gut dysbiosis was observed in high-fat/high-cholesterol diet-fed mice that progressed from 
normal to hepatic steatosis to HCC, with progressive increase in Mucispirillum, Desulfovibrio, 
Anaerotruncus and Desulfovibrionaceae and decrease in Bifidobacterium and Bacteroides81. 
There were also alterations in gut microbe metabolites with increased taurocholic acid and 
decreased 3-indolepropionic acid81. Zhang et al81 also observed that atorvastatin reversed 
the high dietary cholesterol-induced dysbiosis and prevented NAFLD-HCC development. Van-
comycin-induced selective depletion of Lachnospiraceae and Ruminococcaceae belonging to 
the phylum Firmicutes, Bifidobacteria of the phylum Actinobacteria, which ferment fibres and 
Clostridium cluster XIVa which produce secondary bile acids prevented HCC development in 
inulin-fed, Toll-like receptor 5 deficient, dysbiosis-susceptible mice82. 

Of note, combined administration of SSL6 and sorafenib demonstrated anti-tumour effect 
in mice83. Li et al84 found an increased gut microbial diversity in advanced HCC patients trea-
ted with immune-checkpoint inhibitors (ICI). They also observed different microbial diversity 
and composition in responders and non-responders to immunotherapy84. Among responders, 
an increased abundance of Faecalibacterium genus was associated with a greater progres-
sion-free survival (PFS)84. Among non-responders, an increased abundance of the Bacteroida-
les order was associated with a reduced PFS84. Antibiotic-induced dysbiosis increased the effi-
cacy of the γδT cell anti-tumour response in mouse models, with increased levels of released 
cytotoxic cytokines85. Furthermore, increased levels of the microbial metabolite 3-indopropio-
nic acid (IPA) following antibiotic therapy was associated with an increased cytotoxic ability 
of γδT cell both in vitro and in vivo85. However, Spahn et al86 showed gut decontamination 
with antibiotic therapy for 30 days post initiation of ICI in HCC patients was associated with a 
reduced median overall survival. Therefore clearly, the field for how and when to manipulate 
the gut microbiome to improve therapeutic responses in HCC is still under investigation.

CONCLUSIONS

It has become clear that the gut microbiota plays a crucial role in our health and particularly 
liver diseases, including NAFLD, cirrhosis, and HCC. While our understanding of the under-
lying mechanism by which it performs its functions is still incomplete, restoring populations of 
beneficial organisms and correcting dysbiosis appears to improve outcomes in liver disorders. 
Studies have shown that this can be performed through dietary changes, antibiotics, probioti-
cs, and synbiotics. The most exciting therapy targeting gut microbiota is FMT and early studies 
have demonstrated safety and efficacy. However, further evaluation of the gut microbiota is 
needed as well as development of standardized treatment protocols for each disease before 
these therapies can be implemented in clinical practice. 

Conflict of Interest

The authors declare no conflict of interest.



R. Hassouneh, C. Kim, J. Behary, A. Zekry, J.S. Bajaj

10

Funding

None.

Author Contribution

Manuscript preparation: RH, JB, CK, AZ, JSB. Critical Revision: RH, JB, CK, AZ, JSB.

REFERENCES

 1. Sender R, Fuchs S, Milo R. Are we really vastly outnumbered? Revisiting the ratio of bacterial to host cells in 
humans. Cell 2016; 164: 337-340.

 2. Lynch SV, Pedersen O. The human intestinal microbiome in health and disease. N Engl J Med 2016; 375: 2369-
2379.

 3. Tilg H, Cani PD, Mayer EA. Gut microbiome and liver diseases. Gut 2016; 65: 2035-2044.
 4. Tripathi A, Debelius J, Brenner DA, Karin M, Loomba R, Schnabl B, Knight R. The gut-liver axis and the in-

ter section with the microbiome. Nat Rev Gastroenterol Hepatol 2018; 15: 397-411.
5. Nogacka AM, de Los Reyes-Gavilán CG, Martínez-Faedo C, Ruas-Madiedo P, Suarez A, Mancabelli L, Ventura M, 

Cifuentes A, León C, Gueimonde M, Salazar N. Impact of Extreme Obesity and Diet-Induced Weight Loss on 
the Fecal Metabolome and Gut Microbiota. Mol Nutr Food Res 2021; 65: e2000030.

 6. Gomes AC, Hoffmann C, Mota JF. The human gut microbiota: Metabolism and perspective in obesity. Gut 
Microbes 2018; 9: 308-325.

 7. Nagpal R, Newman TM, Wang S, Jain S, Lovato JF, Yadav H. Obesity-Linked Gut Microbiome Dysbiosis Asso-
ciated with Derangements in Gut Permeability and Intestinal Cellular Homeostasis Independent of Diet. J 
Diabetes Res 2018; 2018: 3462092.

 8. Palmas V, Pisanu S, Madau V, Casula E, Deledda A, Cusano R, Uva P, Vascellari S, Loviselli A, Manzin A, Velluzzi 
F. Gut microbiota markers associated with obesity and overweight in Italian adults. Sci Rep 2021; 11: 5532.

 9. Xu Q, Zhang SS, Wang RR, Weng YJ, Cui X, Wei XT, Ni JJ, Ren HG, Zhang L, Pei YF. Mendelian Randomization 
Analysis Reveals Causal Effects of the Human Gut Microbiota on Abdominal Obesity. J Nutr 2021; 151: 1401-
1406.

10. Kim MH, Yun KE, Kim J, Park E, Chang Y, Ryu S, Kim HL, Kim HN. Gut microbiota and metabolic health among 
overweight and obese individuals. Sci Rep 2020; 10: 19417.

11. Tabasi M, Eybpoosh S, Sadeghpour Heravi F, Siadat SD, Mousavian G, Elyasinia F, Soroush A, Bouzari S. Gut Mi-
crobiota and Serum Biomarker Analyses in Obese Patients Diagnosed with Diabetes and Hypothyroid Disorder. 
Metab Syndr Relat Disord 2021; 19: 144-151.

12. Patil DP, Dhotre DP, Chavan SG, Sultan A, Jain DS, Lanjekar VB, Gangawani J, Shah PS, Todkar JS, Shah S, 
Ranade DR, Patole MS, Shouche YS. Molecular analysis of gut microbiota in obesity among Indian individuals. 
J Biosci 2012; 37: 647-657.

13. Schwiertz A, Taras D, Schäfer K, Beijer S, Bos NA, Donus C, Hardt PD. Microbiota and SCFA in lean and over-
weight healthy subjects. Obesity (Silver Spring) 2010; 18: 190-195.

14. Wei M, Huang F, Zhao L, Zhang Y, Yang W, Wang S, Li M, Han X, Ge K, Qu C, Rajani C, Xie G, Zheng X, Zhao A, 
Bian Z, Jia W. A dysregulated bile acid-gut microbiota axis contributes to obesity susceptibility. EBioMedicine 
2020; 55: 102766.

15. Mahady SE, Adams LA. Burden of non-alcoholic fatty liver disease in Australia. J Gastroenterol Hepatol 2018; 
33 Suppl 1: 1-11.

16. Ruuskanen MO, Åberg F, Männistö V, Havulinna AS, Méric G, Liu Y, Loomba R, Vázquez-Baeza Y, Tripathi A, 
Valsta LM, Inouye M, Jousilahti P, Salomaa V, Jain M, Knight R, Lahti L, Niiranen TJ. Links between gut microbi-
ome composition and fatty liver disease in a large population sample. Gut Microbes 2021; 13: 1-22.

17. Satapathy SK, Banerjee P, Pierre JF, Higgins D, Dutta S, Heda R, Khan SD, Mupparaju VK, Mas V, Nair S, Eason 
JD, Kleiner DE, Maluf DG. Characterization of Gut Microbiome in Liver Transplant Recipients With Nonalcohol-
ic Steatohepatitis. Transplant Direct 2020; 6: e625.

18. Astbury S, Atallah E, Vijay A, Aithal GP, Grove JI, Valdes AM. Lower gut microbiome diversity and higher abun-
dance of proinflammatory genus Collinsella are associated with biopsy-proven nonalcoholic steatohepatitis. 
Gut Microbes 2020; 11: 569-580.

19. Loomba R, Seguritan V, Li W, Long T, Klitgord N, Bhatt A, Dulai PS, Caussy C, Bettencourt R, Highlander SK, 
Jones MB, Sirlin CB, Schnabl B, Brinkac L, Schork N, Chen CH, Brenner DA, Biggs W, Yooseph S, Venter JC, Nel-
son KE. Gut Microbiome-Based Metagenomic Signature for Non-invasive Detection of Advanced Fibrosis in 
Human Nonalcoholic Fatty Liver Disease. Cell Metab 2017; 25: 1054-1062.e1055.

20. Canivet CM, David N, Pailhoriès H, Briand M, Guy CD, Bouchez O, Hunault G, Fizanne L, Lannes A, Oberti F, 
Fouchard I, Calès P, Diehl AM, Barret M, Boursier J. Cross-linkage between bacterial taxonomy and gene func-
tions: a study of metagenome-assembled genomes of gut microbiota in adult non-alcoholic fatty liver disease. 
Aliment Pharmacol Ther 2021; 53: 722-732.

21. Oh TG, Kim SM, Caussy C, Fu T, Guo J, Bassirian S, Singh S, Madamba EV, Bettencourt R, Richards L, Yu RT, At-
kins AR, Huan T, Brenner DA, Sirlin CB, Downes M, Evans RM, Loomba R. A Universal Gut-Microbiome-Derived 
Signature Predicts Cirrhosis. Cell Metab 2020; 32: 878-888.e876.



11

MICROBIOTA AND LIVER DISEASE: YEAR IN REVIEW

22. Sookoian S, Salatino A, Castaño GO, Landa MS, Fijalkowky C, Garaycoechea M, Pirola CJ. Intrahepatic bacterial 
metataxonomic signature in non-alcoholic fatty liver disease. Gut 2020; 69: 1483-1491.

23. Adams LA, Wang Z, Liddle C, Melton PE, Ariff A, Chandraratna H, Tan J, Ching H, Coulter S, de Boer B, Chris-
tophersen CT, O’Sullivan TA, Morrison M, Jeffrey GP. Bile acids associate with specific gut microbiota, low-level 
alcohol consumption and liver fibrosis in patients with non-alcoholic fatty liver disease. Liver Int 2020; 40: 
1356-1365.

24. Takahashi S, Luo Y, Ranjit S, Xie C, Libby AE, Orlicky DJ, Dvornikov A, Wang XX, Myakala K, Jones BA, Bhasin K, 
Wang D, McManaman JL, Krausz KW, Gratton E, Ir D, Robertson CE, Frank DN, Gonzalez FJ, Levi M. Bile acid se-
questration reverses liver injury and prevents progression of nonalcoholic steatohepatitis in Western diet-fed 
mice. J Biol Chem 2020; 295: 4733-4747.

25. Gupta B, Liu Y, Chopyk DM, Rai RP, Desai C, Kumar P, Farris AB, Nusrat A, Parkos CA, Anania FA, Raeman R. 
Western diet-induced increase in colonic bile acids compromises epithelial barrier in nonalcoholic steatohepa-
titis. Faseb j 2020; 34: 7089-7102.

26. Yamauchi R, Takedatsu H, Yokoyama K, Yamauchi E, Kawashima M, Nagata T, Uchida Y, Kitaguchi T, Higashi T, 
Fukuda H, Tsuchiya N, Takata K, Tanaka T, Morihara D, Takeyama Y, Shakado S, Sakisaka S, Hirai F. Elobixibat, 
an ileal bile acid transporter inhibitor, ameliorates non-alcoholic steatohepatitis in mice. Hepatol Int 2021; 15: 
392-404.

27. Barrow F, Khan S, Fredrickson G, Wang H, Dietsche K, Parthiban P, Robert S, Kaiser T, Winer S, Herman A, Adeyi 
O, Mouzaki M, Khoruts A, Hogquist KA, Staley C, Winer DA, Revelo XS. Microbiota-Driven Activation of Intra-
hepatic B Cells Aggravates Nonalcoholic Steatohepatitis through Innate and Adaptive Signaling. Hepatology 
2021.

28. Walters JR. Bile acid diarrhoea and FGF19: new views on diagnosis, pathogenesis and therapy. Nat Rev Gastro-
enterol Hepatol 2014; 11: 426-434.

29. Ryan PM, Hayward NE, Sless RT, Garwood P, Rahmani J. Effect of bariatric surgery on circulating FGF-19: A 
systematic review and meta-analysis. Obes Rev 2020; 21: e13038.

30. Loomba R, Ling L, Dinh DM, DePaoli AM, Lieu HD, Harrison SA, Sanyal AJ. The Commensal Microbe Veillonella 
as a Marker for Response to an FGF19 Analog in NASH. Hepatology 2021; 73: 126-143.

31. Pastor-Villaescusa B, Plaza-Díaz J, Egea-Zorrilla A, Leis R, Bueno G, Hoyos R, Vázquez-Cobela R, Latorre M, 
Cañete MD, Caballero-Villarraso J, Gil Á, Cañete R, Aguilera CM. Evaluation of the gut microbiota after met-
formin intervention in children with obesity: A metagenomic study of a randomized controlled trial. Biomed 
Pharmacother 2021; 134: 111117.

32. Pyo JH, Kim TJ, Lee H, Choi SC, Cho SJ, Choi YH, Min YW, Min BH, Lee JH, Kang M, Lee YC, Kim JJ. Proton pump 
inhibitors use and the risk of fatty liver disease: A nationwide cohort study. J Gastroenterol Hepatol 2021; 36: 
1235-1243.

33. Scorletti E, Afolabi PR, Miles EA, Smith DE, Almehmadi A, Alshathry A, Childs CE, Del Fabbro S, Bilson J, Moyses 
HE, Clough GF, Sethi JK, Patel J, Wright M, Breen DJ, Peebles C, Darekar A, Aspinall R, Fowell AJ, Dowman JK, 
Nobili V, Targher G, Delzenne NM, Bindels LB, Calder PC, Byrne CD. Synbiotics Alter Fecal Microbiomes, But Not 
Liver Fat or Fibrosis, in a Randomized Trial of Patients With Nonalcoholic Fatty Liver Disease. Gastroenterology 
2020; 158: 1597-1610 e1597.

34. Brandt LJ. Fecal transplantation for the treatment of Clostridium difficile infection. Gastroenterol Hepatol (N 
Y) 2012; 8: 191-194.

35. Ng SC, Xu Z, Mak JWY, Yang K, Liu Q, Zuo T, Tang W, Lau L, Lui RN, Wong SH, Tse YK, Li AYL, Cheung K, Ching 
JYL, Wong VWS, Kong APS, Ma RCW, Chow EYK, Wong SKH, Ho ICH, Chan PKS, Chan FKL. Microbiota engraft-
ment after faecal microbiota transplantation in obese subjects with type 2 diabetes: a 24-week, double-blind, 
randomised controlled trial. Gut 2021.

36. Craven L, Rahman A, Nair Parvathy S, Beaton M, Silverman J, Qumosani K, Hramiak I, Hegele R, Joy T, Meddings 
J, Urquhart B, Harvie R, McKenzie C, Summers K, Reid G, Burton JP, Silverman M. Allogenic Fecal Microbiota 
Transplantation in Patients With Nonalcoholic Fatty Liver Disease Improves Abnormal Small Intestinal Perme-
ability: A Randomized Control Trial. Am J Gastroenterol 2020; 115: 1055-1065.

37. Rinott E, Youngster I, Yaskolka Meir A, Tsaban G, Zelicha H, Kaplan A, Knights D, Tuohy K, Fava F, Scholz MU, 
Ziv O, Reuven E, Tirosh A, Rudich A, Blüher M, Stumvoll M, Ceglarek U, Clement K, Koren O, Wang DD, Hu 
FB, Stampfer MJ, Shai I. Effects of Diet-Modulated Autologous Fecal Microbiota Transplantation on Weight 
Regain. Gastroenterology 2021; 160: 158-173.e110.

38. Fukui H, Wiest R. Changes of Intestinal Functions in Liver Cirrhosis. Inflamm Intest Dis 2016; 1: 24-40.
39. Bajaj JS, Heuman DM, Hylemon PB, Sanyal AJ, White MB, Monteith P, Noble NA, Unser AB, Daita K, Fisher AR, 

Sikaroodi M, Gillevet PM. Altered profile of human gut microbiome is associated with cirrhosis and its compli-
cations. J Hepatol 2014; 60: 940-947.

40. Bajaj JS, Ridlon JM, Hylemon PB, Thacker LR, Heuman DM, Smith S, Sikaroodi M, Gillevet PM. Linkage of gut 
microbiome with cognition in hepatic encephalopathy. Am J Physiol Gastrointest Liver Physiol 2012; 302: G168-
175.

41. Bajaj JS, Hylemon PB, Ridlon JM, Heuman DM, Daita K, White MB, Monteith P, Noble NA, Sikaroodi M, Gillevet 
PM. Colonic mucosal microbiome differs from stool microbiome in cirrhosis and hepatic encephalopathy and is 
linked to cognition and inflammation. Am J Physiol Gastrointest Liver Physiol 2012; 303: G675-685.

42. Bajaj JS, Betrapally NS, Hylemon PB, Heuman DM, Daita K, White MB, Unser A, Thacker LR, Sanyal AJ, Kang 
DJ, Sikaroodi M, Gillevet PM. Salivary microbiota reflects changes in gut microbiota in cirrhosis with hepatic 
encephalopathy. Hepatology 2015; 62: 1260-1271.

43. Bajaj JS, Betrapally NS, Hylemon PB, Thacker LR, Daita K, Kang DJ, White MB, Unser AB, Fagan A, Gavis EA, 
Sikaroodi M, Dalmet S, Heuman DM, Gillevet PM. Gut Microbiota Alterations can predict Hospitalizations in 
Cirrhosis Independent of Diabetes Mellitus. Sci Rep 2015; 5: 18559.



R. Hassouneh, C. Kim, J. Behary, A. Zekry, J.S. Bajaj

12

44. Tranah TH, Edwards LA, Schnabl B, Shawcross DL. Targeting the gut-liver-immune axis to treat cirrhosis. Gut 
2021; 70: 982-994.

45. Ridlon JM, Kang DJ, Hylemon PB. Bile salt biotransformations by human intestinal bacteria. J Lipid Res 2006; 
47: 241-259.

46. Rios-Covian D, Ruas-Madiedo P, Margolles A, Gueimonde M, de Los Reyes-Gavilan CG, Salazar N. Intestinal 
Short Chain Fatty Acids and their Link with Diet and Human Health. Front Microbiol 2016; 7: 185.

47. Cirera I, Bauer TM, Navasa M, Vila J, Grande L, Taura P, Fuster J, Garcia-Valdecasas JC, Lacy A, Suarez MJ, Rimola 
A, Rodes J. Bacterial translocation of enteric organisms in patients with cirrhosis. J Hepatol 2001; 34: 32-37.

48. Dever JB, Sheikh MY. Review article: spontaneous bacterial peritonitis--bacteriology, diagnosis, treatment, 
risk factors and prevention. Aliment Pharmacol Ther 2015; 41: 1116-1131.

49. Llorente C, Jepsen P, Inamine T, Wang L, Bluemel S, Wang HJ, Loomba R, Bajaj JS, Schubert ML, Sikaroodi M, 
Gillevet PM, Xu J, Kisseleva T, Ho SB, DePew J, Du X, Sorensen HT, Vilstrup H, Nelson KE, Brenner DA, Fouts 
DE, Schnabl B. Gastric acid suppression promotes alcoholic liver disease by inducing overgrowth of intestinal 
Enterococcus. Nat Commun 2017; 8: 837.

50. Goel GA, Deshpande A, Lopez R, Hall GS, van Duin D, Carey WD. Increased rate of spontaneous bacterial peri-
tonitis among cirrhotic patients receiving pharmacologic acid suppression. Clin Gastroenterol Hepatol 2012; 
10: 422-427.

51. Acharya C, Bajaj JS. Altered Microbiome in Patients With Cirrhosis and Complications. Clin Gastroenterol Hepa-
tol 2019; 17: 307-321.

52. Brial F, Le Lay A, Dumas ME, Gauguier D. Implication of gut microbiota metabolites in cardiovascular and met-
abolic diseases. Cell Mol Life Sci 2018; 75: 3977-3990.

53. Bajaj JS. The role of microbiota in hepatic encephalopathy. Gut Microbes 2014; 5: 397-403.
54. Zhang Z, Zhai H, Geng J, Yu R, Ren H, Fan H, Shi P. Large-scale survey of gut microbiota associated with MHE 

Via 16S rRNA-based pyrosequencing. Am J Gastroenterol 2013; 108: 1601-1611.
55. Ahluwalia V, Betrapally NS, Hylemon PB, White MB, Gillevet PM, Unser AB, Fagan A, Daita K, Heuman DM, 

Zhou H, Sikaroodi M, Bajaj JS. Impaired Gut-Liver-Brain Axis in Patients with Cirrhosis. Sci Rep 2016; 6: 26800.
56. Adike A, DiBaise JK. Small Intestinal Bacterial Overgrowth: Nutritional Implications, Diagnosis, and Manage-

ment. Gastroenterol Clin North Am 2018; 47: 193-208.
57. Shah A, Shanahan E, Macdonald GA, Fletcher L, Ghasemi P, Morrison M, Jones M, Holtmann G. Systematic 

Review and Meta-Analysis: Prevalence of Small Intestinal Bacterial Overgrowth in Chronic Liver Disease. Semin 
Liver Dis 2017; 37: 388-400.

58. Zhang Y, Feng Y, Cao B, Tian Q. The effect of small intestinal bacterial overgrowth on minimal hepatic enceph-
alopathy in patients with cirrhosis. Arch Med Sci 2016; 12: 592-596.

59. Maslennikov R, Pavlov C, Ivashkin V. Small intestinal bacterial overgrowth in cirrhosis: systematic review and 
meta-analysis. Hepatol Int 2018; 12: 567-576.

60. Bajaj JS, Idilman R, Mabudian L, Hood M, Fagan A, Turan D, White MB, Karakaya F, Wang J, Atalay R, Hylemon 
PB, Gavis EA, Brown R, Thacker LR, Acharya C, Heuman DM, Sikaroodi M, Gillevet PM. Diet affects gut micro-
biota and modulates hospitalization risk differentially in an international cirrhosis cohort. Hepatology 2018; 
68: 234-247.

61. Macnaughtan J, Figorilli F, Garcia-Lopez E, Lu H, Jones H, Sawhney R, Suzuki K, Fairclough S, Marsden J, Mor-
atella A, Cox IJ, Thomas L, Davies N, Williams R, Mookerjee R, Wright G, Jalan R. A Double-Blind, Randomized 
Placebo-Controlled Trial of Probiotic Lactobacillus casei Shirota in Stable Cirrhotic Patients. Nutrients 2020; 12.

62. Kahn J, Pregartner G, Schemmer P. Effects of both Pro- and Synbiotics in Liver Surgery and Transplantation 
with Special Focus on the Gut-Liver Axis-A Systematic Review and Meta-Analysis. Nutrients 2020; 12.

63. Bajaj JS, Kassam Z, Fagan A, Gavis EA, Liu E, Cox IJ, Kheradman R, Heuman D, Wang J, Gurry T, Williams R, 
Sikaroodi M, Fuchs M, Alm E, John B, Thacker LR, Riva A, Smith M, Taylor-Robinson SD, Gillevet PM. Fecal mi-
crobiota transplant from a rational stool donor improves hepatic encephalopathy: A randomized clinical trial. 
Hepatology 2017; 66: 1727-1738.

64. DeFilipp Z, Bloom PP, Torres Soto M, Mansour MK, Sater MRA, Huntley MH, Turbett S, Chung RT, Chen YB, 
Hohmann EL. Drug-Resistant E. coli Bacteremia Transmitted by Fecal Microbiota Transplant. N Engl J Med 
2019; 381: 2043-2050.

65. Bajaj JS, Fagan A, Gavis EA, Kassam Z, Sikaroodi M, Gillevet PM. Long-term Outcomes of Fecal Microbiota 
Transplantation in Patients With Cirrhosis. Gastroenterology 2019; 156: 1921-1923 e1923.

66. Bajaj JS, Barrett AC, Bortey E, Paterson C, Forbes WP. Prolonged remission from hepatic encephalopathy with 
rifaximin: results of a placebo crossover analysis. Aliment Pharmacol Ther 2015; 41: 39-45.

67. Mehta R, Kabrawala M, Nandwani S, Kalra P, Patel C, Desai P, Parekh K. Preliminary experience with single 
fecal microbiota transplant for treatment of recurrent overt hepatic encephalopathy-A case series. Indian J 
Gastroenterol 2018; 37: 559-562.

68. Bajaj JS, Gavis EA, Fagan A, Wade JB, Thacker LR, Fuchs M, Patel S, Davis B, Meador J, Puri P, Sikaroodi M, 
Gillevet PM. A Randomized Clinical Trial of Fecal Microbiota Transplant for Alcohol Use Disorder. Hepatology 
2021; 73: 1688-1700.

69. Bajaj JS, Shamsaddini A, Fagan A, Sterling RK, Gavis E, Khoruts A, Fuchs M, Lee H, Sikaroodi M, Gillevet PM. 
Fecal Microbiota Transplant in Cirrhosis Reduces Gut Microbial Antibiotic Resistance Genes: Analysis of Two 
Trials. Hepatol Commun 2021; 5: 258-271.

70. Woodhouse CA, Patel VC, Goldenberg S, Sanchez-Fueyo A, China L, O’Brien A, Flach C, Douiri A, Shawcross D. 
PROFIT, a PROspective, randomised placebo controlled feasibility trial of Faecal mIcrobiota Transplantation in 
cirrhosis: study protocol for a single-blinded trial. BMJ Open 2019; 9: e023518.

71. Woodhouse CE, L.; Mullish, B.H.; et al. Results of the PROFIT trial, a PROspective randomized placebo-con-
trolled feasibility trial of Faecal mIcrobiota Transplantation in advanced cirrhosis. BMJ Open 2019; 9.



13

MICROBIOTA AND LIVER DISEASE: YEAR IN REVIEW

72. Akinyemiju T, Abera S, Ahmed M, Alam N, Alemayohu MA, Allen C, Al-Raddadi R, Alvis-Guzman N, Amoako 
Y, Artaman A, Ayele TA, Barac A, Bensenor I, Berhane A, Bhutta Z, Castillo-Rivas J, Chitheer A, Choi JY, Cowie 
B, Dandona L, Dandona R, Dey S, Dicker D, Phuc H, Ekwueme DU, Zaki MS, Fischer F, Fürst T, Hancock J, Hay SI, 
Hotez P, Jee SH, Kasaeian A, Khader Y, Khang YH, Kumar A, Kutz M, Larson H, Lopez A, Lunevicius R, Malekza-
deh R, McAlinden C, Meier T, Mendoza W, Mokdad A, Moradi-Lakeh M, Nagel G, Nguyen Q, Nguyen G, Ogbo 
F, Patton G, Pereira DM, Pourmalek F, Qorbani M, Radfar A, Roshandel G, Salomon JA, Sanabria J, Sartorius 
B, Satpathy M, Sawhney M, Sepanlou S, Shackelford K, Shore H, Sun J, Mengistu DT, Topór-Mądry R, Tran B, 
Ukwaja KN, Vlassov V, Vollset SE, Vos T, Wakayo T, Weiderpass E, Werdecker A, Yonemoto N, Younis M, Yu 
C, Zaidi Z, Zhu L, Murray CJL, Naghavi M, Fitzmaurice C. The Burden of Primary Liver Cancer and Underlying 
Etiologies From 1990 to 2015 at the Global, Regional, and National Level: Results From the Global Burden of 
Disease Study 2015. JAMA Oncol 2017; 3: 1683-1691.

73. Lapidot Y, Amir A, Nosenko R, Uzan-Yulzari A, Veitsman E, Cohen-Ezra O, Davidov Y, Weiss P, Bradichevski T, 
Segev S, Koren O, Safran M, Ben-Ari Z. Alterations in the Gut Microbiome in the Progression of Cirrhosis to 
Hepatocellular Carcinoma. mSystems 2020; 5.

74. Behary J, Amorim N, Jiang XT, Raposo A, Gong L, McGovern E, Ibrahim R, Chu F, Stephens C, Jebeili H, Fragome-
li V, Koay YC, Jackson M, O’Sullivan J, Weltman M, McCaughan G, El-Omar E, Zekry A. Gut microbiota impact 
on the peripheral immune response in non-alcoholic fatty liver disease related hepatocellular carcinoma. Nat 
Commun 2021; 12: 187.

75. Zheng R, Wang G, Pang Z, Ran N, Gu Y, Guan X, Yuan Y, Zuo X, Pan H, Zheng J, Wang F. Liver cirrhosis con-
tributes to the disorder of gut microbiota in patients with hepatocellular carcinoma. Cancer Med 2020; 9: 
4232-4250.

76. Albhaisi S, Shamsaddini A, Fagan A, McGeorge S, Sikaroodi M, Gavis E, Patel S, Davis BC, Acharya C, Sterling 
RK, Matherly S, Fuchs M, Gillevet PM, Bajaj JS. Gut Microbial Signature of Hepatocellular Cancer in Men With 
Cirrhosis. Liver Transpl 2021; 27: 629-640.

77. Huang H, Ren Z, Gao X, Hu X, Zhou Y, Jiang J, Lu H, Yin S, Ji J, Zhou L, Zheng S. Integrated analysis of microbi-
ome and host transcriptome reveals correlations between gut microbiota and clinical outcomes in HBV-related 
hepatocellular carcinoma. Genome Med 2020; 12: 102.

78. Chakladar J, Wong LM, Kuo SZ, Li WT, Yu MA, Chang EY, Wang XQ, Ongkeko WM. The Liver Microbiome Is 
Implicated in Cancer Prognosis and Modulated by Alcohol and Hepatitis B. Cancers (Basel) 2020; 12.

79. Acharya C, Bajaj JS. Chronic Liver Diseases and the Microbiome-Translating Our Knowledge of Gut Microbiota 
to Management of Chronic Liver Disease. Gastroenterology 2021; 160: 556-572.

80. Bajaj JS, Khoruts A. Microbiota changes and intestinal microbiota transplantation in liver diseases and cirrho-
sis. J Hepatol 2020; 72: 1003-1027.

81. Zhang X, Coker OO, Chu ES, Fu K, Lau HCH, Wang YX, Chan AWH, Wei H, Yang X, Sung JJY, Yu J. Dietary cho-
lesterol drives fatty liver-associated liver cancer by modulating gut microbiota and metabolites. Gut 2021; 70: 
761-774.

82. Singh V, Yeoh BS, Abokor AA, Golonka RM, Tian Y, Patterson AD, Joe B, Heikenwalder M, Vijay-Kumar M. Van-
comycin prevents fermentable fiber-induced liver cancer in mice with dysbiotic gut microbiota. Gut Microbes 
2020; 11: 1077-1091.

83. Zhang X, Wu L, Xu Y, Yu H, Chen Y, Zhao H, Lei J, Zhou Y, Zhang J, Wang J, Peng J, Jiang L, Sheng H, Li Y. Mi-
crobiota-derived SSL6 enhances the sensitivity of hepatocellular carcinoma to sorafenib by down-regulating 
glycolysis. Cancer Lett 2020; 481: 32-44.

84. Li L, Ye J. Characterization of gut microbiota in patients with primary hepatocellular carcinoma received im-
mune checkpoint inhibitors: A Chinese population-based study. Medicine (Baltimore) 2020; 99: e21788.

85. Han J, Zhang S, Xu Y, Pang Y, Zhang X, Hu Y, Chen H, Chen W, Zhang J, He W. Beneficial Effect of Antibiotics 
and Microbial Metabolites on Expanded Vδ2Vγ9 T Cells in Hepatocellular Carcinoma Immunotherapy. Front 
Immunol 2020; 11: 1380.

86. Spahn S, Roessler D, Pompilia R, Gabernet G, Gladstone BP, Horger M, Biskup S, Feldhahn M, Nahnsen S, Hilke 
FJ, Scheiner B, Dufour JF, De Toni EN, Pinter M, Malek NP, Bitzer M. Clinical and Genetic Tumor Characteristics 
of Responding and Non-Responding Patients to PD-1 Inhibition in Hepatocellular Carcinoma. Cancers (Basel) 
2020; 12.


