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Abstract

The gut microbiome has been well-established in its role of regulating the onset of many gastrointestinal disorders. Recent
evidence has shown a bidirectional relationship between the intestinal microbiota and the liver. The gut microbiome may af-
fect liver disease progression through its bacterial composition, the metabolism of bile acids, and the translocation of bacterial
products. Modulation of dysbiosis may be considered as a potential therapeutic target for liver disease regardless of the un-
derlying cause. Continuing to identify parts of the gut-liver axis that are disordered in different etiologies of liver disease may
offer insight into potential interventions to restore homeostasis. Thus, this review will focus on exploring some of the major gut

microbiome targeted therapies for liver disease, including probiotics, prebiotics, and fecal microbiota transplantation.

Introduction

In the USA over 1.8% of adults are diagnosed with liver disease
annually and liver disease is the cause of over 50,000 deaths each
year.! Chronic liver disease is characterized by interference with
normal liver functions for more than 6 months and involves a con-
tinual process of inflammation, destruction, and regeneration of
liver tissue. There are several etiologies of chronic liver disease
or cirrhosis including nonalcoholic fatty liver disease/nonalco-
holic steatohepatitis (NAFLD/NASH), hepatitis, hepatotoxicity,
and autoimmune disease.? The human intestinal microbiota plays
a critical role in many parts of the digestive tract, and interactions
between the gut and liver can contribute to translocation of this
gut microbiota.’ Thus, dysbiosis in the gut can contribute to the

Keywords: Liver disease; Gut microbiota; Probiotics; Prebiotics; Fecal microbiota
transplantation.

Abbreviations: ALT, alanine transaminase; AST, aspartate transferase; BA, bile acid;
BF, Bacteroidetes and Firmicutes; ChREBP, carbohydrate-responsive element-bind-
ing protein; CTP, Child Turcotte Pugh; FMT, fecal microbiota transplantation; FXR,
farnesoid X receptor; GI, gastrointestinal; HBV, hepatitis B virus; HCC, hepatocel-
lular carcinoma; HCV, hepatitis C virus; HDL, high-density lipoprotein; HE, hepatic
encephalopathy; LDL, low-density lipoprotein; LPS, lipopolysaccharide; NAFLD,
nonalcoholic fatty liver disease; NAS, NAFLD activity score; NASH, nonalcohol-
ic steatohepatitis; RCT, randomized controlled trial; SCFA, short- chain fatty acid,;
SREBP1yv, sterol regulatory element-binding protein-1v; TJ, tight junction; TLR-4,
toll-like receptor 4.

“Correspondence to: Micheal Tadros, Department of Gastroenterology, Albany
Medical Center, 47 New Scotland Ave, Albany, NY 12208, USA. ORCID: https://
orcid.org/0000-0003-3118-3893. Tel: +1-518-262-5276, Fax: +1-518-262-6470, E-
mail: tadrosm1@amc.edu

How to cite this article: Ayer D, Trovato A, Tadros M. Utilizing the Gut Microbiome
as a Therapeutic Target for Liver Disease — Narrative Review. J Trans! Gastroenterol
2023;1(1):22-29. doi: 10.14218/JTG.2023.00027.

pathophysiology of liver disease.

The majority of the gut microbes are unable to cross the mucus
barrier, preventing them from direct physical interaction with the
epithelial lining.# Apart from microbes present at early stages of
development, most are restricted to interaction with the epithelial
cells in an indirect manner or via bacterial metabolic products.’
Thus, the mucosal and epithelial barriers of the gut play an im-
portant role in immune defense, and dysbiosis of the gut micro-
biota may affect this barrier. Alterations in bacterial populations
can result in increased permeability of the intestinal barriers and
promote the influx of bacteria and their products to the liver.’
Factors such as alcohol and high-fat diets may contribute to a
leaky gut barrier and the dysbiotic microbiome. This can trigger
inflammatory responses in the liver.® Likewise, bile acids (BAs)
and secondary BAs are affected by the composition of bacteria
present in the gut, while also modulating antibacterial and immune
defenses.”!? An essential receptor in the signaling of secondary
BAs is the farnesoid X receptor (FXR). When the gut microbiota is
altered, regulation of BAs and homeostasis are impacted through
downstream interactions with FXR. Thus, an altered microbiome
may also contribute to liver disease progression by affecting the
function of BAs.!! The changes in the gut microbiome that con-
tribute to transformation of a healthy liver to a cirrhotic liver are
summarized in Figure 1.

Elements of the gut microbiome contributing to liver disease
progression

In general, the composition of the human microbiome can be me-
diated by a variety of factors including diet, lifestyle, and antimi-
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Fig. 1. Implication of gut dysbiosis in fibrosis of the liver. Figure created with www.BioRender.com. FMT, fecal microbiota transplantation; LPS, lipopolysac-

charide; SCFA, short-chain fatty acid.

crobial agents. Shortly after birth, initial bacteria colonizing the
newborn are usually facultative anaerobes followed by obligatory
anaerobes such as Bifidobacterium, Bacteroides, and Clostridium.
However, following introduction of solid foods and weaning from
mothers’ breast milk, diversity increases with actinobacteria and
proteobacteria. By adulthood the main phyla dominating the gut
include Bacteroidetes and Firmicutes. The short-chain fatty acids
(SCFAs) propionate and acetate produced by Bacteroides and bu-
tyrate by Firmicutes are critical inflammation relievers which is
why they may be an important target of restoration in microbiota
focused treatments.!? Finally, the gut microbiome continues to un-
dergo changes as people age, and elderly individuals usually have
reduced beneficial bacteria such as Bifidobacteria and increased
pro-inflammatory microbes that may contribute to disease pro-
gression.!? Exposure to components of the gut microbiome via the
portal vein may influence the progression of liver disease and ulti-
mately place those at an increased risk of hepatocellular carcinoma
(HCCQ). Studies have shown that cirrhotic patients with or without
HCC may have a higher abundance of certain bacterial genera such
as Lactobacillus and Bacteroides, whereas healthier patients with-
out liver disease have greater Akkermansia and Methanobrevibac-
ter populations.'# Variations in the gut microbiota are also present
in cirrhosis patients as they often have colonic microbiota different
from that of healthy control subjects, including significant increas-
es in Enterobacteriaceae and Enterococcus or decreases in healthy
microbial populations.!> NAFLD patients tend to have lower pro-
portions of Bacteroidetes and higher abundance of Prevotella and
Porphyromonas. NASH, a severe form of NAFLD, may also be
marked by bacteria that have increased ethanol production such as
Escherichia.'®'7 These changes, however, may also be present dif-
ferently in children. For example, Bacteroidetes and Proteobacte-
ria have shown to be increased in children with NASH.'® In hepa-
titis, specifically HBV-induced liver disease, beneficial taxa such
as Bifidobacterium tend to be significantly decreased along with
SCFA producers such as Lachnospiraceae and Ruminococcaceae.
There is also a higher abundance of more harmful bacteria such as
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Enterobacteriaceae.'” Most forms of cirrhosis are initially associ-
ated with decreased levels of Bacteroidetes, while progression may
lead to decreases in Bifidobacteria as well as increase in Strepto-
coccus and Enterobacteriaceae.'® These clearly noted changes in
microbial populations serve as an important marker of liver disease
and are important considerations for microbiome-targeted therapy.
It should also be mentioned that though there are accepted markers
of a healthy microbiome constituting of a high microbial diversity,
balanced ratio of Bacteroidetes and Firmicutes, high concentra-
tions of fecal butyrate and low C. albicans numbers, there may still
be several other variations between healthy individuals. Thus, this
may serve as a challenge when optimizing microbiome-targeted
therapies.!?

Prebiotics and probiotics introduction

Probiotics, prebiotics, and synbiotics (i.e. combination of both),
have important benefits for gut and liver health by regulating ho-
meostasis of the microbiota. The use of probiotics often follows
the guidelines of identification, functional characterization of
the strain for safety and efficacy, validation of health benefits in
clinical studies, and ensuring that the labeling is reflective of the
efficacy. In creating ideal probiotics, factors to consider are non-
pathogenic, genetically stable, acid and bile tolerant, as well as
being able to survive processing conditions.? These criteria are
similar for prebiotics. However, they vary in that they should be
easily fermentable by healthy intestinal microbiota and should not
be absorbed in the upper GI tract. Additionally, prebiotics may
also help improve gut barrier function, host immunity, and reduce
pathogenic subpopulations.?!

Beneficial bacteria and nutrients promoted in probiotics and
prebiotics have shown increases in proteins secreted, increases
in SCFAs, as well as in bacteriocins which can improve the gut
barrier. These changes include promoting mucus secretion by
goblet cells and facilitating the expression of tight junction (TJ)
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proteins.?? TJ proteins are important in the gut as they regulate par-
acellular transport across the intestinal epithelium.?* For example,
lipopolysaccharide (LPS), which is a component of gram-negative
bacteria walls, is thought to alter the assembly of TJ proteins and
can thus contribute to leaky gut. LPS may also cause further in-
flammatory responses by binding to Toll-like receptor 4 (TLR4).
Thus, mechanisms to restore tight junctions via healthy bacteria
in probiotics and prebiotics may help in preventing progression of
liver disease.**

Probiotics and healthy microbial strains also produce what is
known as bacteriocins, which are antimicrobial peptides that can
prevent competing strains or pathogens and influence host immu-
nity.?S In animal studies including those of mice, pigs, and chick-
ens, bacteriocins have resulted in changes in composition of the
gut microbiota.?® In silico identification of bacteriocin genes was
done based on a reference database of the Human Microbiome
Project, revealing 74 clusters of bacteriocin genes from members
of the phyla Firmicutes, Bacteroidetes, Actinobacteria, Fusobacte-
ria, and Synergistetes.?” Thus, further in vitro analysis of bacterioc-
in properties of gut microbial communities may allow for creation
of probiotics that better regulate unfavorable bacterial populations,
assisting in a healthier gut microbiome and preventing liver dis-
ease progression.

Probiotics

Probiotics consist of live microorganisms that are nonpathogenic
and may be administered to restore balance particularly in gut mi-
crobiome communities.?® Traditionally clinicians have regulated
the microbial environment in the gut with selective gut decontami-
nation involving nonabsorbable disaccharides (Lactulose), which
act by lowering the pH in the colonic lumen and excretion of am-
monia. This has been used to reduce symptoms of hepatic encepha-
lopathy (HE) which consists of neuropsychiatric disturbances that
may accompany acute liver failure and cirrhosis.?” However, there
is now growing research on utilizing probiotics for HE and other
liver disease states. A prospective clinical study evaluated 105 pa-
tients diagnosed with minimal HE (MHE).3? Experimental groups
received either a treatment of probiotic strains (Enterococcus faec-
alis, Clostridium butyricum, Bacillus mesentricus, and lactic acid
bacillus) alone or probiotics with lactulose. Improvement of MHE
was found in both treatment groups, suggesting probiotics are a
useful supplement in treating this condition.?

Clinical trials have also been done to address effects on NAFLD.
One recent prospective trial of 39 NAFLD patients assessed how
lifestyle modifications supplemented with a multistrain probiotic
improved NAFLD activity score (NAS), inflammation, and hepat-
ocyte ballooning. It was found that the probiotic group had sig-
nificant improvements in the NAS score, hepatocyte ballooning,
and fibrosis when compared to the placebo group.3! Additionally, a
recent meta-analysis of 15 studies on patients with metabolic-asso-
ciated fatty liver disease has shown that probiotic supplementation
can reduce liver enzyme levels and regulate glucose metabolism.
The most commonly used probiotics that tend to be effective in-
clude Lactobacillus and Bifidobacterium, along with Lactococcus,
Streptococcus, Enterococcus, and Bacillus.’> A combination of
probiotics with Omega-3 has demonstrated decreases in hepatic
steatosis in prospective human studies, as opposed to probiotic or
Omega-3 treatment alone. Furthermore, Omega-3 treatment with
probiotics has been shown to reduce hepatic de novo lipogen-
esis by inactivating sterol regulatory element-binding protein-1v
(SREBP1v) and carbohydrate-responsive element-binding protein
(ChREBP) activity and also reducing inflammation. Therefore, the
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utilization of supplements may serve more benefits along with the
use of probiotics that also restore healthy populations of gut micro-
biome communities.333

Other liver related conditions also show changes in microbial
populations. Hepatitis B virus (HBV) is a life-threatening liver in-
fection that may put people at high risk of developing cirrhosis and
death from liver disease or HCC. It has been noted that the gut mi-
crobiota may be altered as HBV progresses. Particularly, multiple
patient-based studies have revealed there is a reduction in common
microbes such as phylum Bacteroidetes and Firmicutes while there
is a higher abundance of E. coli especially as it is associated with
end-stage liver disease. It is well known that medications such
as rifaximin are used to reduce overgrown gut bacteria, however
there may still be limitations including potential lowering in portal
pressure and less long-term gut microbiome stability.3® A supple-
mentation of probiotics from donors may help in maintaining a sta-
ble microbiome by restoring populations of bacteria such as Bac-
teroides.’” Hepatitis C virus (HCV) also infects the liver and can
lead to chronic hepatitis, cirrhosis, and HCC.3® The results from
a study on the effect of the number of endotoxins in HBV/HCV
patient blood showed that increased levels of Bifidobacteria and
Lactobacillus could help alleviate endotoxemia.?® Thus, probiotics
can be important as part of initial treatments to prevent progression
of these viruses to more serious liver disease.

Though probiotic supplementation is useful in restoring nor-
mal microbial populations and increasing immune functioning to
improve liver function in cases such as cirrhosis, there are still
limitations. Probiotics have been extensively used and safely in-
corporated in many food and dairy products commercially mar-
keted, with suggested limited risks.*’ However, there have been
individual reports of adverse experiences with probiotic usage,
such as in immunocompromised patients.*! As laid out by much
ongoing research, it is essential to continue recording instances
of adverse events to account for populations more susceptible to
negative outcomes, and additionally further risk and quality as-
sessment of various probiotics.*? Furthermore, increased analysis
of clinical probiotic efficacy is needed as there is much individual
variability present in the composition of the gut flora. Diet-based
and genetic factors can play a role in response to probiotic therapy,
as seen in many patients with irritable bowel syndrome. Depend-
ing on the state of starting gut dysbiosis, such as an overrepresenta-
tion of species such as Streptococcus and Dorea, response to gut
microbiota treatment through probiotics may not be as effective.*?
Additionally, genetic analyses done for human NAFLD samples
showed that host genetic variation in certain risk-alleles, including
rs738409 and rs58542926, may influence the liver microbial DNA
and contribute to mechanisms of disease.** Given the current state
of clinical trials and the suggested role of individual variability in
response to treatment, there is a need for more studies that account
for diet, genetic factors, and duration of treatment, to ensure pre-
cisely targeted therapy and long-term efficacy.

Prebiotics

Prebiotics are nondigestible food ingredients fermented in the gut
that can modulate the microbiome in beneficial ways.**Common
prebiotics that are utilized include galacto-oligosaccarides, fruc-
to-oligosaccharides, and inulin which can feed and stimulate the
growth of healthy bacteria.*® Though certain foods such as aspara-
gus, garlic, and soybean already contain natural prebiotics, they
are being manufactured at larger scales to increase their effective-
ness.*> Existing studies have examined the effects of prebiotics on
rodent liver disease models primarily of NAFLD and obesity-relat-
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ed steatosis. Supplementation of the prebiotic inulin in a NAFLD
disease model in mice showed prevention of liver-steatosis even
when fed a fat-enriched diet. Additionally, it revealed intestinal mi-
crobiota changes, especially in Akkermansia muciniphila numbers
which increased by five times.*” In high fat diet fed rats, supple-
mentation of a nondigestible carbohydrate (prebiotic) was associ-
ated with increased Bifidobacterium levels which lowered endo-
toxin levels and inflammatory response.*

Prebiotics can also be important for stimulating the production
of SCFAs and favoring the growth of indigenous bacteria. This
can help in cases of liver disease as it assists in lowering plasma
lipids and hepatic triglycerides. They may also impede the growth
of pathogens as they help lower luminal pH, which assists in regu-
lation of the microbiome prevention of liver disease.*’ Prebiotic
treatment in combination with probiotics (synbiotic treatment)
has also shown to help not only in establishment of diet derived-
microbial communities, but also their survival.3? A trial conducted
on synbiotic supplementation of Bifidobacterium and fructo-oligo-
saccharides in 66 NASH patients showed significant differences in
levels of inflammation, steatosis, and hepatic fat accumulation.!
However, few other clinical trials have furthered these findings.
Thus, while prebiotics may also be important to account for in
treatment of liver disease symptoms and preventing progression,
existing limitations in the lack of clinical trials must be addressed.

Fecal microbiota transplantation

Fecal microbiota transplantation (FMT) is the process of adminis-
tering fecal matter from a screened donor to another patient with
the goal of altering the recipient’s microbiome to a healthier state.
The donor is usually selected after examining the family history of
diseases and potential pathogens. A filtered mixture of their feces
can be administered in many ways including a nasojejunal tube,
colonoscopy, or retention enema.>? It is well known that FMT has
been used to treat recurrent Clostridioides difficile infection. Risk
factors for C. difficile include antibiotic use which reduces diver-
sity of the natural microbiota, providing an ideal environment for
the infection.>® This infection also tends to be recurrent and diffi-
cult to treat with the standard antibiotic treatments of vancomycin
or metronidazole.3® Thus, FMT has been established as a relatively
effective and safe method of treating recurrent C. difficile infection
in adults.3>5* Currently, there are many studies further exploring
the use of FMT to treat other gut and liver related conditions. Many
randomized controlled trials (RCTs) have been and continue to be
conducted for cases of liver disorders such as NAFLD.% In one
particular RCT focused on NAFLD patients, it was hypothesized
that FMT from a healthy donor would improve insulin resistance,
and hepatic protein density fat friction. However, there were no
significant changes in insulin resistance in patients with either
allogenic or autologous FMT, though reduced levels of gut per-
meability were found.5® Another RCT with NAFLD patients had
two groups, with the non-FMT group given oral probiotics and
the FMT group randomized to receive FMT with donor stool via
a colonoscopy followed by three enemas. In this study, there were
no statistically significant differences between the FMT and non-
FMT group. It was found, however, that within the FMT treatment
group, patients had better Bacteroidetes-to-Firmicutes ratios and
lower proportions of Proteobacteria, of which high numbers are
associated with dysbiosis. Additionally, it was found that though
FMT improved NAFLD in both lean and obese patients, there were
more significant differences in clinical manifestations and gut mi-
crobial composition in lean patients.57-58
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In patients with alcohol use disorder, a placebo vs. enema of
feces from a donor enriched in Lachnospiraceae and Ruminococ-
caceae were compared. Both Lachnospiraceae and Ruminococ-
caceae are bacteria whose depletion is associated with fatty liver.
Results of this study showed significant decreases in cravings in
the FMT group vs. the placebo group on day 15.5° Additionally,
there were decreases in IL-6 and LPS protein, which are associ-
ated with inflammation and hepatic injury, in the FMT group. It
has been found that microbial diversity also increases with higher
levels of SCFAs from FMT. Thus, there is evidence of short term
reductions in consequences of alcohol use disorder with the use of
FMT.5%-61 FMT has also been used in attempts to help cognition in
cases of HE, and though improvements have been seen, these re-
sults may vary depending on each donor and recipient. The results
of the above FMT trials are summarized in Table 1.

There are still adverse events that may be of note, so despite
some promising results, more clinical trials are required to help
optimize FMT treatments to treat liver related conditions.®® A
major limitation of FMT is that is not representative of all bac-
terial communities and research in this area still has several
unknowns, especially regarding the long-term efficacy and ad-
versity of FMT.!? Stool samples are primarily colonic luminal
bacteria, and do not account for colonies embedded in the in-
testinal mucosa that may not shed as easily. Additionally, stool
samples do not account for small intestinal bacterial communities
that may also play a lesser known role in the onset of digestive
and liver disorders.®? As clinical studies persist, there will need to
be clear documentation of post-treatment effects that are evalu-
ated to gauge safety.

Diet

Though the focus of this review is on probiotics, prebiotics, and
FMT, there are other methods of managing the gut microbiome.
One of the most effective initial steps in managing liver disease is
changes in diet and lifestyle factors that have an impact on gut mi-
crobiome communities.%® As patients who are overweight or obese
and struggling with liver disease, may be at increased risk of other
complications, diet and exercise are important.®* Diet can affect
the SCFAs synthesized by gut microbiota, bacterial derived etha-
nol, choline metabolism by gut microbiota, LPS uptake and BAs.%5
Thus, interventions related to diet and exercise are important in
managing gut dysbiosis as it relates to liver disease.

Other target therapies

Another novel strategy involves microbial engineering. Engi-
neered microbiota aimed to maintain the survival of important bac-
teria based on intestinal gradients and/or metabolize toxic prod-
ucts is also a potential gut microbiome target therapy. One method
is delivery via a multilayer hydrogel that forms a concentration
gradient meeting needs of different intestinal bacterial communi-
ties.% Another approach that has been explored involves the use
of CRISPR/Cas-based systems targeted to drug-resistant bacteria
such as Escherichia coli to clear bad bacterial populations. Though
microbial engineering therapies are still in early stages, they can be
a useful strategy to eliminate microbes involved in gut dysbiosis
associated with progressing liver disease.%

Conclusions

Liver disease is a prominent issue affecting much of the population
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in various forms worldwide. Dysbiosis of the gut microbiome has
an established role in contributing to the progression of liver dis-
ease manifestations such as NAFLD. The use of probiotics, prebi-
otics, FMT, and other targeted therapies has shown to be benefi-
cial in treating different etiologies of liver disease and preventing
liver disease progression in animal models and early clinical trials.
However, there are still many limitations that need to be addressed
including managing risks, ensuring preciseness, and evaluating the
quality of the various microbiome-targeted therapies. Additionally,
the lack of longitudinal studies examining the effects of prebiotics,
probiotics, synbiotics, and FMT needs to be addressed in clinical
trials as current studies may only be showcasing transient benefi-
cial impacts rather than long-term effects. Better understanding of
the gut-brain and gut-liver axes is also essential to better under-
standing the specific effects of bacterial metabolites on the host. As
the mechanisms of prebiotics, probiotics, and FMT continue to be
clucidated, expanding on clinical studies to better the efficacy of
these microbiome-targeted therapies and individualize them based
on patient needs may help improve the management of liver dis-
ease, especially in patients who do not respond well to traditional
therapies alone.
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