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Background: There are few efficient treatment options for alcohol addiction,
which continues to be a serious public health concern. The possible contribution
of gut microbiota to the onset and progression of alcohol addiction has been
brought to light by recent studies. Probiotics have become a cutting-edge
intervention in the treatment of alcohol consumption disorder because of its
favorable effects on gut health. The purpose of this systematic review is to assess
the body of research on the advantages of probiotics in treating alcoholism and
associated neuroinflammatory conditions.

Methods: To find pertinent research published from January 2012 to 2023, a
thorough search of electronic databases, including PubMed, Scopus, Google
Scholar and Web of Science, was carried out. Included were studies looking
at how probiotics affect neuroinflammation, gut- brain axis regulation, alcohol
addiction, and related behaviors.

Findings: Several investigations have shown how beneficial probiotics are in
reducing systemic inflammation and alcoholic liver disease (ALD). Probiotic
treatments successfully corrected the imbalance of microbiota, decreased
intestinal permeability, and stopped the passage of bacterial constituents such
lipopolysaccharides (LPS) into the bloodstream. Additionally, probiotics helped
to regulate neurotransmitter pathways, especially those connected to GABA,
glutamate, and dopamine, which are intimately linked to behaviors related to
addiction. Furthermore, it was shown that probiotics altered the expression of
neurotransmitter signaling and dopamine receptors.

Conclusion: There is strong evidence from this systematic study that probiotics
have potential advantages in treating alcohol addiction. The potential of probiotic
therapies is demonstrated by the way they modulate important neurotransmitter
pathways implicated in addiction, decrease neuroinflammation, and restore the
balance of gut flora. To fully investigate the therapeutic potential of probiotics
in treating alcohol addiction and enhancing the general wellbeing of those
afflicted by this condition, more research is necessary.
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Introduction

Alcohol use disorder (AUD), often known as alcohol addiction, is a
prevalent issue affecting a significant portion of the adult population,
with around 4% of adults being impacted by it (1). According to a study
conducted in 2016, 2.2% of deaths in females and 6.8% of deaths in males
were found to be related to alcohol consumption. The consumption of
alcohol was found to be responsible for 2.2% of deaths among females
and 6.8% of deaths among males. Furthermore, it was noted that 2.3% of
female and 8.9% of male disability-adjusted life years were linked to
alcohol-related causes (2). Alcohol consumption has been found to have
a considerable negative impact on both the duration and quality of life
for individuals diagnosed with AUD as well as their relatives (3). Alcohol
addiction is characterized as a neurological disorder that damages the
brain’s reward pathway. People with AUD are more likely to experience
co-occurring conditions such depression, anxiety, cognitive decline, and
use of illegal drugs. The co-occurrence of alcoholism with liver diseases,
such as liver cirrhosis and alcoholic hepatitis, is extremely common and
has substantial worldwide consequences for mortality and morbidity (4).
Alcohol addiction is a persistent medical condition characterized by
periods of relapse and remission (5).

As per the Diagnostic and Statistical Manual of Mental Disorders
5th edition (DSM-V), AUD is characterized by a constellation of
cognitive impairment and unregulated conduct, encompassing the
development of tolerance, withdrawal symptoms, escalating
consumption, and a strong need for alcohol (6). Alcohol addiction,
similar to other forms of substance addiction, induces the pursuit of
alcohol and the perpetuation of alcohol consumption, impacting
variety of neurotransmitter systems, such as glutamate, opioid
peptides, dopamine, serotonin, and glutamate y-aminobutyric acid
(GABA) (7). In both Europe and the United States, medical
interventions for alcohol addiction involve the utilization of various
treatments that specifically target the aforementioned neurotransmitter
systems. These treatments include naltrexone, an antagonist of opioid
receptors, nalmefene, a modulator of opioid receptors, acamprosate,
which affects multiple targets and also disulfiram, which acts as an
inhibitor of aldehyde dehydrogenase. Additionally, psychological
interventions like motivational interviewing and cognitive behavior
therapy are also employed in the treatment of alcohol addiction (8-10).

The chronic consumption of alcohol is widely recognized as a
significant risk factor for liver injury (11). Among individuals diagnosed
with AUD, alcoholic liver disease (ALD) is considered a prominent
source of morbidity. Alcohol consumption is known to cause several
clinical manifestations of liver damage, including steatosis, ASH,
alcoholic hepatitis, fibrosis, and cirrhosis. These conditions are widely
recognized as significant public health concerns, as stated by the World
Health Organization in 2018 (2,3,12). On a global scale, the consumption
of alcohol has a notable socioeconomic influence on the population, as
seen by a heightened death rate resulting from alcohol cirrhosis, which
is directly linked to escalated levels of alcohol intake. The projected
trajectory suggests that there will be a rise in both alcohol intake and the
prevalence of ALD in the forthcoming decades. This trend is closely
intertwined with the psychosocial challenges prevalent in today’s culture
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(9, 12). As a result, healthcare systems are faced with a substantial and
growing need for treatment of ALD. Currently, abstinence-based
therapies continue to be the fundamental approach in the clinical therapy
of ALD. Nevertheless, because of the notable recurrence rate reported in
individuals with AUD, there is a growing demand for the development
and implementation of novel therapeutic interventions for this
condition (12).

A substantial amount of research has been conducted in recent
years to examine the role of the microbiota-gut-liver axis in the
pathophysiology of ALD. Probiotic-based interventions have been
tested in patients with ALD, with positive results in their treatment.
Other techniques aiming at restoring the homeostatic function of this
axis have also been tested.

The positive effects of probiotics have been extensively investigated
in numerous pathologies, including gastrointestinal ailments, as well as
in the treatment of various central nervous system (CNS) disorders (13).
Studies have focused on the restoration of bacterial balance and the
potential to influence systemic and CNS inflammation. Additionally, the
possible advantages of probiotics in relation to CNS and mental health
have led to a suggestion to classify them as “psychobiotics” (13, 14). This
classification is based on their potential to exhibit anti-inflammatory,
antidepressant, and anti-anxiety qualities with minimal adverse effects.
Utilization of probiotics may have potential benefits in enhancing
cognitive performance in individuals with Alzheimer’s disease and
Autism spectrum disorders, as well as in reducing the development of
tolerance to the analgesic effects of morphine (14).

This systematic review aims to study the impact of probiotic
supplementation on alcohol addiction including its effects on alcohol
intake, cravings, guts microbiota composition, and related behavioral
and physiological impacts.

Methods

The systematic review was undertaken in accordance with the
PRISMA criteria (15) to ensure the reliability and comprehensiveness
of the data and findings. The English databases searched included
PubMed, Embase, the Cochrane Library, and the Web of Science and
Scopus. The language used was English, according to the authors’ level
of comprehension.

Literature search strategy

An electronic search was conducted in the databases with free
terms, subject heading terms and key words. The keywords are as
follows, (“Probiotic” OR “Gut microbiota” OR “Microbiome”) AND
(“Alcohol addiction” OR “Alcohol use disorder” OR “Alcoholism”)
AND (“Probiotic intervention” OR “Probiotic therapy”) AND
(“Alcohol dependence” OR “Alcohol craving”) AND (“Review article”
OR “Clinical trials”) AND (“Efficacy of probiotics” OR “Probiotic
treatment for alcohol addiction”) AND (“Substance use disorder” OR
“Alcohol withdrawal”) AND (“Evidence synthesis” OR “Patient
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TABLE 1 PICOS criteria of inclusion and exclusion.

10.3389/fnut.2024.1372755

Criteria Inclusion Exclusion

Population Human participants with a history of alcohol addiction or alcohol use disorder. Populations with different substance use disorders not
Animal models of ALD treated with probiotics as therapeutic agents against liver damage. related to alcohol.

Intervention Use of probiotics as an intervention for individuals with ALD and alcohol addiction. Studies that do not use probiotics as an intervention.
Modulation of gut microbiota through probiotic administration.

Comparisons Control group (placebo or no treatment) to compare the effects of probiotics. No specific exclusion criteria for comparisons, but implied

exclusion if control groups are not used.

Outcomes Quantitative data on outcomes such as alcohol consumption reduction, craving reduction, - Studies that do not report relevant quantitative outcomes
changes in gut microbiota, or other physiological/psychological measures. related to alcohol addiction, probiotics, or relevant measures.

Study design Randomized controlled trials, clinical trials, or observational studies (cohort, case— Letters, editorials, commentaries, and conference abstracts
control). that do not provide sufficient original data.

outcomes”). Studies that provide data on the effects of probiotics in
the context of alcohol addiction published from January 2012 to
November 2023 were included in this review. This period was selected
to ensure the inclusion of the most up-to-date and relevant studies,
reflecting the latest advancements and current trends in this rapidly
evolving field. Preliminary searches indicated that older studies did
not significantly contribute new knowledge or insights relevant to the
objectives of this study. Table 1 presents the specific inclusion and
exclusion criteria based on the PICOS (i.e., population, interventions,
comparisons, outcomes, and study design) strategy.

Study selection

Prior to conducting the database search, all researchers underwent a
comprehensive training session to ensure a uniformity of ideas and a
thorough understanding of the inclusion and exclusion criteria. The
databases were thoroughly searched by the researchers, who then
independently assessed the studies. The initial screening of the studies
involved evaluating their titles and abstracts, followed by a thorough
examination of the complete texts of the selected studies to determine
their eligibility based on the predefined inclusion and exclusion criteria.
Ultimately, the researcher conducted a comparison of the screened full-
texts. Divergence and discrepancies were effectively addressed by a
process of dialogue and vote among the researchers. The data extraction
process involved gathering information from eligible studies using a
predetermined template. This template encompassed several aspects such
as the study’s title, authors, publication year, research design, participant
characteristics, intervention details, outcome measures, results and
statistical findings, as well as the conclusions and implications drawn from
the study. The assessment of the methodological quality of the studies
(Figure 1) included in the analysis was conducted using suitable
techniques, such as the Cochrane Risk of Bias tool for clinical trials (16).

Results

The original search conducted on databases resulted in a total of
428 articles and abstracts. Among these, 135 publications were
selected based on their relevance to the objectives of the current study
after removing duplicate records (n =250) and excluding those
marked as ineligible by automation tools (n =43). The automation tool
EndNote was configured to exclude records based on predefined
criteria, including studies not focusing on probiotics as an

Frontiers in Nutrition

intervention. Additionally, non-original data sources such as letters,
editorials, commentaries, and conference abstracts were excluded.
EndNote efficiently filtered out irrelevant studies, ensuring that only
potentially eligible studies were considered for full-text review. After
further examination, 26 reports were excluded manually following a
full-text review, which revealed they were unrelated to the objectives
of our study, such as studies focused on unrelated substance use
disorders. Out of 109 reports sought for retrieval, 93 were found to
be relevant and retrievable. Further exclusions were made based on
foreign language (n =6) and publication type (n =4). This process left
83 articles to be included for review, of which only 4 were randomized
controlled trials RCTs involving probiotics and AUD. This selection
followed the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) 2020 guideline, as indicated in Figure 2.

Findings of the study

Alcoholic liver disease and therapeutic potential
of probiotics

Probiotics are live bacteria that, when consumed in adequate
amounts, offer health benefits by supporting the gut microbiota.
Alternately, non-digestible fibers called prebiotics are present in foods
like whole grains, fruits, and vegetables. Prebiotics support the
development and activity of probiotics by providing the necessary fuel
for their growth and maintenance in the gut (17).

Excessive alcohol consumption has been shown to negatively
impact gut microbiota, leading to dysbiosis characterized by changes
in the functions and composition of the gut microbiome (9). Prolonged
alcohol consumption is reported to cause intestinal dysbiosis by
increasing microbes such as Corynebacterium and Alcaligenes and a
decrease in beneficial bacteria such as Bacteroidetes, Lactobacillus,
Firmicutes, and Akkermansia muciniphila. Numerous studies have
demonstrated that probiotics have several benefits on ALD (18, 19).
Upon ingestion, 90% of alcohol is absorbed through the small intestine
and then distributed throughout the body. However, the liver is central
to alcohol metabolism through oxidative and non-oxidative
mechanisms, leveraging its rich supply of metabolizing enzymes (9).

Alcohol is primarily metabolized with the help of the enzyme’s
alcohol dehydrogenase and acetaldehyde dehydrogenase. It can also
be metabolized by the microsomal enzyme system Cytochrome P450
2E1 (CYP2El), which simultaneously generates reactive oxygen
species (ROS). ROS produced during ethanol metabolism increases
the demand for antioxidant enzymes like superoxide dismutase
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each domain (16).

(SOD), catalase, and peroxidases, thereby relatively decreasing their
levels. Increased ROS production during excessive alcohol
metabolism, and decreased antioxidant levels together trigger
oxidative stress, which can damage the hepatocytes, leading to ALD
(18, 20, 21).

ROS lead to lipid peroxidation, forming malondialdehyde (MDA)
and 4-hydroxy-2-nonenal compounds, which then bind with proteins
to create damaging adducts that further contribute to inflammation
(22). The effects of ROS may also be mediated by activating
transcription factors, namely the nuclear factor erythroid 2-related
factor 2 (Nrf2) and nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-xB), which releases cytokines that are
proinflammatory, including interleukin-6 (IL-6) and tumor necrosis
factor (TNF), and hastens the development of liver diseases (22-24).
Additionally, mitochondrial and peroxisomal enzymes involved in
B-oxidation are compromised by ROS, leading to fatty acid
accumulation in the liver and promoting hepatic steatosis and ALD
(9). Concurrently, oxidative stress adversely affects liver mitochondria,
altering membrane permeability and energy production, leading to
cell death and the subsequent development of hepatic fibrosis and
cirrhosis due to stellate cell activation and extracellular matrix
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remodeling (9, 11). Moreover, oxidative stress impairs the regenerative
capacity of hepatocytes, further complicating liver disease progression
(11). Alcohol consumption significantly impacts lipid metabolism in
the liver by altering the expression of key proteins such as peroxisome
proliferator-activated receptor alpha (PPAR-a) and microsomal
triglyceride transfer protein (MTP) (25, 26). PPAR-a, a nuclear
receptor crucial for enhancing fatty acid oxidation, experiences
reduced expression under the influence of alcohol, leading to
compromised lipid metabolism and triglyceride accumulation,
thereby contributing to ALD and hepatic steatosis (27). Additionally,
MTP plays a vital role in assembling and secreting very low-density
lipoproteins (VLDL) for efficient lipid transport; alcohol-induced
downregulation of MTP limits triglyceride export from the liver,
exacerbating the risk of fatty liver disease and underscores the
detrimental impact of alcohol on liver health (28). Substantial
quantities of acetaldehyde produced by alcohol dehydrogenase also
play a crucial role in alcohol-induced liver damage (3, 8).

While the liver is the primary site of alcohol metabolism, the
consumption of alcohol leads to dysregulation of intestinal bacteria
and damage to the intestinal mucosa (29). Alcohol and its metabolites
increase intestinal permeability and disrupt barrier functions through
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microtubule damage by activating nuclear transcription factors like
nuclear factor kappa B (NF-kB) and inducible nitric oxide synthase,
leading to inflammation (18, 30). Additionally, intestinal flora
displaced by excessive acetaldehyde disrupts the mucosal barrier of
the intestine (18). The altered gut microbiota can also metabolize
ethanol, further contributing to the production of acetaldehyde in the
gut (8). This situation is exacerbated by the compromised ability of the
liver to metabolize acetaldehyde efficiently due to alcohol-induced
liver damage. The increased intestinal permeability allows more
acetaldehyde to enter the bloodstream and reach the liver (9, 11).
Dysbiosis can lead to the overproduction of ROS as certain harmful
bacteria, when overrepresented in the gut microbiome, induce
inflammation and increase ROS production (31). During dysbiosis,
the increase in gram-negative bacteria disrupts bile acid balance,
affects tight and adherent junctions, and compromises the intestinal
barrier function. This enhances intestinal permeability, allowing
bacterial products and endotoxins such as lipopolysaccharides (LPS)
and pathogen-associated molecular patterns (PAMPs) to enter the
systemic circulation and reach the liver via the portal vein, inducing

inflammation in hepatic and other tissues (32). Endotoxins produced
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by gut bacteria bind to pattern recognition receptors such as Toll-like
receptor 4 (TLR4) and its co-receptors, cluster of differentiation 14
(CD14), and myeloid differentiation factor 2 (MD?2), expressed by
). These
endotoxins and PAMPs activate liver macrophages and Kupffer cells,

Kupffer cells, macrophages, and other liver cell types (

increasing the production cytokines that are pro-inflammatory like
TNF-a, IL-6, and interleukin-1 beta (IL-1f). Increased ROS
production reduces phagocytosis and impairs immune regulation
(33). These processes facilitate the leakage of endotoxins into the
bloodstream, leading to the proliferation of hepatic stellate cells,
inflammation, immune system alterations, damage to hepatocytes,
and changes in metabolic pathways within the liver (11).

Proper activation of the aryl hydrocarbon receptor (AhR) by its
natural ligands, such as microbial-derived tryptophan metabolites, is
important for maintaining intestinal homeostasis and preventing
dysbiosis (34). Dysbiosis decreases AhR activity, impairs AhR signaling,
and promotes inflammation in the gut and adds to the increased
intestinal permeability and LPS translocation. The AhR signaling
pathway, when dysregulated, can contribute to ALD (34, 35). The
inflammatory cytokines produced due to LPS, such as TNF-ac and IL-1,


https://doi.org/10.3389/fnut.2024.1372755
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Vidya Bernhardt et al.

can also activate via the mitogen-activated protein kinases (MAPK)
pathway. The activated NF-kB translocates into the nucleus and initiates
the transcription of a variety of genes involved in the inflammatory
response, including cytokines, chemokines, and adhesion molecules
(36). This increased cytokine production perpetuates the inflammatory
response, creating a cytokine-NF-kB loop that triggers a cascade of
inflammatory reactions within cells. Alcohol consumption exacerbates
this situation by further increasing oxidative stress and inflammation (9,
11, 17). Critical factors in the progression of ALD through intestinal
dysbiosis include intestinal barrier dysfunction, altered fatty acid
metabolism, activation of TLR4, inflammation, compromised immunity,
translocation of toxic substances from pathogenic bacteria, and changes
in AhR signaling pathways (34-36).

Probiotics can decrease systemic inflammation by reducing
proinflammatory markers such as TNF-a and IL-6 through
downregulating the expression of NF-kB. They modulate the
immune response to promote an anti-inflammatory environment
(36), including upregulating anti-inflammatory cytokines like
interleukin-10 (IL-10). Additionally, probiotics enhance intestinal
cell integrity, decrease permeability (37, 38), regulate gut flora, and
reduce hepatic endotoxin levels, leading to a decrease in
proinflammatory markers. Thus, probiotics beneficially impact ALD
(39, 40). Probiotics can regulate many pathophysiological pathways
associated with the progression of liver damage. The mechanisms by
which probiotics deliver their benefits include reducing dysbiosis,
mitigating endotoxemia, increasing the adhesion of specific
probiotic bacteria to intestinal cells, and enhancing intestinal
epithelial integrity (41). Probiotics inhibit the translocation of
bacterial metabolites to the liver, leading to a reduction in the
inflammatory response in the liver (18). They also have antioxidant
effects and influence liver lipid metabolism. Additionally, probiotics
restore microbiota balance, create an anti-inflammatory
environment, regulate the immune system, alter TLR expression,
suppress intestinal inflammation, modulate cytokine production,
and produce antimicrobial substances (18, 19, 42). Since ALD
significantly impacts gut microbiota, modulation of the microbiome
may be a potential therapeutic approach for ALD (43, 44).

The hepatotoxic effects of alcohol are mediated by its interference
with lipid metabolism, disruption of the mucosal barrier, augmentation
of the inflammatory reaction, and promotion of oxidative stress, which
can be mitigated by probiotic therapy along with substantial alterations
in liver-specific biological enzymes, aspartate transaminase (AST),
alanine transaminase (ALT), and gamma glutamate transferase (9).
Alcohol-induced dysfunction of the mitochondria through CYP2E1L
enzyme activation and the subsequent substantial release of enzyme
AST from the matrix of the mitochondrial were also alleviated by
(42). Bifidobacterium  bifidum,
Bifidobacterium animalis subsp. lactis have demonstrated significant

probiotics Lactococcus  lactis,
antioxidant activity both in vitro and in vivo, alleviating oxidative stress
by mediating lipid peroxidation, glutathione (GSH) levels, and
enhancing the activity of antioxidant enzymes like catalase, SOD, and
glutathione peroxidase (GPX). Additionally, strains like Bifidobacterium
animalis, Lactobacillus rhamnosus, and Bacillus LBP32 have also been
found to exhibit potent antioxidant capacity and alleviate oxidative
damages in various studies (45). These probiotics’ antioxidant
mechanisms involve down-regulating the activities of enzymes
involved in the production of ROS, secreting antioxidant metabolites,
and modulating antioxidant activities (46).

Frontiers in Nutrition

10.3389/fnut.2024.1372755

Probiotics can influence the production of AhR ligands in the gut.
By modulating the composition of the gut microbiota, probiotics can
enhance the production of compounds that serve as AhR ligands. For
example, certain Lactobacillus strains can metabolize dietary
tryptophan into indole derivatives that activate AhR, thus potentially
contributing to gut homeostasis and immune regulation (47).
Probiotics, particularly strains of Lactobacillus and Bifidobacterium,
exhibit beneficial properties by enhancing antioxidant defenses
through various mechanisms. These probiotic microorganisms
scavenge ROS and reactive nitrogen species, inhibit pro-oxidative
enzymes, and stimulate the production of antioxidant enzymes (48—
50). Additionally, Lactobacillus species produce functional compounds
like exopolysaccharides that aid in reducing oxidative damage and
activating transcription factors within the host, crucial for managing
cellular responses to oxidative stress (51).

Lactobacillus rhamnosus (LGG) has the potential to effectively
repair pre-existing alcoholic hepatic steatosis and associated damage.
The effect of probiotics on liver function can be observed through
their ability to restore levels of ALT, AST, total bilirubin and lactate
dehydrogenase, the recognized indicators of liver injury (18).
Utilization of Lactobacillus species; such as Lactobacillus plantarum
and fructo-oligosaccharides, leads to a decrease in the production of
primed TNF-a by peripheral blood mononuclear cells in individuals
with cirrhosis (52). It has been shown in in vitro studies that
Bifidobacteria have the ability to stimulate the synthesis of IL-10 by
human dendritic cells cultivated in a laboratory setting. This cytokine
has the capacity to regulate the immune system (38). Bifidobacterium
and Lactobacillus can lower ROS and decrease cytokine levels by
decreasing TLR-mediated endotoxins and MDA by suppressing the
inflammatory response and mitigating the oxidative impact of alcohol
(53, 54). Conversely, these probiotics increase the levels of antioxidants
such as SOD and GSH, further helping to decrease oxidative stress.
The antioxidant capabilities of probiotics, especially Lactobacillus and
Bifidobacterium strains, make them promising adjunct treatments for
conditions characterized by oxidative stress, emphasizing their
potential in promoting overall health and well-being (49, 50).

Table 2 provides a summarized overview of the various aspects of
the Positive effects of probiotics on AUD. Figure 3 represents the
effects of probiotics on the alcohol-related gut-microbiota-liver-brain
(ALD) axis, illustrating how probiotics influence this axis by impacting
the gut, liver, and brain, both directly and indirectly, through their
interactions across these organs.

Probiotics, neuroinflammation, and alcohol
addiction

Probiotic treatments offer a promising strategy for addressing
aspects of alcohol addiction by potentially alleviating symptoms such
as anxiety, cravings, dependency, and systemic inflammation (55).
They may also contribute to reducing CNS damage and curtailing
related to addiction,
through their
proinflammatory conditions and neuroinflammation (19, 55).

behavior including excessive alcohol

consumption, ability to mitigate systemic

Alcohol dependency is regarded as an epiphenomenon resulting
from systemic neuroinflammation. The precise mechanisms
responsible for this association remain incompletely elucidated.
Alcohol and its metabolites have been shown to modulate
neurotransmitter pathways in the brain, including dopamine circuits,

GABA. The impact of alcohol is influenced by the inflammatory
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TABLE 2 Clinical benefits of probiotics in AUD -human trials.

Authors

Clinical benefits of probiotics in AUD

Study type

Vatsalya et al., 2023 The effects of LGG therapy on alcohol consumption and liver function in individuals with mild Randomized controlled trial involving

alcohol-related hepatitis evaluated at baseline, 1, 3, and 6 months. patients with moderate alcohol-
A 6-month LGG treatment significantly decreased heavy drinking levels in patients with associated hepatitis
moderate/mild alcohol-induced hepatitis

Significant reduction in biomarkers of liver injury progression and severity, indicating potential
therapeutic benefits for liver health Significant improvement in liver function tests (reduction in
ALT, AST, and bilirubin levels) in the probiotic group.

Positive changes in composition of gut microbiota, with an increase in beneficial bacteria such as
Bifidobacterium species and the Lactobacillus. Significant decrease in inflammatory markers (CRP,

TNF-a) in the probiotic group.

Macnaughtan J, et al., 2020 Adults with clinically stable cirrhosis received a daily dose of Lactobacillus casei Shirota Placebo-controlled Double-blind,

(6.5x 10° CFU)/bottle or placebo 3 times per day for 6 months, with follow-up assessments at randomized trial involving Adults with
baseline, mid-intervention, and post-intervention. clinically stable cirrhosis
The cytokine profile was enhanced by probiotic supplementation toward an anti-inflammatory

phenotype; this effect seems not dependent to bacterial translocation.

Bajaj et al,, 2021 To study the potential of FMT as a therapeutic intervention for individuals with alcohol use Double blind Randomized clinical trial

disorder, Patients who received FMT showed a significant reduction in alcohol craving and that focused on investigating the
consumption compared to the placebo group at 15 days post-treatment. efficacy of fecal microbiota transplant
The FMT group showed improvements in cognition, psychosocial quality of life, and reductions for AUD.
in inflammatory markers (serum IL-6 and lipopolysaccharide-binding protein) in comparison to
baseline.

The FMT group had an increase in beneficial gut bacteria, including Ruminococcaceae, and
higher levels of short-chain fatty acids like butyrate and isobutyrate, which were linked to the
clinical improvements. Additionally, there was a reduction in AUD-related serious adverse events

in the FMT treated participants over a six-month period.

S. H. Han et al,, 2015 The administration of probiotics (cultured Lactobacillus subtilis/Streptococcus faecium 1,500 mg/ Randomized-controlled multicenter

day) for 7 days resulted in a significant reduction in serum LPS levels, pro-inflammatory study that was Double blinded,

cytokines, and improvement in liver enzyme levels compared to the placebo group.
The outcome of the study indicated potential therapeutic benefits of probiotics, specifically

cultured Streptococcus faecium/ Lactobacillus subtilis, in managing alcoholic induced hepatitis.

investigated the effects of probiotics, in

the treating of alcohol induced

hepatitis.

response triggered by changes in the gut microbiota composition
(56-58). Studies highlight that alcohol-induced dysbiosis can lead to
alterations in neurotransmitter release, affecting brain function and
mental status (59).

Alcohol significantly impacts GABA neurotransmitter
pathways by altering inhibitory neurotransmission and GABAA
receptor function. Chronic ethanol exposure leads to a reduction
in GABAergic inhibitory postsynaptic currents frequency and
changes in expression of GABAA receptor subunit, impairing
synaptic inhibition in deep-layer pyramidal neurons of the
prefrontal cortex (59). Additionally, ethanol affects the
GABAergic system by modulating cAMP-response element
binding protein and protein kinase A signaling pathways, with
GABA(B) receptors playing a critical role in ethanol’s effects on
these pathways (60). Moreover, alcohol affects the production of
neuroactive steroids, which quickly change the excitability of
neurons, primarily at GABAA receptors. This increases sensitivity
to sensitive to ethanol’s behavioral effects and may be a target for
therapeutic interventions for alcohol dependency disorders (61).

A complex connection exists between variations in glutamatergic
neurotransmission and alcohol dependency. Glutamate, a key
excitatory neurotransmitter in the brain, plays a crucial role in the
development of alcohol dependency through its modulation of

Frontiers in Nutrition

neurochemical, physiological, and behavioral processes (62). Chronic
alcohol exposure leads to significant enhancement of glutamatergic
activity, particularly through up-regulation of GluN2B-containing
N-methyl-D-aspartate receptor, contributing to increased craving for
alcohol and maladaptive behaviors (63). The development of alcohol
dependency is significantly influenced by alcohol’s activities on both
ionotropic and metabotropic glutamate receptors, which change CNS
excitability during withdrawal and impact motivational and cognitive
behaviors (64). Neuroimaging studies have further elucidated the
neurochemical basis of alcohol dependence, emphasizing the role of
glutamate alongside GABA and dopamine systems (65). Alcohol
interacts directly with GABA receptors, enhancing dopamine release
in specific regions such as the ventral tegmental area and the nucleus
accumbens (13, 66, 67).

Acute alcohol exposure stimulates dopamine release in the ventral
striatum, leading to a euphoric sensation. However, with repeated
alcohol use, the brain adapts to the dopamine overload. Alcohol
dependence is associated with fewer dopamine D2 receptors in the
ventral striatum, contributing to excessive craving for alcohol and an
increased risk of relapse (68). Chronic alcohol consumption leads to
decreased dopamine transmission in the mesocorticolimbic regions,
such as the ventral striatum, which may contribute to anhedonia and
decreased reward sensitivity in alcohol-dependent individuals (69).
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FIGURE 3

Probiotics affect the alcohol-related gut-microbiota-liver-brain axis, impacting each organ through direct and indirect mechanisms. (A) They enhance
digestion, strengthen tight junctions, and protect the intestinal crypts and mucous layer. (B) Probiotics mitigate alcohol-induced dysbiosis by reducing
harmful bacteria, improving gut permeability, and lowering the translocation of pathogen-associated molecular patterns (PAMPs) to the liver. (C) They
reduce neuroinflammation by decreasing proinflammatory cytokines, potentially alleviating alcohol-induced anxiety and depression. By controlling gut
permeability and substance translocation, probiotics help prevent disruption of the blood-brain barrier (BBB) and neuroinflammation. Probiotics also
influence dopamine regulation by increasing dopamine transporter expression. (D) Probiotics improve liver health by reducing steatosis, hepatic
encephalopathy, and cirrhosis, primarily through the normalization of inflammatory processes by decreasing PAMPs, particularly lipopolysaccharides
(LPS), via the Toll-like receptor 4 (TLR4) pathway, and by increasing fibroblast growth factor 21 (FGF21) production. FGF21 impacts the brain by
reducing dopamine availability at postsynaptic receptors through increased dopamine transporter transcription in the nucleus accumbens.
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In addition to affecting the function of the gut and liver, relative
abundance and composition gut microbes also have an impact on
behavior, mood, and brain function. The bidirectional
communication between the brain and gut microbiota and involves
immune responses, bacterial metabolites like short-chain fatty acids
(SCFAs), and the hypothalamic-pituitary-adrenal axis, all of which
can influence neurotransmitter signaling pathways (70). Clinical
studies have indicated that increased gut permeability in patients
with AUDs is correlated with heightened levels of anxiety,
depression, and alcohol craving. Alcohol dependence is associated
with intestinal dysbiosis, which leads to increased intestinal
permeability and permits the bloodstream to be invaded by
bacterial endotoxins like LPS. These endotoxins stimulate
inflammatory pathways, which are linked to the psychological
symptoms observed in these patients as well as stronger cravings for

alcohol (71, 72).
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These endotoxins, when present peripherally, can also stimulate
the immune system to release proinflammatory cytokines. These
cytokines can enter the bloodstream and compromise the blood-brain
barrier (BBB), thereby altering neurological processes and escalating
a detrimental cycle of inflammation in the brain (73). This not only
increases brain dysfunction but also reinforces psychological
symptoms and cravings associated with AUDs, further contributing
to the progression of the disorder (13).

Individuals diagnosed with hepatic encephalopathy and
alcoholism exhibit an elevated ratio of glutamine/glutamate to
creatinine. The alteration in the glutamine/glutamate ratio is
associated with the pathophysiology of hepatic encephalopathy, where
brain levels of glutamine are elevated, thus decreasing the level of
glutamate in the brain, which is needed for the synthesis of GABA
(74). This reflects the impact of liver dysfunction on neurotransmitter
metabolism and brain function in AUD. In ALD, the ammonia
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produced by gut microbiota is not detoxified, leading to high levels of
ammonia in the blood which then reaches the CNS and is taken up by
astrocytes. This leads to the early death of astrocytes, causing
neurological dysfunction (75).

Probiotics like Lactobacillus plantarum and other Lactobacillus
and Bifidobacterium species have been shown to produce GABA from
glutamate in the gastrointestinal tract. This production of GABA can
alleviate symptoms of essential tremor by increasing GABA levels in
the cerebellum and reducing neuroinflammation (57, 76, 77). GABA
functions as an inhibitory neurotransmitter locally in the gut and also
influences the gut-brain axis by modulating the transmission of
information from the gut to the central nervous system (57, 77).
Additionally, Lactobacillus plantarum is linked to the regulation of
dopamine levels in the brain, influencing mood and behavior, and
regulating glutamate levels in the brain, impacting excitatory
neurotransmission (78).

Modulation of the GABA neurotransmission pathway through the
use of Lactobacillus and Bifidobacterium may present a promising
therapeutic strategy for addressing AUD and potentially reducing the
severity of ALD by influencing GABA levels in the brain (58).
Prolonged dietary intervention using a combination of live
Lactobacillus and Bifidobacterium species has been shown to effectively
improve cognitive abilities and memory in rats, attributed to the
modulation of levels of GABA in the brain (79).

Activation of the AhR in CNS cells plays a crucial role in
influencing brain communication through the gut-brain axis (80).
Dysbiosis of the gut microbiota, often exacerbated by factors like
alcohol abuse, can lead to increased production of metabolites that
excessively activate the AhR, potentially exacerbating CNS
inflammation. Harmful bacteria can produce pro-inflammatory
signals, further exacerbating CNS inflammation through the gut-brain
axis (70). The bidirectional gut-brain crosstalk, influenced by AhR
activation and gut microbiota metabolites, highlights the intricate
relationship between the gut, the brain, and the CNS, and the effects
alcohol-induced dysbiosis may have on this axis, offering promising
avenues for therapeutic interventions (70, 81). In addition to
producing metabolites like indole and tryptamine derivatives and
SCFAs, probiotics also help to restore intestinal flora. The AhR may
bind to these metabolites or they may function as signaling molecules,
activating AhR in a controlled and beneficial manner, thereby
reducing CNS inflammation and limiting the severity of AUD (82).
Activation of AhR by these beneficial metabolites can promote anti-
inflammatory pathways, enhance gut barrier function, and support
immune homeostasis, thus reducing inflammation and improving
gut-brain communication (83).

Research indicate that the prolonged consumption of dietary
supplements containing species of Lactobacillus and Bifidobacterium
can improve memory and cognitive abilities. Studies indicate that
probiotics can positively influence cognitive health by modulating the
gut-brain axis, leading to improved memory and cognitive
performance (84). A study on high alcohol-fed UChB rats treated with
probiotic LGG demonstrated an elevation in Fibroblast Growth Factor
21 (FGF21), which serves as a vagal -Klotho receptor agonist and
helps in the reduction of alcohol intake (85). FGF21 decreases
dopamine levels in the nucleus accumbens, a key brain region involved
in reward and addiction pathways. This reduction in dopamine is
mediated by FGF21’s ability to increase the activity and expression
activity of the dopamine transporter (86). The heightened absorption
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of dopamine in the synaptic cleft, influenced by changes in transporter
activity induced by the probiotic, plays a crucial role in modulating
the rewarding effects and subsequent reduction in alcohol
consumption. It is conceivable that the implementation of a probiotics-
based supplemental therapy alongside ALD treatment could
potentially mitigate the course of the disease by reducing alcohol
intake (13, 67).

The influence of probiotics on the modulation of brain receptors
in addiction, specifically dopamine receptor 1 and 2 (DR1and DR2),
has been the subject of recent investigation. Previous research has
documented that the consumption of alcohol and other substances
can augment the release of dopamine, eliciting a pleasurable
experience and subsequently motivating repetitive behavior area (13,
66, 67).

Gut microbes can synthesize dopamine precursors like
phenylalanine and L-dopa, regulating dopamine levels (86). This
modulation of dopamine by the microbiome can affect reward
circuitry in the brain, where addiction involves dysregulation of
dopamine signaling in the mesocorticolimbic pathway, with D1
receptors mediating reinforcement and D2 receptors associated with
aversion (69, 87).

A positive correlation was observed between D2R mRNA
expression and a reduced presence of bacteria belonging to the
Firmicutes phylum. This particular phylum includes bacteria
from the Clostridial order, which, along with the Ruminococcaceae
and Lachnospiraceae families, exhibited a positive correlation
with the severity of AUD. Therefore, the restoration of intestinal
Lachnospiraceae and Ruminococcaceae levels through probiotics-
based therapy techniques could make D2R a potentially
promising target for mitigating AUD severity (88). In contrast to
the resilient group of rats, the susceptible group showed a reduced
capacity to control alcohol intake, which was related to a
noticeable rise in DRI expression and a decrease in DR2
expression in the striatum. The relationship between variations
in the intestinal microbiota and the observed change in
susceptible rats suggests a potential role of gut microbiota
composition in inhibitory innervations within addiction-related
brain circuits (66, 89). The microbiome can influence the brain
via the gut-brain axis, with microbial metabolites and
inflammatory mediators from a “leaky gut” affecting
neurotransmitter systems and brain regions involved in reward
and compulsive behaviors (89). Gut microbiota is said to
influence the expression of striatal dopamine receptors; however,
further research is needed in this regard (67, 88).

Interventions targeting the regulation of gut microbiota in
individuals with AUD demonstrated that fecal microbiota obtained
from a healthy donor, exhibiting elevated levels of Lachnospiraceae
and Ruminococcaceae, resulted in a temporary decrease in the desire
for and intake of alcohol among individuals suffering from alcoholic
cirrhosis (72, 88). Reduced levels of Lachnospiraceae and
Ruminococcaceae in patients with AUD have been associated with low
levels of intestinal SCFA production. Increased levels of SCFAs in both
stool and plasma were noted in individuals with AUD who underwent
fecal microbiota transplantation (FMT), positively correlated with the
presence of Lachnospiraceae and Ruminococcaceae bacteria (72, 90).
The augmented levels of SCFAs following FMT suggest their potential
role in modulating alcohol addiction behavior through their
involvement in the gut-brain axis communication (72, 90, 91).
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Animals that are fed a diet high in advantageous microorganisms
experience less alcohol addiction. Probiotic-treated mice models
demonstrated reduced alcohol consumption escalation and relapse
following alcohol cessation. Anxiety, depression, and changes in
memory were observed in female mice fed alcohol, however, these
symptoms were less pronounced in mice with reinforced gut
microbiota (92). Probiotic supplementation in AUD patients has been
shown to decrease alcohol dependence, alcohol craving and systemic
inflammation. By reducing neuroinflammation, probiotics may help
relieve alcohol-induced CNS damage and reinforce beneficial effects
on addiction (13, 88). Specific probiotic strains like Lactobacillus
rhamnosus can decrease alcohol intake due to their anti-inflammatory
properties (13). Additionally, psychobiotics have been found to
influence the gut-brain axis, potentially improving cognitive function
and regulating cortisol and interleukin-1p levels in individuals with
depression (93). These findings suggest a complex interplay between
probiotics, neurotransmitters, and brain receptors, highlighting the
promising role. Probiotics may modulate the microbiota-gut-liver-
brain axis to treat AUD. By restoring beneficial gut bacteria, probiotics
can alleviate alcohol-induced changes and prevent the progression of
AUD (9, 13). The intricate relationship between the gut microbiota,
neurotransmitter systems, and brain function underscores the
potential of probiotics as a therapeutic strategy for mitigating alcohol
addiction and its associated pathologies. Table 3 provides a summary
of Probiotics and their metabolites and Neuroinflammation.

Clinical implications of probiotics in AUD

Probiotics are recognized for their ability to improve health by
counteracting pathogenic microbes and boosting the immune system.
Probiotics that are most frequently used include Saccharomyces
boulardii, Bifidobacterium, lactic acid bacteria, and certain

TABLE 3 Probiotics and their metabolites and Neuroinflammation.

Probiotic/metabolite

Organs targets

Mechanism of action

10.3389/fnut.2024.1372755

Gram-negative bacteria like Escherichia coli Nissle 1917. Among these,
Lactobacillus and its various strains are particularly recommended for
their probiotic properties (9, 41).

Probiotics such as LGG and Akkermansia muciniphila are known
to boost mucus production, forming a protective gut lining layer and
producing antimicrobial substances that suppress pathogenic bacteria
and prevent them from adhering to and invading the intestinal
epithelium. They produce bacteriocins and other antimicrobial
substances that inhibit the growth of pathogenic bacteria, thus
protecting the integrity of the gut barrier (44, 94). By reinforcing this
barrier, LGG minimizes inflammation-causing LPS translocation
from unhealthy gut bacteria into circulation, influences Kupffer cells
toward a less inflammatory state, and reduces oxidative stress by
decreasing the production of proinflammatory cytokines like TNF-a,
IL-6, and IFN-y, and by increasing levels of enzymes such as SOD and
GPX in the liver (45, 95).

LGG is one of the most extensively studied probiotic strains,
known for its beneficial effects on both gut barrier function and liver
inflammation. Its actions and mechanisms are multifaceted,
involving direct interactions with intestinal cells, modulation of the
immune system, and effects on the gut-liver axis (45). LGG has
demonstrated significant efficacy in mitigating the development of
hepatic steatosis (96). The mechanisms by which LGG exerts its
protective effects involve the modulation of metabolic pathways and
apoptosis regulation within liver cells. LGG restores alcohol-induced
reduction in tight junction proteins and prevents alcohol-induced
endotoxemia and hepatic steatosis (97). Additionally, the protective
effects of LGG are attributed to its ability to reduce hepatic
inflammation and fibrosis, ultimately promoting liver health and
integrity (96). Research has shown that LGG supplementation can
significantly ameliorate alcohol-induced liver injury by reducing

Type of study References

Lactobacillus

Gut, brain

Produces GABA from glutamate; modulates dopamine

and glutamate levels; improves cognitive abilities

Preclinical, clinical

(58,79, 84)

Bifidobacterium species

Gut, Brain

Modulates GABA levels; influences dopamine

regulation

Preclinical, clinical

(79, 84)

Lactobacillus rhamnosus

Gut, CNS

Reduces alcohol intake; anti-inflammatory properties.
Elevates Fibroblast Growth Factor 21and decreases

dopamine levels in the nucleus accumbens and helps in

the reduction of alcohol intake, reduces oxidative stress.

Animal studies

(85, 86)

Ruminococcaceae and

Lachnospiraceae

Gut, CNS

Decrease in the desire for and intake of alcohol;
modulating alcohol addiction behavior; increases D2R

mRNA

Preclinical studies,

clinical studies

(72, 88, 90)

SCFAs (e.g., Butyrate,

Propionate)

Gut, CNS

Modulates neurotransmitter signaling, influences brain
function.

Enhances gut barrier function, modulates AhR
signaling, regulate immune function, maintain gut

barrier integrity, reduce systemic inflammation

Preclinical studies

(31, 32,70, 71, 82, 83)

Tryptophan Metabolites (e.g.,
Indole, Tryptamine)

Gut, CNS

Act as signaling molecules or ligands for AhR, reduce
CNS inflammation, promote anti-inflammatory
pathways, enhance gut barrier function, support
immune homeostasis.

Activates AhR, reduces CNS inflammation. Promotes

anti-inflammatory pathways, enhances gut barrier

Preclinical studies

(70, 81, 82)
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hepatic bile acids, enhancing bile acid excretion, and inhibiting
hepatic bile acid synthesis, which prevents excessive bile acid-
induced liver damage and fibrosis (98).

A. muciniphila is a prevalent species in the mammalian gut
microbiome, comprising 3 to 5% of the microbial population in the
human intestine. The protective effects of A. muciniphila on alcohol-
induced liver damage have been demonstrated in a mouse model of
ALD, where it mitigates ethanol-induced hepatic damage (44).
A. muciniphila supplementation improved gut barrier function and
reduced liver inflammation in a mouse model of ALD. In patients with
alcoholic steatohepatitis (ASH) and in mice fed with ethanol,
decreased levels of fecal A. muciniphila were observed, correlating
with the severity of hepatic disease (44, 95). Oral supplementation
with A. muciniphila reversed this condition, providing protection
against ethanol-induced gut leakiness, increased mucus thickness, and
improved tight-junction expression (99). By producing more anti-
inflammatory cytokines and blocking the NF-kB signaling pathway,
which is involved in the expression of proinflammatory genes,
A. muciniphila has been demonstrated to positively affect the immune
system and reduce liver inflammation linked to ALD. A. muciniphila
also affects bile acid metabolism, which is crucial for liver function
and the digestion of fats, and can improve gut barrier function and
reduce liver inflammation (45, 95, 99).

A pro-apoptotic member of the Bcl-2 protein family the Bax
(Bcl-2-associated X protein) is known to promotes apoptosis. In the
context of hepatic steatosis, apoptosis can help eliminate fat-laden
hepatocytes, thus preventing the progression of the condition. LGG
has been found to regulate the expression of Bax in the liver (42). By
modulating the activity of Bax and other apoptotic pathways, LGG can
promote the removal of damaged hepatocytes, reducing the burden of
hepatic steatosis. This regulation of apoptosis is essential for
maintaining liver health and preventing the progression of ALD (100).
While apoptosis can be beneficial in removing damaged cells,
excessive apoptosis can lead to liver injury. LGG’s ability to regulate
apoptosis through Bax suggests that it can strike a balance, promoting
cell death where necessary without inducing excessive liver damage
(13, 18).

Bifidobacterium longum and Lactobacillus acidophilus have been
shown to influence and inhibit plasma lipid peroxidation. The
findings revealed that both strains, when present in the intestine,
exhibited varying degrees of effectiveness in safeguarding plasma
lipids from oxidation when given at doses of at least 10* CFU/day
(101). Additionally, several probiotics can modulate the response of
host defense peptides by stimulating the expression of antimicrobial
peptides (AMPs). Administration of the probiotic strain Escherichia
coli Nissle (EcN) and some Lactobacilli species resulted in a
significant upregulation of human beta defensin-2 expression within
epithelial cells. Administration of other probiotics, such as
Lactobacillus reuteri at a dose of 4 ng/mL, has been shown to enhance
the production of interleukin-22 (IL-22) (39). This cytokine plays a
crucial role in the repair and defense of the intestinal mucosa by
inducing the expression of AMPs, effectively inhibiting the
proliferation of pathogenic bacteria within the intestinal tract in
patients with ALD (32, 33). Potential impacts of probiotics on sterol
regulatory element-binding proteins (SREBP) activity and lipid
metabolism are supported by preclinical studies (102). Probiotics,
particularly species such as Lactobacillus acidophilus, Lactobacillus
plantarum, LGG, Bifidobacterium longum, and Bifidobacterium breve,
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play a crucial role in safeguarding the intestine and liver from the
effects of alcohol. They regulate processes such as hepatic synthesis
of fatty acids, catabolism of lipids, lipid transport, and intestinal
absorption of lipids (103), mitigate oxidative stress, and reinforce the
intestinal epithelial barrier (43). These effects are brought about by
probiotics through their anti-inflammatory actions and by
modulating bile acid metabolism and signaling pathways that
regulate SREBP activity (102, 104). SREBPs serve as transcriptional
regulators of lipid biosynthesis in the liver and other tissues (105).
They regulate the expression of genes that are involved in the
production and uptake of phospholipids, fatty acids, cholesterol, and
triglycerides, and their expression is increased in alcohol misuse,
leading to the development of hepatic steatosis and elevated levels of
plasma triglycerides (102, 105). By altering the gut microbiota
composition, probiotics modulate SREBP activity, leading to
decreased expression of genes involved in lipid synthesis and
contributing to a decreased risk of lipid accumulation in the liver,
thus offering a protective mechanism against the development of
hepatic steatosis (104, 105). Furthermore, probiotics may contribute
to the normalization of SREBP-1c activity, a principal isoform of
SREBP involved in fatty acid synthesis. This normalization can lead
to a reduction in excessive lipid synthesis and accumulation, partly
by enhancing insulin sensitivity (104). Since insulin is a crucial
regulator of SREBP-lc, improvements in insulin sensitivity,
potentially facilitated by probiotics, could inhibit fatty acid synthesis,
offering additional protection against hepatic steatosis (104, 106).
SCFAs metabolites produced by probiotics, which reach the liver via
portal circulation, have been shown to influence hepatic lipid
metabolism, potentially affecting SREBP activity directly in liver cells
(103, 107). Probiotic strains like Lactobacillus, Bifidobacterium, and
Saccharomyces have shown promise in upregulating PPAR-a
expression, promoting fatty acid oxidation, and reducing triglyceride
accumulation in the liver. They influence the expression of MTP,
improving the liver’s ability to export triglycerides via VLDL, thus
reducing lipid accumulation and the risk of fatty liver disease, which
is beneficial in mitigating the effects of alcohol consumption (9,
108, 109).

Therapy with probiotics like Bifidobacterium (1.0 10* CFU) or
Akkermansia (1.5x10° CFU) successfully restores the normal
intestinal flora, thereby controlling the integrity of the intestinal
barrier (19, 44). In mice given prolonged alcohol treatment, probiotics
like A. muciniphila and LGG can normalize cytokine levels and
enhance the expression of tight junction proteins in the ileum (44, 45).
Alcohol-induced upregulation of miR122a leads to a decrease in
occludin levels. LGG treatment restores occludin levels to normal by
reducing miR122a expression (44).

AMP-activated protein kinase (AMPK), which functions mainly
as an energy sensor, is an essential component of cellular energy
homeostasis. When activated, AMPK inhibits anabolic processes that
use up ATP, like lipogenesis and cholesterol synthesis, and stimulates
catabolic processes that produce ATP, like glucose uptake and fatty
acid oxidation. Accumulation of fats and cholesterol are two
components of hepatic steatosis. LGG and Lactobacillus plantarum
have been shown to increase the phosphorylation of AMPK in the
liver, which enhances the activation of AMPK. LGG helps to restore
normal metabolic functions in the liver, protecting against alcohol-
induced hepatic steatosis (42, 45). In a clinical trial, individuals who
received LGG for 180 days experienced improved liver function and a
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significant decrease in heavy alcohol consumption when compared to
placebo (110).

In a cohort of individuals diagnosed with alcoholic hepatitis, the
administration of oral doses of Lactobacillus subtilis (1,500 mg/day)
and Streptococcus faecium (1,500 mg/day) resulted in reduced serum
LPS levels, improved serum liver markers, and the restoration of gut
microbiota compared to a placebo group (111). Probiotics play a
crucial role in safeguarding the intestine and liver from the effects of
alcohol by regulating processes such as lipid synthesis, catabolism, and
transport. They also mitigate oxidative stress and reinforce the
intestinal epithelial barrier (101, 112).

Patients with alcoholic cirrhosis who received treatment with a
probiotic regimen that included Lactobacillus casei Shirota
(6.5x10° CFU/65mL) showed a recovery of neutrophil phagocytic
capacity. This probiotic supplementation significantly reduced plasma
monocyte chemotactic protein-1, interleukin-1p, interleukin-17a, and
macrophage inflammatory protein-1p, all of which promote
inflammation and liver injury, compared to the placebo (37). This
receptor is involved in the recognition of pathogens and activation of
immune responses (52). These findings indicate that probiotic
treatment with Lactobacillus casei Shirota can improve neutrophil
function in patients with alcoholic cirrhosis, potentially by altering
IL-10 secretion and TLR4 expression (37, 38).

Bifidobacterium bifidum and Lactobacillus plantarum 8PA3 have
shown promising effects in the treatment of ALD. These probiotics
significantly restore normal intestinal flora in individuals with ALD
and enhance liver function, as observed through their effect on
reducing liver-specific enzymes (116). The administration of prebiotic
fructo-oligosaccharides leads to an increase in the population of
beneficial bacteria, specifically Lactobacillus and Bifidobacterium,
which have been shown to improve ASH (113). The administration of
the prebiotic pectin was found to beneficially affect the restoration of
intestinal homeostasis in ALD, evidenced by an increase in the
population of goblet cells and the upregulation of defensins Reg3p and
Reg3y. Furthermore, fecal transplantation from mice fed with
prebiotic pectin effectively mitigated the occurrence of ALD (115).
The combination of prebiotic polysaccharide and Lactobacillus
plantarum P101 has been shown to regulate the gut microbiota,
decrease oxidative stress, and inhibit inflammatory responses by
activating Nrf2 and suppressing NFkB in murine models of liver
injury (114). In murine models with liver injury treated with
Lactobacillus plantarum, restoration of gut barrier function has been
observed with increased expression of tight junction proteins,
reduction in systemic and liver inflammation, and mitigation of
damage. These effects are achieved through enhanced mucosal
immunity by increased mucin production by goblet cells, elevated
production of anti-inflammatory cytokines, and inhibition of the
activation of TLR4-mediated MAPK signaling pathway, leading to
reduced liver inflammation and injury (117).

Research evaluating the administration of a microstructured
synbox loaded with Lactobacillus plantarum and epigallocatechin
gallate aimed at addressing alcohol-induced liver disease demonstrated
a promising synergistic effect in reducing endotoxin levels and hepatic
enzyme activity. Furthermore, this synbox system effectively reduced
the levels of signaling molecules, including Cyclooxygenase-2, TLR4,
CD14, MD2, and key inflammatory biomarkers such as TNF-a,
Interleukin 12, and NF-kB (118). VSL#3, a proprietary synergistic
combination of eight distinct lactic acid-producing bacterial strains,
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includes Lactobacillus acidophilus, Streptococcus thermophilus,
Lactobacillus paracasei, Lactobacillus delbrueckii subsp. bulgaricus
Bifidobacterium breve, Bifidobacterium longum, Bifidobacterium
infantis, and Lactobacillus plantarum. These strains are carefully
selected for their unique abilities to inhabit various segments of the
gastrointestinal tract and work in concert to support gastrointestinal
health. VSL#3 is known to enhance the integrity of the gut barrier,
modulate immune responses, and foster a balanced gut microbiome.
It has been studied for its potential benefits in managing various
gastrointestinal conditions like ulcerative colitis, irritable bowel
syndrome, and hepatic encephalopathy (38, 118). Introducing the
probiotic formula VSL#3 to mice before administering LPS and
D-galactosamine effectively prevented the deterioration of colonic
barrier integrity. Moreover, this preliminary treatment was associated
reduced TNF-a
concentrations in tissues, and significantly lessened liver damage.
These findings highlight the beneficial effects of VSL#3 in the
treatment of liver injury (119, 120).

with diminished bacterial translocation,

Probiotics like LGG, Lactobacillus plantarum, Lactobacillus casei
Shirota, acidophilus,
Lactobacillus reuteri, and Bifidobacterium species are favored in the

Lactobacillus Lactobacillus ~ fermentum,
treatment of ALD (121). These probiotics have been extensively
investigated for their ability to compete with pathogenic bacteria for
adhesion sites on the intestinal epithelium, thereby reducing the
presence of harmful bacteria. This competitive advantage is attributed
to the production of antimicrobial substances such as lactic acid and
hydrogen peroxide (121, 122). Additionally, other beneficial flora,
such as Lachnospiraceae, contribute significantly to the integrity of the
intestinal mucosa and produce metabolites like propionate, acetate,
and butyrate (91). These SCFAs are generated when these bacteria
ferment prebiotics, such as indigestible fibers and fructo-
oligosaccharides found in food. SCFAs play crucial roles in
maintaining gut health by serving as energy sources for colonocytes
(123), regulating immune function, particularly influencing the
development and function of regulatory T cells crucial for maintaining
immunological tolerance and preventing excessive inflammatory
reactions, and inhibiting proinflammatory cytokine production by
immune cells (124). They maintain gut barrier integrity, preventing
the translocation of pathogenic bacteria and their toxins into the
bloodstream, thereby reducing systemic inflammation (123, 124).

The synergistic effects of prebiotics and probiotics support the
maintenance of intestinal immunity and integrity. By fostering
beneficial microbial growth and suppressing pathogenic species,
probiotics and prebiotics alter the gut microbiota composition (123).
Prebiotics provide substrates that enhance the growth and activity of
probiotics, which, in turn, produce beneficial metabolites like SCFAs.
This healthy microbiota competes with pathogenic bacteria for
nutrients and attachment sites and stimulates gut-associated lymphoid
tissue to support gut health and immune function (123, 125). Table 4
provides a summary of prebiotics and their effects. Table 5
recapitulates the role of various probiotics and their usefulness
against ALD.

Discussion

The existing body of research has demonstrated encouraging
prospects for the use of probiotics to ameliorate the consequences
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TABLE 4 Prebiotics and their effects.

Name of the prebiotics/

Organs

metabolites targets

Mechanism of action of prebiotics
and metabolites

10.3389/fnut.2024.1372755

Type of study References

oxidative stress

Prebiotics Gut Enhance growth and activity of beneficial gut Clinical trials, animal (7,9,41)
bacteria, improve gut barrier function, modulate studies
immune response

Fructo-oligosaccharides (FOS) Gut Promote growth of beneficial bacteria like Clinical trials, animal (38, 52,53,113)
Bifidobacteria, improve gut health, improves studies, in vitro
alcoholic ASH, enhance mineral absorption

Polysaccharides Gut, immune system | Enhance immune function, improve gut barrier Clinical trials, animal (41,42, 45, 114)

integrity, modulate gut microbiota. Decreased

studies, in vitro

Short-Chain Fatty Acids (SCFAs) Gut, liver Produced by fermentation of dietary fibers, enhance | Clinical trials, animal (17,22, 31, 32)
gut barrier function, modulate immune response, studies, in vitro
reduce inflammation

Pectin Gut Restores intestinal homeostasis in ALD. Increases Animal studies (114, 115)

the population of goblet cells and helps in the
upregulation of defensins like the Reg3f and Reg3y.

associated with ALD and manage alcohol addiction (9). Probiotics are
of significant importance in the regulation of essential
pathophysiological processes that are linked to the advancement of
liver damage (13). One potential mechanism is the restoration of
microbial balance, which serves to counteract dysbiosis caused by
prolonged alcohol consumption (32). Alcohol consumption results in
a decrease in pathogenic microorganisms and restoration of microbial
balance results in a concurrent rise in symbiotic bacteria, thereby
augmenting the overall well-being of the gastrointestinal tract
(120, 121).

Probiotics effectively reduce the severity of endotoxemia, a
medical condition characterized by the presence of bacterial toxins in
the bloodstream. Probiotics aid in the mitigation of ALD progression
by impeding the transportation of bacterial metabolites to the liver,
hence diminishing the inflammatory load on the liver (105). The
comprehensive knowledge of the influence of probiotics on ALD
necessitates the examination of the gut-microbiota-liver-brain axis
(89, 91). Probiotics have been shown to promote digestion, strengthen
tight junctions, and safeguard the integrity of intestinal crypts and the
mucous layer, leading to a comprehensive enhancement of
gastrointestinal well-being. An improved gut environment leads to
decreased inflammation, improved barrier function, and less
translocation of detrimental chemicals (90, 96).

Probiotics have shown potential in reducing alcohol addiction
as well. Research findings indicate that the administration of
probiotics has the potential to mitigate many symptoms commonly
linked with addiction, including but not limited to feelings of
depression, anxiety, alcohol cravings, reliance, and systemic
inflammation (90, 92). Probiotics offer a complete strategy for
mitigating central nervous system damage and addiction-related
behaviors by moderating systemic proinflammatory conditions and
neuroinflammation (85, 126, 127). Studies have demonstrated that
probiotics can exert significant influence on liver function,
particularly in relation to mitigating the detrimental effects of
alcohol-induced damage. Notably, strains such as Lactobacillus
reuteri and LGG have exhibited this capacity (112, 113).
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Furthermore the impact of probiotics on the immunological
response implies a wider range of functions for probiotics in
regulating systemic inflammation and pathways associated with the
immune system (90).

Conclusion

The study’s findings demonstrate that probiotics exert a notable
influence on both alcohol addiction and alcoholic liver disease.
Probiotics have the ability to reinstate equilibrium in the microbiota,
mitigate dysbiosis, and foster an environment that counteracts
inflammation. This, in turn, diminishes intestinal permeability and
averts the movement of bacterial constituents into the systemic
circulation. Additionally, they exert regulatory control over the axis
connecting the microbiota, gut, liver, and brain, so influencing the
functioning of each organ both directly and indirectly. Probiotics have
the potential to alleviate systemic proinflammatory conditions and
neuroinflammation, both of which play significant roles in the
development and progression of alcohol addiction. Certain strains of
probiotics, namely Lactobacillus, Bifidobacterium bifidum, and
Akkermansia, have been found to improve the integrity of the
intestinal barrier in patients diagnosed with AUD. In addition, they
possess the ability to control the immune response by reinstating the
neutrophil phagocytic capacity and suppressing proinflammatory
signals via pathways such as the TLR4 receptor. Probiotics have the
ability to regulate neurotransmitter pathways, including those
associated with GABA and dopamine, which may have the potential
to mitigate alcohol cravings and dependence. Interventions aimed at
modulating the gut microbiota, such as the administration FMT, have
exhibited potential in the transient reduction of alcohol use and
cravings among persons diagnosed with alcoholic cirrhosis.
Nevertheless, it is imperative to acknowledge that probiotics ought to
be regarded as an integral component of a holistic therapeutic strategy,
encompassing behavioral therapies, counseling, and medical
supervision.
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TABLE 5 Probiotics and their mechanisms of action.

Name of the probiotics/

metabolite from probiotics

Organs targets

Mechanism of action of probiotics and metabolites

Type of study

References

antimicrobial peptides, enhances tight junction protein expression modulates immune response, enhances

gut barrier integrity.

Inhibits plasma lipid peroxidation, influences hepatic synthesis of fatty acids, regulates bile acid metabolism.

Lactobacillus rhamnosus GG (LGG) Liver, gut Enhances gut barrier function, reduces liver inflammation, decreases proinflammatory markers like TNF-o | Randomized controlled Trials, (13, 18,19, 42, 52-55
and IL-6, modulates bile acid metabolism, decreases endotoxemia, increases mucin production, reduces clinical trials, animal studies,
oxidative stress, influences Kupffer cells, produces antimicrobial substances. in vitro
Modulates SREBP activity, influences hepatic lipid metabolism, enhances insulin sensitivity.

Akkermansia muciniphila Liver, gut Increases anti-inflammatory cytokines, inhibits NF-kB signaling, improves gut barrier function, improves Animal studies, human studies (9, 11, 24, 41)
tight-junction expression, affects bile acid metabolism, decreases liver inflammation associated with ALD,
enhances intestinal mucus layer, reduces gut permeability.

Bifidobacterium longum Gut, liver Reduces oxidative stress, improves gut flora balance, induces antioxidant enzyme activity, upregulates Animal studies, clinical trials (9,11, 18, 19, 41, 42, 45)

Lactobacillus plantarum

Liver, gut, brain

Produces GABA, modulates dopamine levels, enhances mucosal immunity, reduces systemic inflammation,
improves liver function, reduces hepatic steatosis.

Increases AMPK phosphorylation, promotes fatty acid oxidation, reduces triglyceride accumulation.

Animal studies, in vitro

(9,11, 18, 19, 42, 45, 53, 55)

enhances gut barrier function, enhances immune function, reduces gut inflammation, modulates lipid

metabolism

Lactobacillus casei Shirota Liver, gut Normalizes TLR4 expression, modulates gut microbiota, reduces reduces proinflammatory markers and Clinical trials, Animal studies (11, 18,19, 41, 42)
systemic inflammation.

Lactobacillus acidophilus Gut Competes with pathogens, produces antimicrobial substances, enhances gut barrier integrity, modulates In vitro, animal studies (18,19, 41, 42, 45)
immune response, improves digestive health.
Inhibits plasma lipid peroxidation, regulates hepatic synthesis of fatty acids, mitigates oxidative stress.

Bifidobacterium bifidum Gut, liver Modulates lipid metabolism, enhances liver function, reduces liver-specific enzyme levels, enhances gut Clinical trials, animal studies, (11, 18, 19, 41, 42, 45)
microbiota balance, reduces inflammation, enhances intestinal barrier function. in vitro

Lactobacillus plantarum P101 Liver Regulates gut microbiota, decreases oxidative stress, inhibits inflammatory responses by activating Nrf2, Animal studies (42,45, 114)
suppressing NFkB

Bifidobacterium animalis subsp. lactis Gut, liver Demonstrates significant antioxidant activity, reduces oxidative damages, improves gut flora balance, In vitro, animal studies (11, 18, 19, 41, 42, 45)

Lactobacillus reuteri

Gut, immune system

Enhances IL-22 production, regulates immune response, reduces inflammation, balances gut microbiota,

improves gut barrier function, induces expression of AMPs.

Animal studies, in vitro

VSL#3 (Combination of 8 bacterial Gut, liver Enhances gut barrier integrity, modulates immune responses, balances gut microbiome, reduces bacterial Animal studies, clinical trials (38,118, 119)
strains) translocation, diminishes TNF-« concentrations, reduces intestinal inflammation.

Escherichia coli Nissle (EcN) Intestine Upregulates human beta defensin-2 expression, enhances production of antimicrobial peptides (AMPs) Preclinical studies (39,41)
Bifidobacterium breve Gut, liver Modulates SREBP activity, influences hepatic lipid metabolism Preclinical studies (43, 102-104)
Saccharomyces boulardii Liver Upregulates PPAR-o expression, reduces triglyceride accumulation, improves lipid transport Preclinical studies (41, 108)
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Future recommendations

To further elucidate the therapeutic potential of probiotics in
treating ALD and AUD, several avenues for future research are
recommended. Clinical trials on combined probiotic formulations
should be conducted. These trials should aim to evaluate the efficacy
of multi-strain probiotic combinations in reducing alcohol induced
liver damage, improving gut barrier function, altering gut microbiota
composition, and reducing alcohol craving and intake and addiction.
Potential strains for these trials include LGG, Bifidobacterium bifidum,
and A. muciniphila. By investigating the synergistic effects of these
combinations, we can better understand how multiple probiotic
strains may enhance the gut-liver-brain axis and reduce systemic
inflammation more effectively than single strains.

Mechanistic studies on probiotics and their metabolites are
necessary to identify specific metabolites produced by probiotics and
their impacts on gut and liver and CNS functions particularly in
relation to AUD. In vitro and animal studies should focus on the
production of SCFAs, signaling pathways AMP production and
production of anti-inflammatory cytokines. Lactobacillus plantarum
and Bifidobacterium animalis subsp. lactis could be promising strains
for these studies. Research into the synergistic effects of probiotics and
prebiotics should be expanded. Animal studies followed by clinical
trials should be conducted to explore how combinations of prebiotics
like fructo-oligosaccharides, inulin pectin and other polysaccharides
with probiotics such as Bifidobacterium longum and Lactobacillus
acidophilus can enhance gut microbiota composition, SCFA levels,
liver function tests, and inflammation markers. Such combinations
could enhance the growth and activity of beneficial bacteria more
effectively than either alone. There is also a need to assess the impact
of probiotics on neuroinflammation and related symptoms in
AUD. Preclinical studies followed by clinical trials should investigate
how probiotics can particularly modulate GABA and dopamine
pathways, how they modulate of other neurotransmitter pathways and
reduce neuroinflammation. Such studies could provide insights into
how targeting neuroinflammation can reduce the neuropsychiatric
symptoms associated with AUD. Additionally, longitudinal cohort
studies should be conducted to investigate the long-term effects of
probiotic supplementation on alcohol addiction, CNS functions, liver
health in patient with AUD. Research should explore how probiotics
can modulate the gut-brain axis in the context of alcohol addiction.
Behavioral changes, gut microbiota analysis, and brain imaging
studies can be used as outcome measures to understand gut-brain
interactions and their potential for treating AUD and related disorders.
Clinical trials focusing on immune markers are needed to examine
how probiotics regulate immune responses in ALD patients. These
trials should measure levels of cytokines, immune cell profiles, and
incidence of infections, with potential strains including LGG and
Bifidobacterium breve. Clinical trials comparing the efficacy of
different probiotic strains in treating ALD and AUD may be beneficial.
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