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Alcohol use disorder (AUD) is a high-risk psychiatric disorder and a key
cause of death and disability in individuals. In the development of AUD,
there is a connection known as the microbiota-gut-brain axis, where alcohol
use disrupts the gut barrier, resulting in changes in intestinal permeability
as well as the gut microbiota composition, which in turn impairs brain
function and worsens the patient’s mental status and gut activity. Potential
mechanisms are explored by which alcohol alters gut and brain function
through the effects of the gut microbiota and their metabolites on immune
and inflammatory pathways. Alcohol and microbiota dysregulation regulating
neurotransmitter release, including DA, 5-HT, and GABA, are also discussed.
Thus, based on the above discussion, it is possible to speculate on the gut
microbiota as an underlying target for the treatment of diseases associated
with alcohol addiction. This review will focus more on how alcohol and
gut microbiota affect the structure and function of the gut and brain,
specific changes in the composition of the gut microbiota, and some
measures to mitigate the changes caused by alcohol exposure. This leads
to a potential intervention for alcohol addiction through fecal microbiota
transplantation, which could normalize the disruption of gut microbiota after
AUD.

alcohol, microbiota, gastrointestinal barrier, brain function, microbiota
transplantation

Introduction

The hazardous use of alcohol has long been a significant risk to the health
of populations worldwide (Rocco et al, 2014). The World Health Organization
reports that more than 3.3 million global deaths are caused by alcohol abuse World
Health Organization [WHO] (2014). Alcohol use disorder (AUD) is characterized
by compulsive heavy alcohol intake along with uncontrolled actions, such as
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the development of tolerance, uncontrolled increase in
intake, and drinking craving (Carvalho et al., 2019). Alcohol
damages many organs, such as the liver, gut, and brain,
and accordingly causes alcoholic live disease (ALD), gut
dysbiosis, and cognitive disorder accordingly (Bajaj, 2019).
Recently, based on continuously increasing evidence of alcohol-
related gut and brain dysfunction, the gut microbiota has
attracted more attention.

Approximately 10 -10'* bacteria live in the human
body, which is 10 times the number of tissue cells and 15
times the number of genes encoded in the human genome
(Qin et al., 2010; Sender et al., 2016). Of these, Bacteroidetes
and Firmicutes are the most dominant gut microbiota, and
the Bacteroidetes group is the most abundant but also the
most variable species in all samples (Arumugam et al., 2011).
Alcohol can alter the composition of the gut microbiota and
cause various diseases such as depression, Alzheimer’s disease
(AD), and inflammatory bowel disease (IBD). The brain-gut
axis is bidirectional homeostatic communication between the
brain and the gastrointestinal tract through the neural pathway,
immune pathway, neuroendocrine pathway, and metabolic
pathway. At present, increasing evidence supports that alcohol
damages the gut-brain axis by altering the composition or
diversity and even causing the dysbiosis of the gut microbiota
(Wang et al.,, 2020b). A large body of experimental evidence
proposes that the gut microbiota is an important regulator of
host gut and brain function. However, there are no concrete
mechanisms to support how the gut microbiota modulates
the brain-gut axis in alcohol abusers (Xiao et al, 2018).
To date, several potential pathways have been identified to
demonstrate how the gut microbiota is involved in alcohol-
influenced processes. These pathways include the neural
pathways (vagus nerve) (Breit et al., 2018), immune pathways
(Zhang et al., 2020), neuroendocrine pathways (hypothalamic—
pituitary-adrenal axis) (Gracie et al., 2019), metabolic pathways
(Kennedy et al, 2017), and inflammatory pathways (such
as interleukin (IL)-1p and tumor necrosis factor-o (TNF-a))
(Gracie et al., 2019; Figure 1). These exact pathways need to
be summarized and this review focuses on the specific changes
in gut microbiota composition caused by alcohol exposure,
as well as the potential mechanisms of how alcohol affects
gut and brain function and what the potential treatments for
AUD are using.

Abbreviations: AD, Alzheiemer’s disease; ALD, alcohol live disease; AUD,
alcohol use disorder; CNS, central nervous system; DA, dopamine;
FMT, fecal microbiota transplantation; GABA, y-aminobutyric acid; GF,
germ-free; HT, hydroxytryptamine; IBD, inflammatory bowel disease;
IBS, irritable bowel syndrome; IDO, Indoleamine 2,3-dioxygenase; IFN,
interferon; IL, interleukin; Kyn, kynurenine; LPS, lipopolysaccharides;
MMP, matrix metalloproteinase; NAc, nucleus accumben; SCFA, short-
chain fatty acid; SPF, specific pathogen-free; TLRs, toll-like receptors;
TNF, tumor necrosis factor; TJ, tight junction; Tph, tryptophan
hydroxylase; VTA, ventral tegmental area; ZO-1, zonula occludens-1.
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Basic mechanisms of
alcohol-induced gut dysbiosis

Alcohol changes the composition of
gut microbiota

Recently, many basic experimental and clinical studies have
demonstrated that alcohol intake is highly correlated with
changes in the composition of the gastrointestinal microbiota.
Alcohol can change the composition of the gut microbiota,
mainly because alcohol and its metabolites directly or indirectly
affect the gut microbiota. For example, alcohol can inhibit
or promote the proliferation of gut bacteria either directly
or indirectly by changing the intestinal microenvironment.
These include the potential for hydrogen and inflammation
in the gut (Lowe et al, 2018). Xiao et al. (2018) show by
16S rRNA sequencing that alcohol exposure does not change
the abundance of gut microbiota, but significantly changes the
composition of gut microbiota. In 6-8 weeks old male C57BL/6
mice, alcohol reduces the relative abundance of Lactobacillus
(or Sporolactobacillus) and increases the relative abundance
of Allobaculum at the genus level. However, in this study,
16S rRNA sequencing reveals that alcohol consumption does
not alter the number of gut microbiota species, which is
confirmed by Shannon analysis. These changes in the gut
composition are accompanied by alcohol withdrawal-induced
anxiety. Posteraro et al. (2018) reveal that continued alcohol
consumption remarkably elevates the relative abundance of
the genera Ruminococcus and Coprococcus (belonging to the
families Ruminococcaceae and Lachnospiraceae) in Sardinian
alcohol-preferring rats. These changes in the composition gut
are accompanied by liver injury and endotoxemia induced by
alcohol. Bjorkhaug et al. (2019) indicate through a clinical
study that alcohol overconsumers have a higher relative
abundance of the phylum Proteobacteria and the genera
Sutterella, Holdemania, and Clostridium. In contrast, the relative
abundance of the genus Faecalibacterium is lower than that in
the normal group. Mutlu et al. (2012) demonstrate that patients
with ALD have a significantly higher relative abundance of phyla
Proteobacteria and Firmicutes and class Gammaproteobacteria
and lower relative abundance of the phylum Bacteroidetes and
class Clostridia, Bacteroidetes, and Verrucomicrobiae. From
these results, we can conclude that the gut microbiota is altered
and the above changes in the composition of the gut microbiota
are closely associated with the adverse effects caused by alcohol.

First, at the phylum level, the relative abundances are
higher for Proteobacteria and Verrucomicrobia and lower
for Actinobacteria, Firmicutes, and Bacteroidetes (Yan
et al, 2011; Bjorkhaug et al, 2019). Second, at the class
Bacilli,
and Fusobacteria are higher, while the relative abundances

level, the abundances of Gammaproteobacteria,

of Bacteroidetes, Clostridia, and Actinobacteria are lower
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FIGURE 1

Possible mechanisms of alcohol effects function on the gut-brain axis. Alcohol can cause gut dysbiosis and affect brain function through the
neural, immune, neuroendocrine, metabolic, and inflammatory pathways. Neural pathway: Alcohol leads to gut dysbiosis and increased
lipopolysaccharides (LPS), which leads to increased release of proinflammatory cytokines [Tumor necrosis factor (TNF)-a, interleukin (IL)-18,
IL-6, and IL-8] and activation of the vagus nerve affecting the brain. The brain affects the gut by inhibiting the vagus nerve and exciting
sympathetic nerves; Immune pathway: Alcohol promotes microbiota translocation, which leads to antigen-presenting cells activating the Th2
response and mast cells and releasing proinflammatory cytokines (IL-1, IL-4, IL-5, and TNF-a). The brain can affect the gut by activating the
sympathetic nerve and decreasing vagal tone, which causes immune activation. Neuroendocrine pathway: LPS causes inflammation and
activates the hypothalamic-pituitary-adrenal axis (HPA) axis to affect the brain. The brain can affect the gut by affecting the HPA axis to release
adrenocorticotropic hormones, resulting in increased intestinal permeability. Metabolic pathway: Alcohol interferes with the metabolism of
tryptophan by causing inflammation and affects the kynurenine and 5-HT pathways, which affect brain function. In addition, the reduction of
small chain fatty acids (SCFAs) can affect the brain and gut in both directions. Inflammatory pathways: Alcohol directly affects the brain and gut
in both directions by mediating LPS-induced inflammation and releasing inflammatory factors [interferon (IFN)-vy, nuclear factor (NF)-kB, TNF-a,
IL-1B, and IL-6]. ANS, autonomic nervous system; APC, antigen presenting cell; HPA, hypothalamic-pituitary-adrenal axis; IFN-vy, interferon-vy;
LPS, lipopolysaccharides; SCFAs, short-chain fatty acids; TLR4, toll-like receptor 4; TNF-a, tumor necrosis factor-a.

(Chen et al, 2011; Bjorkhaugetal,2019). Third, higher
relative abundances are found at the family level for
Enterobactericaea, Desulfovibrionaceae, Erysipelotrichaceae,
Ruminococcaceae, Lachnospiraceae, and Streptococcaceae.
In comparison, lower relative abundances are found for
Porphyromonadaceae, Veillonellaceae, Bacteroidaceae,
Paraprevotellaceae, Lachnospiraceae, and Clostridiaceae
2018; Bjorkhaug et al., 2019). In addition,

Clostridium has shown the opposite result after alcohol

(Posteraro et al.,

exposure, which may be related to the presence or absence of
liver cirrhosis (Dubinkina et al., 2017). Last, at the genera level,
studies found that the relative abundances of Klebsiella and
Lactococcus are higher and accompanied by lower abundances
of Clostridium, Akkermansia, Clostridiales, and Coprococcus
(Dubinkina et al.,
alters the gut microbiota are shown in Table 1.

2017). More studies on how alcohol abuse
Opverall, alcohol exposure increases the relative abundance

of Proteobacteria, Enterobactericaea, Fusobacteria, Clostridium,
and Lactococcus and decreases that of Firmicutes and
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Bacteroidetes. The increased Proteobacteria, Enterobactericaea,
and Fusobacteria are gram-negative bacteria, and the increased
Lactococcus and Clostridium are gram-positive bacteria. The
increased gut microbiota is mainly composed of gram-negative
bacteria, which provides the basis for lipopolysaccharides (LPS)-
induced inflammation. In the reduced microbiota, Firmicutes
are gram-positive bacteria, and Bacteroidetes are gram-negative
bacteria, both of which are beneficial or harmless.

There are many beneficial bacteria in the gut that
have beneficial effects on humans. These bacteria include
Lactobacillus, Bifidobacterium (Kim et al., 2018), Muribaculum
intestinale (Smith et al., 2019), Ruminococcus (Serpa et al., 2010),
Faecalibacterium prausnitzii (Sokol et al., 2008), Akkermansia
2020). Lactobacillus
and Bifidobacterium attenuate alcohol-induced gastrointestinal

and Clostridium genera (Vascellari et al,,

inflammation and alterations in gut microbiota composition
(Kim et al., 2018). Muribaculum intestinale (Smith et al., 2019),
Ruminococcus (Serpa et al., 2010), Faecalibacterium prausnitzii
(Sokol et al., 2008), and Akkermansia and Clostridium genera
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TABLE 1 The changes of gut microbiota composition caused by alcohol.

10.3389/fmicb.2022.916765

Study Experimental Changes of microbiota References
subject
Chronic alcohol overconsumption:twenty-four Human Proteobacteriat; Actinobacteria| (the phylum level). Bjorkhaug et al.,
patients, mean age 64.8 years (19 males), with alcohol Clostridia| (the class level). 2019
overconsumption for > 10 years. Sutterella, Holdemania, Clostridium4; Faecalibacterium
(the genera level).
(1) ALD (n = 19):patients have a regular drinking Human Proteobacteria, Firmicutes?; Bacteroidetes, Mutlu et al., 2012
history of at least 10 years and ALD; Verrucomicrobia| (the phylum level).
(2) Alcoholics without liver disease:patients have Gammaproteobacteria classt; Clostridia class,
only a regular drinking history of at least 10 years. Bacteroidetes class, Verrucomicrobiae class|, (the class
level).
(1) Cirrhotic/healthy patients; Human Proteobacteria, Firmicutes phylum, Fusobacteriat; Chen et al.,, 2011
(2) Alcoholic cirrhotic/healthy patients; Bacteroidetes| (the phylum level).
(3) Hepititis B virus cirrhosis/alcoholic cirrhotic Gammaproteobacteria class, Bacilli class, Clostridia class,
patients. Fusobacteria class?; Bacteroidetes class| (the class level).
Enterobacteriaceae family, Streptococcaceae family,
Veillonellaceae family, Prevotellaceae
familyt;Lachnospiraceae family| (the famliy level).
Alcohol dependence (review) Human Lachnospiraceae, Incertae Sedis XIV4; Ruminococcaceae, Leclercq et al., 2017
Incertae Sedis XIII| (the family level).
Blautia, Megasphaera, Dorea; Ruminococcus,
Faecalibacterium, Subdoligranulum, Oscillibacter,
Anaerofilum,Clostridia| (the genera level).
F. prausnitzii, Bifidobacterium| (the species level)
Patients are the presence of alcohol dependence Human Klebsiella, Lactococcus, Akkermansia; Clostridiales, Dubinkina et al.,
syndrome and the alcohol abuse history of at least 8 Coprococcus| (the genera level). 2017
years.
Patients are the presence of the alcoholic liver Human Bifidobacterium, Streptococcus?; Acidaminococcus,
cirrhosis and alcohol abuse history. Alistipes, Anaerotruncus, Barnesiella, Clostridiales,
Coprococcus, Faecalibacterium, Odoribacter,
Paraprevotella, Ruminococcaceae, Tannerella| (the genera
level).
5% alcoholic solution for a week, 10% alcohol Mice Actinobateria, Firmicutes, Bacteroidetest; Proteobacterial, Xiao et al., 2018
solution for the second week, 20% alcohol solution (the phylum level).
for the third week, 35% alcohol solution for the Erythrobacter, Erysipelotrichiat; Lactobacillus (or
fourth week; 0.2 ml per day, and week-related Sporolactobacillus), Allobaculum | (the genera level).
alcohol solution is added into their drinking water.
0.2 ml donor stool supernatant (alcohol-exposed Mice Erysipelotrichia, Erysipelotrichaceae, Erysipelotrichales,
mice) for one time per day, totally 14 days. Blautiat; Lactobacillaceae, Lactobacillus, Lactobacillales,
Bacilli, Bacteroides, Parabacteroides, Alloprevotella| (the
genera level)
Mice are fed a normal diet and 0.3 mL of Mice Actinobateria,verrucomicrobia?; Firmicutes (the phylum Ming et al., 2020
double-distilled water twice a day, totally 14 days. On level). Bacteroidales, Lachnospiraceae_NK4A136_group,
the thirteen day, after 6 h of fasting, received 50% AKKermansia, Alloprevotella, Alistipes?; Lactobacillus,
(vol/vol) ethanol by oral gavage at a total cumulative Escherichia-Shigella, Turicibacter (the genera level).
dosage of 7.3 g/kg of BW in three equal doses
administered at 1-h intervals.
Ethanol dose, 29% of total caloric intake is set at Mice Verrucomicrobia, Bacteroidetest;Firmicutes|, (the phylum Yan et al., 2011
533 Cal/kg (one day, one week, or three weeks of level).
intragastric alcohol feeding). Bacteroidetes class? (the class level).
Porphyromonadaceae family1 (the family level).
Bacteroides genus, Akkermansia genus?; Lactococcus,
Pediococcus, Lactobacillus, Leuconostoc genus), (the
genera level).
Administered with 4% alcohol (0.8 g/kg body weight, Mice Firmicutes?, Bacteroidetes/ (the phylum level). Lee et al., 2020
vehicle group) one week. Akkermansia muciniphila, Barnesiella, intestinthominis1;
Muribaculum intestinale, Turicibacter sanguinis| (the
species level).
Home-cage 2-bottle “EtOH (10% v/v) vs. water” Rat Erysipelotrichaceae, Ruminococcaceae, Lachnospiraceae, Posteraro et al., 2018

choice regimen with unlimited access for 24 h/day
for 3 (T1), 6 (T2), and 12 (T3) consecutive months.

Streptococcaceae?; Porphyromonadaceae, Veillonellaceae,

Bacteroidaceae, Paraprevotellaceae, Lachnospiraceae,
Clostridiaceae| (the family level).

Turicibacter, Ruminococcus, Anaerostipes, Coprococcus,
Anaerostipes, Streptococcust; Butyricimonas, Veillonella,

Parabacteroides, Bacteroides, Prevotella, Lachnospira,
Clostridium| (the genera level).
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TABLE 2 Studies and results of gut microbiota transplantation.

Study

Object of study

Bacterial type

Formation

Design and participant details

Findings and results References

Alcoholic steatosis

Alcohol-induced
endotoxemia and alcoholic
steatohepatitis

Alcohol Induced
Pathogenic Alterations in
the Intestinal Microbiome

Randomized clinical trial:
Lactobacillus GG
modulates gut microbiome,
metabolome and
endotoxemia in patients
with cirrhosis

Probiotics supplementation
on alcohol metabolism

Male ICR mice (21-23 g, 7
weeks old)

Male Sprague-Dawley rats
(Zivic-Miller Laboratories,
Zelienople, PA, United States;
n=17;250-300 g, initial body
weight)

8-10-weeks old male mice
(C57BL/6N, Harlan,
Indianapolis, IN, United States)

Patients with cirrhosis

38 participants (21 females,
23.6 & 3.4 kg m-2, mean £ SD)

Single union viable bacteria

Single union viable bacteria

Double viable bacteria

Single union viable bacteria

Single union viable bacteria

Single union viable bacteria

Single union viable bacteria

Lactobacillus plantarum LC27

Bifidobacterium longum LC67

Lactobacillus plantarum LC27 and
Bifidobacterium longum LC67

Lactobacillus rhamnosus
Gorbach-Goldin (LGG)

Lactobacillus rhamnosus GG(LGG)

Lactobacillus GG AT strain 53103(LGG)

Lactobacillus acidophilus NCFM and
Bifidobacterium lactis Bi-07

(1) normal control group

(2) vehicle [1% dextrose] alone

(3) silymarin [100 mg kg-1]

(4) 5 x 108 CFU of LC27 per mouse

(5) 2 x 109 CFU of LC27 per mouse

(6) 5 x 108 CFU of LC67 per mouse

(7) 2 x 109 CFU of LC67 per mouse

(8) the mixture [LM, the mixture of 1 x 109
CFU of LC27 per mouse and 1 x 109 CFU of
LC27])

(1) dextrose control (CON) (n = 15)

(2) Alcohol+ vehicle alone (ALC-V) (n = 18)
(3) Alcohol + Lactobacillus GG (ALC+LGG)
(n=5)

(4) Alcohol + oats (ALC+oats) (n =2)

(5) dextrose + oats (CON+-oats) (n =1)

The Lieber-DeCarli liquid diet containing
alcohol (AE n=38)

Isocaloric maltose dextrin (PE, n = 8)

An additional AF group (AF+LGG, n = 4)

Intention to treat:
LGG (n=18)
Placebo (n=19)
Per protocol:
LGG (n=14)
Placebo (1 = 16)

(1) Placebo+Placebo (PLA)

(2) Placebo+Prebiotics (PRE)
(3) Probiotics+Placebo (PRO)
(4) Probiotics+Prebiotics (SYN)

LC27, LC67, or LM can
significantly attenuate
ethanol-induced gastrointestinal
inflammation and inhibit the
ethanol-induced alteration of
gut microbiota composition

Kim et al., 2018

Lactobacillus GG
supplementation can prevent
alcohol-induced colonic
dysbiosis and endotoxemia

Mutlu et al., 2009

The ethanol-induced pathogenic ~ Bull-Otterson et al.,
changes in the microbiome and 2013

the liver are prevented by LGG

supplementation.

In the LGG-randomized group,
endotoxemia and TNF-a

Bajaj et al., 2014

decreased, microbiome changed
(reduced Enterobacteriaceae
and increased Clostridiales
Incertae Sedis XIV and
Lachnospiraceae relative
abundance) with changes in
metabolite/microbiome
correlations pertaining to amino
acid, vitamin and secondary BA
metabolism.

Regulating gut bacteria by Irwin et al., 2018
ingestion of

prebiotics/probiotics improves

metabolism during acute

alcohol intake.

(Continued)
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TABLE 2 (Continued)

Study

Object of study

Bacterial type

Formation

Design and participant details

Findings and results

References

Recovery of
ethanol-induced
Akkermansia muciniphila
depletion ameliorates
alcoholic liver disease

Comparing the effects of
acute alcohol consumption
in germ-free and
conventional mice: the role
of the gut microbiota

Intestinal microbiota
contributes to individual
susceptibility to alcoholic
liver disease

Fecal microbiota
manipulation prevents
dysbiosis and
alcohol-induced liver injury
in mice

A. muciniphila abundance is
quantified in stool samples of
patients with ALD and C57BL/6
wild-type (WT) mice are treated
with a 10-day acute-on-chronic
alcohol feeding model described
previously

Eight- to ten-week-old female
germ-free NIH Swiss mice
Conventional NIH Swiss mice

15 adult female germ-free mice

Mice are fed alcohol in two
distinct animal facilities with a
Lieber DeCarli diet.

Single union viable bacteria

Fecal bacteria

Fecal bacteria

Fecal bacteria

Akkermansia muciniphila

Intestinal contents of other
germ-free mice (GF — GF)
Intestinal contents from
conventional mice treated with
alcohol (CV + Eth — GF)
Intestinal contents from
conventional mice treated
without alcohol (CV — GF)

Intestinal microbiota from
either the noAH patient
(noAH-mice) or the intestinal
microbiota from the sAH
patient (sAH-mice)

Fecal microbiota
transplantation is performed
with fresh feces from
alcohol-resistant donor mice to
alcohol-sensitive receiver mice
three times a week.

Human studies

A. muciniphila abundance is quantified in
stool samples of patients with ALD (ASH,
n =21, age 50.9 years &+ 10.04

Severe ASH, n = 15; age 55.1 years & 11.95)
Non-obese healthy individuals (n = 16; age
41.1 years & 2.6)

Mice experiments

Ethanol-fed or pair-fed mice are treated with
A. muciniphila

Lieber-DeCarli diet 28-30 containing 1-5
vol% (ethanol fed)

(GF — GF) group
(CV + Eth — GF) group
(CV — GF) group

Two groups of 15 adult female germ-free mice
are colonized by oral gavage with the IM from
either the noAH patient (noAH-mice) or the
IM from the sAH patient (sAH-mice) and are
fed a Lieber-DeCarli diet containing 3%
ethanol for 5 weeks.

A. Muciniphila can restore
intestinal barrier function in
ALD patients and has protective
effect on experimental ALD and
can improve ALD

Conventionalization of
germ-free mice with intestinal
contents from alcohol-fed
conventional mice induces
inflammation in the small
intestine and the liver and there
is less neutrophil infiltration and
lower pro-inflammatory
cytokine levels (CXCL-1/KC and
interleukin (IL)-6) in the liver in
germ-free mice compared with
alcohol-fed conventional mice.

A dysbiotic IM contributes to
the individual susceptibility to
alcohol-induced liver lesions.

Transplantation of intestinal
microbiota can prevent
alcohol-induced liver injury.

Grander et al., 2018

Canesso et al., 2014

Llopis et al,, 2016

Ferrere et al., 2017
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(Vascellari et al., 2020) can produce short-chain fatty acids
(SCFAs) that can be involved in processes of gut function,
immunity, and inflammation (Hamer et al., 2008; Peng et al.,
2009). Faecalibacterium prausnitzii performs anti-inflammatory
by inhibiting NF-yB activation and IL-8 production (Sokol
etal., 2008). Akkermansia muciniphila prevents alcohol-induced
hepatic injury, steatosis, neutrophil infiltration, and leaky
gut (Grander et al, 2018). Additionally, there are many
harmful bacteria in the gut including Enterobacteriaceae (Kurita
et al, 2020), Klebsiella (Hering et al., 2019), Lactococcus
(Jiao et al, 2018), Clostridium cluster XIVa (Llopis et al,
2016). Enterobacteriaceae can participate in the process of
chronic neuroinflammation by producing LPS (Qin et al,
2007). Klebsiella damages the intestinal barrier by activating
cellular apoptosis and affecting tight junctions (TJs) proteins
(Hering et al., 2019). Lactococcus induces inflammation
by regulating gene expression of intestinal inflammatory
markers (Jiao et al., 2018). Clostridium cluster XIVa induces
a proinflammatory cytokine response by activating human
monocytes (Llopis et al., 2016).

The changes in alcohol-induced gut composition show a
decrease in beneficial bacteria and an increase in harmful
bacteria. Therefore, it would be a great therapeutic option to
inhibit the proliferation of harmful gut microbiota caused by
alcohol, especially LPS-producing gram-negative bacteria, and
increase the relative abundance of beneficial gut bacteria to
mitigate or counteract alcohol-caused dysfunction through gut
dysbiosis induced by alcohol.

Alcohol affects the diversity of gut
microbiota

Indeed, different drinking patterns, different drinking doses,
or different experimental subjects (human and rodent) may
result in varying degrees of alcohol effects, and even some
completely different changes occur in the gut (Bjorkhaug et al.,
2019; Lee et al,, 2020; Ming et al., 2020). Therefore, it is necessary
to summarize how these three factors change the structure of
intestinal microbiota and the intrinsic associations among them.

Different drinking patterns and gut microbiota
The analysis of bacterial taxon abundance is mainly
reflected at the phylum and genus levels. Drinking patterns
are divided into years of chronic drinking (chronic) and
recent heavy drinking (acute). Comparing patterns between
acute and chronic drinking, there are some differences in gut
microbiota (Yan et al., 2011; Ming et al, 2020). Compared
to controls, an experimental study on mice with acute
alcohol consumption upregulates the levels of the phyla
Actinobacteria and Verrucomicrobia but downregulates the
level of the phylum Firmicutes. Additionally, acute alcohol
consumption upregulates the levels of the genera Bacteroidales,

Frontiers in Microbiology

07

10.3389/fmicb.2022.916765

but the
relative abundance of Lactobacillus, Escherichia-Shigella,
and Turicibacter (Ming et al, 2020). A study on C57/B6
mice with chronic alcohol consumption has revealed that

Lachnospiraceae_NK4A136_group, downregulates

chronic alcohol consumption has a higher relative abundance
of Verrucomicrobia, Bacteroidetes, Bacteroides genus, and
Akkermansia genus. In contrast, the relative abundance of
Firmicutes phylum, Lactococcus, Pediococcus, Lactobacillus, and
Leuconostoc genus is lower than normal group (Yan et al.,, 2011).
Therefore, chronic and acute drinking cause roughly the same
changes in gut microbiota, but there are some changes in the
diversity of gut microbiota.

Changes in gut microbiota caused by acute alcohol
exposure are transient and reversible (Ming et al., 2020).
However, chronic alcohol exposure has more serious effects
that lead to complete changes in gut microbiota, which are
so obvious compared to controls (Bjorkhaug et al, 2019).
Comparing the difference between the two of them in gut
microbiota means that medical intervention on chronic alcohol
consumption makes sense.

Different drinking dosages and gut microbiota
Studies have revealed that different drinking dosages will
return to the normal gut microbiota at various times. An
experimental study (Lee et al., 2020) on male C57BL/6] mice
of short-term (one week) and low-dose (0.8 g/kg/day) alcohol
consumption upregulates levels of the phylum Firmicutes but
downregulates the phylum Bacteroidetes. Additionally, short-
term low-dose alcohol consumption upregulated the species
Akkermansia muciniphila and Barnesiella intestinihominis
but downregulated the levels of the species Muribaculum
intestinale and Turicibacter sanguinis. An experimental study
on male Kunming mice with high-dose (28% ethanol-water,
10 weeks) alcohol consumption upregulates the levels of
the phyla Actinobacteria, Proteobacteria and Firmicutes but
downregulates the phylum Bacteroidetes. In addition, high-
dose alcohol consumption upregulates levels of the genus
Helicobacter but downregulates levels of Lactobacillus (Lin
etal., 2020). Short-term and low-dose alcohol consumption can
be restored by giving proper probiotics (such as Lactobacillus,
and  Bifidobacterium)

interventions (such as fermented rice liquors and red wine

Sporolactobacillus, and beneficial
polyphenols), whose functions have been demonstrated (Lee
et al,, 2020). However, the disruption of gut microbiota caused
by high-dose alcohol consumption requires a longer time and
more complex action of modification to recover (Lin et al,
2020). This differential result may be due to the more severe
effects of higher concentrations of alcohol, such as inflammation
and liver injury (Leclercq et al., 2017). A higher dose of alcohol
consumption means a greater impairment to our bodies with a
longer duration. In conclusion, there are significant differences
in different drinking dosages impacting gut microbiota
composition, which can be seen from the differences in the gut
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composition of short-term low-dose alcohol consumption and
high-dose alcohol consumption. Possibly, altering the alcohol
drinking dosage may be a potential treatment target for AUD by
reducing the impact of alcohol on gut microbiota composition.
The Lancet has revealed that the safest dosage of alcohol
consumption is zero based on a wide range of investigations
(Griswold et al., 2018). Therefore, compared to high-dosage
alcohol consumption, alcohol consumers should keep a lower
dose for a healthy lifestyle.

Different experimental subjects and gut
microbiota

The previous study has revealed that alcohol reduces the
relative abundance of Actinobacteria phylum, class Clostridia,
Faecalibacterium genus and increases the relative abundance
of Proteobacteria phylum; Sutterella genus, Holdemania genus,
Clostridium genus in the patients with alcohol overconsumption
for over 10 years (Bjorkhaug et al, 2019). The study of
patients with a drinking history of at least 10 years and ALD
reveals that continued alcohol consumption elevates the
relative abundance of Proteobacteria phylum, Firmicutes,
the
abundance of Bacteroidetes phylum, Verrucomicrobia phylum,

Gammaproteobacteria class and decreases relative
Clostridia class, Bacteroidetes class, Verrucomicrobiae class
(Mutluetal,, 2012). Chen et al. (2011) indicate through a clinical
study that alcoholic cirrhotic patients increase the relative
abundance of the phylum Proteobacteria, Firmicutes phylum,
Fusobacteria phylum, Gammaproteobacteria class, Clostridia
class, Enterobacteriaceae family, Streptococcaceae family
and reduce the relative abundance of Bacteroidetes phylum,
Bacteroidetes class, Lachnospiraceae family. Additionally, the
study of male C57BL/6 mice with alcohol withdrawal-induced
anxiety (Xiao et al., 2018) has indicated that alcohol exposure
increases the relative abundance of Actinobacteria phylum,
Firmicutes phylum, Bacteroidetes phylum, Erythrobacter genus,
Erysipelotrichia genus and decreases the relative abundance of
Proteobacteria phylum, Lactobacillus (or Sporolactobacillus)
genus, Allobaculum genus. A current study o has shown
that alcohol consumption in mice increases the relative
abundance of Actinobacteria phylum, Verrucomicrobia
phylum, AKKermansia genus, Alloprevotella genus, Alistipes
genus and reduces the relative abundance of Firmicutes
phylum, Lactobacillus genus, Escherichia-Shigella  genus,
Turicibacter genus (Ming et al.,, 2020). Yan et al. (2011) have
demonstrated that alcohol exposure elevates the relative
abundance of Verrucomicrobia phylum, Bacteroidetes phylum,
Bacteroidetes class, Porphyromonadaceae family, Bacteroides
genus, Akkermansia genus and decreases the relative abundance
of Firmicutes phylum, Lactococcus genus, Pediococcus genus,
Lactobacillus genus, Leuconostoc genus in the male wild-
type mice. Based on the above changes, the gut microbiota
composition of humans and mice all can be altered by

alcohol consumption. In conclusion, if we can modify the
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gut microbiota of rodents that have been altered by alcohol
and obtain the results, it will provide an important idea for
corresponding human clinical research.

Gut microbiota dysbiosis with related
disease

Alcoholic cirrhosis is closely associated with microbiota
dysbiosis. Among patients with alcoholic cirrhosis, significant
changes are presented in intestinal structure and metabolism.
Alcohol dependence is negatively correlated with the number
of butyric-producing bacteria in the order Clostridium,
while cirrhosis is negatively correlated with the number of
members of multiple orders of Bacteroidetes (Bjorkhaug et al.,
2019). Interestingly, alcoholic cirrhosis is closely associated
with the enrichment of Bifidobacterium and Lactobacillus
expression (Dubinkina et al, 2017). Several members of
the Lachnospiraceae family, which are reduced in humans
with AUD-induced liver cirrhosis, are thought to contribute
to intestinal homeostasis and exert anti-inflammatory effects
through the release of SCFAs, including butyrate (Chen
et al, 2011; Dubinkina et al, 2017). IBD and irritable
bowel syndrome (IBS), for example, are microbiota-associated
diseases that occur in the gut. Alcohol significantly makes
sense in IBD and IBS. Alcohol may cause IBD and IBS
by changing the gut microbiome, disrupting the intestinal
barrier, and directly, and indirectly promoting immune
activation (White et al, 2022). A study on IBD shows
an increase in the Ruminococcus genus and a decrease in
Bifidobacterium adolescentis and Faecalibacterium reflected in
IBD patients (Mentella et al., 2020). Furthermore, compared
to healthy controls, there is an increase in Proteobacteria,
Lactobacillus, and Ruminococcus and a decrease in butyrate-
producing bacteria, Bifidobacteria, Erysipelotrichaceae, and
Ruminococcaceae (El-Salhy et al, 2019). According to the
above, we have found that there is a similar microbial
signature in alcohol abusers and IBD patients, and indicates
that alcohol promotes an increase in bacterial species related to
IBD pathogenesis.

Alcohol related inflammation and
intestinal integrity

Alcohol disrupts gut microbiota and
causes inflammation

Comparing different alcoholic experiments, inflammation
induced by alcohol is more severe in specific pathogen-
free (SPF) mice than in GF mice (Cabré et al, 2021). In
addition, the dysbiosis of gut microbiota caused by either
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alcoholic or nonalcoholic factors in nonalcoholic liver disease
increases the level of endotoxin, which activates liver Kupffer
cells and promotes the production of inflammatory cytokines
and reactive oxygen intermediates. It exacerbates the disease
progression of nonalcoholic fatty liver disease or ALD through
an inflammatory response and oxidative stress (Meroni et al.,
2019; Albillos et al., 2020). Chen et al. (2015) reveal that
inflammation induced by gut dysbiosis mediates alcoholic liver
disease and increases intestinal permeability by activating tumor
necrosis factor receptor I. After being fed alcohol, slides of the
gut show that inflammation occurs in the small intestine and
the liver (Canesso et al., 2014). The mechanism by which the gut
microbiota participates in inflammation induced by alcohol is so
complicated that it has not been completely discovered.

A possible mechanism is a decrease in anti-inflammatory
bacteria and an increase in pro-inflammatory bacteria, and
interference with the expression of some cytokines (Capurso
and Lahner, 2017). The relative abundances of Akkermansia
muciniphila, Faecalibacterium prausnitzii, Atopobium, and
Clostridium leptum are dominantly anti-inflammatory bacteria
and are reduced in the alcohol abuse model (Llopis et al,
2016; Capurso and Lahner, 2017). Conversely, the relative
abundance of Clostridium cluster XIVa, a proinflammatory
bacterium, increases in alcoholic mice (Sokol et al., 2008).
Furthermore, ethanol administration remarkably promotes the
expression of HIF-la (hypoxia-inducible factor la) in the
colon of mice (Na and Lee, 2017). However, the presence of
intestinal microorganisms specifically reduces the activity and
expression of intestinal hypoxia-inducible factor la caused by
alcohol (Bajaj, 2019). Therefore, we reasonably hypothesize that
the gut microbiota alleviates and aggravates inflammation by
disturbing the expression of HIF-1a in the process of alcohol-
induced inflammation.

A possible mechanism for alcohol-inducing inflammation
is that alcohol can increase the expression of COX-2 and
inducible nitric oxide synthase, and the transient activation
of REDOX-sensitive transcription factors such as NF-kB (Lee
et al,, 2005). After ethanol administration, the level of the
NF-kB inhibitor decreases. At the same time, its localization
increases, which promotes the expression of iNOS and its
product nitric oxide, leading to inflammatory development (Na
and Lee, 2017). Reactive oxygen species (ROS) can be formed
by the initial ethanol metabolism of CYP2EI. Alcohol treatment
promotes the expression of CYP2E1 and inhibits the expression
of antioxidant enzymes and cellular protective molecules,
thereby facilitating ROS production (Rao and Kumar, 2016;
Na and Lee, 2017). ROS also stimulates the TLR4 (Toll-like
receptor 4) signaling cascade, which ultimately activates NEF-
kB and releases inflammatory factors, especially TNF-a (Lowe
et al,, 2018) (Figure 2). ROS-induced oxidative stress promotes
inflammation by activating inflammatory signaling pathways
and promoting ROS production, creating a vicious cycle.
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Inflammatory factors and related
molecule

Current studies have revealed that alcohol and gut dysbiosis
can elevate the plasma level of inflammatory factors and
related molecules to induce inflammation (Leclercq et al., 2017).
Previous studies have also shown that alcohol and gut dysbiosis
can promote the plasma LPS level derived from bacteria,
which is implicated in inflammation (Qin et al., 2007; Yan
et al,, 2011). LPS can release inflammatory factors and induce
inflammation by activating TLR4 complexes (Leclercq et al.,
2017). The inflammatory factors include TNF-a, IL-1, IL-6, IL-
8, IL-10. These include TNF-a, IL-1, IL-8, IL-10, IFN-y, and
MMP-9 (Vecil et al,, 2000; Leclercq et al., 2017). The study on
alcohol-dependent inpatients with the noncirrhotic disease has
revealed that chronic alcohol consumption increases the level
of IL-1f and IL-8 in the plasma by activating the mitogen-
activated protein kinase/activator protein 1 pathway (Leclercq
et al,, 2014a). The study of intravenous injection of LPS to
healthy humans has demonstrated that twelve healthy people
Finally, Low-dose LPS increases the circulating levels of TNEF-
o and IL-6 (Krabbe et al., 2005). The study of alcohol-dependent
inpatients has indicated that alcohol consumption increases the
serum level of TNF-a and IL-10 (Leclercq et al., 2012). The
study on C57BL/6 male mice has also shown that LPS induces
the release of IFN-y and IL-1p (Ge et al,, 2019). Additionally,
MMP-9 is closely implicated with the inflammation caused by
alcohol and gut dysbiosis. MMP-9 plays an important role in
the proteolytic remodeling of the matrix and the generation of
bioactive molecules. MMP-9 can be activated by gut nitrosation
stress and inflammation after alcohol exposure (Vecil et al,
2000; Ridnour et al., 2007). Inflammation caused by alcohol
exposure and gut dysbiosis activates the overexpression of
matrix metalloproteinase-9 (MMP-9) in epithelial cells (Vecil
et al., 2000). Meanwhile, iNOS and COX-2 are found to increase
in assessing the effects of gut nitrosation stress and inflammation
(Al-Sadi et al., 2009; Gimenez-Gomez et al., 2019).

Clinical studies from Dubinkina et al. (2017), Chen et al.
(2011), and Bjorkhaug et al. (2019) have found that the
relative abundance of Enterobacteriaceae bacteria, including
Citrobacter, Enterobacter cloacae, Klebsiella, and Proteus, as well
as other gram-negative bacteria, is higher among alcohol abusers
than among controls. Moreover, gram-negative bacteria and the
blood levels of LPS are closely associated. An increase in the
relative abundance of gram-negative bacteria is accompanied
by an increase in blood levels of LPS (Simeonova et al., 2020).
Additionally, LPS is associated with chronic neuroinflammation
and can promote the progression of neurodegenerative diseases
such as AD (Qin et al,, 2007; Yin et al,, 2021). Zhan et al.
(2016) found that AD patients have higher E coli K99 and LPS
levels than controls by Western blot analysis and polymerase
chain reaction DNA and DNA sequencing. Alcohol exposure
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Alcohol damages the intestinal barrier by mediating inflammatory cytokines. Alcohol leads to an increase in microbiota products and antigens,
and microbiota translocation leads to an increase in lipopolysaccharides (LPS) crossing the intestinal barrier. LPS-activated toll-like receptor 4
(TLR4) results in increased proinflammatory cytokines that affect tight junction structure and expression. The process is as follows: tumor
necrosis factor (TNF)-a promotes the activation of nuclear factor (NF)-«kB by activating the myosin light chain kinase 3 (MLCK3) gene and
mediating the NLK/IKK-a axis; interleukin (IL)-17A increases TNF-a through the ACT-1 pathway. IL-1 B reduces occludin mRNA through
miR200C-3p, resulting in a decrease in occludin. IL-6 reduces Claudin-2 through the MEK/EPK and PI3K pathways. Both IL-1B and IL-6 directly
affect the expression of TJs through the toll-like receptors 4 (TLR4), NF-kB, and mitogen-activated protein kinase (MAPK) pathways. In addition,
interferon (IFN)-vy regulates rho-associated coiled-coil containing kinase (ROCK) to cause tight junction destruction. Destruction and reduced
expression of TJs can lead to increased intestinal permeability and ultimately to intestinal barrier disruption. LPS, lipopolysaccharides; MAPK,
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can also cause the same changes in E. coli K99 and LPS in
patients with AD. LPS can release inflammatory factors and
induce inflammation by activating TLR4 (Toll-like receptor
4) complexes (Leclercq et al., 2017). Alcohol may be directly
involved in neuroinflammation by stimulating TLRs which
play a significant role at various mechanistic points in the
pathogenesis and maintenance of AD. Alcohol withdrawal and
gut dysbiosis indirectly participate in the pathogenesis of AD
(Pan et al., 2021). Therefore, alcohol causes gut dysbiosis and
increases LPS levels in the blood. A high concentration of
LPS can induce sepsis and a strong inflammatory response
to participate in the pathogenesis of AD (Kim et al,
2021). Additionally, MicroRNA-155 may be implicated in the
progression of alcohol-induced inflammation through LPS.
For instance, studies on miR-155-KO mice find that chronic
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alcohol-induced increases in serum LPS are prevented by the
deficiency of microRNA-155 compared to alcohol-fed wild-
type mice. Therefore, it is assumed that microRNA-155 induces
inflammation by increasing serum levels of LPS, which can be
preserved by the lack of microRNA-155 (Yan et al., 2011; Lippai
etal., 2014).

The previous study has revealed that the relative abundance
of Muribaculum intestinale decreases after one week of low-
dose alcohol exposure in the male C57BL/6] mice (Lee et al,
2020). Muribaculum intestinale formed by Bacteroidetes is the
main bacteria responsible for the changes in the composition of
phylum levels induced by alcohol consumption. In particular,
Lee et al. (2020) find that Muribaculum intestinale is of
considerable importance by which alcohol consumption alters
the gut environment and leads to relevant organ dysfunction
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and related diseases. In addition, the Muribaculum intestinale
can produce succinic, acetic, and propionic acids and the
family consists of metabolic guilds, which are specialized for
degrading specific types of polysaccharides (Smith et al., 2019).
Additionally, previous studies have also found that alcohol
reduces the production of SCFAs in Muribaculum intestinale
(Smith et al., 2019), Faecalibacterium prausnitzii (Sokol et al.,
2008), and Akkermansia and Clostridium genera (Vascellari
et al,, 2020). There are many factors that affect SCFAs, such
as alcohol and dietary pattern. The study on male C57/B6
mice (Yan et al., 2011) has revealed that alcohol reduces the
relative abundance of SCFAs-producing gut microbiota, such
as Clostridium genera at the same dietary calories. SCFAs are
closely related to intestinal function, immunity, inflammation,
and other processes in humans and may also be involved
in the pathogenesis of alcohol-related diseases such as AD
and ALD (Hamer et al,, 2008; Cryan et al,, 2019). Therefore,
it can be speculated that alcohol consumption reduces the
amount of SCFAs by downgrading the relative abundance of gut
microbiota, which produces SCFAs to cause organ dysfunction
and diseases in the body.

Gut microbiota and immune response

When microbial LPS activates membrane-bound TLRs,
cytoplasmic nucleotide-bound oligomerization domain-like
receptors are present in parenchymal and nonparenchymal cells.
TLRs can recognize PAMPs (pathogen-associated molecular
patterns) and DAMPs (damage-related molecular patterns),
and trigger activation of the innate immune system (cells
such as macrophages and dendritic cells) (Ceccarelli et al,
2014). LPS-induced activation results in upregulation of
IFN-y and IL-4 expression and downregulation of IL-4
or IL-13 expression (Zhang et al, 2020). The bacterium
Clostridium cluster XIVa induces a proinflammatory cytokine
response by activating human monocytes (Llopis et al., 2016).
Additionally, Antimicrobial peptide is also an important
component of the innate immune system and exhibits broad-
spectrum antimicrobial activity. During acute or chronic
alcohol consumption in mice, the antimicrobial peptide genes
(defensins 1, defensins 4, lysozymesl, lysozymes 2, and MUC-
2) are obviously upregulated in the proximal small intestine
(Gyongyosi et al., 2019). The antimicrobial peptide can play a
significant role in altering the composition of gut microbiota
through immune response and the ability to kill certain
microbiota (Zong et al., 2020). Interestingly, a recent study
reports that the expression of antimicrobial peptide genes
oscillates with the rhythm of day and night changes, which
can protect skin from bacteria and heal wounds (Bilska et al.,
2021). Therefore, the antimicrobial peptide genes probably
play an important role in gut barrier damage. Although
much speculation has been put forward, the mechanism of
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inflammation and immune response caused by alcohol has not
been discovered.

Alcohol damages the intestinal mucosa
via the gut microbiota

Alcohol exposure can lead to an overgrowth of the
gastrointestinal microbiota and primarily impairs TJs, which
results in increased permeability in the proximal small bowel
(PSI). The protective power of mucus has not been sufficiently
considered when discussing the damage to intestinal structures
by alcohol and intestinal microbiota. However, advances in the
molecular properties of mucin (the main building blocks of
mucus) have changed this situation in the past few years. The
apical surface of the intestinal cells is covered by transmembrane
mucin, which forms around gelled mucin 2 (MUC-2). The
intestinal mucus layer consists of mucus proteins, mainly
MUC-2, protecting the intestinal epithelium from exogenous
substances (Shan et al., 2013). Alcohol molecules can affect
the intestinal barrier by damaging the intestinal mucus layer
or indirectly altering the intestinal microbiota and inducing
mucosal immune responses (Bode and Bode, 2003; Shan et al.,
2013). For instance, the gastrointestinal mucosal barrier could
be damaged by alcohol consumption. A clinical study on 196
patients (68 % female; mean age 55 years) (Gabbard et al,
2014) has shown that the incidence of small intestinal bacterial
overgrowth is 58% among those who consume moderate
amounts of alcohol and 38.9% among alcohol abstainers.
Alcohol also leads to bacterial overgrowth in the small intestine,
which not only destroys the intestinal mucosa but also leads
to the production of bacterial toxins, especially those of gram-
negative bacteria (Rocco et al,, 2014).

Alcohol and its metabolites directly
damage the intestinal mucosa

The intestinal mucus layer consists of MUC-2, which
protects the intestinal epithelium from exogenous substances
(Shan et al,, 2013). A study shows that alcohol could increase
intestinal mucus thickness (Hartmann et al, 2013). The
experimental model of alcoholic liver disease has revealed that
MUC-2 is essential in affecting the intestinal barrier. In other
words, alcohol abuse can increase the thickness of the intestinal
mucus layer by influencing MUC-2. Compared to normal mice,
MUC-2-deficient mice express less intestinal mucin (MUC-2)
after drinking alcohol. MUC-2-deficient mice show a significant
decrease in intestinal permeability, as measured by in vivo
fluorescein isothiocyanate labeled dextran. In addition, plasma
LPS levels are significantly decreased in MUC-2-deficient mice,
and the expression of antimicrobial proteins is upregulated,
implying a protective effect against alcohol consumption in
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MUC-2-deficient mice. Acetaldehyde is an important metabolite
of alcohol metabolism. Due to a low level of aldehyde
dehydrogenase (ALDH) and the inability of gut microbiota
to metabolize acetaldehyde, acetaldehyde concentrations are
higher in the intestine (Salaspuro, 1996; Nosova et al., 1998).
According to a recent study on the goblet-like cell line LS174,
acetaldehyde exposure increases intestinal MUC2 protein levels.
The possible mechanism is that increased mucin secretion in
goblet cells may be caused by intracellular ATP decline inducing
ROC production and intramitochondrial calcium accumulation.
Induction of ROC production and intramitochondrial calcium
accumulation are manifestations of cellular oxidative stress. We
conclude that the increased expression of MUC2 protein may be
caused by oxidative stress induced by acetaldehyde. Based on the
above discussion, it provides a new target for repairing alcoholic
intestinal mucosal injury and reducing the effects of alcohol and
acetaldehyde in the future.

Intestinal villi, belonging to the intestinal mucosa, are
damaged by alcohol. Additionally, alcohol may directly lead
to intestinal villus contraction, vesicle formation in the villus
apex, lymphatic obstruction, and shedding of the villus apex.
In addition, a study on the effects of alcohol on intestinal
microvasculature in the dog has revealed that alcohol increases
mucosal microvascular permeability, enhances capillary fluid
filtration, and disrupts epithelial continuity (Ray et al., 1989).
Additionally, When the intestinal villi of chronic consumers are
examined by quantitative morphometry or electron microscopy,
it has been found that chronic alcohol consumption can lead
to the reduction of villi height, villi mucosal surface area,
and intraepithelial mononucleosis and goblet cell hyperplasia
(Bode and Bode, 2003). Results obtained when segments of
the jejunum are perfused with 6% ethanol suggest that ethanol
mediates the damaging effects to the mucosa primarily by
promoting leukocyte infiltration which then leads to the release
of reactive oxygen species and histamine from mast cells. In
summary, alcohol can directly affect intestinal function by
affecting intestinal villi and damaging the integrity of the
intestinal mucosa. Repairing or rebuilding the intestinal villi that
have been destroyed can mitigate the effects of alcohol.

Alcohol damages the intestinal mucosa
through the inflammation and immune
activation caused by the gut
microbiota

Some strains in the intestinal microbiota can regulate
the expression of MUC-2 in goblet cells, such as Escherichia
coli LF82 and Bifidobacterium dentium (Elatrech et al., 2015;
Engevik et al., 2019). Therefore, we hypothesize that some
factors between alcohol and intestinal microbiota stimulate
goblet cells to express and secrete large amounts of MUC-
2 to thicken the intestinal mucosal layer. The thickening of
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the intestinal mucosal layer and the reduction in antimicrobial
proteins increase gram-negative proliferation, which results
in the upregulation of LPS and other bacterial metabolites
(Hartmann et al,, 2013). However, there are studies about
severe alcoholic hepatitis (SAH) that contradict these results.
In this model, SAH microbiota is implicated with a significant
decrease in MUC-2 expression and an enhanced expression
of the antimicrobial peptide Reg3y. Downregulation of MUC-
2, together with the enhanced activity of the antimicrobial
Reg3y, may be an important factor in SAH-associated ecological
dysregulation (Llopis et al., 2016). These differences may be
due to the timing, pattern, and subjects of alcohol exposure.
The exact cause is undefined, and more studies are needed
in future studies.

Inflammation is a crucial cause of intestinal mucosa injury.
Both ethanol and intestinal microbial metabolites can trigger
intestinal mucosal inflammation, indirectly leading to mucosal
damage and inducing increased intestinal permeability. This
action is mainly through the invasion of leukocytes and the
release of harmful mediators such as ROS, leukotriene, and
histamine (Rocco et al., 2014). Inflammation caused by alcohol
exposure and gut dysbiosis activates the overexpression of
matrix metalloproteinase-9 (MMP-9) in epithelial cells, which
reduces MUC-2 in the intestine and alters mucin (Vecil
et al., 2000; Garg et al,, 2007). In addition, inflammation can
increase the expression of Claudin-1, which regulates goblet cell
differentiation by regulating Notch signaling (Weber et al., 2008;
Pope et al,, 2014). The upregulation of Claudin-1 expression
can induce the MMP-9 and phosphorylated extracellular signal-
regulated kinase signaling pathways to activate the Notch
signaling pathway, thereby inhibiting goblet cell differentiation.
The decrease in goblet cell count reduces MUC-2 expression
and thus enhances susceptibility to mucosal inflammation
(Pope et al., 2014).

Microbial LPS activates
parenchymal and nonparenchymal cells. TLRs can recognize

membrane-bound TLRs in

PAMPs (pathogen-associated molecular patterns) and DAMPs
(damage-related molecular patterns) and trigger activation
of the innate immune system (Ceccarelli et al,, 2014). LPS-
induced activation results in upregulation of IFN-y and IL-4
expression and downregulation of IL-4 or IL-13 expression
(Zhang et al, 2020). IFN-y stimulates M1 macrophages to
promote inflammation; M2 macrophages activated by IL-4
or IL-13 play an anti-inflammatory role (Leclercq et al., 2017;
Zhang et al., 2020). Additionally, the bacterium Clostridium
cluster XIVa induces a proinflammatory cytokine response by
activating human monocytes (Llopis et al., 2016). Although
much speculation has been put forward, the mechanism of
inflammation and immune response caused by alcohol has
not been discovered. In addition, the immune response and
the inflammatory response coexist. The possible hypothesis
is that the immune response may affect the intestinal mucosa
through an inflammatory response. In conclusion, gut dysbiosis
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leads to an increased level of LPS, which activates TLRs and
induces the intestinal immune response by activating certain
inflammatory factors.

In conclusion, alcohol-induced disturbances in the gut
microbiota can lead to the proliferation of gram-negative
bacteria, which increases LPS levels and the activation of
TLR, leading to intestinal inflammation. Inflammation regulates
goblet cell differentiation by mediating Notch signaling.
Goblet cell differentiation reflects the expression level of
MUC-2, which is the main component of the intestinal
mucosa. Additionally, inflammation and immune responses can
reinforce each other, therefore, preventing inflammation caused
by alcohol and gut dysbiosis is an important direction to avoid
intestinal barrier damage.

Alcohol affects intestinal epithelial
tight junction through gut dysbiosis

The intestinal epithelium forms a selective permeability
barrier achieved through the intercellular T structure (Suzuki,
2013). Sometimes, the gut suffers damage from the internal
gut microbiota. The main means of protection is through the
multilayered mucus structure that covers the surface of the gut,
keeping a large number of most bacteria at a safe distance from
the intestinal epithelium (Chassaing et al., 2015). Furthermore,
under normal conditions, the gut-vascular barrier controls the
translocation of antigens and prevents microbial translocation
(Spadoni et al, 2015). However, both chronic alcohol and
acute alcohol ingestion can cause damage to the intestinal wall
(Gimenez-Gomez et al, 2019). This part mainly introduces
how the gut dysbiosis caused by alcohol exposure damages
intestinal epithelial T7s.

Alcohol and its metabolites directly
affect tight junction (TJ)

Tight junctions (TJs) reflect intestinal integrity and
consist of zonula occludens-1 (ZO-1) and occludin proteins
(Vancamelbeke and Vermeire, 2017). Several studies have
suggested that alcohol exposure and gut microbiota dysbiosis
can interfere with the expression of ZO-1 and occludin
proteins (Peng et al., 2009; Suzuki, 2013; Gimenez-Gomez
et al.,, 2019). However, how alcohol and intestinal microbiota
dysbiosis interfere with the expression of TJs has not been fully
discovered to date. The structure and expression of intestinal
TJs can be directly affected in alcoholics (Na and Lee, 2017;
Shao et al.,, 2018). For instance, membrane phospholipids are
chemically coupled to alcohol, leading to the conversion of
phosphatidylcholine to phosphatidyl ethanol, the accumulation
of which has a prominent place in the alteration of TJ structure.
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Acetaldehyde, a metabolite of ethanol, is closely associated
with TJ (Elamin et al., 2012). Acetaldehyde enhances intestinal
permeability by regulating the structure and expression of TJs.
A possible process is that acetaldehyde causes redistribution
and intracellular mislocalization of ZO-1 and occludin, which
helps to disrupt TJs (Elamin et al.,, 2012). Acetaldehyde also
reduces the number of TJs by downregulating their level
(Suzuki et al., 2008). Studies on alcohol exposure in rat models
have shown that alcohol could increase the acetaldehyde level,
while ciprofloxacin, an antibiotic, significantly reduces the
acetaldehyde level (Homann et al, 2000). In addition, the
accumulation of acetaldehyde in the rectum and cecum of germ-
free (GF) rats is substantially lower than that in conventional
animals, as is the changes in intestinal counts (Seitz et al., 1990).
Therefore, it has been suggested that intestinal microbiota can
produce high levels of acetaldehyde in the intestinal lumen,
which also disrupts TJs. In conclusion, alcohol and acetaldehyde
can directly affect intestinal T]s by regulating the structure and
expression of TJs. Damage to TJs alters intestinal permeability
and disrupts intestinal function.

Alcohol damages tight junction (TJ)
through the inflammation and related
molecule induced by gut microbiota

Alcohol exposure can indirectly disrupt TJs by directly
causing dysbiosis of the gut microbiota and directly or indirectly
inducing inflammation and immune responses (Suzuki et al.,
2011; Leclercq et al., 2014b) (Figure 2). MMP-9 plays an
important role in the proteolytic remodeling of the matrix
and the generation of bioactive molecules. MMP-9 can be
activated by gut nitrosation stress and inflammation after
alcohol exposure (Vecil et al, 2000; Ridnour et al., 2007).
Activated MMP-9 can interact with B-catenin and ZO-1 and
Z0-2 to degrade important adhesion and T7Js, thereby inducing
endothelial permeability and vascular leakage in human and
endothelial cells of mice (Pan et al.,, 2021). Meanwhile, iNOS
and COX-2 are found to increase in assessing the effects of
gut nitrosation stress and inflammation, which destroy the
structure of TJs (Al-Sadi et al., 2009; Gimenez-Gomez et al.,
2019). TNF-a is a key mediator of intestinal inflammation,
activating the MLCK (myosin light chain kinase) gene and
enhancing epithelial TJ] function. The regulation of tight
junctional permeability by TNF-a is thought to be mediated
by the NF-kappaB-inducing kinase/inhibitory kappaB kinase-o
axis (Ma et al., 2004). IL-17a is a signature of the CD4+ T-cell
helper T-cell (Thl7) subpopulation cytokine that enhances
barrier function. To some extent, IL-17a could weaken TNE-
a-mediated disruption of TJs in Caco-2 cells. IL-17a may
regulate TJs through the Act-1 pathway (Lee et al, 2015).
IL-1 induces a decrease in occludin expression and an increase
in TJ permeability (Rawat et al., 2020). IL-6 can increase TJ
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permeability through the MEK/ERK and PI3K pathways (Suzuki
et al., 2011). The function of IL-1f and IL-6 on the intestinal
barrier might occur through the TLR4/NF-kB and mitogen-
activated protein kinase pathways (Dong et al., 2020) (Figure 2).
The exact mechanisms should be deeply researched. IFN-y can
increase the intestinal paracellular permeability of epithelial
cells, possibly because IFN-y increases actomyosin contractility,
inducing the internalization of TJ proteins and leading to
intestinal T] destruction. This process activates the ROCK (Rho-
associated coiled-coil containing kinase) regulator, the small
GTPase Ras homolog gene family member A, and increases
the expression of ROCK (Al-Sadi et al., 2009; Suzuki, 2013)
(Figure 2). Proinflammatory cytokines can disrupt intestinal
TJ barrier function, while anti-inflammatory cytokines such as
IL-10 have the opposite effect (Ma et al., 2004). A study of
IL-10-/- mice reveals that IL-10 deficiency promotes increased
intestinal permeability (Kennedy et al., 2000). The lack of
IL-10 may further develop intestinal inflammation. However,
the protective mechanisms of IL-10 are not fully understood.
Additionally, microRNAs are also involved in alcohol and
gut microbiota disruption of the intestinal barrier, specifically
TJs (Tang et al, 2008; Burek et al, 2019). Furthermore,
alcohol promotes the elevation of hypoxia-inducible factor 1o
and induces the upregulation of microRNA-122 (Csak et al,
2015; Burek et al., 2019). Studies on TJs have revealed that
ZO-1 translation is affected by microRNA-212 (Tang et al,
2008). MicroRNA-122 also regulates hypoxia-inducible factor-
1 to damage the intestinal barrier by mediating inflammation
(Csak et al,, 2015; Shao et al, 2018). Possibly, the intestinal
barrier is disrupted by alcohol by regulating the expression of
inflammatory factors and related molecules.

Current studies have found that alcohol and gut microbiota
dysbiosis contributes to the activation of monocytes and
MI1 macrophages and suppress M2 macrophages by releasing
inflammatory factors, increasing levels of LPS, and decreasing
levels of SCFAs (Tang et al., 2019; Wang et al., 2020a,c). The
possible mechanism is that M1 macrophages and monocytes
downregulate T] proteins and induce apoptosis in epithelial
cells through the activation of TNF-a and cytokines such
as IL-1B and IL-18, respectively (Leclercq et al., 2017; Tang
et al,, 2019). Inhibition of M2 macrophages leads to a decrease
in anti-inflammatory molecules such as IL-10 and Arginase.
Furthermore, the presence of M2 macrophages can enhance
epithelial proliferation through M2 mediators, which helps to
reestablish the epithelial barrier (Eissa et al., 2020; Wang et al,,
2020c¢).

Gut dysbiosis caused by alcohol exposure can increase LPS,
which is involved in destroying TJs (Leclercq et al., 2014b).
Prolonged alcohol exposure can damage the TJ of the PSI, which
may be responsible for the frequent intestinal leakage in the
PSI (Hauge et al., 1997). The specifics of how alcohol alters the
gut microbiota have been described above, so only the effects of
dysbiosis on T7s are presented here. Studies on mice have shown
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that chronic alcohol-induced bacterial translocation leads to
gut dysbiosis of the gastrointestinal tract and increased plasma
LPS concentrations (Gimenez-Gomez et al., 2019). It is well
documented that LPS is closely associated with TJs (He et al,,
2019). LPS can disrupt TJs by releasing inflammatory factors and
inducing inflammation by activating TLR4 complexes (Leclercq
et al.,, 2017) (Figure 2). In addition, studies on LPS have shown
that the expression levels of Zo-1, occludin, and claudin-1 are
downregulated by LPS at the mRNA level (He et al., 2019).

Evidence demonstrates that SCFAs participate in various
processes in the body, such as gut function, immune function,
and anti-inflammation (Cryan et al, 2019). According to
previous studies, SCFAs may regulate the intestinal barrier by
sustained cell proliferation and differentiation (Suzuki, 2013).
For instance, butyrate can promote intestinal integrity by
facilitating TJs. Thus, SCFAs act as a significant regulator
in the alcohol-induced effect on TJs. The total amount of
SCFAs is lower in stool samples from alcoholics, as are the
percentages and concentrations of butyric, acetic, and valeric
acid. In addition, SCFAs play an important anti-inflammatory
role. For example, butyrate, one of the SCFAs, can significantly
reduce inflammation in irritable bowel syndrome (Russo et al.,
2018). All of the above functions antagonize alcohol-induced
dysfunction. In conclusion, alcohol alters gut microbiota
composition, leading to microbiota dysbiosis and changes in
metabolite production, which indirectly damages intestinal TTs.
Therefore, the prevention of alcohol-induced gut dysbiosis is an
important direction to alleviate or offset intestinal TJ injury.

In conclusion, both inflammatory factors and immune
responses can affect the structure and expression of intestinal
TJs in different ways. Both direct effects on TJ structure and
indirect impact on the molecular level of the corresponding
mRNAs can affect intestinal integrity and intestinal permeability
(Figure 2). Increased LPs and decreased SCFAs can also induce
inflammation and immune response to alter the expression
of TJ. Therefore, reducing the release of inflammatory factors
and activation of immune responses induced by alcohol and
dysbiosis of the gut microbiota will be an important measure
to maintain intestinal homeostasis.

Alcohol and gut microbiota affect
on the brain

Alcohol consumption inhibits excitatory neural activity
and promotes inhibitory neural activity by interfering with
neural communication. Ethanol importantly makes sense in the
formation of addiction in the central nervous system (CNS).
Alcohol directly causes addiction by affecting many receptor
sites on the postsynaptic neural membrane, which leads
to changes such as neural wastage and neurotransmitter
2008).
neurotransmitter systems (such as glutamate, y-aminobutyric

dysregulation (Akash et al, There are several
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acid, dopamine (DA), and 5-HT) that are affected by acute
or chronic consumption of ethanol (Gilpin and Koob, 2008;
Wang et al., 2020b). Recently, it has been proposed that the gut
microbiota is important in regulating brain function by alcohol
(Diaz Heijtz et al., 2011; Gonzalez-Arancibia et al., 2019). In
particular, bacterial products and their metabolites (LPS, SCFAs)
can cross the blood-brain barrier, which may be responsible for
the microbiota effects in shaping the function of the brain as
well as the occurrence of some diseases (Rutsch et al., 2020).
Moreover, according to alcoholic studies on SPF mice and GF
mice, the regulation of gut microbiota is mainly exhibited by
influencing the expression of relevant molecular genes, such as
DA, 5-HT, glutamate, and GABA (Diaz Heijtz et al., 2011).

Alcohol and its metabolite upregulate
dopamine release and downregulate
dopamine receptors

Alcohol and its metabolites regulate dopamine
release

There are four types of dopamine systems in the
human brain: the mesolimbic, mesocotical, mesostriatal, and
tuberoinfundibular dopamine systems which projects to the
nucleus accumbens (NAc), frontal cortex, striatum, and the
median eminence of the hypothalamus (S6derpalm and Ericson,
2013). Of these different DA systems, alcohol mainly affects
the mesolimbic system, specifically activating DA-related brain
regions to promote the release of DA (Alasmari et al., 2018).
With the positron emission tomography scan technique, a
previous study demonstrates that in humans, alcohol promotes
dopamine release in the brain, with a preferential effect in the
ventral striatum (Boileau et al., 2003).

Acetaldehyde is the major metabolite of alcohol and is
generally considered a mediator of adverse reactions to alcohol
and plays a significant role in the rewarding, motivating, and
addictive properties of alcohol (Chen et al, 2021; Jin et al,
2021). The negative effects of AUD are mainly mediated by
acetaldehyde, such as facial flushing, nausea, vomiting, and chest
tightness (Zhu et al,, 2021). After alcohol intake, the blood
acetaldehyde concentration increases significantly, which is
greatly affected by the ALDH allele and correlated with the dose
of alcohol consumption (Chen et al., 2021). Some anti-alcoholic
drugs, such as disulfiram, block acetaldehyde dehydrogenase
conversion of acetaldehyde to acetic acid thereby increasing
concentrations of acetaldehyde for treating AUD. Some animal
studies support the result that acetaldehyde has a reinforcing
effect on itself or forms new products in the brain that
activate the brain’s sense of reward and drive drinking behavior,
such as tetrahydroisoquinolines (Quertemont et al., 2005).
In addition, acetaldehyde also enhances alcohol sensitivity,
representing the comprehensive pharmacological effects of
positive reinforcement and negative aversion.
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Evidence from rat studies shows that injection of
acetaldehyde into the ventral tegmental area increases the
activity of DA neurons in vivo (Foddai et al, 2004). And
the intravenous injection of acetaldehyde (5-40 mg/kg)
of
ventral tegmental area (VTA) dopamine neurons show that

and detection of electrophysiological characteristics
acetaldehyde easily and dose-dependently increases the firing
rate, spike/burst, and burst of VTA neurons, which has a similar
effect to ethanol (250-1000 mg/kg/iv) administration. The rats
are intraperitoneally injected with the alcohol dehydrogenase
inhibitor 4-methyl pyrazole (90 mg/kg) and intravenously
injected with the same dose of ethanol and acetaldehyde 48 h
later. It has also been found that the effects of ethanol on
the electrophysiological properties of dopamine-containing
neurons in the VTA are significantly reduced, whereas
acetaldehyde remains unchanged. This finding suggests that
acetaldehyde may enhance the release of DA by elevating VTA
DA neuronal activity.

Acetaldehyde is necessary for alcohol-induced conditioned
place preference, which is a typical test of the effects of
rewards. The time spent in the 4-MP/saline group is significantly
reduced. In contrast, the time spent in the saline/acetaldehyde
group is only slightly reduced, which implies that 4-MP
(alcohol dehydrogenase inhibitor) inhibits alcohol-induced
conditioned place preference by inhibiting alcohol conversion
to acetaldehyde. Meanwhile, compared with the saline/etoh
group, the Saline/acetaldehyde group spend slightly less in
the disliked places, suggesting that acetaldehyde mediates the
alcohol-induced conditioned location preference. In addition,
Melis et al. (2007) find that acetaldehyde increases the level
of DA in the nucleus accumbens microdialysate. Based on
in vitro experiments, one possible mechanism of acetaldehyde-
mediated alcohol addiction is that acetaldehyde acts on two
ionic currents: the reduction of A-type K+ currents and the
activation of hyperpolarized activated inward currents, which
enhances the firing of VTA neurons (Melis et al., 2007). What
we discuss above gives us a target to understand whether
the gastrointestinal microbiota affects acetaldehyde production
during alcohol addiction. However, the actual mechanism has
not yet been discovered.

Alcohol regulates dopamine receptors

A balance of DA and DA receptors exists before the alcohol
enters the human body and influences the function of the
CNS. Previous studies report that alcohol does not bind to
specific targets or receptors (Volkow et al, 2015; Jin et al,
2021). Instead, alcohol and its metabolites disrupt the balance
of ligands and linking receptors and cause the dysfunction of
the CNS. There are five types of DA receptors (D1-D5) in the
brain DA system, and they function differently (Soderpalm and
Ericson, 2013). Research has suggested that D1 and D2 knockout
mice can markedly reduce alcohol consumption and alcohol
preference by blocking the D1 and D2 receptors in the NAc
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(EI-Ghundi et al., 1998; Phillips et al., 1998). The reduction in
alcohol preference and consumption is more significant with D1
blockers than with D2 blockers. In other words, this suggests
that the D1 receptor takes the lead in alcohol motivation (EI-
Ghundi et al,, 1998). The study of DA modulation on male
Swiss Webster mice (Zapata and Shippenberg, 2002) indicates
that activation of the D2 and D3 receptor influences the release
of extracellular DA by regulating the DA transporter activity.
The highest doses of D4 antagonists are found to reduce alcohol
consumption (Kim et al., 2020). The study of Parkinson’s disease
on male Sprague-Dawley rats (Wang et al., 2021) reveals that
the inhibition of the D5 receptor promotes levodopa-induced
dyskinesia through striatal dopaminergic signaling. Moreover,
the number of DA receptors can influence the development of
alcohol addiction (Feltmann et al., 2018).

Studies on Wistar rats have shown that chronic alcohol
drinking can significantly downregulate the expression of the
D2 receptor subtype in the NAc without modifying CpG
methylation levels (Feltmann et al., 2018). In addition, D2
receptors are critical for alcohol enhancement and behaviors
(Hodge et al, 1997; Corbit et al, 2014). Upregulation of
striatal D3 receptors is also observed in mice exposed to
long-term alcohol, suggesting alcohol effects in the substantial
nigrostriatum pathway (Jeanblanc et al., 2006; Vengeliene et al.,
2006). Despite the fact that alcohol influences the regulation
of DA receptors, it is still unknown which specific type of DA
receptor functions mainly in alcohol regulation. In addition, DA
release from the dorsal striatum is significantly increased during
drug-seeking behavior (Ito et al., 2002). In contrast to AUD,
studies in humans have also shown changes in the brain DA
system of abstaining alcoholics, with reduced DA synthesis and
reduced numbers of DA D2/3 receptors (Martinez et al., 2005).
Thus, it is uncertain whether the regulation of DA receptors after
chronic alcohol exposure may be related not to alcohol intake
but to stimulus-response habits (Vengeliene et al., 2006).

Gut dysbiosis decreases dopamine
release by downregulating tyrosine
hydroxylase and dopamine transporter

Studies on gut microbiota dysbiosis have found that the gut
microbiota decreases the level of DA by downregulating the
expression of tyrosine hydroxylase and DA transporter genes in
the NAc and VTA, especially Akkermansia muciniphila, a kind
of Bifidobacterium (Meyer and Stasse-Wolthuis, 2009; Nettleton
et al,, 2019). A possible mechanism is that the gut microbiome
achieves the above results by mediating its metabolites such as
LPS and SCFAs (Lai et al., 2009; Ong et al., 2021). In addition,
both LPS and SCFAs are closely related to DA levels in the
brain. For example, LPS can downregulate DA levels in the
striatum and substantia nigra by regulating DA transporter
expression (Lai et al, 2009; Tien et al, 2013). LPS-induced
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inflammation regulates DA levels in certain regions such as
the substantia nigra and caudate putamen by altering the
phosphorylation of TH (Ong et al., 2021). The expression of
the TH gene and DA transporter genes can be regulated by
SCFAs by mediating the cAMP-dependent signaling pathway
and histone acetylation and enhancing promoter binding of
Nurrl, respectively (DeCastro et al., 2005; Green et al., 2017).

Alcohol and gut microbiota affect the
5-HT system and brain function
5-hydroxytryptamine, also known as 5-HT, is a
neurotransmitter of the CNS that mediates a range of
central and peripheral functions in vivo, such as memory
formation, neuroplasticity, and control of intestinal motility
(Teixeira et al.,, 2018; Yabut et al., 2019). Because it does not
easily cross the blood-brain barrier under normal conditions,
central and peripheral 5-HT (except for the enteric nervous
system) are functionally independent of each other, regulating
serotonin-dependent processes in the brain and periphery,
respectively. Compared to alcohol non-preferring rats, 5-HT
levels and 5-hydroxy indole acetic acid are increased by 12-26%
in the cerebral cortex, hippocampus, corpus striatum, thalamus,
and hypothalamus of alcohol-preferring rats (Murphy et al,
1982; Pandey et al, 1992). Conversely, this is not usually
the case in humans. Evidence has demonstrated that alcohol
exposure can promote the release of 5-HT in the NAc and
the ventral hippocampus (Yoshimoto et al, 1992; Thielen
et al.,, 2002). There is also evidence that levels of 5-HT and
5-hydroxyindoleacetic are reduced in the cerebrospinal fluid
of people with alcohol use disorders, suggesting that 5-HT
in certain brain regions is associated with alcohol addiction
(Sellers et al., 1992). However, the complex mechanisms of
how alcohol addiction is related to the regulation of 5-HT and
its metabolism are still not discovered. In addition, the gut
microbiota is involved in the synthesis of 5-HT and affects the
content of 5-HT in the brain (Yano et al., 2015; Roshchina,
2016). Therefore, there is a hypothesis as to whether alcohol
and gut microbiota affect the process of serotonin synthesis,
leading to changes in serotonin levels in the brain and alcohol
addiction.

Alcohol affects 5-HT metabolism by
activating the kynurenine pathway

Although tryptophan can produce 5-HT via the rate-
limiting enzyme Tph (tryptophan hydroxylase), the Kyn
(kynurenine) route is the major metabolite pathway of Tph
(Gimenez-Gomez et al., 2019). Indoleamine 2,3-dioxygenase
(IDO) is a catalyst activated by proinflammatory cytokines that
can actively promote Kyn synthesis from Trp (Yabut et al., 2019;
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Jiang et al., 2020). Proinflammatory cytokines such as IFN-y
and TNF-a reduce 5-HT and increase Kyn levels by activating
IDO (Oxenkrug, 2010). In addition, the increase in Kyn and the
decrease in 5-HT can promote the activation of IDO, forming
positive feedback (Miura et al., 2008). Recent studies have
demonstrated that chronic alcohol consumption can increase
Kyn concentrations in plasma and brain regions such as the
limbic forebrain. Chronic alcohol consumption increases the
Kyn concentration at 0 h but returns to the base concentration
at 24 h in the limbic brain (Gimenez-Gomez et al.,, 2019).
Normally, the level of 5-HT decreases as the level of Kyn
increases because Tph is more converted to the Kyn pathway
and less naturally converted to the 5-HT pathway.

Bacterial translocation between the lumen and the blood
circulation can result in systemic diseases. For instance,
alcohol can upregulate proinflammatory cytokine levels in
brain regions involved in emotion and memory, such as the
hippocampus and amygdala (Jiang et al., 2020). Regarding the
abovementioned causes, we speculate that alcohol may lead
to bacterial translocation and induce systemic inflammation,
which is subsequently attributed to the activation of IDO-
proinflammatory cytokines that decrease 5-HT and increase
Kyn levels, while the activation of IDO is associated with
the upregulation of Kyn and the downregulation of 5-HT in
relation to depression (Miura et al., 2008; Yabut et al., 2019).
However, the result of 5-HT levels in the brain does not
correspond to reality. Recent studies have generally revealed that
alcohol exposure stimulates the release of 5-HT in some regions
(CNS) of the brain, such as the nucleus accumbens and ventral
hippocampus (Yoshimoto et al., 1992; Thielen et al., 2002). This
may be due to an interaction between the direct effects of alcohol
and the consequences of inflammation.

The metabolic pathway of 5-HT is closely linked between
the brain and intestine. Changes in metabolic pathways lead
to changes in metabolites, which in turn affect the function
of the CNS. This provides us with a direction to mitigate or
counteract the alcohol effects by altering the metabolic pathway
of 5-HT (Figure 3).

Alcohol upregulates 5-HT receptor
activity

Recent studies suggest that alcohol addiction may be related
to 5-HT receptors. The results from rodent studies suggest
that ethanol-induced enhancement of 5-HT2A receptors is
more conducive to alcohol addiction (Akash et al., 2008).
5-HT2Areceptors upregulate the activity of mesocortical DA
neurons (Bortolozzi et al., 2005). Staged release of endogenous
5-HT activates cortical 5-HT2A receptors and subsequently
stimulates DA release. Blocking the prefrontal cortex 5-
HT2A receptor blocks DA-induced release in the mesocortical
pathway. Systematic administration DOI, a nonsubtype selective
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5-HT2A/B/C agonist that increases cortical DA release, can be
blocked by the 5-HT2A preferred antagonists M100907 and
SR 46349B in male Sprague Dawley rats (Pehek et al., 2006).
In addition, the serotonin 2C receptor (5-HT2CR) is widely
expressed in neurons and astrocytes of the CNS (Wang et al,,
20005 Li et al.,, 2020). Specifically, a study from CD-1 mouse
experiments demonstrates that chronic alcohol consumption
could contribute to vastrogliopathic changes that upregulate 5-
HT2CR activity and lead to a decrease in ATP astrocytes (Li
et al,, 2020). Adenosine deaminases acting on RNA (ADARs)
act on the five sites of 5-HT2CrmRNA to convert adenosine to
inosine from RNA (Wang et al., 2000; Li et al., 2020). 5-HT3A
and 5-HT1A receptor antagonists have been reported to reduce
alcohol intake in rodents by modulating the signaling pathway
of 5-HT (Akash et al., 2008) (Figure 3). One possible mechanism
of affecting 5-HT receptors leading to alcohol addiction is that
alcohol consumption affects ATP release from astrocytes leading
to alcohol addiction or other psychological diseases.

Gut dysbiosis decreases 5-HT by
mediating inflammation

In the CNS and gastrointestinal tract, 90% of the serotonin
that is required for mood, behavior, sleep, and other functions
is produced with the assistance of the gut microbiota (Gershon,
2013). It has also been reported that some gut microbiota can
synthesize 5-HT (Yano et al,, 2015; Roshchina, 2016). Under the
alcohol effects before gut dysbiosis, 5-HT and its metabolites are
downregulated in the hippocampus and serum of conventional
mice compared to GF mice (Clarke et al., 2013). Serotonin
binding to 5-HT receptors on microglia induces gut-induced
neuroinflammation by affecting microglial activity, which is also
affected by Trp (Glebov et al.,, 2015). Previous studies indicate
that the gut microbiota and its metabolites could mediate the
inflammatory process and affect brain function by regulating
the expression and metabolism of 5-HT (Kidd et al.,, 2009;
Fredericks et al., 2020) (Figure 3).

Gimenez-Gomez et al. (2019) reveal that by administering
antibiotics to chronically drinking adult male C57BL/6] mice,
plasma Kyn levels are not affected by antibiotic treatment, but
antibiotics prevent the elevation of Kyn in the brain. Connor
et al. (2008) demonstrate that administration of LPS often
causes inflammation: LPS binding to its receptor stimulates
a cascade of signaling events leading to increased circulating
concentrations of the proinflammatory cytokines IFN-y, TNEF-
o, IL-1, and IL-6. Inflammatory factors caused by LPS also
activate IDO. Larsson et al. (2016) have found that adult C57BL6
mice are given 0.83 mg/kg LPS, which significantly increases
the level of Kyn in the brain at 24 and 48 h, and the level of
Kyn serum at 24, 48, and 72 h. Therefore, we can speculate
that LPS transferred from the intestinal tract after gut dysbiosis
caused by alcohol may produce a neuroinflammatory response,
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FIGURE 3

phosphoribosyltransferase; TDO, Tryptophan-2,3-dioxygenase.

Alcohol affects brain function by interfering with 5-HT metabolism. Alcohol causes gut dysbiosis resulting in increased lipopolysaccharides (LPS)
levels and the release of inflammatory cytokines [tumor necrosis factor (TNF)-a and IL-18], and ultimately, inflammation affects 5-HT levels in
the brain via IL-6 and IL-8. Then, 5-HT promotes the release of dopamine. On the other hand, alcohol can affect the expression of receptors
such as 5-HT2CR, adenosine deaminases acting on RNA (ADARS), and 5-HT2AR. The increase in receptor interferes with ATP and eventually
leads to hyperammonemia and inflammation, which affects 5-HT metabolism through IFN-y but also directly affects 5-HT content in the brain.
Usually, most tryptophan is converted to 5-HT by tryptophan hydroxylase (TPH) and ADCC. However, in the presence of alcohol, tryptophan is
converted to Kyn by activating indoleamine 2,3-dioxygenase (IDO) and tryptophan-2,3-dioxygenase (TDO). Kyn inhibits NMDA receptors by
producing kynurenic acid and activates N-methyl-D-aspartatic acid (NMDA) receptors by producing quinolinic acid by kynurenine
3-monooxygenase (KMO) and 3-hydroxy-anthranilic acid dioxygenase (HAO). NMDA receptor activation can reduce GABA receptors and
increase NMDA receptors leading to a hypo-GABAergic/hyperglutamatergic state. At the same time, NMDA receptors can increase glutamate
activity and neurotoxicity and ultimately lead to memory or mood disorders. AADC, aromatic [-amino acid decarboxylase; GABA,
y-aminobutyric acid; HAO, hydroxy-anthranilic acid dioxygenase; IDO, Indoleamine 2,3-dioxygenase; KMO, Kynurenine 3-monooxygenase;
Kyn, kynurenine; LPS, lipopolysaccharides, NAD*, nicotinamide adenine dinucleotide; NMDA, N-methyl-D-aspartatic acid; QPRT, quinolinate

3-Hydrokynrenine <

KMO

leading to the induction of IDO activity, which leads to an
increase in Kyn levels in the brain. This may be why the
gut microbiota affects the amount of 5-HT in the brain and
ultimately affects brain function. Escherichia coli LPS release
from EC cells induces activation of toll-like/IL-1 receptors
and phosphorylation of nuclear factor kappaB (NF-AB) and
mitogen-activated protein kinase (Kidd et al., 2009). Activation
of indoleamine 2,3-dioxygenase also affects LPS modification of
5-HT (O’Connor et al., 2009). For example, studies find that LPS
can induce anxious behavior in male mice (Savignac etal., 2016).
SCFAs stimulate 5-HT secretion by mediating the expression
of the monocarboxylic acid transporters MCT1 (SLC16A1) and
SMCT1 (SLC5A8) (Fredericks et al., 2020).

The 5-HT content between SPF mice and GF mice differed
due to microbiota dysbiosis. Metabolites of gut microbiota
(such as LPS and SCFAs) regulate 5-HT in the brain through
different pathways. Thus, alcohol and alcohol-induced gut
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microbiota dysbiosis can influence brain function by affecting
the expression of 5-HT-related genes.

Alcohol and gut microbiota disrupt the
y-aminobutyric acid (GABA) system

As the major inhibitory neurotransmitter of the CNS,
y-aminobutyric acid (GABA) can mediate alcohol effects
in functions such as sedative-hypnotic, anticonvulsant,

coordinated movement, and cognition (Augier et al,
2018; 2018).

electrophysiologic studies have revealed that alcohol facilitates

Koulentaki and Kouroumalis, Previous
GABA-mediated responses in some areas of the brain,
such as cortical neurons, spinal cord and substantia nigra.
Correspondingly, in behavioral studies from animal models, the

upregulation of GABA levels and GABA receptor activity can
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enhance the effect of alcohol on motor coordination, whereas
GABA antagonists have the opposite effect (Ticku, 1990).
However, the specific mechanism by which GABA is involved in
alcohol addiction and the changes in GABA and GABA receptor
activity in alcohol addiction are unknown.

Research in rats showed that long-term alcohol exposure can
increase GABA levels in the CNS, such as the central amygdala
(CeA) (Serrano et al., 2018). The CeA consists mainly of GABA-
projecting neurons and interneurons (Veinante and Freund-
Mercier, 1998). However, a recent study has shown that GABA
concentrations in the AUD are markedly lower in the dorsal
anterior cingulate than in the Light Drinkers (Prisciandaro
et al,, 2019). The potential mechanism of addiction is that
acute alcohol consumption facilitates GABA transmission
in the CeA via presynaptic and postsynaptic mechanisms,
while chronic alcohol increases baseline GABA transmission
(Roberto et al., 2012).

Alcohol downregulates the expression
of y-aminobutyric acid (GABA)
transporters and receptors

y-aminobutyric acid (GABA) transporters are essential in
controlling GABA functions (Augier et al., 2018). From the
factors presented above, GABA receptors can significantly
influence the formation of alcohol addiction. The expression
of the GABA transporter is significantly downregulated in the
amygdala, and the expression of GAT-2 tended to decrease
among alcoholic models. This study also finds that some
GABAA receptor genes are expressed at lower levels. In
addition, GAT-3 is particularly downregulated in the CeA of
alcohol-dependent people (Augier et al.,, 2018). Based on the
above description of the GABA transporter, we can understand
that the downregulation of the GABA transporter does not
completely remove GABA from the CNS, which directly leads
to an increase in GABA levels.

Belonging to the G protein-coupled receptor family,
GABAA receptors can mediate the formation of some alcohol
effects, such as alcohol reinforcement and withdrawal symptoms
(Colombo et al., 2004). Thus, it has been suggested that
GABA receptors are potential targets for treating AUDs.
GABA receptors can not only bind GABA ligands but also
bind to alcohol and allosterically mediate neurotransmitter
actions (Koulentaki and Kouroumalis, 2018). Acute alcohol
exposure enhances the actions of GABA on GABAA receptors,
which are downregulated after chronic alcohol exposure,
resulting in a hypoGABAergic/hyperglutamatergic state of
alcohol withdrawal (Prisciandaro et al., 2019).

In fact, it is demonstrated that acute or chronic alcohol
exposure can respond differently to GABA(A) receptors. In
dorsal root ganglion cells, acute alcohol exposure to GABA(A)
receptors leads to increased neuronal excitability of GABA-gated
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currents (Takebayashi et al., 1998; Koulentaki and Kouroumalis,
2018). Alternatively, studies in chronic ethanol-treated rats
have demonstrated that chronic alcohol exposure leads to a
reduced synaptic release of GABA in hippocampal neurons
(Cagetti et al., 2003).

y-aminobutyric acid (GABA)(B) receptors also play a role
in alcohol dependence. The agonists of the GABA(B) receptor
can reduce alcohol intake and suppress drinking motivation
and alcohol craving (Colombo et al., 2004). The mechanism
by which the GABA(B) receptor influences alcohol dependence
is so complex that more studies needed to be done. GABA(B)
receptor is located in the DA neurons and is thought to help
control the mesolimbic DA neurons, acting as an inhibitor of
the latter when alcohol stimulates (Westerink et al., 1996).

Gut dysbiosis upregulates
y-aminobutyric acid (GABA)

The gut microbiota and its metabolites are closely associated
with the GABA system. Among Lactobacillus, Bifidobacteria,
Enterococcus, and Streptococcus species, some bacteria are
involved in the synthesis of GABA (Pokusaeva et al.,, 2017;
Strandwitz et al., 2019). The relative abundance of Bacteroides,
Parainobacter, and Escherichia coli is significantly increased
in alcohol drinkers compared to controls (Yan et al, 2011;
Strandwitz et al., 2019). Consequently, it can be speculated
that alcohol may promote the proliferation of GABA-producing
gut bacteria to regulate brain function. LPS activates toll-like
receptor 4 to release IL-1B and attenuates GABA synthesis
in the spinal dorsal horn and postsynaptic GABA receptor
activity (Yan et al., 2015; Zhang et al, 2020). LPS also
significantly increases GAT2 mRNA levels in the hippocampus
(Miwa et al.,, 2011). There is an interaction between SCFAs
and GABA in which the production of SCFAs in the gut
can be enhanced by GABA (Xie et al, 2017). GABA is
upregulated by SCFAs through the mediation of N-methyl-D-
aspartate (Magsood and Stone, 2016). There are two different
results: the increased GABA-producing gut microbiota caused
by alcohol and the increase in LPS and the decrease in
SCFAs inhibiting GABA action. The difference between the
two results may be due to the larger effect of the former,
which leads to alcohol-induced gut dysbiosis and promotes
the expression of GABA. Therefore, alcohol and alcohol-
induced gut microbiota dysbiosis can affect brain function
by upregulating the expression of GABA and downregulating
GABA transporters.

The gut microbiota can participate in the synthesis of
GABA, and gut microbiota metabolites can change the level
of GABA in the brain by mediating the expression of GABA
receptors and transporters. Therefore, the gut microbiota may
be a potential treatment for GABA system-related diseases.
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Alcohol disrupts vitamin absorption
and vitamin deficiency causes brain
malnutrition

Alcohol causes vitamin deficiency and leads to
brain dysfunction

In brain regions such as the hippocampus, vitamin
As effects can regulate learning and memory function by
modulating synaptic plasticity, whose failure may be associated
with cognitive dysfunction such as AD (Woloszynowska-
Fraser et al., 2020). Vitamin Bl deficiency-induced damage
to the Krebs cycle leads to insufficient functional energy
production in brain cells. When the brain is deprived of the
energy it needs, neural apoptosis occurs (Osiezagha et al,
2013). In the CNS, vitamin C possesses many functions
including neural maturation and differentiation, myelination,
catecholamine synthesis, neurotransmission regulation, and
antioxidant protection. Decreased serum concentrations of
vitamin C can promote the production of free radicals, which
is related to some neurodegenerative diseases (Kocot et al,
2017). Vitamin D regulates brain plasticity by interacting with
the perineuronal network and aggregation of the extracellular
matrix, which has now emerged as an important player
in synaptic plasticity (Mayne and Burne, 2019). Vitamin D
deficiency can increase the risk of various CNS diseases,
especially neurodegenerative diseases such as AD. Vitamins
can participate in energy metabolism in the brain, affect
the synthesis of related neurotransmitters, and regulate brain
plasticity. Therefore, complementary maintenance may be a
potential therapeutic approach to alleviate or counteract CNS
diseases, especially neurodegenerative diseases.

Recent studies have found that plasma levels of vitamin
A, vitamin B1, vitamin C, vitamin D, folic acid, magnesium,
and sodium are significantly lower in alcohol abusers than
in controls (Bjorkhaug et al, 2019). Recent studies have also
revealed that chronic alcohol leads to intestinal absorption
dysfunction and malnutrition in male Sprague Dawley rats.
Nutrient deficiencies caused by alcohol malnutrition include
vitamin B1, folate, vitamin B2 and minerals (Butts et al.,
2019). Under normal circumstances, vitamins are absorbed into
the blood through the intestinal barrier and small intestine
active absorption (Said, 2011). Alcohol can cause damage
to the intestinal barrier and absorption dysfunction of the
small intestine. Possible mechanisms by which alcohol causes
vitamin deficiency include the disruption of the intestinal
barrier and affecting the absorption function of the intestine
to cause vitamin deficiency. There are some examples of the
relationship between vitamins and alcohol. Chronic alcohol
consumption has been found to reduce the vitamin Bl level
in the serum (Zahr et al., 2011). Wernicke’s encephalopathy is
an acute and potentially reversible neurological disorder with
vitamin B1 deficiency. Moreover, chronic alcohol exposure can
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result in brain malnutrition, which may lead to Wernicke’s
encephalopathy by inhibiting vitamin B1 absorption (Harper,
2006). Chronic vitamin Bl deficiency may also result in
Korsakoff syndrome (Kopelman, 1995). In conclusion, alcohol
consumption may reduce plasma levels of various vitamins by
affecting the intestinal barrier and absorption function. Vitamin
deficiency can cause CNS dysfunction. Therefore, vitamins play
an important role in alcohol affecting the CNS. Vitamins may
be the underlying treatment target of alcohol-induced CNS-
related diseases.

Ameliorative vitamin deficiency maintains
intestinal homeostasis

The gut microbiota and its metabolites are closely related
to vitamins, especially vitamin D. Vitamin D maintenance
of intestinal homeostasis is mediated by binding to intestinal
intracellular receptors (VDRs) in the mucus, which in turn
transcribe genes including antimicrobial peptides, ensure
proper levels in the mucus, and strengthen intercellular
junctions to maintain epithelial integrity. In addition, vitamin
D activates immune cells by activating Th1/Th17 cells to trigger
an adaptive immune response, in which the vitamin D/VDR
signaling pathway helps the elimination of gut microbiota
dysbiosis (Fakhoury et al., 2020). The vitamin D/VDR signaling
pathway can inhibit IFN-y and IL-1p expression by regulation
of the hypoxia-inducible factor-1a signaling pathway (Ge et al.,
2019). The impairment of intestinal epithelial barrier function
and TJs by LPS can be inhibited by vitamin A (He et al,
2019). Similarly, SCFAs are closely related to vitamins. SCFAs
participate in the metabolism of vitamin A through upregulating
the expression of the vitamin A-converting enzyme (Goverse
etal, 2017). The process by which carbohydrates are fermented
into SCFAs by gut microbiota can be promoted by vitamin B and
K (LeBlanc et al., 2017). Vitamin D promotes SCFAs secretion
by regulating intestinal calcium homeostasis (Dominguez-Mozo
et al,, 2021). Vitamins exert their influence on gut microbiota
by regulating the binding of genes associated with antimicrobial
peptides. In addition, vitamins can also be involved in the

inflammatory response caused by gut microbiota metabolites.

Alcohol and microbiota
transplantation

At present, few drugs are available for the treatment of
alcohol addiction, and these drugs are generally ineffective
and have considerable side effects. We have discussed how
alcohol disrupts the gut microbiota, which leads to alcohol-
related disease. However, how gut microbiota transplantation
affects alcohol exposure in animals or humans is not clear.
Gut microbiota transplantation includes probiotics and fecal
microbiota transplantation (FMT) (Bajaj, 2019). This review will
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explain the effect of gut microbiota transplantation on alcohol
exposure in three directions: probiotics transplantation, dietary
modification, and FMT.

Probiotics transplantation

Bacteria such as Lactobacillus Plantarum LC27 and
Bifidobacterium longum LC67 can significantly attenuate
gastrointestinal inflammation and inhibit ethanol-induced
alterations in gut microbiota composition. A possible
mechanism is that LC27 and LC67 can reduce myeloperoxidase
activity, attenuate inflammatory reactions and restore ethanol-
induced disturbances in the intestinal microbiota (Kim et al.,
2018). Studies on Lactobacillus rhamnosus GG (LGG) have
shown that alcohol-induced dysbiosis of the gut microbiota and
increased LPS, even in vivo damage, can be prevented by LGG
supplementation, which may be associated with a decrease in
TNF-a (Mutlu et al., 2009; Bull-Otterson et al., 2013). Studies on
ALD have also revealed that LGG ameliorates liver injury caused
by alcohol by regulating the intestinal barrier and T cells and
decreasing the levels of LPS and TNF-a in serum (Gu et al., 2020;
Zhu et al., 2022). Moreover, Lactobacillus acidophilus NCFM,
Bifidobacterium lactis Bi07, and Akkermansia muciniphila are
listed in the Table 2 (Grander et al., 2018; Irwin et al., 2018).
There are few examples of probiotic treatments for patients with
AUD. However, probiotic treatment is remarkably effective in
treating liver injury (Liu et al., 2020) and IBS (Han et al., 2019).
Interestingly, as mentioned above, most alcoholic patients can
show symptoms of liver damage and IBS. Therefore, based on
the alcohol animal experiments of probiotics transplantation
and the therapeutic effect of probiotics transplantation on
patients with the abovementioned diseases, we can conclude
that probiotics treatment also has a good therapeutic effect
on alcohol-induced diseases. Probiotics significantly reduce
ethanol-induced intestinal inflammation and inhibit alcohol-
induced changes in gut microbiota composition and intestinal
inflammation.

Dietary modification and fecal
microbiota transplantation

Diet and dietary composition have a significant effect on
the composition of the gut microbiota. The high protein
diet has a higher relative abundance of Bacteroides spp.,
Alistipes spp., and Bilophila spp., while the lower relative
abundance of Lactobacillus spp., Roseburia spp., and E. rectale
(Beam et al, 2021). The high-fat and high-sugar diet
reduces the relative abundance of Bacteroidetes and elevates
the relative abundance of Firmicutes and Mollicutes (Cani
et al, 2007). In addition, a high-fat diet also increases
the relative abundance of Enterobacteriaceae, Escherichia,
Klebsiella, and Shigella and reduces the relative abundance of
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Bacteroidetes (Zhang et al., 2010). The above changes caused
by diet reveal that diet may affect the diversity of gut
microbiota by altering the dietary composition. Therefore,
it may be possible to mitigate and counteract alcohol-
induced gut dysbiosis by changing the composition of the
diet.
gut microbiota composition. For example, transplantation

Studies on FMT have found an alteration in the

of fecal bacteria from alcoholic mice into normal mice
can downregulate the relative abundance of Lactobacillidae,
Lactobacillus spp., and Bacillus spp. while Erysiphaeidae,
Erysiphae increased (Xiao et al, 2018). Canesso et al
(2014) find that FMT from alcohol-fed models can cause
inflammation and increased intestinal permeability in the
small intestine of GF mice. Llopis et al. (2016) show
that transplantation of human microbiota from alcoholic
patients into the gut of GF mice causes alcohol-induced liver
damage and inflammation, possibly by regulating bile acid
metabolism (Leclercq et al., 2014b). Ferrere et al. (2017)
also find that transplantation of alcohol-resistant donor gut
microbiota can prevent alcohol-induced liver injury in alcohol-
sensitive recipients in animal research. FMT can reduce the
risk of neurodegenerative disorders, especially Parkinson’s
disease. FMT can improve Parkinson’s disease symptoms by
improving the gut microbiota of Parkinson’s disease mice
to alleviate physical damage and increase the levels of DA
and 5-HT in the striatum (Sun et al, 2018). Overall, gut
microbes may be involved in the mechanisms of alcohol abuse
through microbiota transplantation, reinforcing the idea that
gut microbes affect distal organ function (Xiao et al.,, 2018)
(Table 2).

Conclusion and outlook

This review systematically describes how alcohol alters
the composition and diversity of the gut microbiota, how
alcohol affects intestinal integrity and brain function through
gut microbiota, and the potential treatments for alcohol
abusers. As such, it gives us potential directions to treat
alcohol addiction. Gut dysbiosis caused by alcohol affects the
intestinal environment through metabolites (LPS and SCFAs).
Furthermore, alcohol and gut dysbiosis may act on the complex
CNS by regulating the release of neurotransmitters (DA, 5-
HT, and GABA). Vitamin supplement may be one way to
counteract the damage to brain function caused by alcohol and
gut dysbiosis. Increasing evidence has shown that probiotics
transplantation and FMT may normalize the dysfunctional gut
microbiota in alcoholics to restore the function of the gut-brain
and have many benefits. These include reducing inflammation,
improving alcohol-induced liver damage, IBD and IBS, and
regulating neurotransmitter release. Probiotics transplantation
and FMT can treat AUD by releasing neurotransmitters.
Currently, there are few treatments available for AUD, and these
are generally ineffective and have considerable side effects. In the
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future, FMT will be implemented in clinical trials to treat AUD.
Probiotics therapy is also a promising direction for the future.
Sequencing will allow screening for the most significant changes
and the most beneficial gut microbiota, and then optimizing
the combination to treat AUD. Of course, a combination of
FMT and Probiotics treatment can also be considered. Thus,
probiotics transplantation and FMT are potential treatment
options in the current AUD standard of care and potential
combination therapy.

Even so, there are still some things we do not know. For
example, in what form does alcohol affects the gut microbiota,
and what’s the specific microbiota used for alcohol treatment.
The exact mechanisms of the complete process of alcohol by
which alcohol regulates gut function still need to be explored.
Furthermore, understanding more about the association of gut
microbiota and alcohol in the gut and brain will help us
clarify disease. Thus, it provides us with a new direction for
treating alcohol abuse.

Author contributions

JSh contributed to the study concept and design. GC, WY,
and AL collected and sorted the literature. WY and YG drew
figures and tables. GC wrote the first draft. GC, FS, WY, JSu, and
JSh edited and approved the English version of the article. All

References

Akash, K. G., Balarama, K. S., and Paulose, C. S. (2008). Enhanced 5-HT(2A)
receptor status in the hypothalamus and corpus striatum of ethanol-treated rats.
Cell. Mol. Neurobiol. 28, 1017-1025. doi: 10.1007/s10571-008-9281-2

Alasmari, F., Goodwani, S., McCullumsmith, R. E., and Sari, Y. (2018). Role of
glutamatergic system and mesocorticolimbic circuits in alcohol dependence. Prog.
Neurobiol. 171, 32-49. doi: 10.1016/j.pneurobio.2018.10.001

Albillos, A., de Gottardi, A., and Rescigno, M. (2020). The gut-liver axis in
liver disease: pathophysiological basis for therapy. J. Hepatol. 72, 558-577. doi:
10.1016/j.jhep.2019.10.003

Al-Sadi, R., Boivin, M., and Ma, T. (2009). Mechanism of cytokine modulation
of epithelial tight junction barrier. Front. Biosci. 14, 2765-2778. doi: 10.2741/3413

Arumugam, M., Raes, ], Pelletier, E., Le Paslier, D., Yamada, T., Mende, D. R.,
et al. (2011). Enterotypes of the human gut microbiome. Nature 473, 174-180.
doi: 10.1038/nature09944

Augier, E., Barbier, E.,, Dulman, R. S, Licheri, V., Augier, G., Domi, E., et al.
(2018). A molecular mechanism for choosing alcohol over an alternative reward.
Science 360, 1321-1326. doi: 10.1126/science.aao1157

Bajaj, J. S. (2019). Alcohol, liver disease and the gut microbiota. Nat. Rev.
Gastroenterol. Hepatol. 16, 235-246. doi: 10.1038/s41575-018-0099- 1

Bajaj, J. S., Heuman, D. M., Hylemon, P. B., Sanyal, A. J., Puri, P, Sterling,
R. K, et al. (2014). Randomised clinical trial: Lactobacillus GG modulates gut
microbiome, metabolome and endotoxemia in patients with cirrhosis. Aliment.
Pharmacol. Ther. 39, 1113-1125. doi: 10.1111/apt.12695

Beam, A., Clinger, E., and Hao, L. (2021). Effect of diet and dietary components
on the composition of the gut microbiota. Nutrients 13:2795. doi: 10.3390/
nul3082795

Bilska, B., Zegar, A., Slominski, A. T., Kleszczynski, K., Cichy, J., and Pyza,
E. (2021). Expression of antimicrobial peptide genes oscillates along day/night

Frontiers in Microbiology

22

10.3389/fmicb.2022.916765

authors contributed to the article and approved the submitted
version.

Funding

This research was supported by the National Natural Science
Foundation of China (No. 81871044).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

rhythm protecting mice skin from bacteria. Exp. Dermatol. 30, 1418-1427. doi:
10.1111/exd.14229

Bjorkhaug, S. T., Aanes, H., Neupane, S. P., Bramness, J. G., Malvik, S,
Henriksen, C., et al. (2019). Characterization of gut microbiota composition and
functions in patients with chronic alcohol overconsumption. Gut Microbes 10,
663-675. doi: 10.1080/19490976.2019.1580097

Bode, C., and Bode, J. C. (2003). Effect of alcohol consumption on the gut. Best
Pract. Res. Clin. Gastroenterol. 17, 575-592. doi: 10.1016/s1521-6918(03)00034-9

Boileau, I, Assaad, J. M., Pihl, R. O., Benkelfat, C., Leyton, M., Diksic, M., et al.
(2003). Alcohol promotes dopamine release in the human nucleus accumbens.
Synapse 49, 226-231. doi: 10.1002/syn.10226

Bortolozzi, A., Diaz-Mataix, L., Scorza, M. C., Celada, P., and Artigas, F. (2005).
The activation of 5-HT receptors in prefrontal cortex enhances dopaminergic
activity. J. Neurochem. 95, 1597-1607. doi: 10.1111/j.1471-4159.2005.03485.x

Breit, S., Kupferberg, A., Rogler, G., and Hasler, G. (2018). Vagus nerve as
modulator of the brain-gut axis in psychiatric and inflammatory disorders. Front.
Psychiatry 9:44. doi: 10.3389/fpsyt.2018.00044

Bull-Otterson, L., Feng, W., Kirpich, I, Wang, Y., Qin, X, Liu, Y., et al. (2013).
Metagenomic analyses of alcohol induced pathogenic alterations in the intestinal
microbiome and the effect of Lactobacillus rhamnosus GG treatment. PLoS One
8:¢53028. doi: 10.1371/journal.pone.0053028

Burek, M., Konig, A., Lang, M., Fiedler, J., Oerter, S., Roewer, N., et al.
(2019). Hypoxia-induced MicroRNA-212/132 alter blood-brain barrier integrity
through inhibition of tight junction-associated proteins in human and mouse
brain microvascular endothelial cells. Transl. Stroke Res. 10, 672-683. doi: 10.1007/
$12975-018-0683-2

Butts, M., Singh Paulraj, R, Haynes, J., Arthur, S, Singh, S,
and Sundaram, U. (2019). Moderate alcohol consumption inhibits
sodium-dependent  glutamine co-transport in rat intestinal epithelial

frontiersin.org


https://doi.org/10.3389/fmicb.2022.916765
https://doi.org/10.1007/s10571-008-9281-2
https://doi.org/10.1016/j.pneurobio.2018.10.001
https://doi.org/10.1016/j.jhep.2019.10.003
https://doi.org/10.1016/j.jhep.2019.10.003
https://doi.org/10.2741/3413
https://doi.org/10.1038/nature09944
https://doi.org/10.1126/science.aao1157
https://doi.org/10.1038/s41575-018-0099-1
https://doi.org/10.1111/apt.12695
https://doi.org/10.3390/nu13082795
https://doi.org/10.3390/nu13082795
https://doi.org/10.1111/exd.14229
https://doi.org/10.1111/exd.14229
https://doi.org/10.1080/19490976.2019.1580097
https://doi.org/10.1016/s1521-6918(03)00034-9
https://doi.org/10.1002/syn.10226
https://doi.org/10.1111/j.1471-4159.2005.03485.x
https://doi.org/10.3389/fpsyt.2018.00044
https://doi.org/10.1371/journal.pone.0053028
https://doi.org/10.1007/s12975-018-0683-2
https://doi.org/10.1007/s12975-018-0683-2
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Chen et al.

cells in vitro and ex vivo. Nutrients 11:2516. doi: 10.3390/nulll

02516

Cabré, N., Duan, Y., Llorente, C., Conrad, M., Stern, P., Yamashita, D.,
et al. (2021). Colesevelam reduces ethanol-induced liver steatosis in humanized
gnotobiotic mice. Cells 10:1496. doi: 10.3390/cells10061496

Cagetti, E., Liang, J., Spigelman, L, and Olsen, R. W. (2003). Withdrawal from
chronic intermittent ethanol treatment changes subunit composition, reduces
synaptic function, and decreases behavioral responses to positive allosteric
modulators of GABAA receptors. Mol. Pharmacol. 63, 53-64. doi: 10.1124/mol.
63.1.53

Canesso, M. C. C,, Lacerda, N. L., Ferreira, C. M., Gongalves, J. L., Almeida, D.,
Gamba, C,, et al. (2014). Comparing the effects of acute alcohol consumption in
germ-free and conventional mice: the role of the gut microbiota. BMC Microbiol.
14:240. doi: 10.1186/s12866-014-0240-4

Cani, P. D., Amar, J,, Iglesias, M. A., Poggi, M., Knauf, C., Bastelica, D, et al.
(2007). Metabolic endotoxemia initiates obesity and insulin resistance. Diabetes
56, 1761-1772. doi: 10.2337/db06-1491

Capurso, G., and Lahner, E. (2017). The interaction between smoking, alcohol
and the gut microbiome. Best Pract. Res. Clin. Gastroenterol. 31, 579-588. doi:
10.1016/j.bpg.2017.10.006

Carvalho, A. F., Heilig, M., Perez, A., Probst, C., and Rehm, J. (2019). Alcohol
use disorders. Lancet 394, 781-792. doi: 10.1016/s0140-6736(19)31775-1

Ceccarelli, S., Nobili, V., and Alisi, A. (2014). Toll-like receptor-mediated
signaling cascade as a regulator of the inflammation network during alcoholic liver
disease. World J. Gastroenterol. 20, 16443-16451. doi: 10.3748/wjg.v20.i44.16443

Chassaing, B., Koren, O., Goodrich, J. K., Poole, A. C., Srinivasan, S., Ley,R.E,
et al. (2015). Dietary emulsifiers impact the mouse gut microbiota promoting
colitis and metabolic syndrome. Nature 519, 92-96. doi: 10.1038/nature14232

Chen, P,, Starkel, P., Turner, J. R., Ho, S. B., and Schnabl, B. (2015). Dysbiosis-
induced intestinal inflammation activates tumor necrosis factor receptor I and
mediates alcoholic liver disease in mice. Hepatology 61, 883-894. doi: 10.1002/hep.
27489

Chen, Y., Yang, F., Lu, H, Wang, B, Chen, Y., Lei, D., et al. (2011).
Characterization of fecal microbial communities in patients with liver cirrhosis.
Hepatology 54, 562-572. doi: 10.1002/hep.24423

Chen, Y. C, Yang, L. F, Lai, C. L, and Yin, S. J. (2021). Acetaldehyde
enhances alcohol sensitivity and protects against alcoholism: evidence from
alcohol metabolism in subjects with variant ALDH2*2 gene allele. Biomolecules
11:1183. doi: 10.3390/biom11081183

Clarke, G., Grenham, S., Scully, P., Fitzgerald, P., Moloney, R. D., Shanahan,
F., et al. (2013). The microbiome-gut-brain axis during early life regulates the
hippocampal serotonergic system in a sex-dependent manner. Mol. Psychiatry 18,
666-673. doi: 10.1038/mp.2012.77

Colombo, G., Addolorato, G., Agabio, R., Carai, M. A., Pibiri, F., Serra, S.,
et al. (2004). Role of GABA(B) receptor in alcohol dependence: reducing effect
of baclofen on alcohol intake and alcohol motivational properties in rats and
amelioration of alcohol withdrawal syndrome and alcohol craving in human
alcoholics. Neurotox. Res. 6, 403-414. doi: 10.1007/bf03033315

Connor, T. J., Starr, N., O’Sullivan, J. B., and Harkin, A. (2008). Induction
of indolamine 2,3-dioxygenase and kynurenine 3-monooxygenase in rat brain
following a systemic inflammatory challenge: a role for IFN-gamma? Neurosci.
Lett. 441, 29-34. doi: 10.1016/j.neulet.2008.06.007

Corbit, L. H., Nie, H., and Janak, P. H. (2014). Habitual responding for alcohol
depends upon both AMPA and D2 receptor signaling in the dorsolateral striatum.
Front. Behav. Neurosci. 8:301. doi: 10.3389/fnbeh.2014.00301

Cryan, J. F.,, O'Riordan, K. J., Cowan, C. S. M., Sandhu, K. V., Bastiaanssen,
T. F. S.,, Boehme, M,, et al. (2019). The microbiota-gut-brain axis. Physiol. Rev. 99,
1877-2013. doi: 10.1152/physrev.00018.2018

Csak, T., Bala, S., Lippai, D., Satishchandran, A., Catalano, D., Kodys, K,
etal. (2015). microRNA-122 regulates hypoxia-inducible factor-1 and vimentin in
hepatocytes and correlates with fibrosis in diet-induced steatohepatitis. Liver Int.
35, 532-541. doi: 10.1111/1iv.12633

DeCastro, M., Nankova, B. B., Shah, P., Patel, P.,, Mally, P. V., Mishra, R,
et al. (2005). Short chain fatty acids regulate tyrosine hydroxylase gene expression
through a cAMP-dependent signaling pathway. Brain Res. Mol. Brain Res. 142,
28-38. doi: 10.1016/j.molbrainres.2005.09.002

Diaz Heijtz, R., Wang, S., Anuar, F., Qian, Y., Bjérkholm, B., Samuelsson, A.,
et al. (2011). Normal gut microbiota modulates brain development and behavior.
Proc. Natl. Acad. Sci. U.S.A. 108, 3047-3052. doi: 10.1073/pnas.1010529108

Dominguez-Mozo, M. L, Perez-Perez, S., Villarrubia, N., Costa-Frossard, L.,
Fernandez-Velasco, J. I, Ortega-Madueno, I, et al. (2021). Herpesvirus antibodies,

Frontiers in Microbiology

23

10.3389/fmicb.2022.916765

vitamin d and short-chain fatty acids: their correlation with cell subsets in multiple
sclerosis patients and healthy controls. Cells 10:119. doi: 10.3390/cells10010119

Dong, N, Xue, C., Zhang, L., Zhang, T., Wang, C., Bi, C,, et al. (2020). Oleanolic
acid enhances tight junctions and ameliorates inflammation in Salmonella
typhimurium-induced diarrhea in mice via the TLR4/NF-kB and MAPK pathway.
Food Funct. 11, 1122-1132. doi: 10.1039/c9f001718f

Dubinkina, V. B., Tyakht, A. V., Odintsova, V. Y., Yarygin, K. S., Kovarsky,
B. A, Pavlenko, A. V., et al. (2017). Links of gut microbiota composition with
alcohol dependence syndrome and alcoholic liver disease. Microbiome 5:141. doi:
10.1186/540168-017-0359-2

Eissa, N., Hussein, H., Tshikudi, D. M., Hendy, G. N., Bernstein, C. N., and Ghia,
J. E. (2020). Interdependence between Chromogranin-A, alternatively activated
macrophages, tight junction proteins and the epithelial functions. A human
and in-vivo/in-vitro descriptive study. Int. J. Mol. Sci. 21:7976. doi: 10.3390/
ijms21217976

Elamin, E., Jonkers, D., Juuti-Uusitalo, K., van Ijzendoorn, S., Troost, F.,
Duimel, H., et al. (2012). Effects of ethanol and acetaldehyde on tight junction
integrity: in vitro study in a three dimensional intestinal epithelial cell culture
model. PLoS One 7:¢35008. doi: 10.1371/journal.pone.0035008

Elatrech, I., Marzaioli, V., Boukemara, H., Bournier, O., Neut, C., Darfeuille-
Michaud, A., et al. (2015). Escherichia coli LF82 differentially regulates ROS
production and mucin expression in intestinal epithelial T84 cells: implication of
NOXI. Inflamm. Bowel Dis. 21, 1018-1026. doi: 10.1097/mib.0000000000000365

El-Ghundi, M., George, S. R., Drago, J., Fletcher, P. J., Fan, T., Nguyen, T., et al.
(1998). Disruption of dopamine D1 receptor gene expression attenuates alcohol-
seeking behavior. Eur. J. Pharmacol. 353, 149-158. doi: 10.1016/s0014-2999(98)
00414-2

El-Salhy, M., Hatlebakk, J. G., and Hausken, T. (2019). Diet in irritable bowel
syndrome (IBS): interaction with gut microbiota and gut hormones. Nutrients
11:1824. doi: 10.3390/nu11081824

Engevik, M. A,, Luk, B., Chang-Graham, A. L., Hall, A., Herrmann, B., Ruan,
W., et al. (2019). Bifidobacterium dentium fortifies the intestinal mucus layer
via autophagy and calcium signaling pathways. mBio 10:e01087-19. doi: 10.1128/
mBio.01087-19

Fakhoury, H. M. A, Kvietys, P. R., AlKattan, W., Anouti, F. A, Elahi, M. A,,
Karras, S. N., et al. (2020). Vitamin D and intestinal homeostasis: barrier,
microbiota, and immune modulation. J. Steroid Biochem. Mol. Biol. 200:105663.
doi: 10.1016/j.jsbmb.2020.105663

Feltmann, K., Borroto-Escuela, D. O., Riiegg, J., Pinton, L., de Oliveira Sergio, T.,
Narvdez, M., et al. (2018). Effects of long-term alcohol drinking on the dopamine
D2 receptor: gene expression and heteroreceptor complexes in the striatum in rats.
Alcohol. Clin. Exp. Res. 42, 338-351. doi: 10.1111/acer.13568

Ferrere, G., Wrzosek, L., Cailleux, F., Turpin, W., Puchois, V., Spatz, M., et al.
(2017). Fecal microbiota manipulation prevents dysbiosis and alcohol-induced
liver injury in mice. J. Hepatol. 66, 806-815. doi: 10.1016/j.jhep.2016.11.008

Foddai, M., Dosia, G., Spiga, S., and Diana, M. (2004). Acetaldehyde increases
dopaminergic neuronal activity in the VTA. Neuropsychopharmacology 29, 530-
536. doi: 10.1038/sj.npp.1300326

Fredericks, E., Theunissen, R., and Roux, S. (2020). Short chain fatty acids and
monocarboxylate transporters in irritable bowel syndrome. Turk. J. Gastroenterol.
31, 840-847. doi: 10.5152/tjg.2020.19856

Gabbard, S. L., Lacy, B. E., Levine, G. M., and Crowell, M. D. (2014). The
impact of alcohol consumption and cholecystectomy on small intestinal bacterial
overgrowth. Dig. Dis. Sci. 59, 638-644. doi: 10.1007/s10620-013-2960-y

Garg, P., Ravi, A, Patel, N. R,, Roman, J., Gewirtz, A. T., Merlin, D., et al.
(2007). Matrix metalloproteinase-9 regulates MUC-2 expression through its effect
on goblet cell differentiation. Gastroenterology 132, 1877-1889. doi: 10.1053/j.
gastro.2007.02.048

Ge, X., Wang, L., Li, M,, Xu, N, Yu, F,, Yang, F., et al. (2019). Vitamin D/VDR
signaling inhibits LPS-induced IFNy and IL-1f in Oral epithelia by regulating
hypoxia-inducible factor-1a signaling pathway. Cell Commun. Signal. 17:18. doi:
10.1186/512964-019-0331-9

Gershon, M. D. (2013). 5-Hydroxytryptamine (serotonin) in the gastrointestinal
tract. Curr. Opin. Endocrinol. Diabetes Obes. 20, 14-21. doi: 10.1097/MED.
0b013e32835bc703

Gilpin, N. W., and Koob, G. F. (2008). Neurobiology of alcohol dependence:
focus on motivational mechanisms. Alcohol. Res. Health 31, 185-195.

Gimenez-Gomez, P., Perez-Hernandez, M., O’Shea, E., Caso, J. R., Martin-
Hernandez, D., Cervera, L. A., et al. (2019). Changes in brain kynurenine levels via
gut microbiota and gut-barrier disruption induced by chronic ethanol exposure in
mice. FASEB J. 33, 12900-12914. doi: 10.1096/1j.201900491RR

frontiersin.org


https://doi.org/10.3389/fmicb.2022.916765
https://doi.org/10.3390/nu11102516
https://doi.org/10.3390/nu11102516
https://doi.org/10.3390/cells10061496
https://doi.org/10.1124/mol.63.1.53
https://doi.org/10.1124/mol.63.1.53
https://doi.org/10.1186/s12866-014-0240-4
https://doi.org/10.2337/db06-1491
https://doi.org/10.1016/j.bpg.2017.10.006
https://doi.org/10.1016/j.bpg.2017.10.006
https://doi.org/10.1016/s0140-6736(19)31775-1
https://doi.org/10.3748/wjg.v20.i44.16443
https://doi.org/10.1038/nature14232
https://doi.org/10.1002/hep.27489
https://doi.org/10.1002/hep.27489
https://doi.org/10.1002/hep.24423
https://doi.org/10.3390/biom11081183
https://doi.org/10.1038/mp.2012.77
https://doi.org/10.1007/bf03033315
https://doi.org/10.1016/j.neulet.2008.06.007
https://doi.org/10.3389/fnbeh.2014.00301
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.1111/liv.12633
https://doi.org/10.1016/j.molbrainres.2005.09.002
https://doi.org/10.1073/pnas.1010529108
https://doi.org/10.3390/cells10010119
https://doi.org/10.1039/c9fo01718f
https://doi.org/10.1186/s40168-017-0359-2
https://doi.org/10.1186/s40168-017-0359-2
https://doi.org/10.3390/ijms21217976
https://doi.org/10.3390/ijms21217976
https://doi.org/10.1371/journal.pone.0035008
https://doi.org/10.1097/mib.0000000000000365
https://doi.org/10.1016/s0014-2999(98)00414-2
https://doi.org/10.1016/s0014-2999(98)00414-2
https://doi.org/10.3390/nu11081824
https://doi.org/10.1128/mBio.01087-19
https://doi.org/10.1128/mBio.01087-19
https://doi.org/10.1016/j.jsbmb.2020.105663
https://doi.org/10.1111/acer.13568
https://doi.org/10.1016/j.jhep.2016.11.008
https://doi.org/10.1038/sj.npp.1300326
https://doi.org/10.5152/tjg.2020.19856
https://doi.org/10.1007/s10620-013-2960-y
https://doi.org/10.1053/j.gastro.2007.02.048
https://doi.org/10.1053/j.gastro.2007.02.048
https://doi.org/10.1186/s12964-019-0331-9
https://doi.org/10.1186/s12964-019-0331-9
https://doi.org/10.1097/MED.0b013e32835bc703
https://doi.org/10.1097/MED.0b013e32835bc703
https://doi.org/10.1096/fj.201900491RR
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Chen et al.

Glebov, K., Lochner, M., Jabs, R., Lau, T., Merkel, O., Schloss, P., et al. (2015).
Serotonin stimulates secretion of exosomes from microglia cells. Glia 63, 626-634.
doi: 10.1002/glia.22772

Gonzalez-Arancibia, C., Urrutia-Pinones, J., Illanes-Gonzalez, J., Martinez-
Pinto, J., Sotomayor-Zarate, R., Julio-Pieper, M., et al. (2019). Do your gut
microbes affect your brain dopamine? Psychopharmacology 236, 1611-1622. doi:
10.1007/500213-019-05265-5

Goverse, G., Molenaar, R., Macia, L., Tan, J., Erkelens, M. N., Konijn, T., et al.
(2017). Diet-derived short chain fatty acids stimulate intestinal epithelial cells
to induce mucosal tolerogenic dendritic cells. J. Immunol. 198, 2172-2181. doi:
10.4049/jimmunol.1600165

Gracie, D. J., Hamlin, P.J., and Ford, A. C. (2019). The influence of the brain-gut
axis in inflammatory bowel disease and possible implications for treatment. Lancet
Gastroenterol. Hepatol. 4, 632-642. doi: 10.1016/s2468-1253(19)30089-5

Grander, C., Adolph, T. E., Wieser, V., Lowe, P., Wrzosek, L., Gyongyosi, B.,
et al. (2018). Recovery of ethanol-induced Akkermansia muciniphila depletion
ameliorates alcoholic liver disease. Gut 67, 891-901. doi: 10.1136/gutjnl-2016-
313432

Green, A. L., Zhan, L., Eid, A., Zarbl, H., Guo, G. L., and Richardson, J. R. (2017).
Valproate increases dopamine transporter expression through histone acetylation
and enhanced promoter binding of Nurrl. Neuropharmacology 125, 189-196.
doi: 10.1016/j.neuropharm.2017.07.020

Griswold, M. G., Fullman, N., Hawley, C., Arian, N., Zimsen, S. R. M., Tymeson,
H. D, etal. (2018). Alcohol use and burden for 195 countries and territories, 1990-
2016: a systematic analysis for the Global Burden of Disease Study 2016. Lancet
392, 1015-1035. doi: 10.1016/s0140-6736(18)31310-2

Gu, Z., Wu, Y., Wang, Y., Sun, H,, You, Y., Piao, C,, et al. (2020). Lactobacillus
rhamnosus granules dose-dependently balance intestinal microbiome disorders
and ameliorate chronic alcohol-induced liver injury. . Med. Food 23, 114-124.
doi: 10.1089/jmf.2018.4357

Gyongyosi, B., Cho, Y., Lowe, P., Calenda, C. D., Iracheta-Vellve, A,
Satishchandran, A., et al. (2019). Alcohol-induced IL-17A production in Paneth
cells amplifies endoplasmic reticulum stress, apoptosis, and inflammasome-IL-18
activation in the proximal small intestine in mice. Mucosal Immunol. 12, 930-944.
doi: 10.1038/s41385-019-0170-4

Hamer, H. M., Jonkers, D., Venema, K., Vanhoutvin, S., Troost, F. J., and
Brummer, R. J. (2008). Review article: the role of butyrate on colonic function.
Aliment. Pharmacol. Ther. 27, 104-119. doi: 10.1111/§.1365-2036.2007.03562.x

Han, X, Lee, A., Huang, S., Gao, J., Spence, J. R, and Owyang, C. (2019).
Lactobacillus rhamnosus GG prevents epithelial barrier dysfunction induced by
interferon-gamma and fecal supernatants from irritable bowel syndrome patients
in human intestinal enteroids and colonoids. Gut Microbes 10, 59-76. doi: 10.1080/
19490976.2018.1479625

Harper, C. (2006). Thiamine (vitamin B1) deficiency and associated brain
damage is still common throughout the world and prevention is simple and safe!
Eur. J. Neurol. 13, 1078-1082. doi: 10.1111/j.1468-1331.2006.01530.x

Hartmann, P., Chen, P., Wang, H. J., Wang, L., McCole, D. F., Brandl, K., et al.
(2013). Deficiency of intestinal mucin-2 ameliorates experimental alcoholic liver
disease in mice. Hepatology 58, 108-119. doi: 10.1002/hep.26321

Hauge, T., Persson, J., and Danielsson, D. (1997). Mucosal bacterial growth
in the upper gastrointestinal tract in alcoholics (heavy drinkers). Digestion 58,
591-595. doi: 10.1159/000201507

He, C,, Deng, J., Hu, X, Zhou, S., Wu, ], Xiao, D,, et al. (2019). Vitamin A
inhibits the action of LPS on the intestinal epithelial barrier function and tight
junction proteins. Food Funct. 10, 1235-1242. doi: 10.1039/c8fo01123k

Hering, N. A., Fromm, A., Biicker, R., Gorkiewicz, G., Zechner, E., Hgenauer,
C., etal. (2019). Tilivalline- and Tilimycin-independent effects of Klebsiella oxytoca
on tight junction-mediated intestinal barrier impairment. Int. J. Mol. Sci. 20:5595.
doi: 10.3390/ijms20225595

Hodge, C. W., Samson, H. H., and Chappelle, A. M. (1997). Alcohol self-
administration: further examination of the role of dopamine receptors in the
nucleus accumbens. Alcohol. Clin. Exp. Res. 21, 1083-1091. doi: 10.1111/j.1530-
0277.1997.tb04257.x

Homann, N., Tillonen, J., and Salaspuro, M. (2000). Microbially produced
acetaldehyde from ethanol may increase the risk of colon cancer via folate
deficiency. Int. J. Cancer 86, 169-173. doi: 10.1002/(sici)1097-0215(20000415)86:
2&It;169::aid- jjc4&gt;3.0.c0;2- 3

Irwin, C., Khalesi, S., Cox, A. J., Grant, G., Davey, A. K,, Bulmer, A. C,,
et al. (2018). Effect of 8-weeks prebiotics/probiotics supplementation on alcohol
metabolism and blood biomarkers of healthy adults: a pilot study. Eur. J. Nutr. 57,
1523-1534. doi: 10.1007/s00394-017-1437-8

Ito, R., Dalley, J. W., Robbins, T. W., and Everitt, B. J. (2002). Dopamine release
in the dorsal striatum during cocaine-seeking behavior under the control of a

Frontiers in Microbiology

24

10.3389/fmicb.2022.916765

drug-associated cue. J. Neurosci. 22, 6247-6253. doi: 10.1523/jneurosci.22-14-
06247.2002

Jeanblanc, J., He, D. Y., McGough, N. N.,, Logrip, M. L., Phamluong, K,
Janak, P. H., et al. (2006). The dopamine D3 receptor is part of a homeostatic
pathway regulating ethanol consumption. J. Neurosci. 26, 1457-1464. doi: 10.1523/
jneurosci.3786-05.2006

Jiang, X., Lin, Q., Xu, L., Chen, Z., Yan, Q., Chen, L, et al. (2020). Indoleamine-
2,3-dioxygenase mediates emotional deficits by the kynurenine/tryptophan
pathway in the ethanol addiction/withdrawal mouse model. Front. Cell. Neurosci.
14:11. doi: 10.3389/fncel.2020.00011

Jiao, N., Baker, S. S., Nugent, C. A., Tsompana, M., Cai, L., Wang, Y., etal. (2018).
Gut microbiome may contribute to insulin resistance and systemic inflammation
in obese rodents: a meta-analysis. Physiol. Genomics 50, 244-254. doi: 10.1152/
physiolgenomics.00114.2017

Jin, S, Cao, Q. Yang, F., Zhu, H, Xu, S, Chen, Q, et al. (2021).
Brain ethanol metabolism by astrocytic ALDH2 drives the behavioural effects
of ethanol intoxication. Nat. Metab. 3, 337-351. doi: 10.1038/s42255-021-00
357-z

Kennedy, P. J., Cryan, J. F,, Dinan, T. G., and Clarke, G. (2017). Kynurenine
pathway metabolism and the microbiota-gut-brain axis. Neuropharmacology
112(Pt B), 399-412. doi: 10.1016/j.neuropharm.2016.07.002

Kennedy, R. J., Hoper, M., Deodhar, K., Erwin, P. J, Kirk, S. J, and
Gardiner, K. R. (2000). Interleukin 10-deficient colitis: new similarities to human
inflammatory bowel disease. Br. J. Surg. 87, 1346-1351. doi: 10.1046/j.1365-2168.
2000.01615.x

Kidd, M., Gustafsson, B. I., Drozdov, I., and Modlin, I. M. (2009). IL1beta- and
LPS-induced serotonin secretion is increased in EC cells derived from Crohn’s
disease. Neurogastroenterol. Motil. 21, 439-450. doi: 10.1111/j.1365-2982.2008.
01210.x

Kim, A., Di Ciano, P., Pushparaj, A., Leca, J., and Le Foll, B. (2020). The
effects of dopamine D4 receptor ligands on operant alcohol self-administration
and cue- and stress-induced reinstatement in rats. Eur. J. Pharmacol. 867:172838.
doi: 10.1016/j.ejphar.2019.172838

Kim, H. S., Kim, S., Shin, S. J., Park, Y. H., Nam, Y., Kim, C. W, et al. (2021).
Gram-negative bacteria and their lipopolysaccharides in Alzheimer’s disease:
pathologic roles and therapeutic implications. Transl. Neurodegener. 10:49. doi:
10.1186/540035-021-00273-y

Kim, W. G, Kim, H. I, Kwon, E. K, Han, M. ], and Kim, D. H.
(2018). Lactobacillus plantarum LC27 and Bifidobacterium longum LC67 mitigate
alcoholic steatosis in mice by inhibiting LPS-mediated NF-kB activation through
restoration of the disturbed gut microbiota. Food Funct. 9, 4255-4265. doi: 10.
1039/c8f000252e

Kocot, J., Luchowska-Kocot, D., Kielczykowska, M., Musik, I, and Kurzepa,
J. (2017). Does vitamin C influence neurodegenerative diseases and psychiatric
disorders? Nutrients 9:659. doi: 10.3390/nu9070659

Kopelman, M. D. (1995). The Korsakoft syndrome. Br. J. Psychiatry 166, 154-
173. doi: 10.1192/bjp.166.2.154

Koulentaki, M., and Kouroumalis, E. (2018). GABA(A) receptor
polymorphisms in alcohol use disorder in the GWAS era. Psychopharmacology
235, 1845-1865. doi: 10.1007/s00213-018-4918-4

Krabbe, K. S., Reichenberg, A., Yirmiya, R., Smed, A., Pedersen, B. K., and
Bruunsgaard, H. (2005). Low-dose endotoxemia and human neuropsychological
functions. Brain Behav. Immun. 19, 453-460. doi: 10.1016/j.bbi.2005.04.010

Kurita, N., Yamashiro, K., Kuroki, T., Tanaka, R., Urabe, T., Ueno, Y.,
et al. (2020). Metabolic endotoxemia promotes neuroinflammation after focal
cerebral ischemia. J. Cereb. Blood Flow Metab. 40, 2505-2520. doi: 10.1177/
0271678x19899577

Lai, Y. T, Tsai, Y. P, Cherng, C. G, Ke, J. J, Ho, M. C, Tsai,
C. W,, et al. (2009). Lipopolysaccharide mitagates methamphetamine-induced
striatal dopamine depletion via modulating local TNF-alpha and dopamine
transporter expression. J. Neural Transm. 116,405-415. doi: 10.1007/s00702-009-0
204-2

Larsson, M. K., Faka, A., Bhat, M., Imbeault, S., Goiny, M., Orhan, F., et al.
(2016). Repeated LPS injection induces distinct changes in the kynurenine
pathway in mice. Neurochem. Res. 41, 2243-2255. doi: 10.1007/s11064-016-1
939-4

LeBlang, J. G., Chain, F., Martin, R., Bermudez-Humardn, L. G., Courau, S., and
Langella, P. (2017). Beneficial effects on host energy metabolism of short-chain
fatty acids and vitamins produced by commensal and probiotic bacteria. Microb.
Cell Fact. 16:79. doi: 10.1186/5s12934-017-0691-z

Leclercg, S., Cani, P. D, Neyrinck, A. M., Stirkel, P., Jamar, F., Mikolajczak, M.,
et al. (2012). Role of intestinal permeability and inflammation in the biological

frontiersin.org


https://doi.org/10.3389/fmicb.2022.916765
https://doi.org/10.1002/glia.22772
https://doi.org/10.1007/s00213-019-05265-5
https://doi.org/10.1007/s00213-019-05265-5
https://doi.org/10.4049/jimmunol.1600165
https://doi.org/10.4049/jimmunol.1600165
https://doi.org/10.1016/s2468-1253(19)30089-5
https://doi.org/10.1136/gutjnl-2016-313432
https://doi.org/10.1136/gutjnl-2016-313432
https://doi.org/10.1016/j.neuropharm.2017.07.020
https://doi.org/10.1016/s0140-6736(18)31310-2
https://doi.org/10.1089/jmf.2018.4357
https://doi.org/10.1038/s41385-019-0170-4
https://doi.org/10.1111/j.1365-2036.2007.03562.x
https://doi.org/10.1080/19490976.2018.1479625
https://doi.org/10.1080/19490976.2018.1479625
https://doi.org/10.1111/j.1468-1331.2006.01530.x
https://doi.org/10.1002/hep.26321
https://doi.org/10.1159/000201507
https://doi.org/10.1039/c8fo01123k
https://doi.org/10.3390/ijms20225595
https://doi.org/10.1111/j.1530-0277.1997.tb04257.x
https://doi.org/10.1111/j.1530-0277.1997.tb04257.x
https://doi.org/10.1002/(sici)1097-0215(20000415)86:2&lt;169::aid-ijc4&gt;3.0.co;2-3
https://doi.org/10.1002/(sici)1097-0215(20000415)86:2&lt;169::aid-ijc4&gt;3.0.co;2-3
https://doi.org/10.1007/s00394-017-1437-8
https://doi.org/10.1523/jneurosci.22-14-06247.2002
https://doi.org/10.1523/jneurosci.22-14-06247.2002
https://doi.org/10.1523/jneurosci.3786-05.2006
https://doi.org/10.1523/jneurosci.3786-05.2006
https://doi.org/10.3389/fncel.2020.00011
https://doi.org/10.1152/physiolgenomics.00114.2017
https://doi.org/10.1152/physiolgenomics.00114.2017
https://doi.org/10.1038/s42255-021-00357-z
https://doi.org/10.1038/s42255-021-00357-z
https://doi.org/10.1016/j.neuropharm.2016.07.002
https://doi.org/10.1046/j.1365-2168.2000.01615.x
https://doi.org/10.1046/j.1365-2168.2000.01615.x
https://doi.org/10.1111/j.1365-2982.2008.01210.x
https://doi.org/10.1111/j.1365-2982.2008.01210.x
https://doi.org/10.1016/j.ejphar.2019.172838
https://doi.org/10.1186/s40035-021-00273-y
https://doi.org/10.1186/s40035-021-00273-y
https://doi.org/10.1039/c8fo00252e
https://doi.org/10.1039/c8fo00252e
https://doi.org/10.3390/nu9070659
https://doi.org/10.1192/bjp.166.2.154
https://doi.org/10.1007/s00213-018-4918-4
https://doi.org/10.1016/j.bbi.2005.04.010
https://doi.org/10.1177/0271678x19899577
https://doi.org/10.1177/0271678x19899577
https://doi.org/10.1007/s00702-009-0204-2
https://doi.org/10.1007/s00702-009-0204-2
https://doi.org/10.1007/s11064-016-1939-4
https://doi.org/10.1007/s11064-016-1939-4
https://doi.org/10.1186/s12934-017-0691-z
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Chen et al.

and behavioral control of alcohol-dependent subjects. Brain Behav. Immun. 26,
911-918. doi: 10.1016/j.bbi.2012.04.001

Leclercg, S., De Saeger, C., Delzenne, N., de Timary, P., and Stirkel, P.
(2014a). Role of inflammatory pathways, blood mononuclear cells, and gut-
derived bacterial products in alcohol dependence. Biol. Psychiatry 76, 725-733.
doi: 10.1016/j.biopsych.2014.02.003

Leclercq, S., Matamoros, S., Cani, P. D., Neyrinck, A. M., Jamar, F., Stirkel,
P., et al. (2014b). Intestinal permeability, gut-bacterial dysbiosis, and behavioral
markers of alcohol-dependence severity. Proc. Natl. Acad. Sci. U.S.A. 111, E4485—
E4493. doi: 10.1073/pnas.1415174111

Leclercq, S., de Timary, P., Delzenne, N. M., and Starkel, P. (2017). The link
between inflammation, bugs, the intestine and the brain in alcohol dependence.
Transl. Psychiatry 7:¢1048. doi: 10.1038/tp.2017.15

Lee, J. E,, Ha, J. S., Park, H. Y., and Lee, E. (2020). Alteration of gut microbiota
composition by short-term low-dose alcohol intake is restored by fermented rice
liquor in mice. Food Res. Int. 128:108800. doi: 10.1016/j.foodres.2019.108800

Lee, J. S., Oh, T. Y., Kim, Y. K,, Baik, J. H,, So, S., Hahm, K. B., et al. (2005).
Protective effects of green tea polyphenol extracts against ethanol-induced gastric
mucosal damages in rats: stress-responsive transcription factors and MAP kinases
as potential targets. Mutat. Res. 579, 214-224. doi: 10.1016/j.mrfmmm.2005.03.027

Lee, J. S., Tato, C. M., Joyce-Shaikh, B., Gulen, M. F., Cayatte, C., Chen, Y.,
et al. (2015). Interleukin-23-independent IL-17 production regulates intestinal
epithelial permeability. Immunity 43, 727-738. doi: 10.1016/j.immuni.2015.09.003

Li, Z,, Lu, Y., Liang, S., Li, S., Chen, B., Zhang, M., et al. (2020). Fluoxetine
improves behavioural deficits induced by chronic alcohol treatment by alleviating
RNA editing of 5-HT(2C) receptors. Neurochem. Int. 134:104689. doi: 10.1016/j.
neuint.2020.104689

Lin, D,, Jiang, X., Zhao, Y., Zhai, X., and Yang, X. (2020). Komagataeibacter
hansenii CGMCC 3917 alleviates alcohol-induced liver injury by regulating fatty
acid metabolism and intestinal microbiota diversity in mice. Food Funct. 11,
4591-4604. doi: 10.1039/c9f002040c

Lippai, D., Bala, S., Catalano, D., Kodys, K., and Szabo, G. (2014). Micro-
RNA-155 deficiency prevents alcohol-induced serum endotoxin increase and small
bowel inflammation in mice. Alcohol. Clin. Exp. Res. 38, 2217-2224. doi: 10.1111/
acer.12483

Liu, Y., Chen, K., Li, F,, Gu, Z., Liu, Q., He, L., et al. (2020). Probiotic
Lactobacillus rhamnosus GG prevents liver fibrosis through inhibiting hepatic
bile acid synthesis and enhancing bile acid excretion in mice. Hepatology 71,
2050-2066. doi: 10.1002/hep.30975

Llopis, M., Cassard, A. M., Wrzosek, L., Boschat, L., Bruneau, A., Ferrere,
G., et al. (2016). Intestinal microbiota contributes to individual susceptibility to
alcoholic liver disease. Gut 65, 830-839. doi: 10.1136/gutjnl-2015-310585

Lowe, P. P., Gyongyosi, B., Satishchandran, A., Iracheta-Vellve, A., Cho, Y.,
Ambade, A, etal. (2018). Reduced gut microbiome protects from alcohol-induced
neuroinflammation and alters intestinal and brain inflammasome expression.
J. Neuroinflammation 15:298. doi: 10.1186/s12974-018-1328-9

Ma, T. Y., Iwamoto, G. K., Hoa, N. T., Akotia, V., Pedram, A., Boivin, M. A,,
et al. (2004). TNF-alpha-induced increase in intestinal epithelial tight junction
permeability requires NF-kappa B activation. Am. J. Physiol. Gastrointest. Liver
Physiol. 286, G367-G376. doi: 10.1152/ajpgi.00173.2003

Magsood, R., and Stone, T. W. (2016). The gut-brain axis, BDNF, NMDA and
CNS disorders. Neurochem. Res. 41, 2819-2835. doi: 10.1007/s11064-016-2039-1

Martinez, D., Gil, R,, Slifstein, M., Hwang, D.-R., Huang, Y., Perez, A,, et al.
(2005). Alcohol dependence is associated with blunted dopamine transmission in
the ventral striatum. Biol. Psychiatry 58, 779-786.

Mayne, P. E., and Burne, T. H. J. (2019). Vitamin D in synaptic plasticity,
cognitive function, and neuropsychiatric illness. Trends Neurosci. 42, 293-306.
doi: 10.1016/j.tins.2019.01.003

Melis, M., Enrico, P., Peana, A. T., and Diana, M. (2007). Acetaldehyde mediates
alcohol activation of the mesolimbic dopamine system. Eur. J. Neurosci. 26,
2824-2833. doi: 10.1111/j.1460-9568.2007.05887.x

Mentella, M. C., Scaldaferri, F., Pizzoferrato, M., Gasbarrini, A., and Miggiano,
G. A. D. (2020). Nutrition, IBD and gut microbiota: a review. Nutrients 12:944.
doi: 10.3390/nu12040944

Meroni, M., Longo, M., and Dongiovanni, P. (2019). The role of probiotics in
nonalcoholic fatty liver disease: a new insight into therapeutic strategies. Nutrients
11:2642. doi: 10.3390/nul1112642

Meyer, D., and Stasse-Wolthuis, M. (2009). The bifidogenic effect of inulin and
oligofructose and its consequences for gut health. Eur. J. Clin. Nutr. 63, 1277-1289.
doi: 10.1038/ejcn.2009.64

Ming, L., Qiao, X,, Yi, L., Siren, D., He, J., Hai, L., et al. (2020). Camel milk
modulates ethanol-induced changes in the gut microbiome and transcriptome

Frontiers in Microbiology

25

10.3389/fmicb.2022.916765

in a mouse model of acute alcoholic liver disease. J. Dairy Sci. 103, 3937-3949.
doi: 10.3168/jds.2019- 17247

Miura, H., Ozaki, N., Sawada, M., Isobe, K., Ohta, T., and Nagatsu, T.
(2008). A link between stress and depression: shifts in the balance between
the kynurenine and serotonin pathways of tryptophan metabolism and the
etiology and pathophysiology of depression. Stress 11, 198-209. doi: 10.1080/
10253890701754068

Miwa, M., Tsuboi, M., Noguchi, Y., Enokishima, A., Nabeshima, T.,
and Hiramatsu, M. (2011). Effects of betaine on lipopolysaccharide-induced
memory impairment in mice and the involvement of GABA transporter 2.
J. Neuroinflammation 8:153. doi: 10.1186/1742-2094-8-153

Murphy, J. M., McBride, W. J., Lumeng, L., and Li, T. K. (1982). Regional
brain levels of monoamines in alcohol-preferring and -nonpreferring lines of rats.
Pharmacol. Biochem. Behav. 16, 145-149. doi: 10.1016/0091-3057(82)90026-0

Mutlu, E., Keshavarzian, A., Engen, P., Forsyth, C. B., Sikaroodi, M., and
Gillevet, P. (2009). Intestinal dysbiosis: a possible mechanism of alcohol-induced
endotoxemia and alcoholic steatohepatitis in rats. Alcohol. Clin. Exp. Res. 33,
1836-1846. doi: 10.1111/j.1530-0277.2009.01022.x

Mutly, E. A, Gillevet, P. M., Rangwala, H., Sikaroodi, M., Naqvi, A., Engen,
P. A, et al. (2012). Colonic microbiome is altered in alcoholism. Am. J. Physiol.
Gastrointest. Liver Physiol. 302, G966-G978. doi: 10.1152/ajpgi.00380.2011

Na, H. K., and Lee, J. Y. (2017). Molecular basis of alcohol-related gastric and
colon cancer. Int. J. Mol. Sci. 18:1116. doi: 10.3390/ijms18061116

Nettleton, J. E., Klancic, T., Schick, A., Choo, A. C., Shearer, J., Borgland,
S. L., et al. (2019). Low-dose stevia (Rebaudioside A) consumption perturbs gut
microbiota and the mesolimbic dopamine reward system. Nutrients 11:1248. doi:
10.3390/nul1061248

Nosova, T., Jokelainen, K., Kaihovaara, P., Heine, R., Jousimies-Somer, H.,
and Salaspuro, M. (1998). Characteristics of aldehyde dehydrogenases of certain
aerobic bacteria representing human colonic flora. Alcohol Alcohol. 33, 273-280.
doi: 10.1093/oxfordjournals.alcalc.a008391

O’Connor, J. C., Lawson, M. A., André, C., Moreau, M., Lestage, J., Castanon,
N., et al. (2009). Lipopolysaccharide-induced depressive-like behavior is mediated
by indoleamine 2,3-dioxygenase activation in mice. Mol. Psychiatry 14, 511-522.
doi: 10.1038/sj.mp.4002148

Ong, L. K., Briggs, G. D., Guan, L., Dunkley, P. R., and Dickson, P. W. (2021).
Peripheral inflammation induces long-term changes in tyrosine hydroxylase
activation in the Substantia nigra. Neurochem. Int. 146:105022. doi: 10.1016/j.
neuint.2021.105022

Osiezagha, K., Ali, S., Freeman, C., Barker, N. C,, Jabeen, S., Maitra, S., et al.
(2013). Thiamine deficiency and delirium. Innov. Clin. Neurosci. 10, 26-32.

Oxenkrug, G. F. (2010). Metabolic syndrome, age-associated neuroendocrine
disorders, and dysregulation of tryptophan-kynurenine metabolism. Ann. N. Y.
Acad. Sci. 1199, 1-14. doi: 10.1111/§.1749-6632.2009.05356.x

Pan, P., Li, G., Shen, M., Yu, Z., Ge, W., Lao, Z., et al. (2021). DENV NSI and
MMP-9 cooperate to induce vascular leakage by altering endothelial cell adhesion
and tight junction. PLoS Pathog. 17:¢1008603. doi: 10.1371/journal.ppat.1008603

Pandey, S. C., Piano, M. R, Schwertz, D. W., Davis, J]. M., and Pandey, G. N.
(1992). Effect of ethanol administration and withdrawal on serotonin receptor
subtypes and receptor-mediated phosphoinositide hydrolysis in rat brain. Alcohol.
Clin. Exp. Res. 16, 1110-1116. doi: 10.1111/j.1530-0277.1992.tb00706.x

Pehek, E. A., Nogjar, C., Roth, B. L., Byrd, T. A., and Mabrouk, O. S. (2006).
Evidence for the preferential involvement of 5-HT2A serotonin receptors in
stress- and drug-induced dopamine release in the rat medial prefrontal cortex.
Neuropsychopharmacology 31, 265-277. doi: 10.1038/sj.npp.1300819

Peng, L., Li, Z. R, Green, R. S., Holzman, L. R,, and Lin, J. (2009). Butyrate
enhances the intestinal barrier by facilitating tight junction assembly via activation
of AMP-activated protein kinase in Caco-2 cell monolayers. J. Nutr. 139, 1619-
1625. doi: 10.3945/jn.109.104638

Phillips, T. J., Brown, K. J., Burkhart-Kasch, S., Wenger, C. D., Kelly, M. A,,
Rubinstein, M., et al. (1998). Alcohol preference and sensitivity are markedly
reduced in mice lacking dopamine D2 receptors. Nat. Neurosci. 1, 610-615. doi:
10.1038/2843

Pokusaeva, K., Johnson, C., Luk, B., Uribe, G., Fu, Y., Oezguen, N, et al. (2017).
GABA-producing Bifidobacterium dentium modulates visceral sensitivity in the
intestine. Neurogastroenterol. Motil. 29:212904. doi: 10.1111/nmo.12904

Pope, J. L., Bhat, A. A, Sharma, A., Ahmad, R., Krishnan, M., Washington,
M. K, et al. (2014). Claudin-1 regulates intestinal epithelial homeostasis through
the modulation of Notch-signalling. Gut 63, 622-634. doi: 10.1136/gutjnl-2012-
304241

Posteraro, B., Paroni Sterbini, F., Petito, V., Rocca, S., Cubeddu, T., Graziani,
C., et al. (2018). Liver injury, endotoxemia, and their relationship to intestinal

frontiersin.org


https://doi.org/10.3389/fmicb.2022.916765
https://doi.org/10.1016/j.bbi.2012.04.001
https://doi.org/10.1016/j.biopsych.2014.02.003
https://doi.org/10.1073/pnas.1415174111
https://doi.org/10.1038/tp.2017.15
https://doi.org/10.1016/j.foodres.2019.108800
https://doi.org/10.1016/j.mrfmmm.2005.03.027
https://doi.org/10.1016/j.immuni.2015.09.003
https://doi.org/10.1016/j.neuint.2020.104689
https://doi.org/10.1016/j.neuint.2020.104689
https://doi.org/10.1039/c9fo02040c
https://doi.org/10.1111/acer.12483
https://doi.org/10.1111/acer.12483
https://doi.org/10.1002/hep.30975
https://doi.org/10.1136/gutjnl-2015-310585
https://doi.org/10.1186/s12974-018-1328-9
https://doi.org/10.1152/ajpgi.00173.2003
https://doi.org/10.1007/s11064-016-2039-1
https://doi.org/10.1016/j.tins.2019.01.003
https://doi.org/10.1111/j.1460-9568.2007.05887.x
https://doi.org/10.3390/nu12040944
https://doi.org/10.3390/nu11112642
https://doi.org/10.1038/ejcn.2009.64
https://doi.org/10.3168/jds.2019-17247
https://doi.org/10.1080/10253890701754068
https://doi.org/10.1080/10253890701754068
https://doi.org/10.1186/1742-2094-8-153
https://doi.org/10.1016/0091-3057(82)90026-0
https://doi.org/10.1111/j.1530-0277.2009.01022.x
https://doi.org/10.1152/ajpgi.00380.2011
https://doi.org/10.3390/ijms18061116
https://doi.org/10.3390/nu11061248
https://doi.org/10.3390/nu11061248
https://doi.org/10.1093/oxfordjournals.alcalc.a008391
https://doi.org/10.1038/sj.mp.4002148
https://doi.org/10.1016/j.neuint.2021.105022
https://doi.org/10.1016/j.neuint.2021.105022
https://doi.org/10.1111/j.1749-6632.2009.05356.x
https://doi.org/10.1371/journal.ppat.1008603
https://doi.org/10.1111/j.1530-0277.1992.tb00706.x
https://doi.org/10.1038/sj.npp.1300819
https://doi.org/10.3945/jn.109.104638
https://doi.org/10.1038/2843
https://doi.org/10.1038/2843
https://doi.org/10.1111/nmo.12904
https://doi.org/10.1136/gutjnl-2012-304241
https://doi.org/10.1136/gutjnl-2012-304241
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Chen et al.

microbiota composition in alcohol-preferring rats. Alcohol. Clin. Exp. Res. 42,
2313-2325. doi: 10.1111/acer.13900

Prisciandaro, J. J., Schacht, J. P., Prescot, A. P., Renshaw, P. F., Brown, T. R., and
Anton, R. F. (2019). Brain glutamate, GABA, and glutamine levels and associations
with recent drinking in treatment-naive individuals with alcohol use disorder
versus light drinkers. Alcohol. Clin. Exp. Res. 43, 221-226. doi: 10.1111/acer.13931

Qin, J., Li, R, Raes, J., Arumugam, M., Burgdorf, K. S., Manichanh, C,, et al.
(2010). A human gut microbial gene catalogue established by metagenomic
sequencing. Nature 464, 59-65. doi: 10.1038/nature08821

Qin, L, Wu, X, Block, M. L, Liu, Y., Breese, G. R, Hong, J. S,
et al. (2007). Systemic LPS causes chronic neuroinflammation and progressive
neurodegeneration. Glia 55, 453-462. doi: 10.1002/glia.20467

Quertemont, E., Grant, K. A., Correa, M., Arizzi, M. N., Salamone, J. D.,
Tambour, S., et al. (2005). The role of acetaldehyde in the central effects of ethanol.
Alcohol. Clin. Exp. Res. 29, 221-234. doi: 10.1097/01.alc.0000156185.39073.d2

Rao, P. S, and Kumar, S. (2016). Chronic effects of ethanol and/or
Darunavir/Ritonavir on u937 monocytic cells: regulation of cytochrome p450 and
antioxidant enzymes, oxidative stress, and cytotoxicity. Alcohol. Clin. Exp. Res. 40,
73-82. doi: 10.1111/acer.12938

Rawat, M., Nighot, M., Al-Sadi, R., Gupta, Y., Viszwapriya, D., Yochum, G., et al.
(2020). IL1B increases intestinal tight junction permeability by up-regulation of
MIR200C-3p, which degrades occludin mRNA. Gastroenterology 159, 1375-1389.
doi: 10.1053/j.gastro.2020.06.038

Ray, M., Dinda, P. K., and Beck, I. T. (1989). Mechanism of ethanol-induced
jejunal microvascular and morphologic changes in the dog. Gastroenterology 96(2
Pt 1), 345-354. doi: 10.1016/0016-5085(89)91558-8

Ridnour, L. A., Windhausen, A. N., Isenberg, J. S., Yeung, N., Thomas, D. D,
Vitek, M. P., et al. (2007). Nitric oxide regulates matrix metalloproteinase-9
activity by guanylyl-cyclase-dependent and -independent pathways. Proc. Natl.
Acad. Sci. U.S.A. 104, 16898-16903. doi: 10.1073/pnas.0702761104

Roberto, M., Gilpin, N. W., and Siggins, G. R. (2012). The central amygdala and
alcohol: role of y-aminobutyric acid, glutamate, and neuropeptides. Cold Spring
Harb. Perspect. Med. 2:a012195. doi: 10.1101/cshperspect.a012195

Rocco, A., Compare, D., Angrisani, D., Sanduzzi Zamparelli, M., and Nardone,
G. (2014). Alcoholic disease: liver and beyond. World J. Gastroenterol. 20, 14652—
14659. doi: 10.3748/wjg.v20.140.14652

Roshchina, V. V. (2016). New trends and perspectives in the evolution of
neurotransmitters in microbial, plant, and animal cells. Adv. Exp. Med. Biol. 874,
25-77. doi: 10.1007/978-3-319-20215-0_2

Russo, R., Cristiano, C., Avagliano, C., De Caro, C., La Rana, G., Raso, G. M.,
et al. (2018). Gut-brain axis: role of lipids in the regulation of inflammation,
pain and CNS diseases. Curr. Med. Chem. 25, 3930-3952. doi: 10.2174/
0929867324666170216113756

Rutsch, A., Kantsjo, J. B., and Ronchi, F. (2020). The gut-brain axis: how
microbiota and host inflammasome influence brain physiology and pathology.
Front. Immunol. 11:604179. doi: 10.3389/fimmu.2020.604179

Said, H. M. (2011). Intestinal absorption of water-soluble vitamins in health and
disease. Biochem. J. 437, 357-372. doi: 10.1042/bj20110326

Salaspuro, M. (1996). Bacteriocolonic pathway for ethanol oxidation:
characteristics and implications. Ann. Med. 28, 195-200.

Savignac, H. M., Couch, Y., Stratford, M., Bannerman, D. M., Tzortzis,
G., Anthony, D. C, et al. (2016). Prebiotic administration normalizes
lipopolysaccharide (LPS)-induced anxiety and cortical 5-HT2A receptor and IL1-
B levels in male mice. Brain Behav. Immun. 52, 120-131. doi: 10.1016/j.bbi.2015.
10.007

Seitz, H. K., Simanowski, U. A., Garzon, F. T., Rideout, J. M., Peters, T. J.,
Koch, A, et al. (1990). Possible role of acetaldehyde in ethanol-related rectal
cocarcinogenesis in the rat. Gastroenterology 98, 406-413. doi: 10.1016/0016-
5085(90)90832-1

Sellers, E. M., Higgins, G. A., and Sobell, M. B. (1992). 5-HT and alcohol abuse.
Trends Pharmacol. Sci. 13, 69-75. doi: 10.1016/0165-6147(92)90026-3

Sender, R,, Fuchs, S., and Milo, R. (2016). Are we really vastly outnumbered?
Revisiting the ratio of bacterial to host cells in humans. Cell 164, 337-340. doi:
10.1016/j.cell.2016.01.013

Serpa, J., Caiado, F., Carvalho, T., Torre, C., Gongalves, L. G., Casalou, C., et al.
(2010). Butyrate-rich colonic microenvironment is a relevant selection factor for
metabolically adapted tumor cells. J. Biol. Chem. 285, 39211-39223. doi: 10.1074/
jbe.M110.156026

Serrano, A., Pavon, F. ], Buczynski, M. W., Schlosburg, J., Natividad, L. A., Polis,
1. Y., et al. (2018). Deficient endocannabinoid signaling in the central amygdala
contributes to alcohol dependence-related anxiety-like behavior and excessive

Frontiers in Microbiology

26

10.3389/fmicb.2022.916765

alcohol intake. Neuropsychopharmacology 43, 1840-1850. doi: 10.1038/s41386-
018-0055-3

Shan, M., Gentile, M., Yeiser, J. R., Walland, A. C., Bornstein, V. U., Chen, K.,
et al. (2013). Mucus enhances gut homeostasis and oral tolerance by delivering
immunoregulatory signals. Science 342, 447-453. doi: 10.1126/science.1237910

Shao, T., Zhao, C,, Li, F,, Gu, Z., Liu, L., Zhang, L., et al. (2018). Intestinal HIF-
1a deletion exacerbates alcoholic liver disease by inducing intestinal dysbiosis and
barrier dysfunction. J. Hepatol. 69, 886-895. doi: 10.1016/j.jhep.2018.05.021

Simeonova, D., Stoyanov, D., Leunis, J. C., Carvalho, A. F., Kubera, M,
Murdjeva, M., et al. (2020). Increased serum immunoglobulin responses to gut
commensal gram-negative bacteria in unipolar major depression and bipolar
disorder type 1, especially when melancholia is present. Neurotox. Res. 37, 338—
348. doi: 10.1007/s12640-019-00126-7

Smith, B. J,, Miller, R. A, Ericsson, A. C., Harrison, D. C., Strong, R., and
Schmidt, T. M. (2019). Changes in the gut microbiome and fermentation products
concurrent with enhanced longevity in acarbose-treated mice. BMC Microbiol.
19:130. doi: 10.1186/s12866-019-1494-7

Soderpalm, B., and Ericson, M. (2013). Neurocircuitry involved in the
development of alcohol addiction: the dopamine system and its access points.
Curr. Top. Behav. Neurosci. 13, 127-161. doi: 10.1007/7854_2011_170

Sokol, H., Pigneur, B., Watterlot, L., Lakhdari, O., Bermudez-Humarén, L. G,,
Gratadoux, J. J., et al. (2008). Faecalibacterium prausnitzii is an anti-inflammatory
commensal bacterium identified by gut microbiota analysis of Crohn disease
patients. Proc. Natl. Acad. Sci. U.S.A. 105, 16731-16736. doi: 10.1073/pnas.
0804812105

Spadoni, I, Zagato, E., Bertocchi, A., Paolinelli, R,, Hot, E., Di Sabatino, A.,
etal. (2015). A gut-vascular barrier controls the systemic dissemination of bacteria.
Science 350, 830-834. doi: 10.1126/science.aad0135

Strandwitz, P., Kim, K. H., Terekhova, D., Liu, J. K., Sharma, A., Levering,
J., et al. (2019). GABA-modulating bacteria of the human gut microbiota. Nat.
Microbiol. 4, 396-403. doi: 10.1038/s41564-018-0307-3

Sun, M. F,, Zhu, Y. L., Zhou, Z. L., Jia, X. B., Xu, Y. D,, Yang, Q,, et al. (2018).
Neuroprotective effects of fecal microbiota transplantation on MPTP-induced
Parkinson’s disease mice: gut microbiota, glial reaction and TLR4/TNF-a signaling
pathway. Brain Behav. Immun. 70, 48-60. doi: 10.1016/j.bbi.2018.02.005

Suzuki, T. (2013). Regulation of intestinal epithelial permeability by tight
junctions. Cell. Mol. Life Sci. 70, 631-659. doi: 10.1007/s00018-012-1070-x

Suzuki, T., Seth, A., and Rao, R. (2008). Role of phospholipase Cgamma-induced
activation of protein kinase Cepsilon (PKCepsilon) and PKCbetal in epidermal
growth factor-mediated protection of tight junctions from acetaldehyde in Caco-2
cell monolayers. J. Biol. Chem. 283, 3574-3583. doi: 10.1074/jbc.M709141200

Suzuki, T., Yoshinaga, N., and Tanabe, S. (2011). Interleukin-6 (IL-6) regulates
claudin-2 expression and tight junction permeability in intestinal epithelium.
J. Biol. Chem. 286, 31263-31271. doi: 10.1074/jbc.M111.238147

Takebayashi, M., Kagaya, A., Uchitomi, Y., Yokota, N., Horiguchi, J.,
and Yamawaki, S. (1998). Differential regulation by pregnenolone sulfate of
intracellular Ca2+ increase by amino acids in primary cultured rat cortical
neurons. Neurochem. Int. 32,205-211. doi: 10.1016/s0197-0186(97)00070-3

Tang, P. M., Nikolic-Paterson, D. J., and Lan, H. Y. (2019). Macrophages:
versatile players in renal inflammation and fibrosis. Nat. Rev. Nephrol. 15, 144-158.
doi: 10.1038/s41581-019-0110-2

Tang, Y., Banan, A,, Forsyth, C. B,, Fields, J. Z., Lau, C. K., Zhang, L. ], et al.
(2008). Effect of alcohol on miR-212 expression in intestinal epithelial cells and
its potential role in alcoholic liver disease. Alcohol. Clin. Exp. Res. 32, 355-364.
doi: 10.1111/j.1530-0277.2007.00584.x

Teixeira, C. M., Rosen, Z. B., Suri, D., Sun, Q., Hersh, M., Sargin, D,
et al. (2018). Hippocampal 5-HT input regulates memory formation and
schaffer collateral excitation. Neuron 98, 992-1004.e4. doi: 10.1016/j.neuron.2018.
04.030

Thielen, R. J., Bare, D. J., McBride, W. J., Lumeng, L., and Li, T. K. (2002).
Ethanol-stimulated serotonin release in the ventral hippocampus: an absence of
rapid tolerance for the alcohol-preferring P rat and insensitivity in the alcohol-
nonpreferring NP rat. Pharmacol. Biochem. Behav. 71, 111-117. doi: 10.1016/
$0091-3057(01)00633-5

Ticku, M. K. (1990). Alcohol and GABA-benzodiazepine receptor function.
Ann. Med. 22, 241-246. doi: 10.3109/07853899009148934

Tien, L. T., Kaizaki, A., Pang, Y., Cai, Z,, Bhatt, A. J.,, and Fan, L. W. (2013).
Neonatal exposure to lipopolysaccharide enhances accumulation of a-synuclein
aggregation and dopamine transporter protein expression in the Substantia nigra
in responses to rotenone challenge in later life. Toxicology 308, 96-103. doi: 10.
1016/j.t0x.2013.03.014

frontiersin.org


https://doi.org/10.3389/fmicb.2022.916765
https://doi.org/10.1111/acer.13900
https://doi.org/10.1111/acer.13931
https://doi.org/10.1038/nature08821
https://doi.org/10.1002/glia.20467
https://doi.org/10.1097/01.alc.0000156185.39073.d2
https://doi.org/10.1111/acer.12938
https://doi.org/10.1053/j.gastro.2020.06.038
https://doi.org/10.1016/0016-5085(89)91558-8
https://doi.org/10.1073/pnas.0702761104
https://doi.org/10.1101/cshperspect.a012195
https://doi.org/10.3748/wjg.v20.i40.14652
https://doi.org/10.1007/978-3-319-20215-0_2
https://doi.org/10.2174/0929867324666170216113756
https://doi.org/10.2174/0929867324666170216113756
https://doi.org/10.3389/fimmu.2020.604179
https://doi.org/10.1042/bj20110326
https://doi.org/10.1016/j.bbi.2015.10.007
https://doi.org/10.1016/j.bbi.2015.10.007
https://doi.org/10.1016/0016-5085(90)90832-l
https://doi.org/10.1016/0016-5085(90)90832-l
https://doi.org/10.1016/0165-6147(92)90026-3
https://doi.org/10.1016/j.cell.2016.01.013
https://doi.org/10.1016/j.cell.2016.01.013
https://doi.org/10.1074/jbc.M110.156026
https://doi.org/10.1074/jbc.M110.156026
https://doi.org/10.1038/s41386-018-0055-3
https://doi.org/10.1038/s41386-018-0055-3
https://doi.org/10.1126/science.1237910
https://doi.org/10.1016/j.jhep.2018.05.021
https://doi.org/10.1007/s12640-019-00126-7
https://doi.org/10.1186/s12866-019-1494-7
https://doi.org/10.1007/7854_2011_170
https://doi.org/10.1073/pnas.0804812105
https://doi.org/10.1073/pnas.0804812105
https://doi.org/10.1126/science.aad0135
https://doi.org/10.1038/s41564-018-0307-3
https://doi.org/10.1016/j.bbi.2018.02.005
https://doi.org/10.1007/s00018-012-1070-x
https://doi.org/10.1074/jbc.M709141200
https://doi.org/10.1074/jbc.M111.238147
https://doi.org/10.1016/s0197-0186(97)00070-3
https://doi.org/10.1038/s41581-019-0110-2
https://doi.org/10.1111/j.1530-0277.2007.00584.x
https://doi.org/10.1016/j.neuron.2018.04.030
https://doi.org/10.1016/j.neuron.2018.04.030
https://doi.org/10.1016/s0091-3057(01)00633-5
https://doi.org/10.1016/s0091-3057(01)00633-5
https://doi.org/10.3109/07853899009148934
https://doi.org/10.1016/j.tox.2013.03.014
https://doi.org/10.1016/j.tox.2013.03.014
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Chen et al.

Vancamelbeke, M., and Vermeire, S. (2017). The intestinal barrier: a
fundamental role in health and disease. Expert Rev. Gastroenterol. Hepatol. 11,
821-834. doi: 10.1080/17474124.2017.1343143

Vascellari, S., Palmas, V., Melis, M., Pisanu, S., Cusano, R., Uva, P., et al. (2020).
Gut microbiota and metabolome alterations associated with Parkinson’s disease.
mSystems 5:¢00561-20. doi: 10.1128/mSystems.00561-20

Vecil, G. G., Larsen, P. H., Corley, S. M., Herx, L. M., Besson, A., Goodyer,
C. G, et al. (2000). Interleukin-1 is a key regulator of matrix metalloproteinase-
9 expression in human neurons in culture and following mouse brain trauma
in vivo. J. Neurosci. Res. 61, 212-224. doi: 10.1002/1097-4547(20000715)61:2&lt;
212:AID-JNR12&gt;3.0.CO;2-9

Veinante, P., and Freund-Mercier, M. J. (1998). Intrinsic and extrinsic
connections of the rat central extended amygdala: an in vivo electrophysiological
study of the central amygdaloid nucleus. Brain Res. 794, 188-198. doi: 10.1016/
$0006-8993(98)00228-5

Vengeliene, V., Leonardi-Essmann, F., Perreau-Lenz, S., Gebicke-Haerter, P.,
Drescher, K., Gross, G., et al. (2006). The dopamine D3 receptor plays an essential
role in alcohol-seeking and relapse. FASEB J. 20, 2223-2233. doi: 10.1096/fj.06-
6110com

Volkow, N. D., Koob, G., and Baler, R. (2015). Biomarkers in substance use
disorders. ACS Chem. Neurosci. 6, 522-525. doi: 10.1021/acschemneuro.5b00067

Wang, J., Chen, W. D., and Wang, Y. D. (2020a). The relationship between gut
microbiota and inflammatory diseases: the role of macrophages. Front. Microbiol.
11:1065. doi: 10.3389/fmicb.2020.01065

Wang, S.-C., Chen, Y.-C,, Chen, S.-J., Lee, C.-H., and Cheng, C.-M. (2020b).
Alcohol addiction, gut microbiota, and alcoholism treatment: a review. Int. J. Mol.
Sci. 21:6413. doi: 10.3390/ijms21176413

Wang, Z., Zhang, X, Zhu, L., Yang, X., He, F., Wang, T, et al. (2020c¢). Inulin
alleviates inflammation of alcoholic liver disease via SCFAs-inducing suppression
of M1 and facilitation of M2 macrophages in mice. Int. Immunopharmacol.
78:106062. doi: 10.1016/.intimp.2019.106062

Wang, Q., O’Brien, P. ., Chen, C. X,, Cho, D. S., Murray, J. M., and Nishikura, K.
(2000). Altered G protein-coupling functions of RNA editing isoform and splicing
variant serotonin2C receptors. J. Neurochem. 74, 1290-1300. doi: 10.1046/j.1471-
4159.2000.741290.x

Wang, Y., Yao, L., Gao, S., Zhang, G., Zhang, Q., Liu, W,, et al. (2021). Inhibition
of striatal dopamine D(5) receptor attenuates levodopa-induced dyskinesia in a rat
model of Parkinson’s disease. Brain Res. 1754:147266. doi: 10.1016/j.brainres.2020.
147266

Weber, C. R., Nalle, S. C., Tretiakova, M., Rubin, D. T., and Turner, J. R. (2008).
Claudin-1 and claudin-2 expression is elevated in inflammatory bowel disease and
may contribute to early neoplastic transformation. Lab. Invest. 88, 1110-1120.
doi: 10.1038/labinvest.2008.78

Westerink, B. H., Kwint, H. F., and deVries, J. B. (1996). The pharmacology
of mesolimbic dopamine neurons: a dual-probe microdialysis study in the ventral
tegmental area and nucleus accumbens of the rat brain. J. Neurosci. 16, 2605-2611.
doi: 10.1523/jneurosci.16-08-02605.1996

White, B. A., Ramos, G. P., and Kane, S. (2022). The impact of alcohol in
inflammatory bowel diseases. Inflamm. Bowel Dis. 28, 466-473. doi: 10.1093/ibd/
izab089

Woloszynowska-Fraser, M. U., Kouchmeshky, A., and McCaffery, P. (2020).
Vitamin A and retinoic acid in cognition and cognitive disease. Annu. Rev. Nutr.
40, 247-272. doi: 10.1146/annurev-nutr-122319-034227

World  Health  Organization [WHO] (2014). Global Status
Report on Alcohol and Health 2014 [Online]. Available online at:

https://www.who.int/publications/i/item/global-status-report-on-alcohol-and-
health-2014 (accessed May 20, 2022).

Frontiers in Microbiology

27

10.3389/fmicb.2022.916765

Xiao, H.-W., Ge, C,, Feng, G.-X,, Li, Y., Luo, D., Dong, J.-L., et al. (2018). Gut
microbiota modulates alcohol withdrawal-induced anxiety in mice. Toxicol. Lett.
287, 23-30. doi: 10.1016/j.toxlet.2018.01.021

Xie, M., Chen, H. H., Nie, S. P, Yin, J. Y., and Xie, M. Y. (2017).
Gamma-aminobutyric acid increases the production of short-chain fatty acids
and decreases pH values in mouse colon. Molecules 22:653. doi: 10.3390/
molecules22040653

Yabut, J. M., Crane, J. D., Green, A. E., Keating, D. J., Khan, W. L, and
Steinberg, G. R. (2019). Emerging roles for serotonin in regulating metabolism:
new implications for an ancient molecule. Endocr. Rev. 40, 1092-1107. doi: 10.
1210/er.2018-00283

Yan, A. W., Fouts, D. E., Brandl, J., Stirkel, P., Torralba, M., Schott, E., et al.
(2011). Enteric dysbiosis associated with a mouse model of alcoholic liver disease.
Hepatology 53, 96-105. doi: 10.1002/hep.24018

Yan, X, Jiang, E., and Weng, H. R. (2015). Activation of toll like receptor
4 attenuates GABA synthesis and postsynaptic GABA receptor activities in the
spinal dorsal horn via releasing interleukin-1 beta. . Neuroinflammation 12:222.
doi: 10.1186/s12974-014-0222-3

Yano, J. M., Yu, K., Donaldson, G. P., Shastri, G. G., Ann, P., Ma, L., et al. (2015).
Indigenous bacteria from the gut microbiota regulate host serotonin biosynthesis.
Cell 161, 264-276. doi: 10.1016/j.cell.2015.02.047

Yin, W., Lv, G, Li, C,, and Sun, J. (2021). Acupuncture therapy for Alzheimer’s
disease: the effectiveness and potential mechanisms. Anat. Rec. 304, 2397-2411.
doi: 10.1002/ar.24780

Yoshimoto, K., McBride, W. J., Lumeng, L., and Li, T. K. (1992). Alcohol
stimulates the release of dopamine and serotonin in the nucleus accumbens.
Alcohol 9, 17-22. doi: 10.1016/0741-8329(92)90004-t

Zahr, N. M., Kaufman, K. L., and Harper, C. G. (2011). Clinical and pathological
features of alcohol-related brain damage. Nat. Rev. Neurol. 7, 284-294. doi: 10.
1038/nrneurol.2011.42

Zapata, A., and Shippenberg, T. S. (2002). D(3) receptor ligands modulate
extracellular dopamine clearance in the nucleus accumbens. J. Neurochem. 81,
1035-1042. doi: 10.1046/j.1471-4159.2002.00893.x

Zhan, X., Stamova, B, Jin, L. W., DeCarli, C., Phinney, B., and Sharp,
F. R. (2016). Gram-negative bacterial molecules associate with Alzheimer
disease pathology. Neurology 87, 2324-2332. doi: 10.1212/wnl.000000000000
3391

Zhang, C., Zhang, M., Wang, S, Han, R, Cao, Y., Hua, W, et al
(2010). Interactions between gut microbiota, host genetics and diet relevant to
development of metabolic syndromes in mice. ISME J. 4, 232-241. doi: 10.1038/
isme;j.2009.112

Zhang, P., Yang, M., Chen, C.,, Liu, L., Wei, X,, and Zeng, S. (2020). Toll-
like receptor 4 (TLR4)/opioid receptor pathway crosstalk and impact on opioid
analgesia, immune function, and gastrointestinal motility. Front. Immunol.
11:1455. doi: 10.3389/fimmu.2020.01455

Zhu, L., Pei, W., Thiele, I, and Mahadevan, R. (2021). Integration of
a physiologically-based pharmacokinetic model with a whole-body, organ-
resolved genome-scale model for characterization of ethanol and acetaldehyde
metabolism. PLoS Comput. Biol. 17:¢1009110. doi: 10.1371/journal.pcbi.10
09110

Zhu, Y., Wang, X,, Zhu, L, Tu, Y., Chen, W., Gong, L., et al. (2022).
Lactobacillus rhamnosus GG combined with inosine ameliorates alcohol-induced
liver injury through regulation of intestinal barrier and Treg/Th1 cells. Toxicol.
Appl. Pharmacol. 439:115923. doi: 10.1016/j.taap.2022.115923

Zong, X,, Fu, J.,, Xu, B.,, Wang, Y., and Jin, M. (2020). Interplay between gut
microbiota and antimicrobial peptides. Anim. Nutr. 6, 389-396. doi: 10.1016/j.
aninu.2020.09.002

frontiersin.org


https://doi.org/10.3389/fmicb.2022.916765
https://doi.org/10.1080/17474124.2017.1343143
https://doi.org/10.1128/mSystems.00561-20
https://doi.org/10.1002/1097-4547(20000715)61:2&lt;212::AID-JNR12&gt;3.0.CO;2-9
https://doi.org/10.1002/1097-4547(20000715)61:2&lt;212::AID-JNR12&gt;3.0.CO;2-9
https://doi.org/10.1016/s0006-8993(98)00228-5
https://doi.org/10.1016/s0006-8993(98)00228-5
https://doi.org/10.1096/fj.06-6110com
https://doi.org/10.1096/fj.06-6110com
https://doi.org/10.1021/acschemneuro.5b00067
https://doi.org/10.3389/fmicb.2020.01065
https://doi.org/10.3390/ijms21176413
https://doi.org/10.1016/j.intimp.2019.106062
https://doi.org/10.1046/j.1471-4159.2000.741290.x
https://doi.org/10.1046/j.1471-4159.2000.741290.x
https://doi.org/10.1016/j.brainres.2020.147266
https://doi.org/10.1016/j.brainres.2020.147266
https://doi.org/10.1038/labinvest.2008.78
https://doi.org/10.1523/jneurosci.16-08-02605.1996
https://doi.org/10.1093/ibd/izab089
https://doi.org/10.1093/ibd/izab089
https://doi.org/10.1146/annurev-nutr-122319-034227
https://www.who.int/publications/i/item/global-status-report-on-alcohol-and-health-2014
https://www.who.int/publications/i/item/global-status-report-on-alcohol-and-health-2014
https://doi.org/10.1016/j.toxlet.2018.01.021
https://doi.org/10.3390/molecules22040653
https://doi.org/10.3390/molecules22040653
https://doi.org/10.1210/er.2018-00283
https://doi.org/10.1210/er.2018-00283
https://doi.org/10.1002/hep.24018
https://doi.org/10.1186/s12974-014-0222-3
https://doi.org/10.1016/j.cell.2015.02.047
https://doi.org/10.1002/ar.24780
https://doi.org/10.1016/0741-8329(92)90004-t
https://doi.org/10.1038/nrneurol.2011.42
https://doi.org/10.1038/nrneurol.2011.42
https://doi.org/10.1046/j.1471-4159.2002.00893.x
https://doi.org/10.1212/wnl.0000000000003391
https://doi.org/10.1212/wnl.0000000000003391
https://doi.org/10.1038/ismej.2009.112
https://doi.org/10.1038/ismej.2009.112
https://doi.org/10.3389/fimmu.2020.01455
https://doi.org/10.1371/journal.pcbi.1009110
https://doi.org/10.1371/journal.pcbi.1009110
https://doi.org/10.1016/j.taap.2022.115923
https://doi.org/10.1016/j.aninu.2020.09.002
https://doi.org/10.1016/j.aninu.2020.09.002
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

	Gut microbiota dysbiosis: The potential mechanisms by which alcohol disrupts gut and brain functions
	Introduction
	Basic mechanisms of alcohol-induced gut dysbiosis
	Alcohol changes the composition of gut microbiota
	Alcohol affects the diversity of gut microbiota
	Different drinking patterns and gut microbiota
	Different drinking dosages and gut microbiota
	Different experimental subjects and gut microbiota

	Gut microbiota dysbiosis with related disease

	Alcohol related inflammation and intestinal integrity
	Alcohol disrupts gut microbiota and causes inflammation
	Inflammatory factors and related molecule
	Gut microbiota and immune response
	Alcohol damages the intestinal mucosa via the gut microbiota
	Alcohol and its metabolites directly damage the intestinal mucosa
	Alcohol damages the intestinal mucosa through the inflammation and immune activation caused by the gut microbiota
	Alcohol affects intestinal epithelial tight junction through gut dysbiosis
	Alcohol and its metabolites directly affect tight junction (TJ)
	Alcohol damages tight junction (TJ) through the inflammation and related molecule induced by gut microbiota

	Alcohol and gut microbiota affect on the brain
	Alcohol and its metabolite upregulate dopamine release and downregulate dopamine receptors
	Alcohol and its metabolites regulate dopamine release
	Alcohol regulates dopamine receptors

	Gut dysbiosis decreases dopamine release by downregulating tyrosine hydroxylase and dopamine transporter
	Alcohol and gut microbiota affect the 5-HT system and brain function
	Alcohol affects 5-HT metabolism by activating the kynurenine pathway
	Alcohol upregulates 5-HT receptor activity
	Gut dysbiosis decreases 5-HT by mediating inflammation
	Alcohol and gut microbiota disrupt the γ-aminobutyric acid (GABA) system

	Alcohol downregulates the expression of γ-aminobutyric acid (GABA) transporters and receptors

	Gut dysbiosis upregulates γ-aminobutyric acid (GABA)

	Alcohol disrupts vitamin absorption and vitamin deficiency causes brain malnutrition
	Alcohol causes vitamin deficiency and leads to brain dysfunction
	Ameliorative vitamin deficiency maintains intestinal homeostasis


	Alcohol and microbiota transplantation
	Probiotics transplantation
	Dietary modification and fecal microbiota transplantation

	Conclusion and outlook
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


