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Abstract: Over the last decade, increased research into the cognizance of the gut-liver-brain axis
in medicine has yielded powerful evidence suggesting a strong association between alcoholic liver
diseases (ALD) and the brain, including hepatic encephalopathy or other similar brain disorders. In
the gut-brain axis, chronic, alcohol-drinking-induced, low-grade systemic inflammation is suggested
to be the main pathophysiology of cognitive dysfunctions in patients with ALD. However, the
role of gut microbiota and its metabolites have remained unclear. Eubiosis of the gut microbiome
is crucial as dysbiosis between autochthonous bacteria and pathobionts leads to intestinal insult,
liver injury, and neuroinflammation. Restoring dysbiosis using modulating factors such as alcohol
abstinence, promoting commensal bacterial abundance, maintaining short-chain fatty acids in the
gut, or vagus nerve stimulation could be beneficial in alleviating disease progression. In this review,
we summarize the pathogenic mechanisms linked with the gut-liver-brain axis in the development
and progression of brain disorders associated with ALD in both experimental models and humans.
Further, we discuss the therapeutic potential and future research directions as they relate to the
gut-liver—brain axis.

Keywords: alcohol; alcoholic liver disease; gut-liver-brain axis; bacterial metabolites

1. Introduction

Over the last few decades, maintaining a proper diet has proven difficult for many
around the globe as social factors and a more sedentary lifestyle often lead to poor health
choices [1]. Additionally, the consumption of alcohol is quite common in day to day
life, causing liver disease worldwide, which accounts for approximately 4% of all deaths
globally [2].

Alcoholic liver disease (ALD) consists of a broad spectrum from simple reversible
steatosis to steatohepatitis, followed by fibrosis prominent to cirrhosis, eventually leading to
hepatocellular carcinoma. Nevertheless, alcoholic cirrhosis (AC) is the most common cause
of death in ALD [3,4]. From a pathophysiological perspective, multifactorial pathways
are responsible for alcohol-induced steatosis, which is the early sign of liver injury in
heavy-drinking adults. Oxidation of ethanol and its first metabolic product, acetaldehyde,
produces several other cofactors that are involved in cellular redox reactions and are
responsible for the enhancement of lipogenic gene expression, simultaneously lowering
the expression of lipolytic genes. This action promotes lipid accumulation and decrease
fatty acid oxidation in hepatocytes [5]. Moreover, liver insults can also be boosted by
comorbidities, such as chronic viral hepatitis, non-alcoholic fatty liver, and epigenetic
factors [6,7].

The primary methods by which the intestine communicates with the liver is through
the hepatic portal vein, hepatic biliary system, and by using other potential intermediary
substances for maintaining normal physiological conditions [8]. As a natural inhabitant of
the intestine, gut microbiota serves as invaluable contributors to gut health as well as in the
pathophysiology of numerous diseases [9-11]. Alcohol ingestion alters various metabolic
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and biochemical processes, which are further aggravated by alcohol overconsumption.
This ultimately leads to a series of hepatocellular changes, culminating in cirrhosis and
hepatocellular carcinoma [3,12].

It appears that a variety of factors responsible for the modulation of ALD including as
heredity, sex, and alcohol misuse are not sufficient to lead to liver disease by themselves. The
disturbance of the intestinal microbiota is also important and has been identified recently as
a potentially modifiable therapeutic target in the progression of ALD [4,13,14]. Moreover,
the gut microbiome is also associated with obesity and inflammatory gastrointestinal
disorders [15,16]. As for the bacteria’s own growth and cellular processes, they utilize
ingested dietary constituents producing numerous metabolites that impact the host’s health
and also pose potential disease risks [17-19].

The gut microflora and its metabolites have been shown to play a role in altering the
function of the enteric nervous system (ENS). There is an increasing number of studies
that connect the gut microbiome to the function and growth of the central nervous system
(CNS), which is presently a new, anticipated shift in field of neurology. Some studies
suggests that the composition of gut microbiota and brain disorders such as depression
and chronic stress are intertwined and termed as the “gut-brain axis.” This field needs
further investigation, especially considering its potential therapeutic options [20,21].

In recent years, scientists have validated the gut microbiome’s role in maintaining
normal physiology and verified the host-biome symbiosis. Disrupting the microbiome
creates a burden on the host’s normal physiological functions, thus contributing to dis-
ease progression. For such instances, scientists are developing new models to study
gastrointestinal-associated liver diseases and the pathways facilitating inter-organ interac-
tions during biological events. Animal-based preclinical studies [22-24], human clinical
trials, and artificial-intelligence-guided omics studies [25-28] are ongoing, which have
begun to elucidate the biological and cellular events that occur at the gut-liver inter-
junctions [4]. Additionally, research into the gut microbiome has evoked a new paradigm
of the gut-brain axis communication, demonstrating that gut microbes and the brain are
closely linked in the bidirectional functions of neurons in CNS [29]. Herein, we reviewed
the biological intersection of liver disease and the gut microbiota in concurrence with the
third intersection, “the brain.” Additionally, we explored the hypothesis that gut bacteria
are essential contributors to the progression of ALD, affecting mental health and causing
disharmony between the host’s internal systems.

2. Communication between the Gut, Liver, and Brain in Alcoholic Liver Disease

The gut microbiota functions as an eminent yet natural source of metabolites, bioactive
molecules, and endotoxins that regulate not only gastrointestinal physiology but also other
organs including the brain, kidney, and cardiovascular system as well [30-32]. These
microbes not only support inter-organ communication, but they are also a determining
factor in triggering pathophysiological changes in many disease [33]. The anatomy of the
liver provides a bidirectional link to the intestines through the hepatic portal system, which
carries gut-derived metabolic products directly to the liver. Additionally, the biliary tracts
and systemic circulation provide a platform for the liver to communicate back with the
gut, the liver release bile acids and other bioactive molecules, which act as a feedback
mechanism on the gut from the liver [34].

Chronic alcohol consumption changes the microbial composition, which insults the
gut mucosal barrier and thus compromises gut homeostasis, which was maintained by
the segregation of microbiota and the host’s immune cells [35]. Meanwhile, the CNS
also communicates with the gut through the gut-brain axis to facilitate a physiological
sense of the host’s body. This bidirectional communication is mediated by immune cells
and hormones passed through blood-brain barrier (BBB) via parasympathetic neural
activity [36].
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2.1. Alcohol and Gut—Liver Interaction

Alcohol use disorder (AUD) and chronic alcohol drinking are pervasive globally and
cause untold economic and physiological damage [37]. Alcohol abuse has been linked
with changes in microbial composition affecting intestinal permeability, which exposes
the liver to deleterious events in patients with ALD [38]. Moreover, this direct interaction
between the gut and liver provides a major pathway for the development and progression
of ALD through the gut-liver axis. Such progression is supported by various factors and
including bile acids and their conjugates resulting from bacterial action in the intestine and
enterohepatic circulation back to the liver via the hepatic portal vein [35,39]. The liver is
highly sensitive to the end products of bacterial metabolism, and this strong responsiveness
is likely to affect liver functions when evoked, impacting the modulation of microbiota and
physiology of the host [40].

Lipopolysaccharide (LPS), an endotoxin produced by Gram-negative bacteria, is one
of the main factors in the pathogenesis of ALD. Mean levels of serum LPS are positively
related with the stages of ALD in previous studies [41,42]. The toll-like receptor 4 (TLR4)
pathway is activated when LPS complex with LPS-binding protein binds to TLR4 [43].
This downstream signaling pathway activates Kupffer cells and the release of cytokines
causing hepatocyte damage [44—47]. In addition to LPS, other bacterial products including
peptidoglycan, lipoteichoic acid, porin, and flagellin can also translocate from the gut to
portal tracts and liver. Bacterial particles were also observed in the circulating blood [48,49].

2.1.1. Bacterial Metabolites

Short-chain fatty acids (SCFAs) and secondary bile acids (BAs) are the two major
types of metabolites produced by gut microbiota [50]. Secondary BAs are biochemically
modified bacterial metabolites (primary BAs), whereas SCFAs are produced from dietary
components by the gut microbiota.

Being amphipathic in nature, BAs are pleiotropic signaling molecules that are synthe-
sized in the liver and undergo massive bioconversion when released into the intestine. This
serves an important role in nutrient absorption as the enzymatic actions of gut microbiota
facilitate the absorption of lipid and lipophilic vitamins from dietary components [51].
More than 95% to total BAs are reabsorbed by active transport and trans-diffused through
enterocytes, secreting into the liver again through the liver sinusoid via hepatic portal circu-
lation. This entero-hepatic cycle is strictly monitored by factors in the gut lumen, intestinal
mucosa, hepatocytes, and by local and systemic inflammation. This regulation maintains
the intestinal BA at a level required to meet intestinal demands, which determines the
efficacy of the entero-hepatic cycle and keeps vigilance on small intestinal bacterial over-
growth. Additionally, BA regulation also plays a vital role in maintaining whole-body
lipid and sterol homeostasis [52-55]. While BAs pooled in the gut to meet demand, this
pool later serves as major substrate for the bacterial biotransformation of primary BA to
secondary BA in the colon. Chronic alcohol drinking has been associated with an increased
secondary BA to primary BA ratio in AC patients [56].

In previous studies, SCFAs (acetate, butyrate, and propionate) have been shown not
only to maintain the intestinal epithelial barriers by providing energy to enterocytes but also
to promote anti-inflammatory activity in the intestine through immune-modulation [57].
Chronic alcohol drinking has been shown to impair the production of SCFAs through ab-
normal microbiota displaying reduced biosynthetic activity, and consequently, a reduction
in the SCFA fecal content was observed in AC patients [58]. The abnormal bacterial metabo-
lites observed in AUD are a consequence of shifts in the bacterial community composition
across taxonomic levels. In the stool of patients with AC, beneficial taxa within the phyla
Firmicutes and Bacteroidetes such as Lachnospiraceae, Roseburia, Ruminococcaceae, Blautia,
and Bacteroidaceae are reduced in abundance; opposingly, organisms in the phyla Protobac-
teria, Bacteroidetes, and Firmicutes, including Enterobacteriaceae, Porphyromonadaceae,
and Streptococcaceae are drastically increased in abundance in AC stool samples [59,60].
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2.1.2. Microbe-Associated Molecular Patterns

Disruption of the intestinal epithelial barrier allows the microbe-associated molecular
patterns (MAMP)s to translocate to the extraintestinal space and circulate through sys-
temic circulation into the liver, triggering pathophysiological conditions [61,62]. MAMPs
such as lipopolysaccharides (LPS), peptidoglycan, or bacterial DNA, serve as ligands for
pattern-recognition receptors on Kupffer cells [63] and hepatic stellate cells, [64] inducing
a proinflammatory response. Toll-like receptors, pattern-recognition receptors, are the
primary receptors mediating the inflammatory responses required for pathogen exter-
mination. However, continuous exposure to such stimuli leads to rigorous activation of
downstream proinflammatory signaling mechanisms, inducing inflammation as well as
promoting fibrosis via activation of hepatic stellate cells. This mechanism was confirmed
by several studies that provided evidence demonstrating increased blood endotoxin level
(LPS and peptidoglycans) in ALD patients. These data further support the hypothesis that
the translocation of endotoxin from the intestine to the liver, via either hepatic portal or
systemic circulation, is associated with disease severity throughout the different stages of
ALD [65,66]. Additionally, a high blood cytokines level and increased circulating bacterial
DNA have been well correlated to the seriousness and progression of alcoholic hepatitis
(AH) [38,67].

Therefore, it seems reasonable to assess whether these prompt proinflammatory
responses are initiated by bacterial products translocation through the intestinal barrier. In
addition, gut microbiota can metabolize the physiologically vital amino acid tryptophan
into indole and its derivatives; this process can limit the availability of tryptophan [68], and
recently this mechanism was thoroughly reviewed by Beatriz et al., where they affirmed
the dysregulation of tryptophan metabolism in alcohol-related liver diseases [69].

Furthermore, disruption of circadian rhythm or mutation in circadian gene distinctly
affects intestinal permeability [70], and this alteration in gene expression markedly worsens
alcohol-induced gut dysbiosis, hepatic injury, and hepatic inflammation as showed in vitro
and in vivo studies [71,72].

2.2. Alcohol and Gut—Brain Interaction

The ecological system of the gut microbiome is very vast and not limited to the
gastrointestinal system. The composition, relative abundance, and bioactivity of gut
microbes not only influence gut and liver function but also have consequences in brain
function, behavior, and mood as well [73,74]. Gut microbiota have emerged in recent
investigations as a key regulators of neuro-development and behavior in brain disorders.

A number of previous studies were performed aiming to elucidate the underlying
mechanisms of gut microbiota as they relate to brain disorders via ENS and metabolic
pathways. Previous research has suggested that bacterial metabolites can enter the brain
through the BBB via the sensory nerves that innervate the gut. Most of the direct and
indirect pathways including the bidirectional vagal-to-brain transmission, peripheral im-
mune responses, tryptophan metabolism, hormone signaling, and bacterial metabolites
such as SCFAs and other fermented by-products, have some level of influence on brain
function [75-78].

Additionally, the gut-brain axis also serves as an important connection in liver diseases
including AUDs and hepatic encephalopathy (HE) [17,79,80]. Leclercq et al. provided
supporting clinical data that revealed increased gut permeability was correlated with
increased anxiety, depression, and alcohol craving in patients with AUDs [65]. Another
aspect influencing gut-brain interaction is central regulatory circadian mechanisms in
the brain, which can alter the circadian clock in the gastrointestinal track, leading to
susceptibility to intestinal pathophysiology. Since alcohol use has an unsettling relationship
with the circadian clock, this further exacerbates alcohol’s effect on intestinal barrier
integrity and has a potential role in liver and brain injuries [70,81,82]. Considering the
nature of alcoholism, strategies to prevent recurrence after withdrawal are often ineffective,
and current management approaches require serious reconsideration; focusing on the
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microbiome may yield potential therapeutic targets for reduction in the psychological
symptoms associated with AUD-mediated gut-brain axis disharmony.

2.2.1. Bacterial Metabolites

SCFAs are synthesized by gut microbiota by the fermentation of dietary components,
which both generates energy for the host and provides a suitable growth environment
for bacteria. SCFAs also stimulate blood flow in the colon and aid the integrity of the
BBB when accessed through systemic circulation [83]. In animal study, intravenous or
intraperitoneal administration of sodium butyrate after traumatic brain injury, can prevent
BBB breakdown and promote neurogenesis [84-86]. SCFAs also tend to interact through
sympathetic intervention of the superior cervical ganglia, shaping the physiological reflexes
between the CNS and the gut [87]. It is therefore plausible that modulating SCFA levels
could be useful in preventing brain dysfunction.

Like SCFAs, secondary BAs such as deoxycholic acid have been detected in the CNS,
modulating BBB permeability via disruption of the tight junctions [88]. Another bacterial
metabolite, trimethylamine, and its catalytic oxidation product, trimethylamines-N-oxides,
were found to be present in the CNS further supporting the fact that bacterial metabolites
can cross the BBB [89].

2.2.2. Neurotransmitters

The ENS in the gastrointestinal tract detects pathogens and acts against them by
generating the necessary protective response. These intrinsic neuroglial circuits serve as
gut-brain communications and sense the presence of bacterial metabolites and convey
the information to the brain to initiate the appropriate response. In part, this response
can include the activation of neurons that recruit immune cells to modulate local tissue
inflammation, strongly linking the immune response with the gut-brain axis [90,91]. Ad-
ditionally, germ-free mice showed decreased hyperexcitability in gut sensory neurons,
further highlighting the communication between the gut and the brain [92]. Peripherally,
endotoxins can stimulate the immune systems into releasing proinflammatory cytokines. If
not resolved, these proinflammatory cytokines make their way through the bloodstream to
disrupt the BBB, thus altering neurological functions and propagating a damaging cycle of
brain inflammation [93].

Glutamate, an excitatory neurotransmitter in brain, is metabolized by Lactobacillus and
Bifidobacterium to produce y-aminobutyric acid (GABA), an inhibitory neurotransmitter in
gut. GABA acts locally relaying information from the gut and alters vagal signaling to the
brain. Intriguing findings from a recent clinical study, published by Kirsten et al. revealed
brain GABA levels are inversely correlated the severity of ALD [94]. Bioconversion of
tryptophan creates diverse microbial metabolites including tryptamine, indole, and indole
derivatives. These metabolites may act as signaling molecules or ligands for the aryl
hydrocarbon receptor, reducing the CNS inflammation and limiting disease severity [95].
The induced receptor activation in CNS cells could alter brain communication through the
gut-brain axis in neuropsychiatric and neurodegenerative disorders [96], and it is likely
that alcohol abuse exacerbates these effects [97,98].

2.3. Alcohol and Brain—Liver Interaction

The implications of alcohol abuse are well-documented in ALD patients and are
reviewed thoroughly from time to time [99-101]. However, the connection between ALD-
associated brain dysfunctions and communication via the gut-brain axis has gathered the
attention of many researchers in recent years. Moreover, the communication within the
gut-brain axis and the severity of HE has been of particular interest. HE is a brain disorder
exemplified by altered brain function caused by liver insufficiency in acute liver failure or
cirrhosis.

Ammonia produced by the gut microbiota is a crucial driver of HE and could be
considered a typical paradigm of gut-brain-liver axis diseases [102]. When the liver fails to
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clear ammonia produced by gut microbiota, high levels of circulating ammonia reach the
CNS where it is primarily handled by astrocytes. It is possible that the overload of ammonia
in the CNS could lead to astrocyte senescence and initiate a cascade of neurological events
causing the brain dysfunction seen in cirrhosis [103,104].

Chronic alcohol consumption has the outcome of dysbiosis leading to increased
translocation of bacteria and harmful metabolites into blood stream that drives HE develop-
ment and thus affects the alcohol-liver—brain relationship [79,97]. A study in ALD patients
by Bajaj et al. demonstrated an association between cognitive dysfunction and HE-related
cirrhosis. An increase in the relative abundance of Enterobacteriaceae, Lactobacillaceae,
Alcaligenaceae, Porphyromonadaceae, and Streptococcaceae in combination with reduced
relative abundances of Ruminococcaceae and Lachnospiraceae were demonstrated with
HE patients. Additionally, Porphyromonadaceae, and Alcaligenaceae were positively
correlated with poor cognition and inflammation in HE patients [105].

In another study, brain imaging was carried out to check neuronal function and in-
tegrity as it was related to microbial dysbiosis. While diffusion tensor imaging revealed
altered neuronal integrity and edema that correlated positively with Porphyromonadaceae,
magnetic resonance spectroscopy demonstrated hyperammonemia-related astrocyte dys-
function. The observed astrocytes dysfunction was positively correlated with Enterobacte-
riaceae, Streptococcaceae, Peptostreptococcaceae, and Lactobacillaceae. On the contrary,
Ruminococcaceae, Lachnospiraceae, and Clostridiales XIV are negatively related with
astrocyte dysfunction in HE patients [30]. Thus, the interaction of the brain with systemic
endotoxemia, inflammatory mediators, and ammonia can worsen neuro-inflammation in
AUDs [106]. However, HE-associated ALD clinical studies are lacking vital data, and more
research is required in order to design effective treatments for HE in ALD patients.

3. The Gut-Liver Axis in Conjunction with the Brain as the Third Axis

Chronic use of alcohol is linked with several alterations in the gut, liver, and brain. The
crosstalk between the gut and liver is increasingly recognized, enhanced by the parallel rise in the
incidence of gastrointestinal diseases, liver diseases, and brain disorders [97,107,108]. Needless
to say, alcohol-associated gut dysbiosis leads to increased circulation of pathobionts, which
is mechanistically related to impaired cognitive functions and other changes within brain
(Figure 1).

Dysregulation of metabolism, lower amino acid, and bioenergetic metabolites, and
higher endotoxemia and toxic metabolites could reduce the induction of interleukin-22
and its positive regulation of the regenerating islet-derived 3 protein in intestinal Paneth
cells that maintain the inner mucus membrane. Chronic alcohol consumption decreases
regenerating islet-derived 3 expression, promoting bacterial and metabolite translocation,
implicating this protein in local and systemic inflammation [109]. Additionally, liver
overload with toxic metabolites leads to an increase in systemic load that reaches the brain
via BBB alteration causing toxicity to brain cells [110]. These endotoxins also contribute to
hepatocyte death and result in a fibrotic response in the liver [108]. These findings come
with profound perturbations to the correlation between neuropsychiatric disorders and
systemic inflammation, including depression and dementia [111,112].

In 2018, researchers at the scientific meeting reported the presence of gut bacteria in
human brain tissue. The study has not yet been published, but it suggests that microbes
might somehow be making their way into the brain, albeit skeptics abound [113]. Addi-
tionally, the direct linkage between the intestinal epithelium and enteric neurons through
the vagus nerve serves as a local neural network responsible for transmitting signals to the
brain in response to bacterial metabolite stimulation [114]. Systemic divergence may prime
the vagus nerve to renounce or modify its neuroprotective afferent signals, or to stimulate
vagal signals that affect brain function. A dysregulation in vagal signaling could result
in increased neuroinflammation as was observed upon alcohol withdrawal and persisted
during chronic alcohol feeding [115].



J. Clin. Med. 2021, 10, 541

7 of 18

It is very likely that any pro-inflammatory responses involve microglial cell activation,
resident macrophages, and the subsequent recruitment of macrophages to the brain. This
inflammatory response is also expected to worsen the pathological condition in liver
disease following the decline of brain functions [116]. Therefore, under vagal signals
from the gut due to microbial imbalance, the humoral pathway of bioactive molecules to
the brains are expected to be enhanced. Moreover, alcohol-induced dysbiosis increases
the neuroinflammation directly or through nutritional deficiencies that deteriorate brain
functions [4,117].

Astrocytes My 2

4. MAMPS and cytokines B i, fg]r:;l::\es : g
— disruption of BBB — i v 2

. - a2 -

—s translocation of MAMPS Microglial / ot )
cells g

—
Activated

— activates microglial cells ctivate
microglial cell

— M proinflammatory response

Brain Axis

— neuroinflammation
3. MAMPS, cytokines and
neurostimulatory molecules

— systemic circulation — brain

N

. MAMPS, cytokines — liver
— Kupffer & hepatic cell activation

— P proinflammatory response

SIXY JI9AT]

— PMHepatitis

Enterohepatic
circulation

1. Dysbiosis
—disruption of gut barrier
— translocation of bacteria

and its metabolites to liver

Gut Axis

Figure legends:

N el

Microbes MAMPS

MAMPS: Microbe-Associated Molecular Patterns

BBB: Blood brain barricr Chronic Alcohol consumption

Figure 1. Gut-liver-brain axis in alcohol use disorder. Abbreviations: 1 indicates an increase in the
condition or level; MAMPS, microbe-associated molecular patterns; BBB, blood-brain barrier.

4. Experimental Studies and Gut-Based Therapy: From Rodents to Humans

Beyond quantitative changes, qualitative disturbances of the normal microbiota occur
with chronic alcohol consumption. Specific compositional changes in AH-associated micro-
biota are a crucial aspect of this disease spectrum and can also complicate brain function.
Recent preclinical and clinical studies focused on the improvement in intestinal barrier
integrity to provide amelioration in alcohol-induced liver damage. Intervention with
conventional methods such as probiotics, prebiotic, antibiotics, and new techniques such
as fecal microbial transplantation are already revealing promising outcomes in preclinical
and clinical model of ALD [6,118]. A summary of such compositional and concurrent
functional studies of ALD and the CNS in animals and human is listed in Tables 1 and 2.
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Table 1. Summary of effects of gut microbe and its metabolites implicating in brain and liver in alcohol-related animal

study.
Model/Disease Intervention Effects on Brain and Gut Effect on Gut and Liver Ref.
20% ethanol ad libitum in .
Wistar, Long-Evans and Sodn;/{n;_l;t;;yrate J Alcohol intake - [119]
Sprague-Dawley rats
. ... 1 Brain TJ proteins
Traumé;;éija;;i?:]eury on Sodium butyrate expression - [85]
| Brain permeability
1 TJ proteins expression
Male ICR mice received 10% } AST and ALT
DMSO for 2 weeks followed 1 Butyrate receptor and
by single binge of 50% v/v of Kaempferol i transporter protein [120]
ethanol expression
1 Hepatic inflammation
DNBS solution in 30%
ethanol injected intrarectally F. prausnitzii J Colonic serotonin level - [121]
in male C57BL/6 mice
Chronic-binge ethanol .. L 1 TJ proteins expression
feeding in C57Bl/6 female Synblcc))ttl;t(()ls'sf;fﬁ; iz, - J Permeability [122]
mice p J Hepatic inflammation
p
a-synuclein overexpressing . . . .. )
serm-free BDF1 mice Acetate/propionate/butyrate 1 Microglia activation [123]
38% for 2 \L/)veeks, 46% for 3 1 Propionate /butyrate
weeks 56% Ethanol for 3 . I
weeks per day Dietary okra seed oil - + Intestinal dysbiosis [124]
. . . | Hepatic inflammation
intragastrically to Kunming e .
. | Hepatic lipid accumulation
mice.
J Corticosterone level
male BALB/c L. rhamnosus 1 Anxiety- and - [125]
depression-related behavior
50-60% ethanol (4 g/kg) v Ox1d.atlve stress
. . 4 Colonic MPO level
twice daily dose to male L. rhamnosus - .. . [126]
SpragueDawlev rats 1 Hepatic inflammation
prag y | Permeability
1 Intestinal NLRP3
. FMT transplantation inflammasome response
APP/PS1-Tg C57BL/6 mice from AD patients 1 Cognitive dysfunction i [1271
1 Microglia activation
Female C57Bl/6 wild-type, J Uric acid
P2rx7-KO, ssUOX-Tg, 0 ﬂlsz;zes‘;me ) | ATP signaling [126]
intUOX-Tg fed activation | Steatosis and hepatic
Lieber-DeCarli ethanol diet triglyceride level
1 TLR4 and/or IL-1RI
. Ethanol-induced activation
Rat cortical astrocytes  y gy /11 1RI signaling + Astrocyte cell death - [129]
1 NF-xB and AP-1
. . Ethanol (4 g/kg) for 3
C57BL{F6L‘1$1151 /Ey}r)r?ifeuce and days in TLR4_§ ~ mice 1 Microglia activation - [130]
vs. wild type
C57BL/6 wild-type mice and  Lieber—DeCarli ethanol 4 ALT level
TLR4~/~ mice fed diet in TLR4~/~ mice - 1 Hepatic inflammation [131]

Lieber—DeCarli ethanol diet

vs. wild type

J Oxidative stress
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Model/Disease Intervention Effects on Brain and Gut Effect on Gut and Liver Ref.
C57BL/6 rtTA, and J Systemic inflammation
rtTA-Egfr*Tg mice fed L. plantarum 1 Neuroinflammation - [132]
Lieber-DeCarli ethanol diet 1 Gut dysbiosis
J ALT and AST level
C57BL/6] mice fed with 1 Hepatic inflammation and
LA101A ethanol diet for 6 L. plantarum - endotoxin [133]
weeks J Oxidative stress
1 TJ proteins expression
Wild-type C57BL/6 female An.tlbl(.)tlc cocktall:. J Ne.uro and systermc
. . . Ampicillin, Neomycin, inflammation
mice fed Lieber-DeCarli . . . o - [134]
ethanol diet Metronidazole, and 1 Microglia activation
Vancomycin J LPS and bacterial load
Wild-type C57BL/6 female AnF1b19t1c cocktaﬂ:. J LPS ar}d })actenal lc?ad
mice fed Lieber—DeCarli Ampicillin, Neomyecin, ) 1 Hepatic inflammation [135]
Metronidazole, and $ MPO

ethanol diet

Vancomycin 1 Hepatic steatosis

Abbreviations: T indicates an increase in the condition or level; | indicates a decrease in condition or level; ALT, alanine transaminase; AST,
aspartate aminotransferase; MS-275, histone deacetylase inhibitor; TJ, tight junction; ICR, Institute of Cancer Research; DMSO, dimethyl
sulfoxide; BDF1, B6D2F1 [C57BL/6 x DBA/2) F1] mice; MPO, myeloperoxidase; APP/PS1, human amyloid precursor protein/presenilin 1;
Tg, transgenic; FMT, fecal microbial transplantation; AD, Alzheimer’s disease; NLRP3, nucleotide-binding oligomerization domain-like
receptors (NLR) family pyrin domain containing 3; P2rx7, ATP receptor 2 x 7 KO, knock out; intUOX, unmodified intracellular uricase;
ssUOX, secreted uricase; ATP, adenosine triphosphate; TLR4, toll-like receptor 4; IL-1RI, interleukin 1 receptor, type I; NF-«kB, nuclear
factor kappa-light-chain-enhancer of activated B cells; AP-1, activator protein 1; rtTA, reverse tetracycline-controlled transactivator; Egfr,
epidermal growth factor receptor; LPS, lipopolysaccharide.

Apart from these studies, there are growing numbers of studies that focus on the
modulation of the gut microbiome through probiotic treatment and fecal transplant in order
to treat anxiety, depression, and other forms of mental illness in humans [136,137]. This
signifies that modulatory treatment of the gut microbiome or abstinence from alcohol may
have beneficial effects on AUDs by targeting the gut-liver-brain axis. Withdrawal of alcohol
improved systemic inflammation by decreasing LPS and other proinflammatory cytokines,
thus enhancing mood and cognition and while decreasing alcohol dependence in AUD
patients [65]. Beneficial metabolite supplementation, including SCFAs, is also recognized
as potential substrates could transform the gut environment, alleviating inflammatory
progression.

In an in vitro study, Lesley et al. hypothesized that propionate protects the BBB from
oxidative stress induced by LPS via increased expression of free fatty acid receptor-3 in
brain epithelium cells [138]. Another in vitro study demonstrated that higher portal pro-
pionate levels lowered liver triglyceride content via decreased de novo lipogenesis [139].
Propionate is a one of the major SCFAs that has functional mechanisms in the activation of
gluconeogenesis, thereby regulating food intake, enhancing insulin sensitivity, and main-
taining metabolic homeostasis in the host’s gut. Increase in bacterial-derived propionate
has also shown the ability to regulate metabolic homeostasis and maintain inflammatory
markers at low levels without being cytotoxic to liver cells.

In line with this, butyrate supplementation perturbed and mitigated LPS-induced se-
vere inflammation and reshaping of the gut microenvironment in vivo. Moreover, butyrate
supplementation increased the abundance of other commensal bacteria, Faecalibacterium
and Lactobacillus [140], which add on to the effects of butyrate supplementation as Faecal-
ibacterium are documented butyrate producers that are decreased in ALD patients [27].
Additionally, long term use of dietary supplements containing the Lactobacillus and Bifi-
dobacterium species was discovered to enhance cognitive and memory functions by altering
brain metabolites [141], such as GABA, which regulates glutamine/glutamate signaling in
brain. Beneficial bacterial supplementation also increased myo-inositol, which is linked
with astrocyte activity and is reduced in brain injury or aging [142]. Identifying new
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biomarkers influencing brain behavior that predict the susceptibility for addiction to alco-
hol could be beneficial for clinical therapy in patients with AUDs. In such instances, an
altered microbial composition associated with expansions in the dopamine 1 receptor and
reductions in the dopamine 2 receptor in the dorsal striatum could be assessed as a proxy
for susceptibility to alcohol addiction [143].

Advancements and innovation in functional brain mapping have expanded our insight
and could divulge how alcohol modifies the brain on a mechanistic level. Mechanisms by
which alcohol triggers neuro-inflammation are starting to be disentangle as alcohol and
its metabolic products have been shown to modify neurotransmitter signals in the brain,
including GABA, glutamate, acetylcholine, dopamine, and serotonin [144]. A magnetic
resonance spectroscopy study in AC patients with HE found a significantly higher mean
glutamate/glutamine to creatinine ratio together with a reduced choline to creatinine ratio
when compared with healthy controls [145].

Cervical vagus nerve stimulation could be a novel approach to regulate gut-brain
communication at nerve interfaces that affect cognition. An animal study revealed a
reduction of LPS-induced systemic and brain inflammation as well as showed significantly
enhanced cognitive responses via vagus nerve stimulation [146]. In addition, the beneficial
effects of Lactobacillus rhamnosus JB1 on neuropsychiatric behavior are prevented after
vagotomy [147]. Probiotic L. reuteri, in an in vivo study of autism, provided evidence of
improvement in social behavior and wound healing that is dependent on vagus-nerve-
regulated pathways [148].

Furthermore, clinical trials by Ahluwalia et al. found that more brain edema, hyper-
ammonemia, and significant cortical damage with lower brain reserve was observed in
AC patients in comparison with that in cirrhotic patients who were alcohol abstinent for
more than 6 months [149]. These complications form a major burden from a medical and
psycho-social perspective, and strategies to improve their prognosis have largely depended
on gut microbial modulation [150].

Table 2. Summary of effects of gut microbe and its metabolites implicated in brain and liver in alcohol-related clinical study.

Model/Disease Intervention Effect on Brain and Gut Effect on Gut and Liver Ref.
HE Lactulose withdrawal T GlutaTn.me + Glutamate 4 Fae.calzbacterzum [151]
J Cognitive performance 1 Veillonellaceae
Cirrhosis and minimal e 1 Cognitive performance T Beneficial metabolites
HE Rifaximin J Permeability 1 Eubacteriaceae [152]
Abnormal T1 Weighted
hyperintensity in the globi
Alcoholic cirrhosis - pallidi - [153]
1 Hepatocerebral
degeneration
Cirrhosis and minimal Significant improvement in
Nutritional therapy - MHE, ammonia, MELD, CTP [154]
HE
SIP6 score
Improved MDA and 4-HNE
Improved proinflammatory
Chronic liver diseases cytokines in AC patients
1nclud.1ng a1§ohohc Probiotic VSL#3 ) Improved AST, .ALT, GGT in [155,156]
cirrhosis AC patients
Cirrhosis with HE Improved S-NO plasma level
in AC patients

Improved MELD, CTP score
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Table 2. Cont.
Model/Disease Intervention Effect on Brain and Gut Effect on Gut and Liver Ref.
J Glutamine +
glutamate/creatinine ratio
T Myo-inositol / creatinine
Cirrhosis and minimal . ) ratio -
. . 157
HE L. acidophilus 4 Choline + Improved ammonia in blood [157]

myo-inositol/creatinine ratio
Improved neurometabolites
and psychometric analysis

Abbreviations: 1 indicates an increase in the condition or level; | indicates a decrease in condition or level; HE, hepatic encephalopathy;
ALT, alanine transaminase; AST, aspartate aminotransferase; GGT, y-glutamyl transferase; AC, alcoholic cirrhosis; MDA, malondialdehyde;
4-HNE, 4-hydroxynonenal; S-NO, S-nitrosothiols; MHE, minimal hepatic encephalopathy; MELD, model for end-stage liver disease; CTP,
the Child-Turcotte-Pugh; SIP6, Sickness Impact Profile.

5. Future Perspective

Given the role of microbiota and intestinal permeability in AUD patients, it would be
wise to study the gut microbiota as a potential target for reducing the mediating effects
of alcohol. Additionally, while alcohol is most certainly the driver of events in the gut
and liver AUDs [34], it also clearly has an unsettling relation with the brain [97]. Latest
advancements in brain mapping, neuro-imaging, high-throughput DNA sequencing, and
improved computational techniques have broadened our approach in understanding how
alcohol influences the brain, gut, and liver [4,158]. However, difficulties arise as the impact
of the microbial environment in the host is continual and therefore difficult to parse under
some conditions.

In the last two decades, various studies have determined the impact of microbiota
and their toxic metabolites in various neurological disorders and neuroinflammation as
well as the interplay with the ENS [159]. More thorough studies are required to fully
comprehend the gut-liver-brain links in ALD. By obtaining adequate information, a better
approach may be devised from a mechanistic perspective for a prognosis that can be
tested to clarify and validate the severity of disease. With alcohol being highly addictive,
withdrawal behavior could be abated through manipulation of the gut microbiome and
abstinence [160]. Moreover, the possible role of the vagal pathway in alcohol dependence
has not yet been investigated comprehensively. Research in actively drinking and sober
alcoholics should be performed to the determine the depth of vagal signaling, its influence
on brain function, its influence on behavior in alcoholism, and its plausible interaction with
systemic inflammation [29].

Considering the complex neuronal and humoral factors in the gut-liver-brain axis, a
systemic approach is needed to unravel the downstream pathways that instigate pathologi-
cal changes in the gut, brain, and liver. Furthermore, studies on patients with cirrhosis and
current alcohol use are sparse and limited due to ethical concerns. Patients with alcoholic
cirrhosis are often included in cirrhosis clinical trials, but the amount or duration of past or
current alcohol use are rarely described.

6. Conclusions

Gut microbiome research is rapidly expanding, due to recent advances in high-
throughput omics technologies, and providing us with a better understanding of the
composition and functionality of such a complex ecosystem. Compelling evidence suggests
alcohol abuse is directly linked with gut microbiota dysbiosis and the production of toxic
metabolites.

Additional investigation of bacterial metabolites and their potential interactions in
gut-liver-brain axis immune signaling, pathways, and neuronal function will enable a
fuller understanding of the physiological responses to alcohol and microbiome. Despite
our current scant knowledge of specific mechanisms, humoral, neuronal, and microbial
modulation are proving promising strategies to tackle alcoholic-disease-associated neu-
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rological disorders. A deeper understanding of gut microbial ecology, metabolism, and
signaling networks within the host may lead to a new generation of microbiome-targeted
strategies, both for disease treatment and prevention.

Author Contributions: Conceptualization, H.G. and K.T.S.; methodology, H.G.; formal analysis,
K.T.S.; investigation and resources, H.G. and K.T.S.; data curation, H.G. and D.].K,; writing—original
draft preparation and writing, H.G. and K.T.S.; writing—review and editing, K.T.S. and D.J.K.;
funding acquisition, K.T.S. and D.J.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was funded by the Hallym University Research Fund. This research was sup-
ported by Basic Science Research Program (2020R1A6A1A03043026) through the National Research
Foundation of Korea (NRF) funded by the Ministry of Education.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Firth, J.; Gangwisch, J.E.; Borisini, A.; Wootton, R.E.; Mayer, E.A. Food and mood: How do diet and nutrition affect mental
wellbeing? BMJ 2020, 369, m2382.

2. Xiao, J.; Wang, F; Wong, N.-K.; He, J.; Zhang, R.; Sun, R.; Xu, Y,; Liu, Y,; Li, W.; Koike, K ; et al. Global liver disease burdens and
research trends: Analysis from a Chinese perspective. |. Hepatol. 2019, 71, 212-221. [CrossRef] [PubMed]

3. Gao, B,; Bataller, R. Alcoholic liver disease: Pathogenesis and new therapeutic targets. Gastroenterology 2011, 141, 1572-1585.
[CrossRef] [PubMed]

4. Bajaj, ]J.S. Alcohol, liver disease and the gut microbiota. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 235-246. [CrossRef] [PubMed]

5. Osna, N.A.; Donohue, T.M.,, Jr.; Kharbanda, K.K. Alcoholic Liver Disease: Pathogenesis and Current Management. Alcohol Res.
2017, 38, 147-161.

6. Gupta, H; Youn, G.S,; Shin, M.J.; Suk, K.T. Role of Gut Microbiota in Hepatocarcinogenesis. Microorganisms 2019, 7, 121.
[CrossRef]

7. Kong, L.-Z,; Chandimali, N.; Han, Y.-H.; Kim, S.-U.; Kim, ].-S.; Kim, S.-U.; Kim, T.-D.; Jeong, D.K.; Sun, H.-N.; Kwon, T.
Pathogenesis, Early Diagnosis, and Therapeutic Management of Alcoholic Liver Disease. Int. J. Mol. Sci. 2019, 20, 2712. [CrossRef]

8.  Lang, S.; Schnabl, B. Microbiota and Fatty Liver Disease—The Known, the Unknown, and the Future. Cell Host Microbe 2020, 28,
233-244. [CrossRef]

9. Wang, B.; Yao, M,; Lv, L.; Ling, Z.; Li, L. The Human Microbiota in Health and Disease. Engineering 2017, 3, 71-82. [CrossRef]

10. Liu, Q.; Duan, Z.P,; Ha, D.K.; Bengmark, S.; Kurtovic, J.; Riordan, S.M. Synbiotic modulation of gut flora: Effect on minimal
hepatic encephalopathy in patients with cirrhosis. Hepatology 2004, 39, 1441-1449. [CrossRef]

11. Ley, R.E,; Turnbaugh, PJ.; Klein, S.; Gordon, J.I. Human gut microbes associated with obesity. Nature 2006, 444, 1022-1023.
[CrossRef] [PubMed]

12.  O’Shea, R.S.; Dasarathy, S.; McCullough, A.J. Practice Guideline Committee of the American Association for the Study of Liver
Diseases and the Practice Parameters Committee of the American College of Gastroenterology Alcoholic liver disease. Hepatology
2010, 51, 307-328. [PubMed]

13. Mutlu, E.A; Gillevet, PM.; Rangwala, H.; Sikaroodi, M.; Naqvi, A.; Engen, P.A.; Kwasny, M.; Lau, C.K,; Keshavarzian, A. Colonic
microbiome is altered in alcoholism. Am. J. Physiol. Liver Physiol. 2012, 302, G966-G978. [CrossRef] [PubMed]

14. Zakhari, S.; Li, T.K. Determinants of alcohol use and abuse: Impact of quantity and frequency patterns on liver disease. Hepatology
2007, 46, 2032-2039. [CrossRef] [PubMed]

15. Cani, P.D.; Van Hul, M. Gut microbiota and obesity: Causally linked? Expert Rev. Gastroenterol. Hepatol. 2020, 14, 401-403.
[CrossRef] [PubMed]

16. Ryan, EJ.; Ahern, A.M,; Fitzgerald, R.S.; Laserna-Mendieta, E.J.; Power, E.M.; Clooney, A.G.; O'Donoghue, K.W.; McMurdie,
PJ.; Iwai, S.; Crits-Christoph, A.; et al. Colonic microbiota is associated with inflammation and host epigenomic alterations in
inflammatory bowel disease. Nat. Commun. 2020, 11, 1512. [CrossRef] [PubMed]

17.  Mancini, A.; Campagna, F.; Amodio, P.; Tuohy, K.M. Gut: Liver: Brain axis: The microbial challenge in the hepatic encephalopathy.
Food Funct. 2018, 9, 1373-1388. [CrossRef]

18.  Wong, ].M.; de Souza, R.; Kendall, C.W.; Emam, A.; Jenkins, D.]J. Colonic health: Fermentation and short chain fatty acids. . Clin.
Gastroenterol. 2006, 40, 235-243. [CrossRef]

19. Scheppach, W. Effects of short chain fatty acids on gut morphology and function. Gut 1994, 35, S35-538. [CrossRef]

20. Forsythe, P.; Kunze, W.A. Voices from within: Gut microbes and the CNS. Cell Mol. Life Sci. 2013, 70, 55-69. [CrossRef]


http://doi.org/10.1016/j.jhep.2019.03.004
http://www.ncbi.nlm.nih.gov/pubmed/30871980
http://doi.org/10.1053/j.gastro.2011.09.002
http://www.ncbi.nlm.nih.gov/pubmed/21920463
http://doi.org/10.1038/s41575-018-0099-1
http://www.ncbi.nlm.nih.gov/pubmed/30643227
http://doi.org/10.3390/microorganisms7050121
http://doi.org/10.3390/ijms20112712
http://doi.org/10.1016/j.chom.2020.07.007
http://doi.org/10.1016/J.ENG.2017.01.008
http://doi.org/10.1002/hep.20194
http://doi.org/10.1038/4441022a
http://www.ncbi.nlm.nih.gov/pubmed/17183309
http://www.ncbi.nlm.nih.gov/pubmed/20034030
http://doi.org/10.1152/ajpgi.00380.2011
http://www.ncbi.nlm.nih.gov/pubmed/22241860
http://doi.org/10.1002/hep.22010
http://www.ncbi.nlm.nih.gov/pubmed/18046720
http://doi.org/10.1080/17474124.2020.1758064
http://www.ncbi.nlm.nih.gov/pubmed/32306776
http://doi.org/10.1038/s41467-020-15342-5
http://www.ncbi.nlm.nih.gov/pubmed/32251296
http://doi.org/10.1039/C7FO01528C
http://doi.org/10.1097/00004836-200603000-00015
http://doi.org/10.1136/gut.35.1_Suppl.S35
http://doi.org/10.1007/s00018-012-1028-z

J. Clin. Med. 2021, 10, 541 13 0f 18

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

Hyland, N.P; Cryan, ].E. Microbe-host interactions: Influence of the gut microbiota on the enteric nervous system. Dev. Biol. 2016,
417,182-187. [CrossRef] [PubMed]

Lee, N.Y,; Yoon, S.J.; Han, D.H.; Gupta, H.; Youn, G.S.; Shin, M.].; Ham, Y.L.; Kwak, M.].; Kim, B.Y.; Yu, ].S.; et al. Lactobacillus
and Pediococcus ameliorate progression of non-alcoholic fatty liver disease through modulation of the gut microbiome. Gut
Microbes 2020, 11, 882-899. [CrossRef] [PubMed]

Wang, Q.; Wang, B.; Saxena, V.; Miles, L.; Tiao, J.; Mortensen, J.E.; Nathan, J.D. The gut-liver axis: Impact of a mouse model of
small-bowel bacterial overgrowth. J. Surg. Res. 2018, 221, 246-256. [CrossRef] [PubMed]

Nevzorova, Y.A.; Boyer-Diaz, Z.; Cubero, FJ.; Gracia-Sancho, J. Animal models for liver disease—A practical approach for
translational research. J. Hepatol. 2020, 73, 423-440. [CrossRef]

Loomba, R.; Seguritan, V.; Li, W.; Long, T.; Klitgord, N.; Bhatt, A.; Dulai, P.S.; Caussy, C.; Bettencourt, R.; Highlander, S.K; et al.
Gut Microbiome-Based Metagenomic Signature for Non-invasive Detection of Advanced Fibrosis in Human Nonalcoholic Fatty
Liver Disease. Cell Metab. 2017, 25, 1054-1062.e1055. [CrossRef]

Ahn, S.B.; Jun, D.W,; Kang, B.-K,; Lim, ].H.; Lim, S.; Chung, M.-]. Randomized, Double-blind, Placebo-controlled Study of a
Multispecies Probiotic Mixture in Nonalcoholic Fatty Liver Disease. Sci. Rep. 2019, 9, 5688. [CrossRef]

Dubinkina, V.B.; Tyakht, A.V.; Odintsova, V.Y,; Yarygin, K.S.; Kovarsky, B.A.; Pavlenko, A.V,; Ischenko, D.S.; Popenko, A.S,;
Alexeev, D.G.; Taraskina, A.Y,; et al. Links of gut microbiota composition with alcohol dependence syndrome and alcoholic liver
disease. Microbiome 2017, 5, 141. [CrossRef]

Mesnage, R.; Teixeira, M.; Mandrioli, D.; Falcioni, L.; Ducarmon, Q.; Zwittink, R.; Amiel, C.; Panoff, J.-M.; Bourne, E.; Savage, E.;
et al. Multi-omics phenotyping of the gut-liver axis allows health risk predictability from in vivo subchronic toxicity tests of a
low-dose pesticide mixture. bioRxiv 2020. [CrossRef]

Fiulling, C.; Dinan, T.G.; Cryan, J.F. Gut Microbe to Brain Signaling: What Happens in Vagus. Neuron 2019, 101, 998-1002.
[CrossRef]

Ahluwalia, V,; Betrapally, N.S.; Hylemon, P.B.; White, M.B.; Gillevet, PM.; Unser, A.B.; Fagan, A.; Daita, K.; Heuman, D.M.; Zhou,
H.; et al. Impaired Gut-Liver-Brain Axis in Patients with Cirrhosis. Sci. Rep. 2016, 6, 26800. [CrossRef]

Raj, D.; Tomar, B.; Lahiri, A.; Mulay, S.R. The gut-liver-kidney axis: Novel regulator of fatty liver associated chronic kidney
disease. Pharmacol. Res. 2020, 152, 104617. [CrossRef] [PubMed]

Zubcevig, J.; Richards, EM.; Yang, T.; Kim, S.; Sumners, C.; Pepine, C.J.; Raizada, M.K. Impaired Autonomic Nervous System-
Microbiome Circuit in Hypertension. Circ. Res. 2019, 125, 104-116. [CrossRef] [PubMed]

Durack, J.; Lynch, S.V. The gut microbiome: Relationships with disease and opportunities for therapy. J. Exp. Med. 2018, 216,
20-40. [CrossRef] [PubMed]

Albillos, A.; De Gottardi, A.; Rescigno, M. The gut-liver axis in liver disease: Pathophysiological basis for therapy. J. Hepatol. 2020,
72,558-577. [CrossRef] [PubMed]

Starkel, P.; Schnabl, B. Bidirectional Communication between Liver and Gut during Alcoholic Liver Disease. Semin. Liver Dis.
2016, 36, 331-339. [CrossRef]

Bonaz, B.; Bazin, T.; Pellissier, S. The Vagus Nerve at the Interface of the Microbiota-Gut-Brain Axis. Front. Neurosci. 2018, 12, 49.
[CrossRef]

Gilmore, W.; Chikritzhs, T.; Stockwell, T.; Jernigan, D.; Naimi, T.; Gilmore, I. Alcohol: Taking a population perspective. Nat. Rev.
Gastroenterol. Hepatol. 2016, 13, 426-434. [CrossRef]

Puri, P; Liangpunsakul, S.; Christensen, J.E.; Shah, V.H.; Kamath, P.S.; Gores, G.J.; Walker, S.; Comerford, M.; Katz, B.; Borst, A.;
et al. The circulating microbiome signature and inferred functional metagenomics in alcoholic hepatitis. Hepatology 2018, 67,
1284-1302. [CrossRef]

Oliphant, K.; Allen-Vercoe, E. Macronutrient metabolism by the human gut microbiome: Major fermentation by-products and
their impact on host health. Microbiome 2019, 7, 91. [CrossRef]

Bajaj, ].S.; Kakiyama, G.; Zhao, D.; Takei, H.; Fagan, A.; Hylemon, P.; Zhou, H.; Pandak, W.M.; Nittono, H.; Fiehn, O.; et al.
Continued Alcohol Misuse in Human Cirrhosis is Associated with an Impaired Gut-Liver Axis. Alcohol. Clin. Exp. Res. 2017, 41,
1857-1865. [CrossRef]

Fukui, H.; Brauner, B.; Bode, ].C.; Bode, C. Plasma endotoxin concentrations in patients with alcoholic and non-alcoholic liver
disease: Reevaluation with an improved chromogenic assay. J. Hepatol. 1991, 12, 162-169. [CrossRef]

Rivera, C.A,; Bradford, B.U.; Seabra, V.; Thurman, R.G. Role of endotoxin in the hypermetabolic state after acute ethanol exposure.
Am. ]. Physiol. Liver Physiol. 1998, 275, G1252-G1258. [CrossRef] [PubMed]

Medzhitov, R.; Preston-Hurlburt, P.; Janeway, C.A., Jr. A human homologue of the Drosophila Toll protein signals activation of
adaptive immunity. Nature 1997, 388, 394-397. [CrossRef] [PubMed]

Mandrekar, P; Szabo, G. Signalling pathways in alcohol-induced liver inflammation. J. Hepatol. 2009, 50, 1258-1266. [CrossRef]
Wu, D.; Cederbaum, A.I. Oxidative stress and alcoholic liver disease. Semin. Liver Dis. 2009, 29, 141-154. [CrossRef]

Yajima, S.; Morisaki, H.; Serita, R.; Suzuki, T.; Katori, N.; Asahara, T.; Nomoto, K.; Kobayashi, F; Ishizaka, A.; Takeda, J. Tumor
necrosis factor-alpha mediates hyperglycemia-augmented gut barrier dysfunction in endotoxemia. Crit. Care Med. 2009, 37,
1024-1030. [CrossRef]

Bode, C.; Bode, J.C. Activation of the innate immune system and alcoholic liver disease: Effects of ethanol per se or enhanced
intestinal translocation of bacterial toxins induced by ethanol? Alcohol. Clin. Exp. Res. 2005, 29, 1665-171S. [CrossRef]


http://doi.org/10.1016/j.ydbio.2016.06.027
http://www.ncbi.nlm.nih.gov/pubmed/27343895
http://doi.org/10.1080/19490976.2020.1712984
http://www.ncbi.nlm.nih.gov/pubmed/31965894
http://doi.org/10.1016/j.jss.2017.08.049
http://www.ncbi.nlm.nih.gov/pubmed/29229136
http://doi.org/10.1016/j.jhep.2020.04.011
http://doi.org/10.1016/j.cmet.2017.04.001
http://doi.org/10.1038/s41598-019-42059-3
http://doi.org/10.1186/s40168-017-0359-2
http://doi.org/10.1101/2020.08.25.266528
http://doi.org/10.1016/j.neuron.2019.02.008
http://doi.org/10.1038/srep26800
http://doi.org/10.1016/j.phrs.2019.104617
http://www.ncbi.nlm.nih.gov/pubmed/31881272
http://doi.org/10.1161/CIRCRESAHA.119.313965
http://www.ncbi.nlm.nih.gov/pubmed/31219753
http://doi.org/10.1084/jem.20180448
http://www.ncbi.nlm.nih.gov/pubmed/30322864
http://doi.org/10.1016/j.jhep.2019.10.003
http://www.ncbi.nlm.nih.gov/pubmed/31622696
http://doi.org/10.1055/s-0036-1593882
http://doi.org/10.3389/fnins.2018.00049
http://doi.org/10.1038/nrgastro.2016.70
http://doi.org/10.1002/hep.29623
http://doi.org/10.1186/s40168-019-0704-8
http://doi.org/10.1111/acer.13498
http://doi.org/10.1016/0168-8278(91)90933-3
http://doi.org/10.1152/ajpgi.1998.275.6.G1252
http://www.ncbi.nlm.nih.gov/pubmed/9843760
http://doi.org/10.1038/41131
http://www.ncbi.nlm.nih.gov/pubmed/9237759
http://doi.org/10.1016/j.jhep.2009.03.007
http://doi.org/10.1055/s-0029-1214370
http://doi.org/10.1097/CCM.0b013e31819b53b6
http://doi.org/10.1097/01.alc.0000189280.19073.28

J. Clin. Med. 2021, 10, 541 14 0f 18

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Frances, R.; Benlloch, S.; Zapater, P.; Gonzalez, ] M.; Lozano, B.; Munoz, C.; Pascual, S.; Casellas, ].A.; Uceda, F,; Palazon, ].M.;
et al. A sequential study of serum bacterial DNA in patients with advanced cirrhosis and ascites. Hepatology 2004, 39, 484—491.
[CrossRef]

Romics, L., Jr.; Dolganiuc, A.; Kodys, K.; Drechsler, Y.; Oak, S.; Velayudham, A.; Mandrekar, P.; Szabo, G. Selective priming to
Toll-like receptor 4 (TLR4), not TLR2, ligands by P. acnes involves up-regulation of MD-2 in mice. Hepatology 2004, 40, 555-564.
[CrossRef]

Postler, T.S.; Ghosh, S. Understanding the Holobiont: How Microbial Metabolites Affect Human Health and Shape the Immune
System. Cell Metab. 2017, 26, 110-130. [CrossRef]

Ridlon, J.M.; Harris, S.C.; Bhowmik, S.; Kang, D.J.; Hylemon, P.B. Consequences of bile salt biotransformations by intestinal
bacteria. Gut Microbes 2016, 7, 22-39. [CrossRef] [PubMed]

Bajaj, ].S.; Hylemon, P.B. Gut-liver axis alterations in alcoholic liver disease: Are bile acids the answer? Hepatology 2018, 67,
2074-2075. [CrossRef] [PubMed]

Chiang, J.Y. Bile acid metabolism and signaling. Compr. Physiol. 2013, 3, 1191-1212. [PubMed]

Wahlstrom, A.; Sayin, S.I.; Marschall, H.U.; Backhed, E. Intestinal Crosstalk between Bile Acids and Microbiota and Its Impact on
Host Metabolism. Cell Metab. 2016, 24, 41-50. [CrossRef] [PubMed]

Vallim, T.Q.d.A,; Tarling, E.J.; Edwards, P.A. Pleiotropic roles of bile acids in metabolism. Cell Metab. 2013, 17, 657—-669.
Kakiyama, G.; Hylemon, P.B.; Zhou, H.; Pandak, W.M.; Heuman, D.M.; Kang, D.J.; Takei, H.; Nittono, H.; Ridlon, ].M.; Fuchs, M.;
et al. Colonic inflammation and secondary bile acids in alcoholic cirrhosis. Am. J. Physiol. Gastrointest. Liver Physiol. 2014, 306,
(G929-G937. [CrossRef]

Zeng, H.; Umar, S.; Rust, B.; Lazarova, D.; Bordonaro, M. Secondary Bile Acids and Short Chain Fatty Acids in the Colon: A
Focus on Colonic Microbiome, Cell Proliferation, Inflammation, and Cancer. Int. . Mol. Sci. 2019, 20, 1214. [CrossRef]

Jin, M; Kalainy, S.; Baskota, N.; Chiang, D.; Deehan, E.C.; McDougall, C.; Tandon, P.; Martinez, I.; Cervera, C.; Walter, J.; et al.
Faecal microbiota from patients with cirrhosis has a low capacity to ferment non-digestible carbohydrates into short-chain fatty
acids. Liver Int. 2019, 39, 1437-1447. [CrossRef]

Bajaj, ].S.; Heuman, D.M.; Hylemon, P.B.; Sanyal, A.].; White, M.B.; Monteith, P.; Noble, N.A.; Unser, A.B.; Daita, K.; Fisher, A.R.;
et al. Altered profile of human gut microbiome is associated with cirrhosis and its complications. . Hepatol. 2014, 60, 940-947.
[CrossRef]

Qin, N.; Yang, F; Li, A,; Prifti, E.; Chen, Y.; Shao, L.; Guo, ]J.; Le Chatelier, E.; Yao, ].; Wu, L.; et al. Alterations of the human gut
microbiome in liver cirrhosis. Nature 2014, 513, 59-64. [CrossRef]

Schwabe, R.F.; Seki, E.; Brenner, D.A. Toll-like receptor signaling in the liver. Gastroenterology 2006, 130, 1886—1900. [CrossRef]
[PubMed]

Rao, R. Endotoxemia and gut barrier dysfunction in alcoholic liver disease. Hepatology 2009, 50, 638-644. [CrossRef] [PubMed]
Zeng, T.; Zhang, C.-L.; Xiao, M,; Yang, R.; Xie, K.-Q. Critical Roles of Kupffer Cells in the Pathogenesis of Alcoholic Liver Disease:
From Basic Science to Clinical Trials. Front. Immunol. 2016, 7, 538. [CrossRef] [PubMed]

Seki, E.; De Minicis, S.; Osterreicher, C.H.; Kluwe, J.; Osawa, Y.; Brenner, D.A.; Schwabe, R.F. TLR4 enhances TGF-beta signaling
and hepatic fibrosis. Nat. Med. 2007, 13, 1324-1332. [CrossRef]

Leclercq, S.; Cani, P.D.; Neyrinck, A.M; Starkel, P.; Jamar, F.; Mikolajczak, M.; Delzenne, N.M.; de Timary, P. Role of intestinal
permeability and inflammation in the biological and behavioral control of alcohol-dependent subjects. Brain Behav. Immun. 2012,
26,911-918. [CrossRef]

Parlesak, A.; Schafer, C.; Schutz, T.; Bode, J.C.; Bode, C. Increased intestinal permeability to macromolecules and endotoxemia in
patients with chronic alcohol abuse in different stages of alcohol-induced liver disease. J. Hepatol. 2000, 32, 742-747. [CrossRef]
Achur, R.N.; Freeman, W.M.; Vrana, K.E. Circulating Cytokines as Biomarkers of Alcohol Abuse and Alcoholism. J. Neuroimmune
Pharmacol. 2009, 5, 83-91. [CrossRef]

Kaur, H.; Bose, C.; Mande, S.S. Tryptophan Metabolism by Gut Microbiome and Gut-Brain-Axis: An in silico Analysis. Front.
Neurosci. 2019, 13, 1365. [CrossRef]

Mendes, B.G.; Schnabl, B. From intestinal dysbiosis to alcohol-associated liver disease. Clin. Mol. Hepatol. 2020, 26, 595-605.
[CrossRef]

Forsyth, C.B.; Voigt, RM.; Burgess, H.].; Swanson, G.R.; Keshavarzian, A. Circadian rhythms, alcohol and gut interactions. Alcohol
2015, 49, 389-398. [CrossRef]

Voigt, RM.; Summa, K.C.; Forsyth, C.B.; Green, S.J.; Engen, P.; Naqib, A.; Vitaterna, M.H.; Turek, EW.; Keshavarzian, A. The
CircadianClockMutation Promotes Intestinal Dysbiosis. Alcohol. Clin. Exp. Res. 2016, 40, 335-347. [CrossRef] [PubMed]
Summa, K.C.; Voigt, R-M.; Forsyth, C.B.; Shaikh, M.; Cavanaugh, K; Tang, Y.; Vitaterna, M.H.; Song, S.; Turek, EW.; Keshavarzian,
A. Disruption of the Circadian Clock in Mice Increases Intestinal Permeability and Promotes Alcohol-Induced Hepatic Pathology
and Inflammation. PLoS ONE 2013, 8, €67102. [CrossRef] [PubMed]

Furness, ].B. The enteric nervous system and neurogastroenterology. Nat. Rev. Gastroenterol. Hepatol. 2012, 9, 286-294. [CrossRef]
[PubMed]

Montiel-Castro, A.J.; Cervantes, RM.G.; Ebravo-Ruiseco, G.; Pacheco-Lopez, G. The microbiota-gut-brain axis: neurobehavioral
correlates, health and sociality. Front. Integr. Neurosci. 2013, 7, 70. [CrossRef]


http://doi.org/10.1002/hep.20055
http://doi.org/10.1002/hep.20350
http://doi.org/10.1016/j.cmet.2017.05.008
http://doi.org/10.1080/19490976.2015.1127483
http://www.ncbi.nlm.nih.gov/pubmed/26939849
http://doi.org/10.1002/hep.29760
http://www.ncbi.nlm.nih.gov/pubmed/29272041
http://www.ncbi.nlm.nih.gov/pubmed/23897684
http://doi.org/10.1016/j.cmet.2016.05.005
http://www.ncbi.nlm.nih.gov/pubmed/27320064
http://doi.org/10.1152/ajpgi.00315.2013
http://doi.org/10.3390/ijms20051214
http://doi.org/10.1111/liv.14106
http://doi.org/10.1016/j.jhep.2013.12.019
http://doi.org/10.1038/nature13568
http://doi.org/10.1053/j.gastro.2006.01.038
http://www.ncbi.nlm.nih.gov/pubmed/16697751
http://doi.org/10.1002/hep.23009
http://www.ncbi.nlm.nih.gov/pubmed/19575462
http://doi.org/10.3389/fimmu.2016.00538
http://www.ncbi.nlm.nih.gov/pubmed/27965666
http://doi.org/10.1038/nm1663
http://doi.org/10.1016/j.bbi.2012.04.001
http://doi.org/10.1016/S0168-8278(00)80242-1
http://doi.org/10.1007/s11481-009-9185-z
http://doi.org/10.3389/fnins.2019.01365
http://doi.org/10.3350/cmh.2020.0086
http://doi.org/10.1016/j.alcohol.2014.07.021
http://doi.org/10.1111/acer.12943
http://www.ncbi.nlm.nih.gov/pubmed/26842252
http://doi.org/10.1371/journal.pone.0067102
http://www.ncbi.nlm.nih.gov/pubmed/23825629
http://doi.org/10.1038/nrgastro.2012.32
http://www.ncbi.nlm.nih.gov/pubmed/22392290
http://doi.org/10.3389/fnint.2013.00070

J. Clin. Med. 2021, 10, 541 150f18

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Collins, J.; Borojevic, R.; Verdu, E.F; Huizinga, ].D.; Ratcliffe, E.M. Intestinal microbiota influence the early postnatal development
of the enteric nervous system. Neurogastroenterol. Motil. 2014, 26, 98-107. [CrossRef]

Obata, Y.; Pachnis, V. The Effect of Microbiota and the Immune System on the Development and Organization of the Enteric
Nervous System. Gastroenterology 2016, 151, 836-844. [CrossRef]

Brun, P; Giron, M.C.; Qesari, M.; Porzionato, A.; Caputi, V.; Zoppellaro, C.; Banzato, S.; Grillo, A.R.; Spagnol, L.; De Caro, R.; et al.
Toll-Like Receptor 2 Regulates Intestinal Inflammation by Controlling Integrity of the Enteric Nervous System. Gastroenterology
2013, 145, 1323-1333. [CrossRef]

Ramos, ].M.P; Iribarren, P; Bousset, L.; Melki, R.; Baekelandt, V.; Van Der Perren, A. Peripheral Inflammation Regulates CNS
Immune Surveillance Through the Recruitment of Inflammatory Monocytes Upon Systemic «-Synuclein Administration. Front.
Immunol. 2019, 10, 80.

Bajaj, J.S.; Khoruts, A. Microbiota changes and intestinal microbiota transplantation in liver diseases and cirrhosis. J. Hepatol.
2020, 72, 1003-1027. [CrossRef]

Wang, S.C.; Chen, Y.C.; Chen, S.J.; Lee, C.H.; Cheng, C.M. Alcohol Addiction, Gut Microbiota, and Alcoholism Treatment: A
Review. Int. J. Mol. Sci. 2020, 21, 6413. [CrossRef]

Vallée, A.; LeCarpentier, Y.; Guillevin, R.; Vallée, J.-N. Circadian rhythms, Neuroinflammation and Oxidative Stress in the Story
of Parkinson’s Disease. Cells 2020, 9, 314.

Udoh, U.S; Valcin, J.A.; Gamble, K.L.; Bailey, S.M. The Molecular Circadian Clock and Alcohol-Induced Liver Injury. Biomolecules
2015, 5, 2504-2537. [CrossRef] [PubMed]

Macfabe, D.F. Short-chain fatty acid fermentation products of the gut microbiome: implications in autism spectrum disorders.
Microb. Ecol. Health Dis. 2012, 23, 19260. [CrossRef] [PubMed]

Li, H,; Sun, J.; Du, J.; Wang, F,; Fang, R.; Yu, C.; Xiong, J.; Chen, W.; Lu, Z,; Liu, J. Clostridium butyricum exerts a neuroprotective
effect in a mouse model of traumatic brain injury via the gut-brain axis. Neurogastroenterol. Motil. 2017, 30, €13260. [CrossRef]
[PubMed]

Li, H.; Sun, J.; Wang, E; Ding, G.; Chen, W.; Fang, R.; Yao, Y,; Pang, M.; Lu, Z.Q.; Liu, ]. Sodium butyrate exerts neuroprotective
effects by restoring the blood-brain barrier in traumatic brain injury mice. Brain Res. 2016, 1642, 70-78. [CrossRef] [PubMed]
Sadler, R.; Cramer, ].V.,; Heindl, S.; Kostidis, S.; Betz, D.; Zuurbier, K.R.; Northoff, B.H.; Heijink, M.; Goldberg, M.P; Plautz, E.J.;
et al. Short-Chain Fatty Acids Improve Poststroke Recovery via Immunological Mechanisms. . Neurosci. 2020, 40, 1162-1173.
[CrossRef]

Nohr, M.K,; Egerod, K.L.; Christiansen, S.H.; Gille, A.; Offermanns, S.; Schwartz, T.W.; Meller, M. Expression of the short chain
fatty acid receptor GPR41/FFARS in autonomic and somatic sensory ganglia. Neuroscience 2015, 290, 126-137. [CrossRef]
Quinn, M.; McMillin, M.; Galindo, C.; Frampton, G.; Pae, H.Y.; DeMorrow, S. Bile acids permeabilize the blood brain barrier after
bile duct ligation in rats via Racl-dependent mechanisms. Dig. Liver Dis. 2014, 46, 527-534. [CrossRef]

Del Rio, D.; Zimetti, F.; Caffarra, P.; Tassotti, M.; Bernini, F.; Brighenti, F; Zini, A.; Zanotti, I. The Gut Microbial Metabolite
Trimethylamine-N-Oxide Is Present in Human Cerebrospinal Fluid. Nutrients 2017, 9, 1053. [CrossRef]

Lai, N.Y.; Mills, K.; Chiu, .M. Sensory neuron regulation of gastrointestinal inflammation and bacterial host defence. J. Intern.
Med. 2017, 282, 5-23. [CrossRef]

Rao, M.; Gershon, M.D. Enteric nervous system development: what could possibly go wrong? Nat. Rev. Neurosci. 2018, 19,
552-565. [CrossRef] [PubMed]

Neufeld, K.A.M.; Mao, Y.K,; Bienenstock, J.; Foster, ].A.; Kunze, W.A. The microbiome is essential for normal gut intrinsic primary
afferent neuron excitability in the mouse. Neurogastroenterol. Motil. 2013, 25, e183—e188. [CrossRef] [PubMed]

Caspani, G.; Swann, J.R. Small talk: microbial metabolites involved in the signaling from microbiota to brain. Curr. Opin.
Pharmacol. 2019, 48, 99-106. [CrossRef]

Morley, K.C.; Lagopoulos, J.; Logge, W.; Baillie, A.].; Adams, C.; Haber, P. Brain GABA levels are reduced in alcoholic liver
disease: A proton magnetic resonance spectroscopy study. Addict. Biol. 2020, 25, e12702. [CrossRef] [PubMed]

Rothhammer, V.; Mascanfroni, I.D.; Bunse, L.; Takenaka, M.C.; Kenison, J.E.; Mayo, L.; Chao, C.C,; Patel, B.; Yan, R.; Blain,
M.; et al. Type I interferons and microbial metabolites of tryptophan modulate astrocyte activity and central nervous system
inflammation via the aryl hydrocarbon receptor. Nat. Med. 2016, 22, 586-597. [CrossRef]

Cenit, M.C,; Sanz, Y.; Codoner-Franch, P. Influence of gut microbiota on neuropsychiatric disorders. World J. Gastroenterol. 2017,
23, 5486-5498. [CrossRef]

Starkel, P; Leclercq, S.; Delzenne, N.M.; de Timary, P. Chapter 17—Alcohol-Dependence and the Microbiota-Gut-Brain Axis. In
The Gut-Brain Axis; Hyland, N., Stanton, C., Eds.; Academic Press: Cambridge, MA, USA, 2016; pp. 363-390.

Peng, B.; Yang, Q.; Joshi, R.B.; Liu, Y.; Akbar, M.; Song, B.; Zhou, S.; Wang, X. Role of Alcohol Drinking in Alzheimer’s Disease,
Parkinson’s Disease, and Amyotrophic Lateral Sclerosis. Int. J. Mol. Sci. 2020, 21, 2316. [CrossRef]

Dunn, W.; Shah, V.H. Pathogenesis of Alcoholic Liver Disease. Clin. Liver Dis. 2016, 20, 445-456. [CrossRef]

Ohashi, K.; Pimienta, M.; Seki, E. Alcoholic liver disease: A current molecular and clinical perspective. Liver Res. 2018, 2, 161-172.
[CrossRef]

Crabb, D.W,; Im, G.Y;; Szabo, G.; Mellinger, ].L.; Lucey, M.R. Diagnosis and Treatment of Alcohol-Associated Liver Diseases: 2019
Practice Guidance From the American Association for the Study of Liver Diseases. Hepatology 2020, 71, 306-333. [CrossRef]


http://doi.org/10.1111/nmo.12236
http://doi.org/10.1053/j.gastro.2016.07.044
http://doi.org/10.1053/j.gastro.2013.08.047
http://doi.org/10.1016/j.jhep.2020.01.017
http://doi.org/10.3390/ijms21176413
http://doi.org/10.3390/biom5042504
http://www.ncbi.nlm.nih.gov/pubmed/26473939
http://doi.org/10.3402/mehd.v23i0.19260
http://www.ncbi.nlm.nih.gov/pubmed/23990817
http://doi.org/10.1111/nmo.13260
http://www.ncbi.nlm.nih.gov/pubmed/29193450
http://doi.org/10.1016/j.brainres.2016.03.031
http://www.ncbi.nlm.nih.gov/pubmed/27017959
http://doi.org/10.1523/JNEUROSCI.1359-19.2019
http://doi.org/10.1016/j.neuroscience.2015.01.040
http://doi.org/10.1016/j.dld.2014.01.159
http://doi.org/10.3390/nu9101053
http://doi.org/10.1111/joim.12591
http://doi.org/10.1038/s41583-018-0041-0
http://www.ncbi.nlm.nih.gov/pubmed/30046054
http://doi.org/10.1111/nmo.12049
http://www.ncbi.nlm.nih.gov/pubmed/23181420
http://doi.org/10.1016/j.coph.2019.08.001
http://doi.org/10.1111/adb.12702
http://www.ncbi.nlm.nih.gov/pubmed/30561840
http://doi.org/10.1038/nm.4106
http://doi.org/10.3748/wjg.v23.i30.5486
http://doi.org/10.3390/ijms21072316
http://doi.org/10.1016/j.cld.2016.02.004
http://doi.org/10.1016/j.livres.2018.11.002
http://doi.org/10.1002/hep.30866

J. Clin. Med. 2021, 10, 541 16 of 18

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Williams, R. Review article: Bacterial flora and pathogenesis in hepatic encephalopathy. Aliment. Pharmacol. Ther. 2007, 25 (Suppl.
S1), 17-22. [CrossRef] [PubMed]

Haussinger, D.; Kircheis, G.; Fischer, R.; Schliess, F.; vom Dahl, S. Hepatic encephalopathy in chronic liver disease: A clinical
manifestation of astrocyte swelling and low-grade cerebral edema? J. Hepatol. 2000, 32, 1035-1038. [CrossRef]

Gorg, B.; Karababa, A.; Haussinger, D. Hepatic Encephalopathy and Astrocyte Senescence. J. Clin. Exp. Hepatol. 2018, 8, 294-300.
[CrossRef] [PubMed]

Bajaj, ].S.; Ridlon, ].M.; Hylemon, P.B.; Thacker, L.R.; Heuman, D.M.; Smith, S.; Sikaroodi, M.; Gillevet, PM. Linkage of gut
microbiome with cognition in hepatic encephalopathy. Am. J. Physiol. Liver Physiol. 2012, 302, G168-G175. [CrossRef] [PubMed]
Temko, J.E.; Bouhlal, S.; Farokhnia, M.; Lee, M.R,; Cryan, ].E; Leggio, L. The Microbiota, the Gut and the Brain in Eating and
Alcohol Use Disorders: A ‘Menage a Trois’? Alcohol Alcohol. 2017, 52, 403—413. [CrossRef]

Schnabl, B.; Brenner, D.A. Interactions between the intestinal microbiome and liver diseases. Gastroenterology 2014, 146, 1513-1524.
[CrossRef]

Hartmann, P.; Seebauer, C.T.; Schnabl, B. Alcoholic Liver Disease: The Gut Microbiome and Liver Cross Talk. Alcohol. Clin. Exp.
Res. 2015, 39, 763-775. [CrossRef]

Hartmann, P.; Chen, P.; Wang, H.].; Wang, L.; McCole, D.E; Brand], K ; Starkel, P; Belzer, C.; Hellerbrand, C.; Tsukamoto, H.; et al.
Deficiency of intestinal mucin-2 ameliorates experimental alcoholic liver disease in mice. Hepatology 2013, 58, 108-119. [CrossRef]
Davis, B.C.; Bajaj, ].S. Effects of Alcohol on the Brain in Cirrhosis: Beyond Hepatic Encephalopathy. Alcohol. Clin. Exp. Res. 2018,
42, 660-667. [CrossRef]

Felger, J.C.; Lotrich, FE. Inflammatory cytokines in depression: Neurobiological mechanisms and therapeutic implications.
Neuroscience 2013, 246, 199-229. [CrossRef]

Tang, W.H; Kitai, T.; Hazen, S.L. Gut Microbiota in Cardiovascular Health and Disease. Circ. Res. 2017, 120, 1183-1196. [CrossRef]
[PubMed]

Roberts, C.B.F; Walker, C.K. The human brain microbiome; there are bacteria in our brains! In Proceedings of the 2018
Neuroscience Meeting Planner, San Diego, CA, USA, 20 July 2018.

Kaelberer, M.M.; Buchanan, K.L.; Klein, M.E.; Barth, B.B.; Montoya, M.M.; Shen, X.; Bohérquez, D.V. A gut-brain neural circuit for
nutrient sensory transduction. Science 2018, 361, eaat5236. [CrossRef] [PubMed]

Freeman, K.; Brureau, A.; Vadigepalli, R.; Staehle, M.M.; Brureau, M.M.; Gonye, G.E.; Hoek, ].B.; Hooper, D.C.; Schwaber, J.S.
Temporal changes in innate immune signals in a rat model of alcohol withdrawal in emotional and cardiorespiratory homeostatic
nuclei. J. Neuroinflammation. 2012, 9, 97. [CrossRef] [PubMed]

Butterworth, R.F. The liver-brain axis in liver failure: neuroinflammation and encephalopathy. Nat. Rev. Gastroenterol. Hepatol.
2013, 10, 522-528. [CrossRef] [PubMed]

Butterworth, R.F. Thiamine deficiency-related brain dysfunction in chronic liver failure. Metab. Brain Dis. 2009, 24, 189-196.
[CrossRef] [PubMed]

Sung, H.; Kim, S.W.; Hong, M.; Suk, K.T. Microbiota-based treatments in alcoholic liver disease. World J. Gastroenterol. 2016, 22,
6673-6682. [CrossRef]

Simon-O’Brien, E.; Alaux-Cantin, S.; Warnault, V.; Buttolo, R.; Naassila, M.; Vilpoux, C. The histone deacetylase inhibitor sodium
butyrate decreases excessive ethanol intake in dependent animals. Addict. Biol. 2015, 20, 676-689. [CrossRef]

Chen, J.; Xuan, Y.H.; Luo, M.X,; Ni, X.G,; Ling, L.Q.; Hu, S.J.; Chen, ].Q.; Xu, ].Y,; Jiang, L.Y.; Si, W.Z,; et al. Kaempferol alleviates
acute alcoholic liver injury in mice by regulating intestinal tight junction proteins and butyrate receptors and transporters.
Toxicology 2020, 429, 152338. [CrossRef]

Martin, R.; Miquel, S.; Chain, F; Natividad, ].M.; Jury, J.; Lu, J.; Sokol, H.; Theodorou, V.; Bercik, P.; Verdu, E.F,; et al. Faecalibac-
terium prausnitzii prevents physiological damages in a chronic low-grade inflammation murine model. BMC Microbiol. 2015, 15,
67. [CrossRef]

Roychowdhury, S.; Glueck, B.; Han, Y.; Mohammad, M.A.; Cresci, G.A.M. A Designer Synbiotic Attenuates Chronic-Binge
Ethanol-Induced Gut-Liver Injury in Mice. Nutrients 2019, 11, 97. [CrossRef]

Sampson, T.R.; Debelius, ].W.; Thron, T.; Janssen, S.; Shastri, G.G.; Ilhan, Z.E.; Challis, C.; Schretter, C.E.; Rocha, S.; Gradinaru,
V.; et al. Gut Microbiota Regulate Motor Deficits and Neuroinflammation in a Model of Parkinson’s Disease. Cell 2016, 167,
1469-1480.e1412. [CrossRef] [PubMed]

Zhang, J.; Lu, Y,; Yang, X.; Zhao, Y. Supplementation of okra seed oil ameliorates ethanol-induced liver injury and modulates gut
microbiota dysbiosis in mice. Food Funct. 2019, 10, 6385-6398. [CrossRef] [PubMed]

Bravo, J.A.; Forsythe, P.; Chew, M.V.; Escaravage, E.; Savignac, HM.; Dinan, T.G.; Bienenstock, J.; Cryan, J.E. Ingestion of
Lactobacillus strain regulates emotional behavior and central GABA receptor expression in a mouse via the vagus nerve. Proc.
Natl. Acad. Sci. USA 2011, 108, 16050-16055. [CrossRef] [PubMed]

Forsyth, C.B.; Farhadi, A.; Jakate, S.M.; Tang, Y.; Shaikh, M.; Keshavarzian, A. Lactobacillus GG treatment ameliorates alcohol-
induced intestinal oxidative stress, gut leakiness, and liver injury in a rat model of alcoholic steatohepatitis. Alcohol 2009, 43,
163-172. [CrossRef]

Shen, H.; Guan, Q.; Zhang, X.; Yuan, C.; Tan, Z.; Zhai, L.; Hao, Y.; Gu, Y.; Han, C. New mechanism of neuroinflammation in
Alzheimer’s disease: The activation of NLRP3 inflammasome mediated by gut microbiota. Prog. Neur. Psychopharmacol. Biol.
Psychiatry 2020, 100, 109884. [CrossRef]


http://doi.org/10.1111/j.1746-6342.2006.03217.x
http://www.ncbi.nlm.nih.gov/pubmed/17295848
http://doi.org/10.1016/S0168-8278(00)80110-5
http://doi.org/10.1016/j.jceh.2018.05.003
http://www.ncbi.nlm.nih.gov/pubmed/30302047
http://doi.org/10.1152/ajpgi.00190.2011
http://www.ncbi.nlm.nih.gov/pubmed/21940902
http://doi.org/10.1093/alcalc/agx024
http://doi.org/10.1053/j.gastro.2014.01.020
http://doi.org/10.1111/acer.12704
http://doi.org/10.1002/hep.26321
http://doi.org/10.1111/acer.13605
http://doi.org/10.1016/j.neuroscience.2013.04.060
http://doi.org/10.1161/CIRCRESAHA.117.309715
http://www.ncbi.nlm.nih.gov/pubmed/28360349
http://doi.org/10.1126/science.aat5236
http://www.ncbi.nlm.nih.gov/pubmed/30237325
http://doi.org/10.1186/1742-2094-9-97
http://www.ncbi.nlm.nih.gov/pubmed/22626265
http://doi.org/10.1038/nrgastro.2013.99
http://www.ncbi.nlm.nih.gov/pubmed/23817325
http://doi.org/10.1007/s11011-008-9129-y
http://www.ncbi.nlm.nih.gov/pubmed/19067139
http://doi.org/10.3748/wjg.v22.i29.6673
http://doi.org/10.1111/adb.12161
http://doi.org/10.1016/j.tox.2019.152338
http://doi.org/10.1186/s12866-015-0400-1
http://doi.org/10.3390/nu11010097
http://doi.org/10.1016/j.cell.2016.11.018
http://www.ncbi.nlm.nih.gov/pubmed/27912057
http://doi.org/10.1039/C9FO00189A
http://www.ncbi.nlm.nih.gov/pubmed/31513213
http://doi.org/10.1073/pnas.1102999108
http://www.ncbi.nlm.nih.gov/pubmed/21876150
http://doi.org/10.1016/j.alcohol.2008.12.009
http://doi.org/10.1016/j.pnpbp.2020.109884

J. Clin. Med. 2021, 10, 541 17 of 18

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Iracheta-Vellve, A.; Petrasek, J.; Satishchandran, A.; Gyongyosi, B.; Saha, B.; Kodys, K.; Fitzgerald, K.A.; Kurt-Jones, E.A.;
Szabo, G. Inhibition of sterile danger signals, uric acid and ATP, prevents inflammasome activation and protects from alcoholic
steatohepatitis in mice. J. Hepatol. 2015, 63, 1147-1155. [CrossRef]

Blanco, A.M.; Vallés, S.L.; Pascual, M.; Guerri, C. Involvement of TLR4/Type I IL-1 Receptor Signaling in the Induction of
Inflammatory Mediators and Cell Death Induced by Ethanol in Cultured Astrocytes. J. Immunol. 2005, 175, 6893-6899. [CrossRef]
Fernandez-Lizarbe, S.; Pascual, M.; Guerri, C. Critical Role of TLR4 Response in the Activation of Microglia Induced by Ethanol.
J. Immunol. 2009, 183, 4733-4744. [CrossRef]

Hritz, I.; Mandrekar, P.; Velayudham, A.; Catalano, D.; Dolganiuc, A.; Kodys, K.; Kurt-Jones, E.; Szabo, G. The critical role of
toll-like receptor (TLR) 4 in alcoholic liver disease is independent of the common TLR adapter MyD88. Hepatology 2008, 48,
1224-1231. [CrossRef]

Shukla, PK; Meena, A.S.; Rao, R. Prevention and mitigation of alcohol-induced neuroinflammation by Lactobacillus plantarum by
an EGF receptor-dependent mechanism. Nutr. Neurosci. 2020, 10, 1-13. [CrossRef]

Fang, T.J.; Guo, J.-T,; Lin, M.-K,; Lee, M.-S.; Chen, Y.-L.; Lin, W.-H. Protective effects of Lactobacillus plantarum against chronic
alcohol-induced liver injury in the murine model. Appl. Microbiol. Biotechnol. 2019, 103, 8597-8608. [CrossRef] [PubMed]

Lowe, P.; Gyongyosi, B.; Satishchandran, A.; Iracheta-Vellve, A.; Cho, Y.; Ambade, A.; Szabo, G. Reduced gut microbiome protects
from alcohol-induced neuroinflammation and alters intestinal and brain inflammasome expression. J. Neuroinflammation 2018, 15,
1-12. [CrossRef] [PubMed]

Lowe, PP; Gyongyosi, B.; Satishchandran, A.; Iracheta-Vellve, A.; Ambade, A.; Kodys, K.; Catalano, D.; Ward, D.V.; Szabo,
G. Alcohol-related changes in the intestinal microbiome influence neutrophil infiltration, inflammation and steatosis in early
alcoholic hepatitis in mice. PLoS ONE 2017, 12, e0174544.

Gorky, J.; Schwaber, ].S. The role of the gut-brain axis in alcohol use disorders. Prog. Neur. Psychopharmacol. Biol. Psychiatry 2016,
65,234-241. [CrossRef]

Slyepchenko, A.; Carvalho, A.F,; Cha, D.S.; Kasper, S.; McIntyre, R.S. Gut Emotions—Mechanisms of Action of Probiotics as Novel
Therapeutic Targets for Depression and Anxiety Disorders. CNS Neurol. Disord. Drug Targets 2015, 13, 1770-1786. [CrossRef]
Hoyles, L.; Snelling, T.; Umlai, U.-K.; Nicholson, ]J.K.; Carding, S.R.; Glen, R.C.; McArthur, S. Microbiome-host systems
interactions: Protective effects of propionate upon the blood-brain barrier. Microbiome 2018, 6, 1-13. [CrossRef]

Daubioul, C.; Rousseau, N.; Demeure, R.; Gallez, B.; Taper, H.; Declerck, B.; Delzenne, N.M. Dietary Fructans, but Not Cellulose,
Decrease Triglyceride Accumulation in the Liver of Obese Zucker fa/fa Rats. J. Nutr. 2002, 132, 967-973. [CrossRef]

Hage, R.E.; Hernandez-Sanabria, E.; Arroyo, M.C.; Wiele, T.V.d. Supplementation of a propionate-producing consortium improves
markers of insulin resistance in an in vitro model of gut-liver axis. Am. J. Physiol. Endocrinol. Metab. 2020, 318, E742-E749.
[CrossRef]

O’'Hagan, C.; Li, ].V.; Marchesi, ].R.; Plummer, S.; Garaiova, I.; Good, M.A. Long-term multi-species Lactobacillus and Bifidobac-
terium dietary supplement enhances memory and changes regional brain metabolites in middle-aged rats. Neurobiol. Learn. Mem.
2017, 144, 36—47. [CrossRef]

Harris, J.L.; Choi, I.-Y.; Brooks, W.M. Probing astrocyte metabolism in vivo: Proton magnetic resonance spectroscopy in the
injured and aging brain. Front. Aging Neurosci. 2015, 7, 202. [CrossRef]

Jadhav, K.S.; Peterson, V.L.; Halfon, O.; Ahern, G.; Fouhy, F,; Stanton, C.; Dinan, T.G.; Cryan, ]J.F,; Boutrel, B. Gut microbiome
correlates with altered striatal dopamine receptor expression in a model of compulsive alcohol seeking. Neuropharmacology 2018,
141, 249-259. [CrossRef] [PubMed]

Szabo, G.; Lippai, D. Converging actions of alcohol on liver and brain immune signaling. Int. Rev. Neurobiol. 2014, 118, 359-380.
[PubMed]

Jalan, R.; Turjanski, N.; Taylor-Robinson, S.D.; Koepp, M.].; Richardson, M.P.; Wilson, J.A.; Bell, ].D.; Brooks, D.]. Increased
availability of central benzodiazepine receptors in patients with chronic hepatic encephalopathy and alcohol related cirrhosis.
Gut 2000, 46, 546-552. [CrossRef] [PubMed]

Huffman, W.J.; Subramaniyan, S.; Rodriguiz, R.M.; Wetsel, W.C.; Grill, WM.; Terrando, N. Modulation of neuroinflammation and
memory dysfunction using percutaneous vagus nerve stimulation in mice. Brain Stimulation. 2019, 12, 19-29. [CrossRef]
Perez-Burgos, A.; Wang, B.; Mao, Y.-K.; Mistry, B.; Neufeld, K.-A.M.; Bienenstock, J.; Kunze, W. Psychoactive bacteriaLactobacillus
rhamnosus(JB-1) elicits rapid frequency facilitation in vagal afferents. Am. ]. Physiol. Liver Physiol. 2013, 304, G211-G220.
[CrossRef]

Sgritta, M.; Dooling, S.W.; Buffington, S.A.; Momin, E.N.; Francis, M.B.; Britton, R.A.; Costa-Mattioli, M. Mechanisms Underlying
Microbial-Mediated Changes in Social Behavior in Mouse Models of Autism Spectrum Disorder. Neuron 2019, 101, 246-259.
[CrossRef]

Ahluwalia, V.; Wade, ].B.; Moeller, EG.; White, M.B.; Unser, A.B.; Gavis, E.A_; Sterling, R K.; Stravitz, R.T.; Sanyal, A.J.; Siddiqui,
M.S.; et al. The etiology of cirrhosis is a strong determinant of brain reserve: A multimodal magnetic resonance imaging study.
Liver Transpl. 2015, 21, 1123-1132. [CrossRef]

Hatton, G.; Shawcross, D.L. Is treating the gut microbiome the key to achieving better outcomes in cirrhosis? Expert Rev.
Gastroenterol. Hepatol. 2018, 13, 1-2. [CrossRef]


http://doi.org/10.1016/j.jhep.2015.06.013
http://doi.org/10.4049/jimmunol.175.10.6893
http://doi.org/10.4049/jimmunol.0803590
http://doi.org/10.1002/hep.22470
http://doi.org/10.1080/1028415X.2020.1819105
http://doi.org/10.1007/s00253-019-10122-8
http://www.ncbi.nlm.nih.gov/pubmed/31515596
http://doi.org/10.1186/s12974-018-1328-9
http://www.ncbi.nlm.nih.gov/pubmed/30368255
http://doi.org/10.1016/j.pnpbp.2015.06.013
http://doi.org/10.2174/1871527313666141130205242
http://doi.org/10.1186/s40168-018-0439-y
http://doi.org/10.1093/jn/132.5.967
http://doi.org/10.1152/ajpendo.00523.2019
http://doi.org/10.1016/j.nlm.2017.05.015
http://doi.org/10.3389/fnagi.2015.00202
http://doi.org/10.1016/j.neuropharm.2018.08.026
http://www.ncbi.nlm.nih.gov/pubmed/30172845
http://www.ncbi.nlm.nih.gov/pubmed/25175869
http://doi.org/10.1136/gut.46.4.546
http://www.ncbi.nlm.nih.gov/pubmed/10716686
http://doi.org/10.1016/j.brs.2018.10.005
http://doi.org/10.1152/ajpgi.00128.2012
http://doi.org/10.1016/j.neuron.2018.11.018
http://doi.org/10.1002/lt.24163
http://doi.org/10.1080/17474124.2019.1543587

J. Clin. Med. 2021, 10, 541 18 of 18

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Bajaj, ].S.; Gillevet, PM.; Patel, N.R.; Ahluwalia, V.; Ridlon, ].M.; Kettenmann, B.; Schubert, C.M.; Sikaroodi, M.; Heuman, D.M.;
Crossey, M.MLE,; et al. A longitudinal systems biology analysis of lactulose withdrawal in hepatic encephalopathy. Metab. Brain
Dis. 2012, 27, 205-215. [CrossRef]

Bajaj, ].S.; Heuman, D.M.; Sanyal, A.J.; Hylemon, P.B.; Sterling, R.K,; Stravitz, R.T.; Fuchs, M.; Ridlon, ].M.; Daita, K.; Monteith, P.;
et al. Modulation of the metabiome by rifaximin in patients with cirrhosis and minimal hepatic encephalopathy. PLoS ONE 2013,
8, 60042. [CrossRef]

Hathout, L.; Huang, J.; Zamani, A.; Morioka, C.; El-Saden, S. White matter changes in chronic alcoholic liver disease: Hypothesized
association and putative biochemical mechanisms. Med. Hypotheses. 2015, 85, 825-834. [CrossRef] [PubMed]

Maharshi, S.; Sharma, B.C.; Sachdeva, S.; Srivastava, S.; Sharma, P. Efficacy of Nutritional Therapy for Patients With Cirrhosis and
Minimal Hepatic Encephalopathy in a Randomized Trial. Clin. Gastroenterol. Hepatol. 2016, 14, 454-460.e3. [CrossRef]
Loguercio, C.; Federico, A.; Tuccillo, C.; Terracciano, F; D’Auria, M.V.; De Simone, C.; Blanco, C.D.V. Beneficial effects of a
probiotic VSL#3 on parameters of liver dysfunction in chronic liver diseases. J. Clin. Gastroenterol. 2005, 39, 540-543. [PubMed]
Dhiman, RK; Rana, B.; Agrawal, S.; Garg, A.; Chopra, M.; Thumburu, K.K,; Khattri, A.; Malhotra, S.; Duseja, A.; Chawla, YK.
Probiotic VSL#3 Reduces Liver Disease Severity and Hospitalization in Patients With Cirrhosis: A Randomized, Controlled Trial.
Gastroenterology 2014, 147, 1327-1337.€1323. [PubMed]

Ziada, D.H.; Soliman, H.H.; El Yamany, S.A.; Hamisa, M.F,; Hasan, A.M. Can Lactobacillus acidophilus improve minimal hepatic
encephalopathy? A neurometabolite study using magnetic resonance spectroscopy. Arab. J. Gastroenterol. 2013, 14, 116-122.
[CrossRef] [PubMed]

Oliveira, A.M.d.; Paulino, M.V,; Vieira, A.P.F.,; McKinney, A.M.; Rocha, A.J.d.; Santos, G.T.d.; Leite, C.d.C.; Godoy, L.E.d.S.; Lucato,
L.T. Imaging Patterns of Toxic and Metabolic Brain Disorders. RadioGraphics 2019, 39, 1672-1695. [CrossRef] [PubMed]

Sarkar, A.; Lehto, S.M.; Harty, S.; Dinan, T.G.; Cryan, ].F.; Burnet, PW.]J. Psychobiotics and the Manipulation of Bacteria-Gut-Brain
Signals. Trends Neurosci. 2016, 39, 763-781. [CrossRef] [PubMed]

Han, S.H.; Suk, K.T,; Kim, D.J.; Kim, M.Y.; Baik, S.K.; Kim, Y.D.; Cheon, G.J.; Choi, D.H.; Ham, Y.L.; Shin, D.H.; et al. Effects of
probiotics (cultured Lactobacillus subtilis / Streptococcus faecium) in the treatment of alcoholic hepatitis: Randomized-controlled
multicenter study. Eur. J. Gastroenterol. Hepatol. 2015, 27, 1300-1306. [CrossRef]


http://doi.org/10.1007/s11011-012-9303-0
http://doi.org/10.1371/journal.pone.0060042
http://doi.org/10.1016/j.mehy.2015.10.002
http://www.ncbi.nlm.nih.gov/pubmed/26474927
http://doi.org/10.1016/j.cgh.2015.09.028
http://www.ncbi.nlm.nih.gov/pubmed/15942443
http://www.ncbi.nlm.nih.gov/pubmed/25450083
http://doi.org/10.1016/j.ajg.2013.08.002
http://www.ncbi.nlm.nih.gov/pubmed/24206740
http://doi.org/10.1148/rg.2019190016
http://www.ncbi.nlm.nih.gov/pubmed/31589567
http://doi.org/10.1016/j.tins.2016.09.002
http://www.ncbi.nlm.nih.gov/pubmed/27793434
http://doi.org/10.1097/MEG.0000000000000458

	Introduction 
	Communication between the Gut, Liver, and Brain in Alcoholic Liver Disease 
	Alcohol and Gut–Liver Interaction 
	Bacterial Metabolites 
	Microbe-Associated Molecular Patterns 

	Alcohol and Gut–Brain Interaction 
	Bacterial Metabolites 
	Neurotransmitters 

	Alcohol and Brain–Liver Interaction 

	The Gut–Liver Axis in Conjunction with the Brain as the Third Axis 
	Experimental Studies and Gut-Based Therapy: From Rodents to Humans 
	Future Perspective 
	Conclusions 
	References

