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Abstract: The involvement of the gut microbiota in various diseases, including psychiatric disorders, is increasingly
being studied. We present here a review of recent data regarding the potential role of the microbiota in the development
and maintenance of alcohol addiction. Changes in the composition and function of the gut microbiota have been
observed in alcoholic patients. Several pathophysiological mechanisms explain the involvement of the microbiota in
this addiction, including through the intestinal immune system, the production of psychoactive bacterial metabolites, or
the alteration of intestinal permeability. Modulation of the microbiota through nutritional or pharmaceutical
interventions is thus a promising therapeutic avenue for the management of alcoholism.
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INTRODUCTION

Alcohol addiction is a major public health
problem, responsible for significant morbidity and
mortality worldwide [1]. Although the exact mechanisms
are not fully understood, it is now accepted that alcohol
addiction is a complex pathology affecting multiple
physiological systems, including the digestive system

2.

Recent translational studies in humans and
animals have highlighted the role of the gut microbiota
in the development and maintenance of alcohol addiction
[3, 4]. The intestinal microbiota refers to all the micro-
organisms that inhabit the digestive tract [5]. Its
composition may be altered (dysbiosis) in various
pathologies, including addiction [6].

The aim of this update is therefore to define the
intestinal microbiota, describe its composition in detail,
explain its role in the body and in alcohol addiction,
detail the underlying pathophysiological mechanisms
and discuss the resulting therapeutic prospects.

The Intestinal Microbiota
The term "microbiota” refers to all the micro-
organisms present in a given organ. We thus speak of oral

microbiota, intestinal microbiota, vaginal microbiota,
etc.

The intestinal microbiota, formerly known as
the intestinal flora, refers to all the micro-organisms that
colonise the digestive tract [5]. It is an extremely diverse
population comprising mainly anaerobic bacteria, as well
as viruses, fungi and parasites [7].

This microbiota is made up of around 100,000
billion (around 2 kg body weight) 21 bacteria belonging
to more than 1,000 different species [7], 10 times more
than the total number of cells in the human body [8].
Anaerobic bacteria predominate [8].

Metagenomic studies based on high-throughput
sequencing of bacterial DNA have made it possible to
classify the thousands of species that make up the
intestinal microbiota into a few major bacterial families
or genera [5]:

e Firmicutes, which are in the majority, include
over 200 genera such as Lactobacillus,
Clostridium, Enterococcus and Ruminococcus.

e The Bacteroidetes mainly comprise the genus
Bacteroides.

e Actinobacteria include the genus Bifidobacterium.
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e  Proteobacteria include Escherichia, Enterobacter
and Klebsiella.

e Verrucomicrobia includes the genus
Akkermansia.

It is estimated that 2 phyla, Firmicutes and
Bacteroidetes, together account for 90% of intestinal
bacteria [9]. Their composition and balance are essential
for various physiological functions in the host [2]. A
disturbance in this balance, known as intestinal
dysbiosis, is associated with a number of diseases,
including chronic inflammatory bowel disease [2, 10],
type 2 diabetes, alcohol addiction and some cancers [10].

The intestinal microbiota is as unique to each
individual as fingerprints can be [11]. At birth, micro-
organisms from faeces and the vagina are transmitted
from mother to child during vaginal delivery. After a
caesarean section, on the other hand, the infant's
microbiota is inoculated with environmental microbes
[12]. This initial colonisation triggers the development of
the intestinal microbiota over the first three years, during
which it diversifies and stabilises [13]. In adulthood, the
composition of the microbiota remains relatively stable
[14], until old age, when it undergoes a some depletion
[15].

Many factors can affect the diversity and
composition of the intestinal microbiota; age [14],
genetics [16], some diseases and injuries [16] modulate
the microbiota, but environmental factors such as
medication (antibiotics, anti-inflammatories) [17],
gastrointestinal infections [16] and lifestyle (unbalanced
diet rich in fats, dietary changes, stress, smoking,
alcohol) also have an impact on its diversity [16].

Role of the Intestinal Microbiota

The intestinal microbiota plays a fundamental
role in the development and homeostasis of numerous
physiological functions [18], such as:

» Digestion: The intestinal microbiota plays an active
role in the metabolism of complex non-digestible
carbohydrates (fibres), proteins and dietary lipids. It
produces short-chain fatty acids (propionate,
butyrate) used as a source of energy by the host [19].
It is involved in the synthesis of some vitamins
(vitamin K, some B vitamins) and three essential
amino acids: valine, leucine and isoleucine. It also
regulates several metabolic pathways: absorption of
fatty acids, calcium, magnesium, etc.

» Intestinal barrier: Bacterial products (short-chain
fatty acids, polysaccharides) stimulate the
production of antimicrobial peptides and mucus by
intestinal cells. This barrier effect limits invasion by
pathogenic micro-organisms [20].

» Immunity: The intestinal microbiota guides the
development of the immune system by stimulating
the production of intestinal lymphoid cells. It also
confers tolerance to food and commensal antigens
[21].

» Gut-brain  axis: Numerous studies have
demonstrated bidirectional communication between
the gut microbiota and the central nervous system,
paving the way for the concept of a "second brain"
[22]. This connection involves the vagus nerve,
bacterial metabolites (short-chain fatty acids) and
numerous neuroactive and neuromodulatory
substances (GABA, serotonin, dopamine, etc.)
secreted by the microbiota and capable of
influencing mood, emotions and cognition [23].

The microbiota has a close relationship with
neurotransmitters (NTs), chemical messengers that
transmit information between neurons via synapses [24].
The NTs most involved in the gut-brain axis are
serotonin  (5-HT), noradrenaline (NA), gamma-
aminobutyric acid (GABA) and dopamine. The gut
microbiota can regulate the expression of central and
peripheral NTs and their receptors [24]. It also regulates
intestinal NT synthesis in two ways:

Some bacteria produce them directly (in vitro), for
example:
e Serotonin by the genera Candida, Steptococcus,
Escherichia, Enterococcus
e Dopamine by the Bacillus and Serratia genera
e GABA by the genera Lactobacillus,
Bifidobacterium

Or indirectly: most of the body's serotonin is
secreted by intestinal enterochromaffin cells, requiring
activation by short-chain fatty acids produced by
intestinal bacteria [24]. Serotonin is then transmitted to
the enteric nervous system by enteric neurons.

The microbiota also modulates the systemic
immune and inflammatory response and affects the
permeability of the intestinal barrier, with potential
consequences for the integrity of the blood-brain barrier
[25]. Disturbances in this balance, or dysbiosis, have
been associated with numerous psychiatric disorders:
depression, anxiety, autistic spectrum disorders [26],
Alzheimer's disease [27] and addiction [28, 29].

Addiction to various psychoactive substances,
such as alcohol, involves neuronal circuits and
neurotransmitters in common with those regulated by the
microbiota [30].

Role of the intestinal microbiota in alcohol addiction

Numerous experimental studies in animals and
humans have demonstrated major alterations in the
composition and function of the intestinal microbiota
during chronic alcoholism [3, 31, 32].

It has been observed that the composition of the
intestinal microbiota is altered in alcohol-dependent
patients, with a significant decrease in Bacteroidetes and
Firmicutes and at the same time an increase in
Proteobacteria and Actinobacteria [33,34].
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This dysbiosis is thought to play an active role
in the behavioural effects of chronic alcoholism. Indeed,
transplantation of microbiota from alcohol-dependent
patients to axenic mice (i.e. initially devoid of any
microbiota) is sufficient to increase the alcohol
preference of these mice compared with mice
transplanted with a healthy microbiota [28, 34].

The translocation of intestinal bacteria and their
metabolites across an altered intestinal barrier plays a
major role in the systemic inflammation and liver
damage seen in alcohol-dependent patients [33, 34]. In
addition to these digestive consequences, several
pathophysiological mechanisms have been described to
explain  how these disturbances in the intestinal
microbiota contribute to the development and
maintenance of alcohol addiction, particularly via
anxiety/depression and craving, which encourage relapse
[35].

Pathophysiological Mechanisms

Several interconnected pathophysiological mechanisms

have been proposed to explain the potentially causal role

of the gut microbiota in the development and

maintenance of alcohol addiction [2, 36]:

1) Increased intestinal permeability: An increase in
intestinal permeability, also known as "intestinal
hyperpermeability”, corresponds to a functional and
structural alteration of the intestinal barrier
facilitating the uncontrolled passage of micro-
organisms and microbial products from the
intestinal lumen into the bloodstream [2]. This
'leakage’ of luminal contents to the systemic level
triggers immune activation resulting in increased
production of pro-inflammatory cytokines and
release of opioidergic mediators which play a central
role in the brain's reward circuits involved in
addiction [37]. Chronic alcohol consumption and the
associated dysbiosis expose the intestinal barrier to
pro-inflammatory substances (ethanol,
acetaldehyde, LPS, bacterial peptides) which alter
the assembly of intercellular tight junctions and the
production of mucus, ultimately leading to
hyperpermeability and its neuroinflammatory
consequences [38].

2) Production of psychotropic metabolites: The
intestinal microbiota produces a large number of
metabolites from the fermentation of food
substrates, some of which can cross the blood-brain
barrier and exert psychoactive effects directly on the
brain [39]. Translational studies in animals and
humans have shown that chronic alcoholisation
modifies the production of these metabolites both
qualitatively —and  quantitatively,  potentially
contributing to the addictive effects of alcohol [36].
The compounds most commonly implicated are
short-chain fatty acids (propionate, butyrate), some
bile acids and biogenic amines such as
tetrahydroisoquinolines [40, 41]. Their circulating
levels are increased in alcoholic patients [36].

3) Alteration of intestinal neurotransmitters:
Serotonin  and  dopamine are  essential
neurotransmitters involved in the brain's reward
circuit. Stimulation of this circuit, particularly by
addictive substances such as alcohol, leads to
addictive behaviour by provoking feelings of well-
being and pleasure [42]. The intestinal microbiota
modulates serotonin and dopamine levels (see
intestine-brain axis). Thus, alcohol-related dysbiosis
leads to an overall drop in these bacterial
metabolites and a reduction in serotonin/dopamine.
As a result, the drop in serotonin and dopamine in
the brain due to disturbances in the microbiota is
thought to encourage alcohol consumption to over-
stimulate the reward circuit. A vicious circle is
created, leading to a reinforcement of addictive

behaviour.
4) Neuroinflammation: The increased release of
immune  mediators, linked to intestinal

hyperpermeability and the production of microbial
metabolites, has the capacity to activate brain
microglial cells, increase cerebral production of pro-
inflammatory cytokines and thus promote the
appearance of a central neuroinflammatory state,
observed almost systematically in animal models of
addiction [43]. Neuroinflammation modulates
addiction circuits by increasing oxidative stress,
glutamatergic excitotoxicity and reducing synaptic
plasticity, leading to a progressive and persistent
loss of behavioural control, increased impulsivity
and anxiety, and increased craving [43, 44].

Although it is still difficult to establish whether
intestinal dysbiosis is a cause or a consequence of
alcohol addiction, it is currently accepted that dysbiosis
plays a part in maintaining this dependence. In fact,
studies conducted at the Catholic University of Louvain
and Cliniques Universitaires Saint-Luc have shown that
there is a link between intestinal dysbiosis and the
severity of alcohol dependence. These studies involved
alcohol-dependent patients hospitalised for a three-week
withdrawal programme. Patients with intestinal
dysbiosis had higher scores for depression, anxiety and
craving for alcohol than patients without intestinal
alterations, particularly at the end of withdrawal [2, 3].

These results suggest an important link between
the gut and the brain in alcohol dependence, and suggest
that alterations in the gut microbiota may be associated
with a higher risk of relapse after alcohol withdrawal.

Therapeutic Perspectives
The pivotal role of the gut microbiota in
addiction opens the way to new therapeutic approaches

based on manipulation of the microbiota [4, 38, 45]:

e Probiotics: The administration of bacterial strains
with beneficial properties (Lactobacilli,
Bifidobacteria) capable of restoring the balance of
the microbiota.
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e Prebiotics: The administration of fibres and
oligosaccharides that selectively stimulate the
growth of endogenous beneficial strains.

e Faecal transplantation: Involves the introduction
of a healthy microbiota taken from a donor and
administered via the digestive or naso-intestinal

tract.
e Antibiotics: Used as targeted treatments to eradicate
bacteria identified as factors in

dysbiosis/neuroinflammation.

e Bacteriophages: Viruses specific to a bacterial
species, capable of regulating the composition of the
microbiota in a targeted manner.

Initial  clinical trials evaluating these
approaches in alcohol-dependent patients have reported
promising results in terms of reducing alcohol
consumption and the severity of withdrawal [4, 46].
However, further studies are needed before large-scale
application can be envisaged.

CONCLUSION

In conclusion, a growing body of converging
evidence in humans and animals points to the gut
microbiota as a key player in the development of alcohol
addiction.  Alterations in the composition and
functionality of this microbiota are thought to play an
active role in the addictive effects of alcohol via complex
mechanisms  involving intestinal  permeability,
psychoactive bacterial metabolites and
neuroinflammatory phenomena. Manipulation of the
microbiota using probiotics, prebiotics or faecal
transplants therefore appears to be a promising
therapeutic approach in the treatment of alcohol-
dependent patients, which deserves to be explored
further through in-depth studies.
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