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Summary

Alcohol-use-disorder (AUD) is a major public health problem affecting 5 to 10% of the
population in developed countries. Beside the severe effect on the brain, AUD induces
malnutrition and affects peripheral organs such as the liver or the gut. A dysbiosis,
meaning alterations in the gut microbiota, has been associated with an increased
intestinal permeability in AUD patients. These symptoms are correlated with behavioural
alterations, suggesting the involvement of the gut-brain axis in the development of AUD.
This project aims at understanding the role of the gut microbiota in biological and
behavioural alterations associated with AUD and to test an innovative therapeutic
approach targeting the gut microbiota in AUD patients, in order to help them to recover
upon alcohol withdrawal.

We carried out an interventional, double-blind, placebo-controlled study to
supplement AUD patients with inulin, a dietary fiber with prebiotic properties, in order to
modulate their gut microbiota composition. Fifty AUD patients hospitalized for a three-
weeks detoxification program have been included in the study. Patients received daily
supplementation with an increasing dose (4g to 16g) of inulin or maltodextrin (placebo)
during 17 days.

The first part of this work is based on the data obtained at baseline. It aims at
evaluating the nutritional habits with a focus on dietary fiber (DF) intake and to investigate
its link with psychological symptoms in AUD patients. We found that energy intake
(excluding alcoholic beverage), total fat, monounsaturated and polyunsaturated fatty
acids, protein and DF intakes were lower in AUD subjects compared to healthy subjects.
Ninety percent of patients had a DF intake below the recommendation. We also
discovered that DF intake was negatively associated with anxiety whereas it was positively
associated with sociability score adjusted for main confounders.

We then wanted to explore the relationship between gut dysbiosis and social
functioning in AUD patients at baseline. We found that dysbiotic patients were younger,
thinner and had a higher craving score compared to non-dysbiotic patients. Interestingly,
we discovered that dysbiotic patients had a lower sociability score and a smaller and less
connected social network. They displayed also a higher level of IL-8. Neither nutritional
intake nor medication was different between groups.

Finally we studied the effect of inulin supplementation on gastrointestinal
totelerance, gut microbiota composition, biological and behavioural alterations. Inulin was

well tolerated by AUD patients and induced a decrease in a-diversity and changes in gut
|



microbiota composition including an increase in Bifidobacterium. The supplementation
had no effect on depression, anxiety or craving score. However only patients treated with
inulin significantly improved the sociability score. Regarding biological outcomes, inulin
increased serum BDNF level and patients supplemented with inulin had higher level of
aminotransferases and IL-18 at T2.

In conclusion, with this work, we demonstrated that actively drinking AUD patients
had a lower intake of DF including fructans and this was associated with behavioural
alterations. We demonstrated that 17 days of inulin supplementation during withdrawal
had minor effect on behavioural and biological alterations. Our work supports an
association between social behaviour and gut microbiota in AUD patients in both cross-
sectional and intervention studies.

Further studies involving longer treatment and a larger sample size are needed to
determine whether targeting the gut microbiota might be an appropriate approach to

improving psychological symptoms and biological outcomes in patients with AUD.
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Introduction

1 Alcohol use disorder

Alcohol, like illicit drugs, is a psychotropic substance with a high addictive potential.
For millenials, alcoholic beverages have been used by human beings and are an integral
part of our culture and traditions. Indeed, alcohol is consumed for recreational purposes,

accompanying almost all festive events in family and social life.

Yet, according to the World Health Organisation (WHOQ), alcohol consumption is
responsible for 3 million deaths worldwide each year (5.3% of all deaths) and is one of the
leading factors for premature death [1]. In the population from 20 till 39 years old,
approximately 13.5% of all deaths are attributable to alcohol abuse. Alcohol consumption
increases the risk of developing health problems such as mental disorders, including
alcohol use disorders and somatic diseases such as cirrhosis, certain cancers and
cardiovascular diseases, as well as injuries resulting from violence or traffic accidents [1]. If
we take the case of Belgium, the average consumption of pure alcohol was 12.1 litres per
capita per year in 2016, which is higher than the European average consumption of 9.8.
This makes Belgium one of the countries with the highest alcohol-related disease burden.
For example, alcohol was responsible for 5.4 % of all deaths and 7.7% of cancers in men
and 4.2% in women in 2016.

In addition to the health implications, alcohol consumption also has important

economic and social consequences making it a real public health priority [1].
11 Definition of AUD and epidemiology
1.1.1 Definition of AUD

Alcohol consumption is considered problematic when it reaches a certain threshold.
In Belgium, one glass or standard unit corresponds to 10 g of ethanol. There is a wide
disparity in consumption recommendations because alcohol units vary between countries.

However, the WHO has established recommendations for safe drinking [1]:

= A woman should not exceed 2 units per day, with at least one day of abstinence
per week
= A man should not exceed 3 units per day, with at least one day per week of

abstinence
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In Belgium, these recommendations were recently revised (without distinction
according to gender) by the Superior Council of Health and are now more restrictive: 2
drinks maximum per day, a maximum of 10 drinks per week with several days of
abstinence [2].

Also, on a special occasion, consumption should not exceed 4 units. Alcohol misuse
includes any drinking that endangers the health, safety or leads to other alcohol-related
problems. It also includes excessive drinking in a short period of time, known as binge
drinking, where a man has five or more drinks within two hours and a woman has four or
more drinks within two hours [1].

A number of clinical features should be considered in order to identify the presence of
an alcohol misuse. The diagnosis is based on the diagnostic criteria described in the
international classifications of mental disorders. Currently, there are two classifications:
the Diagnostic and Statistical Manual of Mental Disorders (DSM) and the International
Classification of Disease (ICD) [3]. The latest version of the ICD (ICD-11) was adopted in
2019 and the last version of the DSM (DSM-5 fifth edition) was adopted in 2015 (French
version). In both classifications the diagnosis is based on a number of criteria, including
the maintenance of alcohol consumption despite negative psychological, biological,
behavioural and social consequences over a 12-month period. Although the DSM-5 and
ICD-11 show a high level of concordance, there are discrepancies, particularly in the
diagnosis of mild and moderate disorders [4]. In the present work, patients were selected
upon criteria of the DSM-5.

The categorical approach of the DSM-IV, which distinguished alcohol abuse and
alcohol dependence, has been replaced by a dimensional approach that groups the two
disorders into one disorder called "alcohol use disorder" (AUD). Indeed, some studies
have challenged the hierarchical distinction between abuse and addiction [5-7]. The DSM-
5 takes into account the severity of the disorder and allows to distinguish mild, moderate
and severe AUD. Moreover, it adds alcohol craving as a criterion for AUD diagnosis, which
was not included in the prior edition and removes the legal issues. The different criteria
are described in Table 1. The severity of AUD is assessed based on the number of criteria
presented by the patient over a period of at least 12 months. An AUD will be defined as
"mild" if 2 or 3 criteria are present, "moderate" if 4 or 5 criteria are present and "severe" if

6 or more criteria are present (Table 1).
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Table 1: A comparison between DSM-IV and DSM-5, National Institute on Alcohol Abuse

and Alcoholism [8]

DSM-IV
In the past year, have you:

DSM-5
In the past year, have you:

Any1-mLml

mew am;’“" Had times when you ended
dmmm or 1 L 43 sibnkings s,
ity or longer, intended?
More than once gotien into situations while or after drinking
that increased your chances of hurt {such as driving, Mare than once wanted to cut down or stop
swimming, adangerous area. | 2 | drinking, or tried to, but couldn’t?
or having sex)?
i e S o 2 e
m“"““g:m Spent a lot of time drinking? Or being sick ar
3 | getting aver other aftereffects?
-mhmiwnw The
‘Wanted a drink so badly you couldn't think of o
a S0
Conteued o dink oven #ugh wes causing voutle | | anyting sles? i 2 of these
Yo SR or ficads ““This Is new to DSM—5" Rt
Senhal Ute
Found that drinking—or being sick from Disorder
interfered with taking care of  [(AUD).
grm:rwamww i )
of the AUD is
10 drink even though it was causing =
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trouble with your family Mild:
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of 2to 3
Given up or cut back on activities that were
important or inferesting 1o you, or gave you symptoms
pleasure, in order to drink? Mod,
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you feel depressed or anxious or adding 1o of & or more
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get the effect you want? Or found that your
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restlessness, nausea, sweating, a racing heart,
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1.1.2 Epidemiology

AUD is one of the most common mental disorders affecting 5 times more men (8.6%)
than women (1.7%) in 2016 [1]. However, studies show that this gap tends to narrow over
the years [9,10]. A Norwegian study has shown that the drinking habits of adults have
changed significantly over the past 20 years, with abstinence becoming rarer for both men
and women [9]. Women's drinking was similar to men's in terms of abstinence, recent
drinking (1 drink in the last 14 days) and volume of alcohol consumed (liter per year) [9].

The highest prevalence of AUD is observed in Europe (14.6% of men and 3.5 % of
women) and in America (11.5% of men and 5.1% of women; Figure 1). In Belgium, 8.1% of
the population suffer from AUD in 2016 (12.1% of men and 4.3% of women)[1].

W Alcobol dependence B Harmful wse

16.0

Prevalence (%) of alcohal use disorders

WHI Region

F=Female; M= Male.
* Note: The discrepancy befween categories and total number can be explained due to rounding of numbers.

Figure 1: Prevalence (in %) of alcohol use disorder, by gender and by WHO region in the
world, WHO 2016 [1].
AFR: African region; AMR: Region of the Americas; EMR: Eastern Mediterranean Region; EUR:
European Region; SEAR: South-East Asia Region; WPR: Western Pacific Region

Differences in drinking habits are also observed according to socio-economic status
and education level. The higher the level of education, the higher the number of drinkers
and the higher the quantity of alcohol consumed. This could be explained by the greater

purchasing power of higher socio-economic levels [11].
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1.2 Risk factors of AUD

AUD results of complex interaction between factors directly related to the individual
(biological, psychological) but also to his environment (cultural, social, family) [12].

The environment of an individual has a strong impact on the development of
addictive disorders. For example it has been shown that the prevalence of AUD is higher in
cultural groups that adopt a more permissive attitude toward heavy drinking or alcohol
intoxication [3,13,14].

Regarding individual risk factors, subjects suffering from psychiatric illnesses such as
anxiety, depression, schizophrenia, social anxiety disorders or bipolar disorder are at
higher risk of addiction [15,16]. Moreover, post-traumatic stress disorder (PTSD) is
strongly associated with AUD [17] and drug misuse [18,19]. More recently, it has also been
shown that patients undergoing bariatric surgery were 7 times more likely to develop AUD
than subjects who had not had bariatric surgery (hazard ratio=7.29, (Cl): 5.06-9.48) [20].

Twin studies have highlighted the role of genetic in the development of AUD. It has
been shown that when a person suffers from AUD in the family it increases the frequency
of the disease in relatives, especially if the degree of family proximity is important. These

studies have shown a heritability estimates from 40 to 70% [3].
1.3 Neurobiology of AUD

Ethanol is able to cross the blood-brain barrier (BBB) and acts directly on the brain. By
acting on different brain neurotransmission systems, ethanol can strongly influence
behaviour and interfere with certain neurobiological mechanisms involved in decision-

making, motivation and emotion.
1.3.1 Implication of reward circuits in the development of AUD

Alcohol acts on many neurotransmitter systems: excitatory, inhibitory or
neuromodulatory involving glutamate, gamma-aminobutyric acid (GABA), dopamine,
opioids and serotonin. These neurotransmitters are present or interfere with different
structures such as the mesolimbic system (ventral tegmental area (VTA), nucleus
accumbens and prefrontal cortex), the amydala and the hippocampus [21], where they

have been described to play a role in the development of the addiction.
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a. Acute effect of alcohol

Alcohol, contrary to other drugs, does not have specific receptors but it has been
shown that this molecule has pockets of binding at the level of glutamate N-methyl-D-
aspartate (NMDA) receptors and GABA, receptors [22]. During an acute consumption,
alcohol acts on the GABA receptors. This induces an increase in the synthesis and release
of GABA neurotransmitters and in the activity of these receptors at the postsynaptic level
[23-25]. Acute alcohol consumption also induces a decrease in the release of glutamate,
an excitatory neurotransmitter [23,24]. As GABA is an inhibitory neurotransmitter,
neuronal activity will decrease in several brain regions, including the frontal cortex, which
explains the appeasement and the decrease in behavioural inhibition [25].

Alcohol generates rewarding effects by stimulating the mesolimbic dopaminergic
system, which begins in the VTA and projects to the nucleus accumbens and other limbic
regions of the brain [26,27]. Alcohol induces the release of dopamine in the nucleus
accumbens directly by increasing the activity of the dopaminergic neurons of the VTA [28].
Indirectly, alcohol, by promoting GABA, receptor function, may inhibit GABAergic
terminals in the VTA and disinhibit VTA dopamine neurons (Figure 2). This activation of
the reward system, inducing a release of dopamine, is responsible for the euphoric and
pleasurable effects of alcohol and plays a major role in positive reinforcement and thus
increases the probability of using alcohol [29]. This explain the initiation and persistence

of drinking and is pivotal in the development of AUD [21].

Endogenous opioids are small molecules naturally produced in the body. There are
three classes of endogenous opioids: endorphins, enkephalins, and dynorphins. These
molecules interact with three subtypes of opioid receptors—u, §, and k [29,30]. The
opioidergic system also plays a determining role in positive reinforcement by promoting
the release of dopamine during the anticipation of alcohol consumption or during
ingestion and thus contributes to the motivational effect [30]. Indeed, acute alcohol
ingestion can induce B-endorphin release, resulting in activation of u receptors on the
GABAergic neurons in the VTA. This, in combination with alcohol’s inhibition of glutamate
effects on GABA neurons, could lead to decreased GABAergic activity in the VTA, and
subsequently increased firing of the dopaminergic neurons, resulting in increased

dopamine release in the nucleus accumbens (Figure 2) [30,31].
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Ventral tegmental area Nucleus accumbens
Opioid
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Figure 2: Effects of acute alcohol consumption on neurotransmitter systems [21]

b. Chronic effects of alcohol consumption

Reinforcement is a complex psychological process by which a stimulus or event will
act to reinforce a behaviour (activating, directing and maintaining goal-directed
behaviour). Positive reinforcement refers to a situation in which a rewarding stimulus,
such as euphoria or pleasure induced by alcohol consumption, encourages the repetition
of the drinking behaviour. This factor is common in the early stages of alcohol use and
abuse, even before the addiction develops. The negative reinforcement process of the
addiction involves that drinking is related to the elimination or attenuation of a negative
stimulus such as withdrawal symptoms (anxiety, irritability, tremors, etc.) or the negative
affects related to drinking and other. It generally develops at a later stage, when the
addiction has developed. Negative reinforcement is recognized as a major factor involved

in the persistence of drinking habits in AUD subjects [29].

Repeated alcohol consumption increases the reinforcing value of alcohol. The intake
of alcohol becomes more and more attractive and the desire to consume evolves towards
craving. Indeed, if the reward system is continuously activated, it will adapt to restore a
homeostasis of neurotransmitters and their receptors [29]. The dopaminergic receptors
will be less sensitive, which will require increased stimuli to obtain the same effect of the
alcohol, inciting the individual to drink again or increase the doses. A phenomenon of
tolerance will then set in. Regarding the GABA/glutamate balance, chronic consumption

will induce an increase in the number of NMDA receptors and a decrease in the number of
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GABA receptors [29]. When alcohol is cleared from the body, there is no longer any
potentiation of GABA. The balance will then shift towards glutamate, inducing neuronal
hyperexcitability responsible for withdrawal symptoms such as tremors, tachycardia,
sweating and psychic symptoms that may even express as delirium tremens [32]. The

individual will then consume to escape these negative stimuli (negative reinforcement).

Serotonin (or 5-hydroxytryptamine, 5-HT) may also be involved in the neurobiological
processes responsible for the development and persistence of AUD [33]. Numerous
studies have shown that serotonin is involved in the regulation of emotional states,
particularly impulsivity and compulsivity. An alteration of the serotoninergic system could
therefore contribute to behavioural disinhibition and thus facilitate the behaviour of
seeking and using the substance [33]. It has been shown that acute alcohol consumption
increases the production of extracellular serotonin, while chronic consumption leads to a
decrease in serotonin neurotransmission in alcoholic patients [34,35]. Furthermore,
alterations in serotoninergic neurotransmission have been shown to be associated with
increased alcohol consumption and higher vulnerability to AUD [36].

This neurotransmitter is also involved in the mood disorders frequently observed in
AUD patients, which may be involved in the repeated need to consume to avoid negative

symptoms [33].
1.3.2 Implication of stress circuit

The development and persistence of AUD also involves the circuits related to the
stress response. In particular, exposure to stress has been shown to increase the risk of
relapse or the amount of alcohol consumed [37].

Hypothalamic-pituitary-adrenal (HPA) axis is controlled by neurons located in the
paraventricular nucleus of the hypothalamus (PVN). In response to stressful situations, the
PVN neurons secrete corticotropin-releasing factor (CRF) which stimulates the production
of adrenocorticotropic hormone (ACTH) by the pituitary gland. The latter is released into
the bloodstream and stimulates the release of cortisol by the adrenal glands [38]. Cortisol
promotes adaptive responses to environmental stressors, including changes in energy
metabolism, physiological, and behavioural responses [38]. CRF acts through his receptor
CRF1 in the pituitary gland and through CRF1 and CRF2 receptors in other brain areas such
as the amygdala [38].

Alcohol can be considered a stressor since it has been shown, in preclinical studies, to

activate the HPA axis [39,40]. Chronic alcohol consumption induces a neuroendocrine
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tolerance and a dysregulation of the HPA axis responsible for elevated ACTH,
corticosterone, and amygdala CRF during acute withdrawal [41]. These dysregulations are
associated with anxiety disorders and the acute withdrawal symptoms involved in relapse
[38].

1.3.3 Neuroinflammation

A large literature arising from both animal and human studies have suggested a role
for neuroinflammation in the pathophysiology of AUD as well as in other psychiatric
disorders like major depressive disorder (MDD) [42-44]. The neuroinflammation is
generated both from a direct effect of ethanol on the brain and from the induction of a
systemic inflammation [45]. Activation of the immune system, resulting in the production
of pro-inflammatory cytokines that can reach the brain, induces sickness behaviour. The
later is characterized by fatigue, lassitude, inability to concentrate, irritability, loss of
appetite and withdrawal from social interactions [46,47]. These symptoms are particularly
close to the psychiatric symptoms observed in AUD. Knowing this, chronic neuroimmune
imbalance could have physiological consequences that lead to behavioural alterations and

symptoms related to AUD or mood disturbances [48].

Gene expression profiles of human alcoholic frontal cortex analysed postmortem
show changes in immune-related genes [49]. Monocyte chemoattractant protein 1 (MCP-
1) levels were increased in the VTA, substantia nigra, hippocampus and the amygdala of
AUD patients [43]. Pro-inflammatory cytokines levels in serum and striatum have been
shown to be increased after chronic voluntary ethanol consumption in mice [50].

Microglia, theinnate immune cells of brain, is a pivotal actor in the
neuroinflammatory processes [51]. In case of neuroinflammation its density increase
leading to gliosis and microglia acquire an “activated” phenotype [52]. Microglia activation
is observed in several neurological and psychiatric disorders including in AUD [53-55].
Indeed, ionized calcium-binding adapter molecule 1 (lbal), a microglial density marker,
was increased in AUD patients compared to control subjects [43]. Several preclinical
studies showed that acute and chronic alcohol exposures as well as binge drinking lead to
a switch in microglia phenotype which in turn leads to neurodegeneration [56-59].

Numerous studies suggest that the neuroinflammation influence drinking behaviour.
For example, blocking the IL-1 receptor, which induces attenuation of ethanol-induced
immune activation and neuroinflammation [60], has been shown to reduce ethanol-

induced acute sedation and binge drinking [61,62]. Infusing MCP-1 into cerebral ventricles
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led to increased operant ethanol self-administration in rats [63]. Finally, it has been shown
that anti-inflammatory drugs, such as phosphodiesterase (PDE) inhibitors, may be an
interesting target in the management of AUD. PDEs are enzymes involved in the
degradation of cyclic adenosine monophosphate (cAMP) and cyclic guanosine
monophosphate (cGMP). cAMP is a critical regulator of microglial homeostasis and thus
PDE is an attractive target to modulate neuroinflammatory processes [64]. In rodents a
PDE inhibitor induced a reduction in alcohol consumption [65,66] but also anxiolytic and
antidepressant effects [67]. In AUD subjects, it has recently been shown that a PDE
inhibitor decrease craving and improve reactivity to stress and alcohol cue exposure and

also the probability of heavy drinking compared to placebo [68,69].
1.4  Behavioural, nutritional and metabolic consequences of AUD

As seen previously, AUD has important neurobiological consequences. These
alterations can be responsible for the occurrence of important cognitive and behavioural
disorders. Acute and chronic alcohol consumption will also have repercussions on the

metabolism and nutritional intake of individuals.
1.4.1 Behaviour

Psychiatric co-morbidities are common in AUD patients, affecting approximately 50 to
70% of patients [70]. Psychiatric disorders can be present before and induce AUD but
alcohol can also be responsible for psychotic decompensation, anxiety and depressive
disorders [71].

Chronic alcohol consumption is also associated with structural and functional brain
abnormalities leading to cognitive impairment such as attention deficit, alterations in
response inhibition, memory, visuospatial and motor skills [72].

More recently, emotional dysregulation has been described in AUD patients. This
includes impairment in social cognition which is defined as the body of knowledge and
processes that enables individuals to understand and interact with the social world [73].
Social cognition includes two main components, namely emotional processing and theory
of mind. Several deficits related to social cognition have been identified in AUD subjects,
such as alexithymia (difficulties in identifying and describing its own emotions),
impairment in emotional decoding, lack of empathy, as well as difficulties to take the
perspective of others [73,74]. AUD patients also display alterations in emotional reactivity

(intensity of emotions) and regulation of emotions meaning the ability to initiate, inhibit,
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maintain or modulate its own affects [73,75]. Impulsive drinking associated with AUD is a
common example of impairment in emotion regulation [76].

It has been found that the social network of AUD patients was smaller compared to
controls [77]. The complexity of the social network structure could be associated with
social competence. Furthermore, the size and composition of the social network is a good

indicator of social support, an important element in the management of AUD [78-81].

Besides the loss of control in alcohol consumption AUD patients have been shown to
be more prone to develop eating disorder (ED) [82,83]. Eating disorders are associated
with severe disturbances in eating behaviour and body weight. The three best
characterized eating disorders are bulimia, anorexia nervosa and binge eating disorders
[84]. The comorbidity of ED and substance use disorders was associated with greater
symptom severity, poorer treatment outcome, and increased mortality [85]. In a recent
study, the prevalence of AUD was estimated at 20.6% in patients with ED [86]. Despite the
small number of studies and the large variability reported, it appears that ED and AUD are
most likely to co-exist with bulimia (from 2.9 to 48.6%) and binge eating (19.9%) [82,87].
Even if co-occurence between both pathologies is not understood, they present common
comorbidities such as anxiety, depression, trauma, family history as well as common
personality traits such as compulsive behaviour, impulsivity, low selfesteem and
emotional dysregulation which could play a role in the relationship between the two
psychiatric disorders [88-90]. AUD and ED also share neurobiological mechanisms
involving common disruptions of neurotransmitter function in the dopamine, serotonin,
GABA, and endogenous opioid systems [89,91,92]. Increased medial prefrontal cortex
activity in response to food stimuli has also been observed in bulimic subjects. This
response is similar to the medial prefrontal cortex activity associated with cravings and

compulsive drug use behaviours found in substance abuse [93].

All these deficits are interconnected and can potentially contribute to the
development and maintenance of AUD and interfere with recovery. In particular, negative
affects, such as depression, or social pressure have been shown to increase the risk of

relapses after detoxification [74,94].
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Tools to study mood, alcohol craving and social cognition

In this PhD work we were particularly interested to study anxiety, depression and craving
for alcohol. These symptoms are correlated with each other and are a measure of negative
reinforcement.

We used different validated and standardized tools to asses these symptoms:

- The Beck Depression Inventory (BDI) is a 21-item self-report inventory designed to
measure the severity of depressive symptoms. Each item consists of 4 sentences
corresponding to 4 degrees of increasing intensity on a scale of 0 to 3. The maximum score

is 63. The higher the score, the greater the depressive symptoms [95].

- The State-Trait Anxiety Inventory (STAI Form YA) is a self-report inventory for measuring
the state of anxiety. This test includes 20 questions to which the patient has to answer
using a 4-point Likert scale. The scores range from 20 to 80 where higher scores indicate

greater anxiety [96].

- The Obsessive-Compulsive Drinking Scale (OCDS) is a questionnaire that measures
obsessionality and compulsivity related to craving and drinking behaviour. This
guestionnaire is composed of 14 questions and provides a global craving score, an

obsessive score and a compulsive score [97].

Affective deficits and difficulties in interpersonal relationships also characterize AUD
patients. Therefore, we used different complementatry tools to assess the social

cognition:

- The Trait Emotional Intelligence Questionnaire (TElque): Emotional intelligence is the
set of abilities that allow us to recognize our emotions and those of others, to understand
and think about them and to regulate them in order to act appropriately. This self-
reported questionnaire consisting of 75 items and encompasses four factors: well-being,

self control, emotionality and sociability [98].

- The social situation test is a self report questionnaire assessing preferences for social vs

non social situations. The questionnaire included 28 situations (e.g., doing laundry alone;
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going to a barbecue with friends). Patients were asked to indicate using a 7-point Likert-
type scale (1 - very little or not at all to 7 - extremely or very much) how much they
wanted to do the activity "now." Composite mean scores for three levels of enjoyment
(high [5 items], medium [4 items], and low [5 items]) were calculated for social and

nonsocial situations [99].

- The visual perspective task (VPT) aims to measure the ability to take the perspective of
others; it therefore reflects the degree of attention to others. This computer-based task
asks participants to consider either their own perspective or the perspective of an avatar
in the middle of a room. Red disks will appear on the walls to the right or left. In the
consistent perspective condition, both the participant and the avatar see the same
amount of disks. In the inconsistent perspective condition, the participant and the avatar
each see a different amount of disks. Participants must explicitly judge how many disks

could be seen, either from their own perspective or from the avatar's perspective [100].

- The Sociogram is a complete and precise tool developed by sociologists from the
UCLouvain to build a social support network. Starting with a very simple question: "Who
are the people who support you in your daily life?", the respondent has to list the
supporting people and then define the type of support obtained in four specific domains:
finances, housing, activities and health. Supporters are then placed on Hogan's bullseye
map, and the participant is then asked to link those whom he or she believed exchanged

information ("who shares information about you?") [101].
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1.4.2 Nutritional status

Alcohol, regardless the type, contains a large amount of calories. Alcoholic beverages
contain water, pure ethanol and a variable amount of sugars [102]. In contrast, they
contain limited quantity of protein and micronutrients (vitamins and minerals). Ethanol
has a caloric intake of 7.1 kilocalories per gram (kcal/g) which is far from negligible when
we know that carbohydrates provide 4 Kcal/g [102].

Alcohol dependence is one of the major causes of malnutrition in Western countries.
Malnutrition is influenced by different factors such as the quantity of alcohol consumed
and socio-economic status [103-105]. Excessive alcohol consumption is associated with
increased energy intake, decreased diet quality and disorganized eating [103,105-107].
Alcohol can represent half of the calories ingested in AUD subjects, and this energy is
devoid of micro and macronutrients leading to various deficiencies like water-soluble
vitamins such as B vitamins, but also fat-soluble vitamins (A, D, E, K) [106,108-110]. Blood
levels of minerals such as iron, magnesium, calcium, zinc and selenium can also be altered
by chronic alcohol consumption [111]. Micronutrient deficiencies can be the result of a
deficit in adequate food intake but also of a decrease in gastrointestinal (Gl) absorption or
an alteration of the hepatic metabolism caused by alcohol. Indeed, the liver contributes to
the storage and/or metabolism of many micronutrients [102].

The dietary intake of AUD patients is therefore altered and can lead to several macro
and micronutrient deficiencies. Taking into account the impact of nutrition is therefore
essential in the context of AUD. In particular when investigating its impact on the gut
microbiota, the liver and the brain, organs that are particularly sensitive to nutritional

intake.

1.4.3 Gastrointestinal and liver function

Alcohol consumption has long been recognized as a major cause of liver damage and
liver disease worldwide [112]. However it can also affect the Gl tract leading to Gl

symptoms and increased risk of cancers [113].

a. Gastrointestinal function

After its ingestion ethanol is rapidly absorbed by passive diffusion through the
mucosa: 20% of ethanol is absorbed in the stomach and about 70% in the small intestine.

It then enters the bloodstream [114]. The majority of ethanol is metabolized in the liver
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(90-98%). However, a small part can also be metabolized in the Gl tract not only in the
mucosal cell via the alcohol dehydrogenases (ADH) and microsomal ethanol oxidising
system (MEQS), but also in a great variety of bacteria [113,114].

By being in contact with the different parts of the Gl tract, ethanol induces structural
and functional modifications leading to Gl symptoms. In particular, it has been shown that
alcohol consumption promotes gastroesophageal reflux disease, gastritis and
gastroduodenal ulcer by stimulating acid secretion [115]. One of the most common GI
disorders observed in acute and chronic alcohol consumption is diarrhea. This is promoted
by the alteration of food absorption, the modification of intestinal motility and the
increased gut permeability induced by alcohol [115].

The Gl barrier is composed of a monolayer of intestinal epithelial cells sealed by tight
junctions and covered by a protective mucus layer (Figure 3). The tight junctions regulate
the paracellular permeability of the intestinal barrier and prevent the uncontrolled
passage of large molecules through the epithelium, but allow the passage of ions, water

and compounds of interest [116].
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Figure 3: Key layers of the gut barrier [117]

The presence of ethanol or its derivative (acetaldehyde) in the intestine induce gut-
barrier dysfunction [114,118]. Indeed, preclinical and clinical studies have found increased
gut permeability in mice expose to ethanol or in actively drinking AUD patients due to
disruption of the tight junctions and adherents junctions [119,120]. Ethanol detrimental
effect on gut barrier function is alleviated by ablation of the mucin 2 (muc2) gene (coding

for a protein that composes the mucus) [121]. It corroborate findings showing that
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ethanol consumption leads to a larger mucus layer, which is a defensive reaction also seen
in enteric infections [121-123].

The increased gut permeability enhances the translocation of luminal antigens (e.g.,
bacteria and endotoxins) into the portal circulation [121]. This can activate Kupffer’s cells,
the liver macrophages, subsequently leading to cytokines release, which can result in

hepatocellular injury [124].

b. Liver function

If chronic and excessive alcohol consumption damages almost all organs, the liver as
the primary site of ethanol metabolism suffers early tissue damage [125].
The spectrum of liver disease includes different stages (Figure 4). In early stages, repeated
alcohol consumption leads to steatosis. It is characterized by the accumulation of micro
lipid droplets in the hepatocytes. A number of hepatic and extrahepatic mechanisms have
been associated with steatosis after alcohol ingestion such as increased lipogenesis,
altered VLDL secretion and decreased fatty acid oxidation. About 90% of AUD patients
develop steatosis [126]. If consumption is stopped, steatosis is reversible. However, in
case of continuous consumption, the presence of fat in the liver will promote lipid
peroxidation and oxidative stress which in turn damages hepatocytes causing its death. It
generates apoptotic bodies that promote inflammation. Increased production of tumor
necrosis factor-alpha (TNF-a) will occur in Kupffer cells. The inflammatory reaction will
lead to the formation of scar tissue, characteristic of fibrosis [126]. Alcoholic
steatohepatitis occurs in approximately 35% of AUD patients with a 1-year mortality rate
of 20% for the severe form [127,128].

Alcoholic hepatitis W
T 40% l T 70%

Healthy liver Alcoholic fatty liver Alcoholic Alcoholic HCC

steatohepatitis cirrhosis

90-100% 10-35%

Figure 4: The natural course of alcohol-related liver disease. HCC, hepatocellular carcinoma [129].
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Hepatic fibrosis may still be partially reversible if alcohol consumption ceases.
However, if alcohol consumption persists, chronic inflammation and fibrogenesis progress
[130]. Fibrosis prevents the reconstitution of normal liver lobules and the regeneration of
hepatocytes occurs in an uncontrolled manner, resulting in the formation of "regeneration
nodules" characteristic of cirrhosis. This can lead to portal hypertension and/or liver
failure. Alcoholic hepatitis is associated with fast progression of fibrosis and leads to
cirrhosis in 40% of cases [131]. About 2% of cirrhotic patients develop primary
hepatocellular carcinoma [129].

As mentioned above, not all AUD patients develop advanced liver disease. The cause
is not yet well known but factors such as age, gender, drinking pattern and type of alcohol
consumed, genetic factors, obesity, viral diseases (hepatitis C or B) or the composition of
the gut microbiota have been identified as influencing the progression of liver disease
[127,130,132).

1.5 Acute and long-term management of AUD
1.5.1 Alcohol withdrawal syndrome

Alcohol withdrawal can be particularly violent and remains fatal if left untreated. The
discomfort of withdrawal (dysphoria, negative emotional state) is particularly important

and contributes to maintaining consumption.

a. Clinical symptoms

Alcohol withdrawal syndrome consists in the physiological and psychological events
occurring when a chronic drinker suddenly abstains from alcohol consumption. Up to 50%
of AUD patients experience clinical signs of withdrawal [133,134]. These events occur 6 to
24 hours after complete cessation or reduction of alcohol use [133]. They vary
considerably from one patient to another and can be manifested by: hand tremors,
agitation, increased heart rate, increased blood pressure, headaches, sweating, nausea,
vomiting, loss of appetite, craving for alcohol, anxiety, irritability, insomnia. More serious
manifestations such as hallucinations, epileptic seizures, delirium tremens and coma can
also occur [133-135]. The mild or moderate forms of alcohol withdrawal syndrome are
often managed by the patients themselves without treatment and disappears within 2 to
7 days after the last consumption, while the more severe manifestations require medical
treatment [133,134].
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b. Neurochemical mechanisms

As seen previously (part 1.3), chronic alcohol consumption induces a neuroadaptation
to counteract the neurochemical imbalance and return to a state of equilibrium. This
neuroadaptation consists in reducing the number of GABA, receptors and producing more
NMDA receptors. Reducing or stopping alcohol consumption suddenly unbalances the
brain’s neurochemistry in favor of the excitatory neurotransmitter, glutamate. This
neuronal hyperexcitability is responsible for many of the signs and symptoms of the
withdrawal syndrome [135].

Animal studies also highlighted that alcohol withdrawal is related to reduced release
of dopamine in the striatum [136,137]. This could be responsible for the negative mood

observed during alcohol withdrawal.
1.5.2 Treatments and management of AUD

AUD is a multifactorial disease with a high risk of relapse. Indeed, without treatment,
the relapse rate at one year reaches 70%. It has been shown that combining psychological
and pharmaceutical approaches before, during and after withdrawal reduces the risk of

relapse [138].

a. Treatment of withdrawal symptoms

The pharmacological molecules that have proven to be the safest and most effective
in the treatment of withdrawal symptoms are the benzodiazepines [139]. They mimic the
initial effects of alcohol by stimulating the GABA, receptors. By their action they will
restore the neurochemical balance in the brain and prevent neuronal hyperexcitability.
They are associated with a great reduction in the risk of seizures, delirium tremens and
mortality [135,140,141].

Thiamine (vitamin B1) supplementation is also part of the management of alcohol
withdrawal. Indeed, thiamine deficiency is very common in AUD patients due to
insufficient nutritional intake and reduced intestinal absorption and can have serious
consequences during withdrawal [142]. The brain and heart cells are very sensitive to
thiamine deficiency. It is an essential cofactor for the functioning of several enzymes
involved in carbohydrate metabolism that generate molecules essential for brain function,
including antioxidants and adenosine triphosphate (ATP), which provides energy to cells
[143]. During withdrawal, neurons are hyper-excited and require more energy. In case of

thiamine deficiency, the lack of ATP will induce brain lesions due to oxidative stress, cell
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damage and cell death. These brain lesions in alcoholics are associated with a neurological
disorder known as Wernicke-Korsakoff syndrome characterized by delusion, walking

difficulties with gait enlargement and ophthalmoplegia [143,144].

b. Pharmacological treatment of AUD

Pharmacological molecules, targeting certain brain neurotransmitters or ethanol
metabolism, have been developed to reduce the frequency of excessive alcohol
consumption, the state of withdrawal and to improve the rate of abstinence and quality of
life. Today, among these molecules, three have been approved by the Food and Drug
Administration (FDA): disulfiram (Antabuse), naltrexone and acamprosate. The different

medications for the treatment of AUD are presented in the Table 2.

Table 2: Medication used for treating alcohol use disorder

Medication Target Clinical use References
Naltrexone [145,146]
M-opioids receptor Decreases alcohol
antagonist consumption
Nalmefen ) [146,147]
”°m“; wandé anta_!gomst Decreases alcohol
< I¢ partial k consumption
o agonist P
- D
Acamprosate [145]
o) NMDA Glutamate Increases abstinence
HO\IS\/\/\NJ\ receptor antagonist rates
do H
Baclofen [148-151]
z GABA_receptor Increases abstinence
aagf ) <jo agonist rates
Disulfiram Aldehyde [152]
) .
s A~ deshyd_ro_genase Decrease alcohol intake
\fs( L inhibitor
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However, clinical studies have shown mixed results or have reported low to moderate
efficacy of these drugs [153]. It is therefore necessary to find new therapeutic avenues

and among these, the gut microbiota could represent an interesting target.
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2  The gut microbiota
2.1 Definition and current knowledge
2.1.1 Gut microbiota composition

From birth, the human body is colonized and lives in symbiosis with a large number of
micro-organisms including protozoa, archaea, eukaryotes, viruses and bacteria. This
combination of microorganisms creates a real ecosystem known as the "human
microbiota" [154]. Among these micro-organisms, bacteria represent the most well
studied group and will be the main focus of this work. Bacteria are colonizing many parts
of the human body including the oral cavity, genital tract, respiratory tract, skin and Gl
tract [154]. It was estimated that we had 10 times more microbial cells than human cells
(10:1). However this number has recently been updated estimating the ratio at 1:1 [155].
The human microbiota contains approximately 10!3-10'* microbial cells and would
represent 2kg alone [155]. The microbiome, the set of gut microbial genes in an individual,
represents a genetic repertoire 150 times larger than the human genome [156].

The ecosystem faces variable conditions (anatomical and chemical) from the oral
cavity to the rectum. Therefore, the density and composition of bacteria differ significantly
between the different parts of the Gl tract (Figure 5). Indeed, due to the low pH, oxygen
level and short transit time, the upper part of the digestive tract (stomach and small
intestine) contains a lower bacterial density estimated at 103-10% bacteria per ml of
intestinal content [157,158]. The part with the highest number of bacteria is the colon (3.8
x 103 bacteria) in which the transit time is longer [155](Figure 5).
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Figure 5: Composition and density of the gut microbiota according to the different parts of
the gastrointestinal tract [159]
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The composition of the gut microbiota is determined from birth. It has been shown
that a vaginal birth predicts a gut microbiota close to the vaginal and faecal microbiota of
the mother, with colonisation by Lactobacillus, Prevotella and Bifidobacterium [160-162].
On the contrary, a c-section birth predicts a microbial profile close to the microbiota of the
mother's skin, the medical staff and the hospital environment [160-162]. Under the
influence of nutrition (breast-feeding or infant milk and then dietary diversification),
genetics, medical treatments received, environment and geographical location, the
composition of the gut microbiota will evolve qualitatively and quantitatively during the
first years of life [163]. The neonatal gut microbiota largely differs between individuals
(elevated B-diversity) after birth and progressively reduced at the age of one to gradually
reach that of adults. On the contrary, a-diversity, i.e. bacterial richness and evenness,
increases with time [163]. These indicate that the microbiota becomes more complex and
homogeneous among individuals along time. It has been shown that soon after birth, the
gut microbiota is composed mainly of 2 phyla: Actinobacteria and Proteobacteria.

The adult microbiota consists of hundreds of species. It is dominated by members of
the Firmicutes and Bacteroidetes phyla which constitute respectively 60-80% and 15-30%
of the total bacteria [164]. The remaining bacteria, accounting for less than 10% of the
total population, belong to the Proteobacteria, Fusobacteria, Actinobacteria,

Verrucomicrobia, and Spirochaetes [164] (Figure 6).

Firmicutes (60-80%)

» Clostridium cluster XIVa (includes the group Eubacterium rectale-C. coccoides):
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Proteobacteria (1-2 %)
» Enterobacteriaceae

Eukarya
» Fungi =

Fusobacteria

Archaea
* methanogens i
Spirochaetes

Verrucomicrobia (1-2 %) / Actinobacteria (2-25%)
« Akkermancia /'« Bifidobacterium (up to 60-90% in BF infants)
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Figure 6: Phylogenetic tree of the human gut microbiota. In parentheses, the relative
abundance in healthy adults. The main taxa, as well as some species known to have an impact on
human health, are indicated [164]
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As already mentioned, in adulthood the gut microbiota is more stable however some
factors may still influence its composition. Indeed, it has been shown that aging,
medication, environment and lifestyle including physical activity and diet can alter the
microbial composition [165]. If the use of antibiotics is the most direct and effective way
to target gut microbes [166,167] other drugs have important effects on microbial diversity
and composition. This is the case of statins for example [168]. A recent study showed that
obese participants taking statins had a significantly lower prevalence of the dysbiotic
Bacteroides 2 enterotype, a gut bacterial signature, than did their obese counterparts not
taking statins [168]. Antidepressants have also been shown to have an effect on bacterial
composition and richness and to stop the growth of certain bacterial species such as
Escherichia coli [169]. Finally, proton pump inhibitors use is associated with decreased gut
bacterial richness and higher abundance of oral and upper Gl tract bacteria especially
Streptococcaceae [170,171]

Regarding diet, it has been shown that it is one of the main factors influencing the
composition of the gut microbiota [172]. For example, a Western diet, consisting of
saturated fat, sugar and meat products, decreases the total number of bacteria and the
abundance of Bifidobacterium and Eubacterium species considered as beneficial bacteria.
This diet has often been associated with alterations of the intestinal barrier and metabolic
disorders [173—175]. In contrast, a Mediterranean diet, rich in unsaturated fatty acids,
polyphenols and dietary fibers but lower in saturated fat, meats, and dairy products, is
known to increase microbial diversity and Lactobacillus, Bifidobacterium, and Prevotella,
and decreases Clostridium [175,176]. This diet is associated with a decreased risk of
cardiovascular disease, certain cancers and neurodegenerative diseases [177-179]. It has
also been shown that an acute change in diet, such as a strictly animal or plant-based diet,
changes the microbial composition within 24 hours of initiation of the diet, with a return
to baseline values within 48 hours of diet cessation [172].

Recently, another factor has been revealed as influencing microbial composition, the
social interactions. In wild baboons, it has been shown that individuals belonging to the
same group have similarities in terms of microbial composition [180]. It has also been
shown that spouses/partners have a more similar microbiota and more bacterial taxa in
common than siblings [181]. In addition, married people harbour more diverse and richer

microbial communities than people living alone [181].
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Tools to assess the gut microbiota composition:

The determination of the composition of the gut microbiota is based on two main
techniques: 16S rRNA gene sequencing and whole genome shotgun sequencing. These
analyses provide the relative abundance of bacterial taxa, as well as comparisons of a-
diversity (diversity within the sample; one value per sample) and B-diversity (diversity
between samples; pairwise values for all sample combinations).

16S rRNA gene sequencing: This technique is based on the sequencing of the 16S
ribosomal DNA which codes for the small 16S ribosomal subunit. Ribosomes are

ribonucleoprotein complexes that are essential for messenger RNA (mRNA) decoding and
protein synthesis (translation). It is composed of a small subunit and a large subunit. Each
subunit is composed of one or more ribosomal RNA (rRNA) molecules and proteins. In
prokaryotes, which have 70S ribosomes, there is a small subunit (30S) and a large subunit
(50S). The 30S subunit contains one molecule of 165 RNA and the 50S subunit contains
two molecules of RNA.

The 16S rRNA gene is composed of regions of conserved sequence (almost identical
for most bacteria) and hypervariable regions or sequences, which are phylogenetically
distinct for a particular genus and species. It is the sequencing of the latter region that will
allow us to recognize the bacterial taxon.

Quickly, the DNA is extracted from the stool and then, 16S rRNA genes are amplified
via polymerase chain reaction (PCR). These amplified sequences, called amplicons, will
then be grouped according to their genetic relationship and counted to give an estimate
of their relative abundance in a sample [165,182].

This technique has been used in this thesis for the characterization of the gut
microbiota of AUD patients.

Advantages: 1) it is cost effective, 2) data analysis can be performed by established
pipelines, and 3) there is a large body of archived data for reference.

Whole genome Shotgun sequencing:

This approach bypasses PCR and allows the sequencing of all (fragmented) DNA
extracted from the sample under analysis, including that of unclassified bacteria and
viruses using next-generation sequencing technology.

After filtering out unwanted DNA (e.g., human DNA from a human stool sample), the
remaining sequences can be used to build de novo genomes or align sequences to a
reference database [182].

Advantages: More informative especially at lower taxonomic levels
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2.1.2 The key functions of the gut microbiota

The gut microbiota, as a symbiont, has essential functions for the human body. It is
often considered an "organ" because it plays an important role in shaping host immunity,
vitamin synthesis, digesting food, regulating intestinal endocrine function and neurological
signalling, modifying drug action and metabolism, and producing many molecules that

influence the host.

a. Nutrient metabolism

The intestinal bacteria feed on food components ingested by the host such as
carbohydrates, proteins and lipids but also on host-derived components such as epithelial
mucus. The gut microbiota uses these substrates to produce energy for cellular processes
and growth. Via the process of fermentation, the microbiota produces several gazes and
numerous metabolites that influence human health and metabolism. Fermentation
depends on the composition of the microbiota but also the transit time and the availability
of the substrates to be fermented. The intestinal microbiota also has a key role in the

synthesis of certain vitamins [183].
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e  Carbohydrate fermentation

The most active location for carbohydrate fermentation is the proximal colon. It is in
this part of the digestive tract that the abundance of available carbohydrates is high and
the pH is low (5.5-6.0) [184]. The majority of intestinal bacteria possess the enzymes
necessary for the saccharolytic fermentation of carbohydrates that have not been
digested in the upper intestine. These carbohydrates will first be converted into pyruvate
and acetyl CoA (Figure 7). Pyruvate will then be converted into lactate, succinate and
propionate while acetyl-CoA will be transformed into acetate, butyrate and ethanol
(Figure 7). Acetate (2 carbons), propionate (3 carbons) and butyrate (4 carbons) are the
most abundant short chain fatty acids (SCFA) in the human body. They are produced in the
colon with a ratio of 60:20:20 respectively [183,185]. This fermentation also induces the
production of gases (CO,, CH,; and H,). SCFAs can influence their own production as they
promote the decrease of pH in the colon, which will influence the microbial composition
which in turn will affect the amount of SCFA produced [186]. The balance between the
different SCFA depends on the phenomenon of cooperation between bacteria called cross
feeding. This mechanism consists in using either products from the degradation of
carbohydrates or the final products of metabolism produced by another microorganism
[187]. For example, a cross feeding has been demonstrated between members of the
genus Bifidobacterium and butyrate producing bacteria such as Eubacterium,
Anaerostipes, Roseburia and more recently Faecalibacterium prausnitzii. Indeed
Bifidobacterium will produce acetate during the fermentation of carbohydrates which will

then serve as an energy source for the butyrate producing bacteria [187-190].

28



Introduction

Undigested carbohydrates
hexoses and pentoses

Glycolytic pathway
or

Pentose phosphate pathway

/ Formate
Succinate «——— Pyruvate Lactate l
H,
co, — CO,

Propionate

Acetyl-CoA ——> Ethanol

T

Acetate Butyrate

ALDH

Acetaldehyde

Figure 7: Simplified representation of carbohydrate fermentation in the human gut ,
adapted from Macfarlane S. and Macfarlane GT, 2003 [191] The short chain fatty acids
predominantly found in colon appear in blue.

After their production, SCFAs will be rapidly absorbed by colonocytes to generate
ATP. Those that have not been metabolized are transported to the liver via the portal vein
where they will serve as a substrate for the hepatocytes. Acetate will allow the synthesis
of fatty acids and cholesterol. Finally, a small proportion of SCFA will reach the
bloodstream, namely 36% for acetate, 9% for propionate and 2% for butyrate [192].
Studies in animals using PET imaging has shown that very low amount of acetate or
butyrate reach the brain (approximately 2% and 0.006% respectively) [193,194]. In
human, PET studies did not allow to detect acetate in the brain [195,196].

After carbohydrate fermentation, some bacteria, called ethanol producers, which
possess the enzymes aldehyde dehydrogenase (ALDH) and alcohol ADH can catalyse the

reduction of acetate to acetaldehyde and finally ethanol [197].

29



Introduction

e Protein fermentation

The gut microbiota also has proteolytic power and allows the transformation of
proteins into short peptides, amino acids (AA) and derivatives, branched-chain fatty acids
(BCFA), and gases [198]. These proteins can have an exogenous (via the diet) or
endogenous (pancreatic enzymes, host tissues, and mucus protein) origin. While
saccharolytic fermentation occurs mainly in the proximal colon, protein fermentation
occurs in the distal colon [198,199]. Despite the efficiency of digestion and absorption in
the small intestine and depending on the amount of protein ingested, short peptides and
AAs are available for fermentation by the gut microbiota [199].

As with carbohydrate fermentation, bacterial protein metabolism also produces SCFA,
but in smaller amount [199,200]. The fermentation of branched-chain amino acids (BCAA -
valine, isoleucine and leucine) induce the production of BCFAs (isobutyrate, valerate,
isovalerate) which are considered as reliable markers of proteolytic fermentation because
they are produced exclusively by the fermentation of BCAAs [199] (Figure 8). Within 24
hours of a high-protein diet, it has been shown that BCFA production increases, which
demonstrate that gut microbiome can rapidly respond to changes in diet [172].

The decarboxylation of AAs leads to the production of polyamines (Figure 8).
Numerous amine-producing species belonging to genera such as Bifidobacterium,
Clostridium, Lactobacillus, Escherichia and Klebsiella have been identified in the gut
microbiota [201]. Gut microbes can synthesize cadaverine, agmatine, putrescine,
spermine and spermidine that are present at millimolar concentrations and could impact
host health [202,203].

Fermentation of aromatic AAs generates many bioactive end products such as phenol
and p-cresol from tyrosine, or indole from tryptophan (Figure 8) [204,205].

Finally, the sulfur amino acids (methionine, cysteine, taurine) are fermented by
sulphate reducing bacteria which results in the production of H2S (Figure 8) [199].

Bacteroides has been identified as the predominant proteolytic taxon in human fecal
samples [206]. In vitro work has shown that a protein-rich fermentation increases the
abundance and richness of Bacteroides [200]. Finally, a positive correlation has also been

shown between Bacteroides abundance and habitual meat consumption [207,208].
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Figure 8: Pathways of protein metabolism by gut microbiota [209]

e Vitamin synthesis

Gut bacteria have been shown, in preclinical and clinical studies, to be both suppliers
and consumers of B and K vitamins. Although dietary B vitamins are generally absorbed
through the small intestine, B vitamins produced by bacteria are absorbed primarily
through the colon [210]. A cross-feeding has been demonstrated between vitamin-
producing and non-producing bacteria. Indeed, it seems that a large part of the vitamins
produced by the microbes are used by other bacteria as an energy source. The
bioavailability for the host is thought to be relatively low [211,212].

Regarding vitamin K, it has been shown that germ-free rats raised without dietary
vitamin K supplementation have low prothrombin levels and develop haemorrhage,
whereas their conventional counterparts have normal prothrombin levels and normal
coagulation activity [213].

All these works suggest that the composition and function of the gut microbiota affect

the host's use of vitamins and, by extension, its health.

b. Bile acid metabolism

Bile acids (BA) are metabolites that are synthesized from cholesterol to form the two
primary bile acids cholic acid (CA) and chenodeoxycholic acid (CDCA). BA, cholesterol,

phospholipids and bilirubin are the major components of bile. The synthesis of BA includes
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many steps and involves different enzymes located in the endoplasmic reticulum,
mitochondria, cytosol, and peroxisomes of cells. Before their secretion into the bile,
primary BAs are conjugated with a taurine or glycine molecule. This conjugation increases
the detergent properties of the molecules. In the duodenal lumen, BAs act as emulsifiers
of lipids and dietary fat-soluble vitamins, thus promoting their intestinal absorption.
Conjugated BAs will then be absorbed in the terminal ileum. About 95% of the BAs
secreted into the bile will be reabsorbed into the ileum and then transported by the portal
vein to the liver where it will be excreted again into the bile [214].

Approximately 5% of BAs escape the enterohepatic cycle and reach the colon where
they will interact with the gut microbes. These BAs will be metabolized by the gut
microbiota into secondary bile acids as opposed to primary bile acids synthesized by the
liver. The gut bacteria possess different enzymes that allow different transformations,
including deconjugation, oxidation and epimerization. As a result, about twenty secondary
BAs have been identified in human feces [212,215].

A bidirectional relationship exists between the intestinal microbiota and the BAs.
Indeed, BAs have antimicrobial properties that affect the composition of the intestinal
microbiota. The microbiota can also influence the metabolism of BAs since it can modify
their structure and properties. The variation of BA composition can influence the
physiology of the host and it has been shown that a disruption of BA-microbiota crosstalk

was associated with several Gl, metabolic and inflammatory disorders [214].

c. Modulation of gut peptides and hormones levels

Gl peptides are important to control metabolic health of the host [216]. Their
synthesis have been shown to be modulated by the composition of the gut microbiota
[216,217]. Changes in the composition of the gut microbiota can directly affect the
numbers of enteroendocrine cells which can modulate the production of GI peptides
[216]. Other proposed mechanisms involved the SCFA produced by bacterial fermentation
which are able to stimulate the release of satiety hormones such as peptide YY (PYY),
leptin, ghrelin and glucagon-like peptide-1 (GLP-1) via the stimulation of G protein-
coupled receptors (GPR) 41 and 43. GPR41 is predominantly expressed in the small
intestine and GPR43 in the colon [218,219]. It has also been shown that SCFA and other
microbial metabolites like lactate are able to modulate the ghrelinergic system, through

the activation of the growth hormone secretagogue receptor (GHSR) [220,221]. A recent
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study shown that the bacterial CLPB protein is able to modulate PYY secretion and food
intake in C57BI/6 and ob/ob mice [222].

d. Maintenance of structural integrity of the gut mucosal barrier and

immune function

The GI tract is composed of physical and biological barriers that are essential to
maintain intestinal integrity and immune homeostasis. These barriers isolate the host
from the external environment, but also regulate the immune system, the absorption of
nutrients and limit the access of microorganisms, whether commensal or pathogenic.
Mucus, IgA, antimicrobial peptides and immune cells minimize contact between
microorganisms and the surface of epithelial cells, thereby limiting tissue inflammation
and microbial translocation. The gut microbiota has a key role in maintaining the integrity
of this intestinal barrier. Indeed, it has been shown that SCFA upregulate the expression of
anti-microbial peptides which can inhibit the growth of pathogenic bacteria by disrupting
their bacterial inner membrane [223,224]. The gut microbiota also contributes to
modulate the intestinal mucus layer. Studies in GF mice have shown that the mucus of GF
mice is altered compared to conventional mice [116]. Because of its high polysaccharide
content, the mucus layer is a source of nutrients for certain bacteria, the so-called “mucus
degraders”. Conversely, some bacteria could influence the synthesis and secretion of
mucins [116]. For example, Bacteroides thetaiotaomicron can modulate the thickness and
composition of the mucus layer by increasing goblet cell differentiation and modulating
the expression of mucin-related genes [225]. It has also been shown that certain SCFA
such as butyrate and propionate increase the expression of muc2 genes that encodes a
prominent member of the mucin protein family that is crucial for the structure of the

mucus layer [226].

The colonization of the digestive tract by the gut microbiota during early-life allows
the maturation of the mucosal and systemic immune system. A dialogue is then
established between the gut microbiota and the immune system, the former teaching the
latter a certain immune tolerance against commensal bacteria [227].

The interaction between the gut microbiota and the host is mediated by different
factors and particularly the microbial-associated molecular patterns (MAMPs). Among
MAMPs we find lipopolysaccharides (LPS), peptidoglycan (PGN), lipoprotein, flagellin

[227]. The host is able to distinguish commensal microbiota from pathogenic microbiota
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by pattern recognition receptors (PRRs), such as cell surface Toll-like receptors (TLRs) and
cytoplasmic nucleotide-binding oligomerization domain (NOD) proteins [228,229]. Despite
the constant presence of MAMPs, commensal microbes do not generally induce
inflammatory responses; on the contrary, they can play an important role to enhance
immune function [229]. As an example Faecalibacterium prausnitzii, a bacteria decreased
in several immune-related disorders like Crohn’s disease, exhibits anti-inflammatory
properties namely by favoring the production of IL-10 by peripheral blood mononuclear
cells (PBMC) and decreasing TNFa in the gut [230].

Metabolites produced by gut bacteria may also have anti-inflammatory properties.
This is the case of butyrate produced by F. prausnitzii, among others. In addition to being
an important source of energy for colonocytes, butyrate can exert direct
immunomodaulatory effects through the inhibition of NF-kB, inhibition of IFN-y production
and signalling, and upregulation of peroxisome proliferator-activated receptor-y (PPARy)
[231].

Tryptophan catabolites could also affect systemic inflammation. For example, it has
been shown that indoleacrylic acid inhibits pro-inflammatory cytokines production in
human PBMCs [232].

2.2 Link between the gut microbiota and health
2.2.1 Microbiota in host physiology and pathologies

Over the last two decades, more and more studies have focused on the role of the gut
microbiota on host health. Changes in the composition of the gut microbiota have been
observed in a large number of pathologies with metabolic components such as obesity,
diabetes or chronic intestinal diseases in comparison with healthy subjects [233-236].

The use of GF mice, has been pivotal in better understanding host-microbe
interactions. Historically, it was Louis Pasteur in 1885 who hypothesised that animals
without bacteria would not be able to survive because of the close synergy between
microbes and their hosts [237]. From the 1960s onwards, work on GF mice increased. One
of the major discoveries made with GF mice was the importance of the gut microbiota in
metabolism and obesity. Indeed it has been shown that GF mice are leaner than
conventional mice and are protected from diet-induced obesity [238-240]. Researchers
have also shown that GF animals exhibit abnormalities in the immune, metabolic and Gl

systems and more recently a plethora of neurobiological and behavioural alterations
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[165,241,242]. Indeed, GF mice display reduced anxiety-like behaviour as well as deficits in
cognitive functions, such as working memory [165,243,244].

The punctual suppression of the microbiota through the use of antibiotic treatments
has confirmed these findings. For example, it was shown that antibiotic use during the
perinatal period increases the risk of developing childhood diseases that may persist into
adulthood. Namely, maternal use of antibiotics during pregnancy or breastfeeding is a risk
factor for the development of allergy or asthma, inflammatory bowel disease, obesity and
poorer neurocognitive outcomes later in life [245-249]. These models, based on depletion
of the gut microbiota by antibiotic therapy, have confirmed that the gut microbiota can
modulate host behaviour. Indeed, the causal role of the gut microbiota in neurobiological
and behavioural alterations has been demonstrated by transferring the gut microbiota
from depressed [250], alcoholic [251] or schizophrenic [252] subjects to microbiota-
depleted rodents that mimic the behavioural and physiological characteristics of these
diseases. It has also been shown that fecal microbiota transplantation (FMT) from obese
subjects to mice induces cognitive alterations [253]. In addition, microbiota transfer from
young mice (4 months) into aged recipient mice (20 months) can also counteract age-
related cognitive and neurobiological (inflammation) alterations [254].

The intestinal microbiota seems to have an important role in a large number of
psychiatric or neurodegenerative diseases and a growing number of studies are trying to
elucidate the mechanisms by which the intestinal microbiota can influence brain function
and behaviour [165].
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2.2.2 Gut-brain axis: communication pathways

The use of GF animals, animals treated with antibiotics or probiotic agents allowed to
highlight different potential communication pathways between the gut and the brain. The
gut-brain communication is bidirectional and includes endocrine, neural, immune and

vagal pathways (Figure 9).
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Figure 9: Different potential pathways involved in the bidirectional communication between
the gut microbiota and the brain [165]
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a. Hypothalamo-pituitary-adrenal axis

The HPA axis is the main efferent pathway linking the brain to the gut. It is well known
that exposure to stress, inducing activation of the HPA axis, has an impact on the
composition of the gut microbiota. Chronic exposure to stress in adulthood or even early
life has been shown to alter the composition of the gut microbiota in mice [255,256].

Cortisol release, resulting from activation of the HPA axis, has also been shown to
affect immune cell activity, both locally and systemically. This induces the release of pro-
inflammatory cytokines in the Gl tract that can affect intestinal permeability as well as the
gut barrier function [257-259].

The use of GF mice has demonstrated that microbial composition can influence HPA
axis development and stress response. GF mice subjected to contention stress exhibited
hyperactivation of the HPA axis resulting in elevated circulating corticosterone levels
compared to conventional mice. Interestingly, this exaggerated stress response was
reversed in mice colonized with Bifidobacterium infantis [260]. Moreover, Lactobacillus
and Bifidobacterium have been found to restore stress-induced HPA axis dysfunction in

preclinical models [261-263].

b. Vagus nerve

The vagus nerve is one of the main components of the parasympathetic nervous
system. lIts territory of innervation is the most extensive and allows the collection of
information from different visceral organs [264]. Approximately 80% of its fibers are
afferent, allowing the transmission of information on the state of the GI, respiratory and
cardiovascular systems to the central nervous system (CNS). The remaining fibers are
efferent and provide feedback to the viscera [264].

Preclinical studies using vagotomy have demonstrated the importance of the vagus
nerve in the communication between the gut and the brain. Indeed it has been shown
that the vagus nerve can be a sensor of inflammation and thus modify the inflammatory
response [264]. The anti-inflammatory effect of vagus nerve is mediate through the HPA
axis or neurotransmitters release (norepinephrine, acetycholine) that could bind to
macrophage to inhibit inflammatory cytokines release [264]. It has also been shown that
the vagus nerve receives and responds to signals from bacterial metabolites, gut

hormones (leptin, ghrelin) and the release of neurotransmitters such as serotonin [264].
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Studies have highlighted that some bacteria could influence host behaviour via the
vagus nerve. For example, ingestion of Lactobacillus rhamnosus JB1 in conventional mice
was shown to decrease anxiety and depressive-like behaviour concomitantly with
alterations in brain GABA receptor expression [265]. Similarly, in an autistic mouse model
(Shank3B-/- mouse), Lactobacillus reuteri supplementation reversed anti-social behaviour
in mice [266]. These effects were no longer present in vagotomized mice suggesting the
involvement of the vagus nerve in signalling between the gut and the brain. However,
despite the growing number of studies implicating the vagus nerve in gut-brain
communication, the way by which gut microorganisms activate vagal afferents is not yet

well understood.

c. Immune system

In the gut, under physiological conditions, the immune system is constantly
stimulated by the presence of trillions of microbes that participate in the maintenance of
homeostasis.

Imbalances in the composition of the gut microbiota can lead to an increased
intestinal permeability that can favour the translocation of bacterial endotoxins such as
lipopolysaccharides (LPS) or peptidoglycans (PGN) into the bloodstream [267,268]. LPS
and PGN are recognized by TLR4 and TLR2 receptors, respectively, whose activation leads
to a signal transduction cascade resulting in the activation of transcription factors and
ultimately the production of proinflammatory cytokines such as TNF-a, IL-1B and IL-6
[269,270]. These cytokines can then induce neuroinflammation and influence behaviour
[268].

Modulation of the composition of the gut microbiota can also indirectly influence the
immune system via changes in the levels of bacterial metabolites (BAs, SCFA, AA derived
metabolites, tryptophan derivatives) [271] as described in the following section (2.2.2 part
d).
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d. Implication of the gut microbiota-derived metabolites

The intestinal microbiota produces a whole range of neuroactive molecules which can
contribute to the communication between the gut and the brain.

SCFAs, the main metabolites produced by the bacterial fermentation of dietary fibers
in the GI tract, influence the communication between the gut and the brain directly or
indirectly via the immune, endocrine, vagal or humoral pathways [192]. For example,
SCFAs promote the integrity of the intestinal barrier, intestinal immune homeostasis and
modulate cytokine production [192,272]. They may therefore indirectly affect brain
function by regulating inflammation. Animal studies have shown that SCFAs are able to
cross the BBB via monocarboxylate transporters and affect microglial morphology and
function [192,273,274]. It has also been shown that SCFAs, particularly butyrate, can
modulate the production of neurotrophic factors such as brain-derived neurotrophic
factor (BDNF), signal the brain via vagal nerve and induce biosynthesis of
neurotransmitters in the brain [114].

Some neurotransmitters such as catecholamine and GABA can be produced by some
bacteria belonging to Lactobacillus, Bifidobacterium, Bacillus and Escherichia species
[165]. It has been shown that GF mice that received the microbiota from specific
pathogen-free mice had higher levels of GABA in colon and plasma but not in the brain
compared to GF mice [276,277]. An increase in neurotransmitter production by gut
bacteria therefore does not necessarily reflect an increase at the brain level and other
studies are needed to better understand the contribution of gut derived
neurotransmitters on brain function.

Aromatic AA metabolites such as indole derivatives or p-cresol also influence brain
function and behaviour [278,279]. For example AHR ligands like indoxyl sulfate has been
shown to exert neuroprotective effects in mice model of multiple sclerosis [279].

During neurodevelopment several molecules produced by the gut microbiota have
been shown to be pivotal for brain development [280]. This work showed that imidazole
propionate, hippurate, N,N,N-trimethyl-5-aminovalerate, trimethylamine-N-oxide among
others are depleted in the brain of fetuses originating from germ-free mothers while their

addition to in vitro culture promote axonogenesis [280].
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2.2.3 Gut-liver-brain axis

We talk a lot about the gut-brain axis but the liver is an important intermediary in this
axis. All metabolites produced by gut bacteria pass through the portal system and reach
the liver where many of them are metabolized. These metabolites then enter the systemic
circulation where they can influence other organs including the brain.

Liver dysfunction will influence 1) systemic inflammation, which is extremely harmful
to the brain 2) the accumulation of metabolic products and toxins with neurotoxic effects,
such as ammonia, which is responsible for hepatic encephalopathy and leads to
neurological and psychiatric disorders [281].

Fibroblast growth factor 21 (FGF-21), an hepatokine able to cross the BBB, has been
shown to influence brain function [282-284].
The gut liver-brain-axis is an interesting avenue to investigate in the context of AUD as

it is well known that ethanol alters gut microbiota, liver and brain function.
23 Role of the gut microbiota in alcohol use disorder
2.3.1 Link between the gut and the liver in AUD

As mentioned in the part 1.4.3b, only 30% to 40% of AUD patients develop alcohol
liver disease. The gut microbiota through its ability to modulate gut barrier integrity and
immunity is thought to be an important contributor of hepatic dysfunction in AUD.

It was first shown in preclinical and clinical settings that ethanol exposure increased
serum endotoxin (LPS) levels which were positively correlated with the severity of liver
damage [285-287]. The administration of antibiotics or probiotics like Lactobacillus
attenuated the hepatic alterations highlighting the involvement of the gut microbiota in
the development of hepatic alterations [288-290].

Among the mechanisms that could be responsible for the increase of bacterial
endotoxins in the systemic circulation, an alteration of the composition of the intestinal
microbiota has been proposed [291]. Studies in AUD patients have shown a decrease in
Bacteroidetes, Ruminococcaceae, especially Faecalibacterium prausnitzii, Bifidobacterium,
Lactobacillus and an increase in Proteobacteria, Lachnospiraceae and Enterobacteriaceae
[124,292-295]. AUD patients also display increased gut permeability compared to healthy
subjects [119,287,296,297]. This is known to promote elevation of LPS and PGN in the
portal bloodstream that stimulate pro-inflammatory cytokines release which can in turn
induce activation of hepatocytes and Kupffer’s cells and perpetuate inflammation and

liver fibrosis [120]. This is corroborated by a recent study that demonstrate that
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alterations in duodenal mucosa-associated microbiota, as well as elevated translocation of
microbial products and/or microbes themselves, are associated with liver disease
progression in AUD patients [298]. Moreover, it has been shown that leaky gut in AUD
patients was associated with more pronounced alteration of the gut microbiota
composition and function, the so-called gut dysbiosis [293,294]. It is reinforced by the fact
that these patients have high levels of phenol, known to alter gut barrier function, and on
the contrary low levels of indoles which have been shown to counteract the detrimental
effects of LPS in the liver [293,299]. Indeed indoles have been shown to contribute to
intestinal and systemic homeostasis by activating the AhR receptor and promoting IL-22
production, stimulating mucus production, enhancing tight junction proteins and exerting

anti-inflammatory and anti-oxidant properties (Figure 10) [300].
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Figure 10 : Potential mechanisms of action by which indole derivatives may have a beneficial
effect on the liver disease [300]

2.3.2 Link between the gut and the brain in AUD

It has been shown that the gut microbiota can exert an effect on the brain via
multiple pathways. To date, the role of the gut microbiota in the development or
maintenance of psychological symptoms in AUD patients is still unclear. However, it has
been shown that AUD patients with the most altered gut microbiota and higher gut
permeability had the most severe psychological symptoms such as anxiety, depression or
alcohol craving [293]. Inflammation also seems to have an important role in the negative
reinforcements of the drinking behaviour since correlations have been observed between
systemic proinflammatory cytokines and alcohol craving [119,301]. Recently, the causal

role of the gut microbiota in the development of psychiatric symptoms has been
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demonstrated. Indeed, mice transplanted with the gut microbiota of AUD patients showed
an increase in depressive-like behaviour and a decrease in social behaviour associated
with neurobiological alterations (myelination, neurotransmission, inflammation) [302].

The gut microbiota influences the secretion of gut derived peptides such as GLP-1,
ghrelin or PYY [303]. These peptides have been shown to be altered in AUD patients and
may impact craving for alcohol [304,305]. For example, it has been shown that ghrelin
modulates several processes such as reward, mood, memory and stress response [306—
308]. Observational studies indicate that AUD individuals have reduced peripheral ghrelin
levels during alcohol drinking and increased levels during abstinence [304,309-311].
Positive correlations were also observed between ghrelin levels, alcohol craving and brain
activity in response to alcohol cues [309,312].

Finally, we have seen that gut bacteria are able to produce a large number of
neuroactive molecules. A recent study showed that SCFA-producing bacteria, such as
Faecalibacterium prausnitzii, could play a role in regulating the metabolic pathway of
tryptophan, some of whose derivatives are correlated with alcohol craving [313]. Further
studies investigating the relationship between bacterial metabolites and neurobiological
or behavioural alterations are needed to understand their involvement in the
psychological disturbances observed in AUD patients.

All these observations support the fact that the modulation of the gut microbiota

represents an interesting target in the management of AUD.

It is known that AUD patients suffer from malnutrition (part 1.4.2) and it is mentioned
in part 1.4.1 that eating disorders are co-occurring with substance use disorder and in
particular with AUD. It is also well established that AUD patients suffer from poly-
addiction [314]. For example, it has been shown that 50-75% of them are smokers
[315,316]. These factors (i.e: diet, tobacco and drugs use, eating pattern disturbances) are
important to consider when studying the gut microbiota as it has been suggested that
they may influence each other [83,317—322]. Indeed, both AUD and ED affect nutritional
intake and it is known that the diet has an important effect on the gut microbiota. It has
been shown that alterations in the gut microbiota in both psychiatric disorders were
correlated with anxiety and depressive behaviour, potentially indicating a common
mechanism of influence exerted by the gut microbiota on these psychiatric disorders
[83,293,323]. In particular, it has been suggested that gut peptides such as ghrelin may be

involved in the dysregulation of the reward system observed in both disorders [83].
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Finally, a recent study in mice showed that smoking induces alterations in the composition
and function of the gut microbiota in the short and long term, including an increase in
dimethylglycine and N-acetylglycine. These metabolites were associated with the
metabolic disturbances observed during smoking cessation [319]. This suggests a cross

talk between addictions, eating behabiour and the gut microbiota.
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2.4  Microbiota modulating strategies

Lifestyle has an influence on the composition and function of the gut microbiota. It
has been shown that short dietary intervention as well as long-term dietary habits
influence the composition of the gut microbiota [172]. Exercise also has an influence on
the diversity and composition of the gut microbiota. In particular, it has been shown that
elite athletes appear to have greater gut microbial diversity and an increase in SCFA-
producing bacterial species [324].

The gut microbiota is a dynamic ecosystem that can be voluntarily modified using
several tools: pro- or prebiotics, symbiotics (probiotic + prebiotic), postbiotics or FMT
(Figure 12).
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Figure 12: Different microbiota-targeted interventions [325]

Probiotics are defined as "living microorganisms that, when administered in adequate
amounts, confer a health benefit on the host" [326]. The most widely studied probiotics
are Saccharomyces boulardii, Bifidobacterium and Lactobacillus, particularly in the context
of digestive disorders due to antibiotics, gastroenteritis and IBD [327]. In the last decade,
Bifidobacterium and Lactobacillus have been widely studied for their psychobiotic effect
(beneficial effect on mental health). The use of these probiotics or multiple probiotic
strains has shown beneficial effects on stress, anxiety or depression in healthy subjects or

patients with psychiatric disorders [328-331]. In recent years, probiotics or new
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generation microorganisms such as Faecalibacterium prausnitzii or Akkermansia
muciniphila are increasingly studied in the context of metabolic, psychiatric or
neurodegenerative diseases [332—335].

Postbiotics have been defined as “preparation of inanimate microorganisms and/or
their components that confers a health benefit on the host” [336]. It is thought that
postbiotics can modulate gut microbiota composition, influence gut barrier, vagus nerve
activity and immune function [325].

Bacterial metabolites are also of great interest since they are potential mediators of
the effects of the gut microbiota on health [183]. Studies in humans are currently limited
but it has been shown for example that, in overweight adults, SCFAs modified feeding
behaviours (increased satiety) by stimulating the release of anorexigenic hormones, such
as GLP-1 and PYY [337]. In healthy subjects, SCFAs administered directly into the colon
attenuated the cortisol response to psychosocial stress [338].

FMT is part of the innovative therapeutic approaches that consists to the transfer of
gut microbiota from one individual to another. This approach has been successfully
applied to the treatment of Clostridium difficile infection. [339—-341]. Since then it has
been used in several pathological contexts such as obesity [342,343], autism [344] and
even AUD [345]. However, FMT remains a complex approach requiring a good choice of
donor, which may be complex in clinical practice. Indeed, so far we are not able to define
what a "healthy" intestinal microbiome is.

In this work we used a prebiotic approach, by using inulin supplementation, which has

been shown to have several health benefits.
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3  Prebiotics
3.1 Definition

The concept of prebiotics was introduced over 20 years ago by Gibson and
Roberfroid. It was defined as “a non-digestible food ingredient that beneficially affects the
host by selectively stimulating the growth and/or activity of one or a limited number of
bacteria in the colon, and thus improves host health”[346]. The components were
expected to promote the growth of health-promoting bacteria, mainly Bifidobacterium
and Lactobacillus species. According to this definition, three prebiotic components were
identified: fructo-oligosaccharides (FOS), inulin and galacto-oligosaccharides (GOS).

Since then, the definition of prebiotics has been widely discussed and has been
expanded thanks to new discoveries and technologies developed in the field [347,348]. In
particular, it has been shown that bacteria other than bifidobacteria and lactobacilli were
modified by prebiotics and could have positive effects on health [348]. The definition of
prebiotic has evolved to include the specificity of substrate fermentation by commensal
bacteria, the entire microbiota (other body sites such as skin, vaginal mucosa...), the
causal role of altering the gut microbiome in improving host health, and the inclusion of
non-carbohydrate products as prebiotic ingredients [347].

In 2017, the International Scientific Association for Probiotics and Prebiotics (ISAPP)
published a consensus and researchers agreed on the following definition: "a substrate
that is selectively used by host microorganisms and confers a health benefit". The main
changes were that the microbes responding to prebiotics had to be health-promoting
bacteria, without specifying which ones. Previous definitions focused on the distal part of
the Gl tract, the new one does not specify a body site thus opening the way to other
targets such as the skin, mouth or the urogenital tract. Finally, the definition implies that
non-carbohydrates as well as categories other than food components should be included,
that health benefits must be documented and that animal use is also covered [348].

Inulin, FOS, and GOS remain the most studied prebiotics so far, but new compounds
may fit the definition of prebiotics such as polyphenols or polyunsaturated fatty acids.
However, further studies are needed to confirm their prebiotic status [349].

In this thesis, we will focus on inulin-type fructans (ITF).
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3.2 Inulin-type fructans

ITF are water-soluble fibers found in certain plants, in fruits and vegetables such as
asparagus, onions, garlic, leeks, artichokes, Jeruzalem artichokes, scorzonera, chicory root
and in some cereals [350]. ITF are oligomers and polymers of fructose linked by B-2,1
bonds with a terminal a-linked glucose (Figure 13). Depending on the length of the carbon
chain, ITFs are called inulin (degree of polymerization 2-60) or FOS (degree of
polymerization 2-8) [351].

The plant most used by manufacturers to extract ITF is chicory. Chicory inulin, called
native inulin, is an unfractionated inulin extracted from fresh roots. FOS can be obtained
either following the enzymatic hydrolysis of inulin and is then called oligofructose or

synthesized enzymatically from sucrose [352].

OH

Figure 13: Chemical structure of inulin-type fructan

Due to their chemical structure, ITFs are resistant to hydrolysis by mammalian
digestive enzymes and to intestinal absorption. This is why they are classified as "non-
digestible" oligosaccharides. When they reach the colon, ITFs are selectively fermented by
bacteria that present the enzyme B-fructosidase, such as Bifidobacterium. Indeed,
numerous studies have demonstrated that supplementation with inulin-type fructans
increases the growth of bifidobacteria in healthy individuals [353,354]. The monomers
obtained by hydrolysis can then be used as growth substrate for microbial fermentation,
leading to the production of SCFAs.

ITF has been studied extensively, particularly in the context of obesity, and has been
shown to have positive effects on Gl health and metabolism [351]. More recently, some

studies have shown a role on the brain and behaviour.
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33 Impact of inulin type fructan on health

3.3.1 Gut microbiota and gastro-intestinal tolerance

a. Impact of ITF supplementation on gut microbiota diversity and

composition

The effect of ITF supplementation on microbial diversity in humans has shown
contrasting results. A recent meta-analysis including 5 randomized controlled trials
showed that inulin had no effect on a-diversity compared to a placebo [354]. Several
studies have shown a decrease in microbial diversity with ITF supplementation. This is the
case of Reimer et al who showed that ITF led to a decrease in the number of bacterial
species compared to placebo in overweight/obese adults supplemented for 12 weeks
[355]. In overweight/obese children, ITF supplementation induced a decrease in Shannon
and Simpson indices [356]. Furthermore, another study conducted in healthy adults with
mild constipation showed that ITF supplementation decreased the observed richness
compared to placebo, while other diversity indices were not changed [357].1t is therefore
difficult to conclude on the effect of ITF on a-diversity, but so far, no study has
demonstrated that ITF can increase it.

In their meta-analysis, Le Bastard et al selected 6 studies that investigated the effect
of ITF on B-diversity to see if there were changes in overall microbiota architecture.
Among them, 3 studies reported a significant change after supplementation [354].

Interestingly, another study found significant inter-individual variation in the response
to ITF supplementation [358]. Indeed, it has been shown that the effect of ITF on the
composition of the gut microbiota could depend on the amount of fiber usually consumed

or on the baseline microbiota of individuals [358-360].

The impact of inulin supplementation on gut microbiota composition has been
extensively studied in healthy, overweight/obese or inflammatory bowel disease (IBD)
subjects. The results may vary from one study to another due to the different sequencing
techniques used or the various study designs. However, in the vast majority of studies, an
increase in the relative abundance of Bifidobacterium is observed [354,356,361-363]. This
effect is called the "bifidogenic" effect. ITF thus seems to promote the growth of this
bacterial genus, even at low doses and over a short time. Indeed, Bouhnik et al. used

increasing doses of short-chain FOS over a period of 7 days (0, 2.5, 5, 10, 20 g/d) and
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showed that all doses, except the lowest (2.5 g/d), significantly increased the number of
bifidobacteria in healthy adults [364].

Besides the genus Bifidobacterium, other bacterial genera of interest have also been
shown to be modified by ITF supplementation. Some studies have found consistent results
showing that ITF supplementation increases the relative abundance of Lactobacillus and

Faecalibacterium while decreasing Bacteroides [354,363] .

No study has investigated the effect of ITF in AUD patients. As mentioned previously
(part 2.3), AUD patients have an altered gut microbiota, therefore it would be very
interesting to study the impact of ITF supplementation on gut dysbiosis in these patients

as well as the effect on host physiology.

b. Impact of ITF supplementation on gastro-intestinal tolerance

Fermentation of ITF by the gut microbiota generates SCFAs, hydrogen, carbon dioxide,
methane and hydrogen sulphide [365]. Inulin improves intestinal function and contributes
to softer stools and easier excretion [366]. SCFAs play an important role in the Gl tract. For
example, it has been shown that SCFAs, via the increase in the number of excitatory
cholinergic neurons, affect Gl motility by stimulating the contractile activity of the colon in
rats [367]. In subjects suffering from constipation, inulin has been shown to increase stool
frequency [366].

Through the gas production, ITF ingestion can also increase flatulence, bloating and
abdominal pain [184,361,368—-371].

The degree of ITF polymerization has been shown to affect Gl tolerance [372]. FOS,
which has a shorter chain, is characterized by rapid fermentation while inulin by slower
fermentation [373]. According to the authors, rapid fermentation leads to a greater
production of gas and an increase in water absorption in a short period of time, which
increases the intensity of Gl symptoms [373].

Globally, most studies report an increase in some Gl symptoms after ITF ingestion and
in particular an increase in flatulence. However, the symptoms are moderate and ITF is

relatively well tolerated by the subjects.
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3.3.2 Metabolism and liver disease

The effect of ITF on health has been most frequently studied in the context of
diseases with a metabolic component such as obesity or diabetes. It has been shown in
both animals and humans that ITF supplementation improves glucose homeostasis
[353,374,375] and reduces plasma triglycerides (TG) and cholesterol levels [363,376—-378].
Several studies have also shown that FOS modulate GLP-1 and ghrelin levels in rats
resulting in increased satiety [151,152]. This last observation was also found in healthy
individuals supplemented with FOS or fed a diet rich in ITF for 2 weeks [371,381].

Regarding the effects on the liver, preclinical studies have shown a reduction in
intrahepatic TG concentration with FOS supplementation [382,383]. It is hypothesized that
the production of SCFA via ITF fermentation and in particular propionate would have an
important role in hepatic lipid metabolism [382,384]. In obese rats, FOS supplementation
induced a decrease in hepatic steatosis [385].

ITF supplementation in obese, diabetic or non-alcoholic steatohepatitis subjects induced a
decrease in AST levels [363,386,387].

ITF has also been shown to affect gut barrier function. In high-fat diet-fed mice, FOS
supplementation restores Bifidobacterium levels and reduces the impact of high-fat diet-
induced metabolic endotoxaemia and inflammatory disorders [353,374,388]. Indeed, ITF
increases the levels of bifidobacteria known to have an essential role for intestinal health
by preventing colonization by pathogens via the production of SCFA or antimicrobial

components or by stimulating the immune system [389].

In the specific context of AUD, a recent study conducted in mice exposed to ethanol
(ethanol-containing modified Lieber-DeCarli liquid diet) showed that inulin
supplementation allowed 1°) to modulate the intestinal microbiota of the mice and 2°) to
improve liver disease by decreasing the levels of pro-inflammatory cytokines and AST and
ALT [390]. The authors then showed that inulin attenuated the ethanol-induced
inflammatory response in the same model potentially via SCFA production [391].

In humans, to our knowledge, no study has investigated the role of ITF on metabolism

or liver damage in AUD patients.
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3.3.3 Cognition, neurobiological alterations and behaviour

To date, relatively few studies have investigated the role of ITF on cognition or
behaviour, either in animals or in humans (see Table 3).

In mice, ITF supplementation improves cognitive abilities, neuronal activation and
reduces the density of AB protein in the brain (see Table 3). It has also been shown that
ITF supplementation decreases brain inflammation, stress reactivity, anxiety and
depressive-like behaviour (see Table 3).

In humans, studies have shown an effect of ITF on cognitive performances, emotional
competence and anxiety (see Table 3).

Further studies are needed to understand the mechanisms by which prebiotics may
affect neurobiology and behaviour, focusing on the communication pathways between

the gut and the brain.
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Table 3: Summary of studies investigating the impact of inulin type fructan on neurobiology, cognition and behaviour

Species ITF Time of Effect Reference
treatment
Human
Healthy men Inulin-propionate ester Acute N Striatal anticipatory reward responses to high energy [392]
food
Healthy subjects Oligofructose-enriched inulin Acute A free recall performance and recognition memory [393]
Asubjective mood
Healthy subjects Oligofructose-enriched inulin 14 days No effect on well-being, mood or cognitive tasks [394]
IBD Short-chain FOS 4 weeks N Anxiety scores [395]
Obese subjects Native inulin combined with Aemotional competence [396]
dietary advice to consume 3 months Zemotional competence (PEC Total) and mood (SPANE
inulin-rich vegetables NE) in patients with high level of Coprococcus at baseline
Healthy subjects FOS or Bimuno®-GOS (B- No effects of FOS [397]
® 3 weeks
GOS
Participants with Inulin +FOS Beneficial effect on 2 criteria of frailty: [398]
frailty syndrome Darmocare Pre(®) 13 weeks A Grip strength
N Exhaustion
Mouse
C57BL/6 HF diet Oligofructose enriched inulin 9 weeks Z'Neuronal activation in the arcuate nucleus. [399]
d-galactose- FOS Nbrain AB density in the cortex and hippocampus [400]
treated Balb/c 7 weeks A cognitive functions
mice
APOEA4 transgenic | Inulin 16 weeks N Inflammatory gene expression in the hippocampus. [401]

(E4FAD) mice
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Middle-aged (10 Oligofructose-enriched inulin \ brain Ly-6C" monocytes infiltration in middle-aged mice [402]
months) or young 14 weeks N Ly-6C*microglia in middle aged mice
adult mice (8 Alearning and reduced anxiety-like behaviour in young
weeks) C57BL/6 adult mice
C57BL/6 FOS, GOS, or both FOS and NAnxiety and depressive like behaviour, stress-induced [403]
GOS corticosterone release
3 weeks N Crhr1 expression in the hippocampus.

A prosocial behaviour in the resident-intruder test

21 BDNF hippocampal expression
Alzheimer’s FOS N cognitive deficits [404]
disease 6 weeks A increased expression of synapsin |,  postsynaptic
Model, APP/PS1 density protein (PSD-95) and GLP-1
transgenic mice N\ phosphorylated c-Jun N-terminal kinase (JNK) level
Wistar rats Oligofructose-enriched 14 days A cognitive performances (learning discrimination) [405]

inulin
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Figure 14: Schematized objectives of this thesis
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Aim and objectives

Acute and chronic alcohol consumption is known to have negative impact on the
gastrointestinal tract, the liver, and the brain. Numerous studies have also highlighted that
AUD patients are at risk of malnutrition.

Chronic alcohol abuse induces a leaky gut and alterations of the gut microbiota
composition and function in AUD patients. This dysbiosis was positively associated with
the severity of psychological symptoms suggesting the involvement of the gut-brain axis in

the development or maintenance of AUD.

The aim of this PhD work is to investigate the role of the gut microbiota in biological
and behavioural alterations associated with AUD and to test an innovative therapeutic
approach targeting the gut microbiota, in order to help AUD patients to recover upon

alcohol withdrawal.

This work is divided into three chapters which aim to: (Figure 14):

1°) evaluate the nutritional habits and especially the dietary fiber intake of AUD
patients and to investigate its link with psychological symptoms

2°) explore the relationship between gut dysbiosis and social functioning in AUD
patients

3°) to determine the gastrointestinal tolerance of inulin and its impact on gut
microbial disturbances, behavioural alterations and biological parameters in patients with
AUD. To achieve this objective, we conducted an intervention study with inulin

supplementation versus placebo in AUD patients.

In the first chapter, we describe the nutritional intake of actively drinking AUD
patients compared to healthy individuals with a focus on dietary fibers which have never
been studied in this pathology. Then, we have investigated the link between nutrient
intake and psychological symptoms of AUD.

Previous studies have shown that only a portion of AUD patients have an altered gut
microbiota. The second chapter reports data allowing to better understand the factors
that could be related to gut dysbiosis with a focus on sociability. We have selected AUD
patients with the larger gut microbiota composition alteration versus healthy subjects.

These subjects have been compared in terms of sociodemographic characteristics,
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biological factors, psychological symptoms, social functioning, nutritional intake and
medication.

In the third chapter of this thesis, we evaluate the impact of inulin supplementation
on gastrointestinal tolerance, biological (inflammation, metabolism, liver damage) and
psychological outcomes in AUD patients. A randomized, double-blinded, placebo-
controlled trial was conducted in 50 AUD individuals who received during 17 days of

inulin/maltodextrin supplementation.

All the studies reported in this thesis are based on data obtained at St Luc hospital in a
sample of 50 AUD patients, diagnosed according to the DSM-5 criteria, hospitalized for a
detoxification program.

The detoxification program is highly standardized, with all patients being hospitalized
in the same conditions. It consists in 2 weeks of alcohol withdrawal in the hospital
separated by one week where the patients go back home (Figure 15). After verification of
the inclusion criteria (described below), patients were informed about the study and
signed an informed consent form if they agreed to participate on the first day at admission
(always a Monday). AUD patients start the clinical study by performing the first
psychological tests on Monday afternoon. On Tuesday morning, blood and fecal samples
were collected. In the afternoon, a saliva sample was collected to measure the cortisol.
The prebiotic/placebo treatment starts on Wednesday and continues until the end of the
detoxification program. Gastrointestinal tolerance towards the treatment was monitored
every two days, via self-reported questionnaire. During the week at home all the patients
received oral and written advices on how to take the treatment and how to fill out the
food diary and the gastrointestinal tolerance questionnaire.

The same psychological and biological tests were performed at the end of the
detoxification (week 3) on Thursday and Friday.The inclusion and exclusion criteria of the

study are presented in the Table 4.
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Figure 15: Design of the interventional study

Table 4: Inclusion and exclusion criteria of the Gut2Brain study

Inclusion criteria

Exclusion criteria

Male or female

Another addiction, except smoking

Aged between 18 and 65

Psychiatric comorbidity as described
in the Diagnostic and Statistical
Manual of Mental Disorders 5 (DSM5)

French speaking

Antibiotic, probiotic or fibers recent
(<2 months) treatment (or other
molecule modifying intestinal transit)

Alcohol drunk less than 48h before
study enrolment

Non-steroidal anti-inflammatory
drugs or glucocorticoids recently
taken (<1 month)

Obesity: Body Mass Index>30kg/m?2

Bariatric surgery

Type 1 or 2 diabetes

Chronic inflammatory diseases (Crohn
disease, coeliac disease, rheumatoid

arthritis)

Patients with known cirrhosis or
significant  hepatic fibrosis (>F2)
detected by Fibroscan (> 7.6 kPa)
Pregnancy
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In the chapter 1 and 2 AUD patients at baseline were compared to 14 healthy
subjects, recruited using flyers posted in Brussel's public setting, who consumed socially
low amount of alcohol (Alcohol use disorders test [AUDIT] score <8 in males and <7 in
females). The healthy subjects were matched for age, sex and BMI. The
inclusion/exclusion criteria were the same as for AUD patients except for the alcohol

related items.
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Results and discussion - CHAPTER 1

CHAPTER 1: Dietary fiber deficiency as a component of malnutrition

associated with psychological alterations in alcohol use disorder

AUD patients have unbalanced eating habits, with alcohol accounting for up to 50% of
their energy intake. Furthermore, human and animal studies have shown that chronic
alcohol consumption leads to mucosal damages that will interfere with the absorption of
micro- and macronutrients contributing to malnutrition.

Nutrition is now well recognized as a factor influencing psychological symptoms. In
particular, it has been shown that a Mediterranean diet rich in polyphenol, fiber and
polyunsaturated fatty acids is associated with a lower risk of psychiatric illness. Dietary
fiber, known to influence the composition of the gut microbiota, is a healthy nutrient that
has been shown to have a strong impact on health, including mental health. However,
dietary fiber intake in patients diagnosed with AUD has never been evaluated.

The first objective of this chapter was to evaluate the nutritional intake of actively
drinking AUD patients and especially dietary fibers intake. We took advantage of a tool
developed in the FiberTag project to measure total, soluble and insoluble fiber intake of
AUD patients compared to healthy subjects.

The second objective was to study the link beween nutritional intake and negative

affects (depression, anxiety), alcohol craving and sociability in AUD patients.

The results of this first chapter have been published in Clinical nutrition VOLUME 40, ISSUE
5, P2673-2682, MAY 01, 2021.
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3.1 Abstract

Background & Aims: Chronic alcohol consumption can cause malnutrition that may
contribute to alcohol-induced organ injury and psychological disorders. We evaluated the
link between nutrient intake, especially dietary fibers and different parameters reflecting
mental health and well being, namely anxiety, depression, alcohol craving, sociability,
fatigue and intestinal comfort in AUD patients.

Methods: Cross-sectional data from 50 AUD patients, hospitalized for a 3-week
detoxification program were used. Three 24-hour recalls allowed to calculate dietary
habits and nutrient intakes, that was also assessed in healthy subjects (HS). Diet quality
was measured using the NOVA score. Psychological factors and intestinal discomfort were
evaluated using validated self-administered questionnaires.

Results: Energy intake (excluding alcoholic beverage), total fat, monounsaturated and
polyunsaturated fatty acids, protein and DF intakes were lower in AUD subjects compared
to HS. Ninety percent of patients had a DF intake below the recommendation. AUD
patients consumed more than twice as much ultra-processed food than HS. Fructan intake
was negatively associated with anxiety (p=0.04) adjusted for main confounders. Total DF,
insoluble, soluble DF and galacto-oligosaccharide intakes were associated with higher
sociability score. Soluble DF intake was associated with better satisfaction of bowel

function (p=0.02) and a lower intestinal discomfort (p=0.04).
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Conclusions: This study reveals that insufficient DF intake is part of AUD-related
malnutrition syndrome, and is associated with higher anxiety, lower sociability score and
intestinal discomfort. Our results suggest that an adequate intake of DF might be
beneficial for recovery from AUD.

Trial registration:NCT03803709, https://clinicaltrials.gov/ct2/show/NCT03803709

Keywords: alcohol use disorders; nutrition; dietary fibers; psychological symptoms;

sociability; gastrointestinal symptoms
Abbreviations

AUD: Alcohol use disorders; AUDIT: Alcohol use disorder test; BDI: Beck depression
inventory; BMI: Body mass index; BSFS: Bristol stool form scale; DF: Dietary fiber; DSM-5:
Diagnostic and Statistical Manual of Mental Disorders; El: Energy intake; FA: Fatty acid;
FOS: Fructo-oligosaccharides; GOS: Galacto-oligosaccharides; HS: Healthy subject; MFI:
Multidimensional fatigue inventory; MMSE: Mini-mental state examination; MUFA:
Monounsaturated fatty acids; OCDS: Obsessive compulsive drinking scale; PF: Processed
food; PUFA: Polyunsaturated fatty acids; PSQl: Pittsburgh Sleep Quality Index; SFA:
Saturated fatty acids; STAI: State-trait anxiety inventory; UPF: Ultra-processed food.

65



Results and discussion - CHAPTER 1

3.2 Introduction

Alcohol Use Disorders (AUD) is a chronic relapsing disease with significant physical and
mental health consequences. It is one of the most common mental disorders affecting
8.6% of men and 1.7% of women worldwide [1]. AUD is associated with mood and social
disorders [2, 3]. Chronic alcohol consumption leads to metabolic disturbances and is
associated with several nutritional deficiencies [4—6]. Indeed, alcohol abuse where alcohol
can account for more than 50% of energy intake, compromises key nutrient intake and is
one of the main causes of malnutrition in Western countries [7].

Many studies demonstrated that alcohol abuse leads to gastrointestinal symptoms
especially diarrhea [8]. It also decreases nutrient absorption and alters liver metabolism,
thereby disrupting nutrient availability and related physiological processes [4, 6]. In
addition, alcohol consumption affects eating behaviour that can contribute to
malnutrition [9]. Our previous study showed that chronic alcohol abuse is associated with
a decrease in energy intake from food, characterized by a reduction in fat and
carbohydrate intake [10].

It is now well established that nutrition plays an important role in the development of
mental illness. Notably, unbalanced diet or ultra-processed food, characterized by food
rich in fat, sugar, salt and additives, is associated with mood disorders, including
depression [11-14]. Numerous epidemiological studies have also reported that a diet rich
in fibers is associated with a reduced risk of several chronic diseases and a lower
prevalence of depressive symptoms [15-17]. Indeed, dietary fiber (DF) is considered a
healthy nutrient and the European Food Safety Authority recommends an intake of 25
grams per day for adults [18, 19]. Dietary fibers with prebiotic properties, such as fructans,
are known to have a significant effect on the gut microbiota, which may play a key role
due to its potent effects on brain function and behaviour [20-22]. As AUD patients are
characterized by alterations of gut microbiota composition [2, 23—-25] and have significant
cognitive, emotional, and social impairments, nutrition could be an important factor to
consider in the treatment of patients as it might influence recovery from AUD [26].
However, DF intake has never been studied in the context of AUD. Our hypothesis was
that the unbalanced diet of AUD patients and in particular the low fiber intake could have
an impact on patients' sociability, mood and alcohol craving. We thus evaluated dietary
habits with a special focus on the DF and fructans intake in a population of AUD patients
and in healthy subjects (HS). The focus on fructans — including fructo-oligosaccharides

(FOS) and other non-digestible oligosaccharides like galacto-oligosaccharides (GOS), is
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motivated by the fact those prebiotic DF can exert beneficial effects on behaviour in other
contexts [20,26].
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33 Materials and Methods:

Subjects

A total of 50 AUD patients hospitalized for a 3 week-detoxification program in the alcohol-
detoxification unit at Saint-Luc Academic Hospital, Brussels, Belgium were recruited. These
patients were initially enrolled in a randomized, double-blind, placebo-controlled study
assessing the impact of fiber supplementation on the gut-liver-brain axis. The severity of
AUD was evaluated using the DSM-5 criteria [27]. Ninety-four percent of patients have
been diagnosed as severe AUD (presence of at least 6 symptoms out of 11) and six percent
with moderate AUD (presence of 5 symptoms). No other psychiatric diseases have been
diagnosed in these patients. All consecutive patients, from October 2018 to December
2019, aged from 18 to 65 years old and who did not suffer from other addictions (except
tobacco) were included. Patients were eligible if they had been drinking until the day of
admission to the detoxification unit and if they did neither suffer from inflammatory
bowel disease, other chronic inflammatory diseases (such as rheumatoid arthritis) or
cancer, nor from metabolic disorders such as obesity (BMI> 30 kg/m2), diabetes and
bariatric surgery, or severe cognitive impairment (MMSE < 24). We also excluded subjects
who had taking antibiotics, probiotics, or prebiotics in the 3 months prior to enrolment
and those who were taken non-steroidal anti-inflammatory drugs or glucocorticoids within
1 month before inclusion. Patients with known cirrhosis or significant liver fibrosis (2F2)
detected by Fibroscan (> 7.6 kPa) at the day of admission were also excluded from the
study. Thirteen healthy controls matched for age, gender and BMI with no AUD (Alcohol
use disorders test [AUDIT] score <8 in males and <7 in females) were also recruited
using flyers posted in Brussel's public setting. The inclusion/exclusion criteria were the
same as for AUD patients except for the alcohol related items. The protocol of this study
was approved by the “Comité d’éthique Hospitalo-facultaire des cliniques universitaires”
(2017/04JUL/354 and 2014/14A0U/438) and all participants provided written informed
consent. The study was registered at ClinicalTrials.gov under identification number
NCT03803709.
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Dietary assessment

All participants were interviewed on day 2 of alcohol withdrawal by a trained dietician
who administered three 24-h dietary recalls (two weekdays and one weekend day in order
to limit the source of variance [407]) during a face-to-face interview. The dietician asked
the patients who arrived on Monday at the hospital to report their food consumption of
the previous Saturday, Friday and Thursday (day -2,-3 and -4 before the inclusion). This
procedure is classically used in the hospital because of the difficulty for patients to go back
further in their memory. During this interview, food quantities were determined using
validated photographs, exact quantity (grams/milliliters) or household measures.

The information collected in these interviews were then entered into the dietary software
(Nubel®) to analyze the nutritional values of the diet and the detailed intake of the various
macro- and micronutrients. In cases where information was missing from the Nubel
software, the French food composition database (CIQUAL 2017) was used to complete the
data [408]. Daily mean energy and nutrient intakes were calculated from all dietary
records. The results were expressed in quantities and in proportion of total energy intake
(EI). The lipid intakes were also expressed in proportion of total fatty acids (FA).
Micronutrient intakes were compared with the dietary guidelines for the Belgian adult
population [409].

Twenty-seven categories of foods were formed by summing the amounts of food
consumed expressed in grams per day [410]. Vegetables were separated into several
classes to estimate the consumption of fructan-rich foods such as bulbs, rhizomes, roots
and tubers [411]. The 27 categories were: roots and tubers, bulbs and rhizome, other
vegetables, pasta/noodles, rice, potatoes, pulses, fruits, nuts and seeds, eggs, poultry,
meat, fish and seafood, pizza/pie or sandwich, processed meat, biscuits or cakes,
chocolate, soda and sweets, snack/chips, cheese, other dairy products, cereal products,
bread, coffee, tea, fruit or vegetable juices, olive oil.

All foods and beverages were classified according to the NOVA food classification system
consisting of four groups (unprocessed foods, culinary ingredients, processed foods and
ultra-processed foods) [412]. The Nova score presented in this study excluded alcohol
beverages. The proportion of processed foods (PF) and ultra-processed foods (UPF) in the
diet (% grams/day of the total diet excluding alcoholic beverage) was calculated for each
patient, as well as the frequency of meals (breakfast, morning snack, lunch, afternoon

snack, dinner and evening snack).
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During the dietary surveys, patients were also asked whether they had eaten alone or
accompanied during the 3 meals of the day. From these data we constructed a
guantitative score after considering the frequency of meals and the existence of company
during meals (number of accompanied meals/total number of meals). The higher the

score, the more the patients were used to eat with others.
Fiber intake

To properly evaluate the different types of fibers ingested, we used a database
developed in the FiberTAG project [413]. This database allowed us to calculate insoluble
fibers, soluble fibers including fructans (especially fructo-oligosaccharides [FOS]) and
galacto-oligosaccharides (GOS). DF content in all food products and ready meals (e.g.,

pastries, breads) was calculated using the composition of foods from traditional recipes.

Psychological symptoms assessment

AUD patients were tested for depression, anxiety and alcohol craving with self-reported
guestionnaires (French versions): the Beck Depression Inventory [BDI][414], the State-
Trait Anxiety Inventory (STAI form YA) [96], and the Obsessive-Compulsive Drinking Scale
[OCDS][415] as described elsewhere [293]. The sociability was tested using the social
situation questionnaire that assesses preferences for social (vs. nonsocial) situations. This
guestionnaire is composed of 28 situations characterized as social or not and pleasant or
not. The patient reports how much he wants to do each activity using a Licker scale
ranging from 1 to 7. This test is thus composed of 6 sub scores from 1 to 7: social high
pleasant, social medium pleasant, social low pleasant and non-social high pleasant, non-
social medium pleasant and non-social low pleasant [99]. Fatigue and sleep quality were
also assessed using self-report questionnaires. The Multidimensional Fatigue Inventory
(MFI-20) is a 20-items questionnaire that covers different dimensions of fatigue: General
Fatigue, Physical Fatigue, Mental Fatigue, Reduced Motivation and Reduced Activity [416].
Sleep quality was measured using the Pittsburgh Sleep Quality Index (PSQI). The PSQl
measures several aspects of sleep, including subjective sleep quality, sleep latency, sleep
duration, usual sleep efficiency, sleep disorders, sleep medication use and daytime
dysfunction. The overall score, which we used in this work, is calculated by adding up the
seven component scores, resulting in an overall score ranging from 0 to 21. A low score

indicates a healthier quality of sleep [417].
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Other variables

Socio-demographic characteristics and anthropometric measures were collected at
admission in a face-to-face interview. Age, age of loss of control and duration of drinking
habits were reported in years. Marital status was defined as couple/married,
divorced/separated or single and educational level as primary, secondary and superior.
The amount of alcohol consumed the week before hospitalization was measured in gram
per day using the time-line follow back approach [418]. Physical disabilities were assessed
using the Health of the Nation Outcome Scales (HoNOS) completed by psychiatrists [419].
Patients with severe cognitive impairments were excluded by using the Mini Mental State
Examination (MMSE) [420].

Gastrointestinal discomfort

Gastrointestinal discomfort was evaluated using a questionnaire initially used to evaluate
the symptoms of irritable bowel syndrome[421] for which a French version was developed
by gastroenterologists at St Luc hospital. This questionnaire allowed the patients to report
the intensity of abdominal pain and bloating, their satisfaction about their intestinal
transit and whether gastrointestinal symptoms affected their daily life by using visual
analogic scale from 0 to 100.A total score is obtained by adding the 4 scales (abdominal
pain, bloating, transit satisfaction and consequences on daily life). The maximum score
was 400. A score below 60 indicates normal bowel function, a score between 60 and 139
corresponds to mild symptoms, between 140 and 239 to moderate symptoms and >240 to
severe symptoms. Patients also indicated the frequency of stools and completed the
Bristol Stool Form Scale (BSFS) [422]. The BSFS is a scale for identifying stool types ranging
from the hardest (type 1) to the softest (type 7).

Statistical Analysis

Sociodemographic characteristics and nutritional data between groups were compared
using Student’s t test or Mann Whitney’s test for continuous variables. Categorical
variables were analyzed using Chi square or Fisher’s test. The effect size and power of the
statistical tests were calculated for fiber intake which is the main outcome of the study.
Hedges' g were largely higher than 0.8 for total fiber, insoluble and soluble fibers (1.2, 1.6
and 1.2 respectively) and the powers were respectively 92, 95 and 93%, which indicates a

high association strength.
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Principal component analysis (PCA) was used to compare the dietary pattern of AUD
patients and HS.

To assess which food products contributed to patients' main sources of fibers, quantities
of food products were compared across tertiles of total dietary fiber intake using a
Jonckheere-Terpstra test.

To address the second objective, bivariate correlation analyses (Pearson's correlation)
were performed to assess the relationships between nutrients and psychological
outcomes. A relevance association network from the similarity matrix derived from the
partial least squares analysis (PLS) was made in order to select the most important
nutrients associated with the psychological symptoms[423]. This analysis was performed
with macro and micronutrients and the MFI sub-scores and the PSQI were not included in
the analyze because of missing values (n=29). An edge was drawn between two variables
if the estimated correlation coefficient exceeded 0.25. This was performed using the
mixOMICS v5.2. Then, we used linear models to confirm the multivariate associations
between the nutrients and the psychological measurements. We first adjusted for the age,
gender and level of education (model 1). We subsequently added the energy intake, BMI
and the smoking status in model 2. Finally, we added the quantity of alcohol consumed
per day in model 3.

P values <0.05 were considered statistically significant. Statistical analyses were

performed using SAS version 9.4, R studio version 3.5.1 and Graphpad Prism 8.0.
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3.4 Results

Forty-nine AUD patients underwent the dietary interview. One outlier was excluded
from the analysis because of excessive energy intake (more than 3 standard deviations
from the mean). The final population was composed of 48 AUD patients.

We first compared the nutritional intakes of AUD patients with those of HS recruited
for this purpose. Then we studied the link between nutrient intakes and psychological

outcomes in the same AUD patients.

Nutritional habits of AUD patients compared to healthy subjects

Socio-demographic data are reported in Table 1. AUD patients and HS were similar in
terms of age, sex, BMI and marital status. However, AUD patients were less educated,
smoked more and had a lower mean MMSE score than HS. There were no differences in
professional status or income sources between AUD patients and HS. In average AUD
patients consumed 132 * 73 g of ethanol/day while HS consumed 7.6 + 10.4 g/day. Three
patients had a HONOS score of 2 or 3 for physical illnesses or disabilities and the rest had
no or minor physical health problem (data not shown).

Meal frequency in AUD patients and healthy controls is shown in Table 1. The number
of breakfasts, morning snacks and lunches were lower in AUD subjects compared to
controls.

We calculated the NOVA score to evaluate the importance of processed (PF) and
ultra-processed food (UPF) in the diet of patients. Patients tended to have a higher NOVA
score than HS (2.1 £ 0.7 vs 1.7 £ 0.4, p=0.0516; Table 1). They consumed significantly more
UPF (reached 28% of the total food intake) than HS (Table 1).
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Table 1: Baseline characteristics of healthy subjects and AUD patients in the intervention

study
HS n=13 AUD n=48 p?
Sociodemographic characteristics
Age (y) 46.0£10.9 48.5+11.4 0.52
Female, n (%) 6 (46.1) 18(35.4) 0.48
Marital status, n (%) 0.12
Couple/ married 9(69.2) 18 (37.5)
Single 3(23.1) 22 (45.8)
Separated/divorced 1(7.7) 8(16.7)
Educational level, n (%) 0.001
Primary 0(0.0) 5(10.4)
Secondary 0(0.0) 17 (35.4)
Superior 13 (100.0) 26 (54.2)
Employment status, n(%) 0.11
Employed 11 (84.6) 27 (56.3)
Unemployed 1(7.7) 16 (33.3)
Retired 1(7.7) 5(10.4)
Income sources 0.10
Professional activity 11 (84.6) 27 (56.2)
Allocations ® 1(7.7) 20 (41.7)
No income or financial support from
family or friends 1(7.7) 1(2.1)
Clinical examination
Weight (kg) 71.0+10.9 7261124 0.79
BMI (kg/m?) 23.6+3.0 24.0+33 0.72
MMSE score 29.5+0.5 28.0+2.3 0.01
Smoking, n (%) 2(15.4) 39 (81.2) <0.001
Alcohol history
DSM-5 AUD score 0.0+0.0 84+138 <0.001
Age of loss of control (y) - 32.3+11.2 -
Number of alcohol withdrawal cures _ 22422 -
Duration of drinking habit (y) - 15.8 +10.7 -
Alcohol consumption (g/d) 7.6+10.4 132.0£73.1 <0.001
AUDIT score 3.1+24 - -
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Meal frequency (alcohol not included), n

(%)

Breakfast 13 (100,0) 20 (41.7) <0.001
Morning snack 7 (53.8) 8(16.7) 0.01
Lunch 13 (100.0) 36 (75.0) 0.01
Afternoon snack 10 (76.9) 26 (54.2) 0.13
Dinner 13 (100.0) 45 (93.7) 0.22
Evening snack 1(7.7) 12 (22.9) 0.18
Nova score® 1.7+0.4 2.1+0.7 0.05
PF intake® (% of total food intake) 13.3+5.1 14.1+11.2 0.65
UPF food intake®(% of total food intake) 13.2+12.9 27.8+23.6 0.04

Values are means + standard deviation.

2 p values were calculated using a T-test or Mann Whitney Wilcoxon's test and Chi2 test or Fisher's test for
categorical variables.

b Invalidity, disability, compensated unemployment, retirement, social integration income.

¢The Nova score, the percentage of processed and ultra-processed food were calculated without taking into
account alcoholic beverages.

AUD, Alcohol use disorders group; AUDIT, Alcohol Use Disorders Test; BMI, Body mass index; CT, Control
group; DSM-5, Diagnostic and Statistical Manual of Mental Disorders fifth edition; HS, healthy subjects; MMSE,
Mini Mental State Examination.
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The principal component analysis of the food groups revealed that AUD patients ate
more pizza, pie or sandwiches, processed meat and sweets and soda and consumed less
vegetables, pulses, cereal products, olive oil, nuts and fruits than healthy subjects

(Supplementary Figure 1).

Actively drinking AUD subjects exhibit insufficient macro and micronutrient intake

Energy intake (El) provided by food — excluding alcoholic beverages- was significantly
lower in AUD than in HS volunteers (Figure 1A). AUD patients consumed less protein and
fat than HS when intakes were expressed in g/d (Figure 1B). When quantified in relative
proportions of El, protein, carbohydrate and fat intakes were all significantly decreased in
AUD patients compared to HS (Figure 1C). AUD patients had lower intakes of any type of
fat (saturated fatty acids [SFA], monounsaturated fatty acids [MUFA] and polyunsaturated
[PUFA]) compared to HS (Figure 1E). Among PUFA, both n-6 and n-3 PUFA (EPA and DHA)
intakes significantly decreased in AUD subjects (Figure 1E; 1F). In AUD patients, SFA per
total fat was higher than in the HS group (p=0.0162; Supplementary Table 1). AUD patients
consumed less cholesterol and trans fat than HS (Supplementary Table 1).
Supplementary Table 2 reports the intake of micronutrients in AUD patients and healthy
subjects taking into account alcoholic beverages. The intakes of calcium, selenium, folates
and of vitamins B12, C, D and E were significantly lower in AUD patients compared to HS
(p<0.001). Nearly 80% of patients had calcium intakes below the Belgian
recommendations but the proportion was not different from that of HS (Supplementary
Table 2)[409]. Fifty-eight percent of patients had insufficient selenium intake versus 23%
of HS (p=0.0311). Seventy-one percent and 75% of patients had too low intakes of vitamin
B12 and C below the norms, respectively. Fifty-six percent of AUD patient had a folate
intake below the recommended value compared to 8% of HS (p=0.0017). Vitamin D and
Vitamin E intakes were insufficient for 92% and 85% of AUD patients versus 69% and 23%
of HS respectively (p=0.0554 and p<0.001; Supplementary Table 2).

Actively drinking AUD patients have a low intake of dietary fibers
AUD patients had a lower total (13g/d), soluble and insoluble dietary fiber intake as
compared to HS (Figure 1G).There were no differences between AUD patients and HS for
fructans (Figure 1G), fructo-oligosaccharides (FOS) (0.9 + 0.9 g for AUD patients vs 1.1 +
0.9g for HS, p=0.1234) and galacto-oligosaccharides (GOS) intake (0.2 + 0.4 g for AUD
patients vs 0.4 + 0.5g for HS, p=0.1322). Ninety percent of the AUD patients had a DF
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intake below the recommended value of 25g per day compared to 50% of HS
(Fisher's exact test p=0.0030; data not shown).
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Figure 1: Macronutrient intakes in active drinking AUD patients and in healthy subjects

Values are meantSEM. *p<0.05, **p<0.01,***p<0.001. N=13 for HS group and n=48 for AUD group. P values
were calculated using Ttest or Mann Whitney Wilcoxon's test.

AUD, alcohol use disorder; DHA, Docosahexaenoic acid; El, energy intake; EPA, Eicosapentaenoic acid; FA, Fatty
acid; FOS, Fructo-oligosaccharide; GOS, Galacto-oligosaccharide; HS, healthy subjects; IDF, Insoluble dietary
fibers; MUFA, Monounsaturated fatty acids; PUFA, Polyunsaturated fatty acids; SDF, Soluble dietary fibers; TDF,

Total dietary fibers.
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The supplementary table 3 presents the distribution of the food products according to the
tertiles of fiber consumed by AUD patients. The patients in the 3™ tertile (high fiber
consumers) consumed more roots and tuber, bulbs, vegetables, pulses, potatoes, fruits,
bread, coffee, fruit or vegetable juice and olive oil than AUD patients in the 1 tertile (low
fiber consumers). The alcohol consumption did not significantly differ between the three
groups (Supplementary Table 3).

TDF intake was associated with higher protein and carbohydrate intake (r=0.46,
p=0.001; r= 0.30, p= 0.04) and lower ethanol and UPF intake (r=-0.38, p=0.009; r= -0.31,
p=0.03; Figure 2). TDF, SDF and fructans were positively correlated with potassium,

magnesium, vitamin B1, C and folate intake (Figure 2).
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Figure 2: Correlations between dietary fiber and other nutrient intakes in AUD patients

Pearson partial correlations adjusted for total energy intake. N=48. *p<0.05, **p<0.01,***p<0.001.

AUD, Alcohol use disorder; FA, Fatty acid; FOS, Fructo-oligosaccharide; GOS, Galacto-oligosaccharide; HS, healthy
subjects; IDF, Insoluble dietary fibers; MUFA, Monounsaturated fatty acids; PUFA, Polyunsaturated fatty acids;
SDF, Soluble dietary fibers; TDF, Total dietary fibers; UPF, ultra-processed food.
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Association between nutrient intake and psychological symptoms in AUD patients
Because inadequate nutrition could affect mood, we hypothesized that some nutrients
could be involved in the negative emotional state in AUD patients. Therefore, we tested
the correlations between nutrient intake, UPF and psychological symptoms (Figure 3). Our
results revealed a positive correlation between the proportion of UPF in the diet and the
obsessive sub-score of alcohol craving scale, the sleep quality and the mental fatigue
scores meaning that patients who consumed high quantity of UPF had higher obsessive
thoughts about alcohol, a higher mental fatigue and a lower sleep quality (Figure 3A). A
tendency was observed between the proportion of UPF in the diet and the depression
score (r= 0.32; p=0.0555). Positive correlations were observed between n-6 PUFA, n-3
PUFA and the sociability score. Total fat and MUFA intakes were associated with a better
sleep quality and less physical fatigue. Negative correlations were also found between
potassium intake and depression, anxiety, sleep quality and physical fatigue scores (Figure
3B). Magnesium intake was negatively correlated with the general and physical fatigue
scores while vitamin B12 was positively correlated with depression and mental fatigue
scores (Figure 3B). TDF, SDF, IDF and GOS intakes were associated with higher score of
sociability and fructan intake with a lower anxiety (Figure 3A). Meaning that patients who
consumed more fiber wanted to do more social activities and were less anxious.

In order to highlight the most relevant associations between nutrients and mood we
performed a PLS analysis (Figure 3C). It confirmed that, among all macro and
micronutrients, DF were the most correlated with psychological outcomes. Indeed, this
analysis revealed that fructan, n-6 PUFA and potassium intakes were negatively associated
with the anxiety score. TDF, SDF and IDF intakes were associated with sociability (Figure
30).
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Figure 3: Correlations between nutrient intakes and psychological symptoms in AUD patients.
Pearson correlations. N=48 for all the parameters (excepted for fatigue and sleep disturbances scores n=29).
*p<0.05, **p<0.01,***p<0.001.

A. Correlations between the energy, macronutrient and UPF intakes and the psychological outcomes. B.
Correlations between the micronutrients and the psychological outcomes. C. Relevance associations network of
partial least squares analysis with macro/micronutrients and psychological symptoms (excepted fatigue scores).
A cutoff value of 0.25 was applied. AUD, Alcohol use disorder; FA, Fatty acid; FOS, Fructo-oligosaccharide; GOS,
Galacto-oligosaccharide; HS, healthy subjects; IDF, Insoluble dietary fibers; MUFA, Monounsaturated fatty acids;
PUFA, Polyunsaturated fatty acids; SDF, Soluble dietary fibers; TDF, Total dietary fibers; UPF, ultra-processed
food.
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Finally, we wanted to confirm these associations using multivariate linear models in
order to take into account the different confounding factors (Table 2). When we adjusted
for potential confounders, TDF, IDF, SDF and GOS were significantly associated with a
higher sociability score regardless of the model suggesting a minimal confounding effect
(Table 2 and Supplementary Table 4). After adjustment for sociodemographic factors, a
significant inverse association was observed between fructan intake and anxiety score.
This association remained significant after adjustment for energy intake, smoking habits,
BMI (model 2) and alcohol consumption (model 3). Indeed, higher fructan intake was
related to a decreased level of anxiety (Table 2). We did not find any significant
association between the other types of fiber and the anxiety score. However, the
sociability score was negatively correlated with anxiety score (r=-0.43, p=0.002; data not
shown). For the n-6 PUFAs, the associations did not reach significance when the different
confounding factors were taken into account (Supplementary Table 4). Potassium intake
was associated with a decreased depression score but only in models 2 and 3. The
association was no longer observed between potassium intake and anxiety after taking
into account the different confounding factors (Supplementary Table 4).

We also wanted to investigate whether eating alone or accompanied could be linked
to a poor nutritional quality and more severe psychological symptoms in AUD. To do so we
constructed a correlation matrix. We found that eating accompanied was positively
correlated with the sociability score (r=0.33, p=0.03). No association were found between

nutrients or UPF intakes and sharing a meal (Supplementary Figure 2).
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Table 2: Associations between dietary fiber intake and psychological measurements in AUD patients
TDF IDF SDF Fructans
B o B B B o
[95% C1] [95% Cl] [95% Cl1] [95% Cl1]
Depression
-0.04 0.84 -0.10 0.77 -0.76 -1.48 0.37
Model 12 0.26
[-0.46 ; 0.38] [-0.83;0.62] [-2.12;0.60] [-4.77 ;1.82]
-0.07 0.77 -0.15 0.71 -1.04 -1.74 0.34
Model 2° 0.19
[-0.56; 0.42] [-0.99; 0.68] [-2.63;0.54] [-5.37;1.88]
-0.07 0.79 -0.17 0.72 -1.26 -1.77 0.34
Model 3¢ 0.16
[-0.62;0.47] [-1.12;0.78] [-3.06;0.52] [-5.37;1.98]
Anxiety
-0.30 0.26 -0.67 0.14 -1.33 -4.44 0.03
Model 12 0.12
[-0.82;0.22] [-1.56;0.22] [-3.02;0.35] [-8.38; -0.50]
-0.38 0.21 -0.85 0.10 -1.71 -5.07 0.02
Model 2° 0.08
[-0.99;0.22] [-1.87;0.17] [-3.68;0.25] [-9.38; -0.75]
-0.25 0.44 -0.65 0.26 -1.36 -4.62 0.04
Model 3¢ 0.22
[-0.92;0.41] [-1.81;0.50] [-3.58; 0.86] [-9.03;-0.21]
Sociability
0.05 0.02 0.09 0.04 0.16 0.26 0.18
Model 12 0.04
[0.01; 0.10] [0.006; 0.17] [0.01; 0.32] [-0.12; 0.64]
0.07 0.01 0.11 0.02 0.23 0.32 0.13
Model 2° 0.01
[0.02; 0.12] [0.02;; 0.20] [0.05; 0.40] [-0.09; 0.73]
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0.07 0.02 0.11 0.04 0.22 0.27 0.19
Model 3¢ 0.03
[0.01; 0.13] [0.01; 0.21] [0.02; 0.42] [-0.15; 0.70]
Alcohol Craving
-0.03 0.78 -0.07 0.67 -0.18 -0.01 0.98
Model 12 0.57
[-0.22;0.17] [-0.41;0.27] [-0.82; 0.46] [-1.57 ; 1.54]
-0.08 0.47 -0.16 0.40 -0.41 -0.24 0.77
Model 2° 0.26
[-0.30; 0.14] [-0.53;0.22] [-1.12;0.31] [-1.89; 1.41]
-0.02 0.85 -0.05 0.79 -0.23 -0.02 0.98
Model 3¢ 0.55
[-0.26 ; 0.22] [-0.47 ;0.36] [-1.04 ; 0.57] [-1.69; 1.65]

N=48 for all the parameters. IDF, Insoluble dietary fibers; SDF, Soluble dietary fibers; TDF, Total dietary fibers.
2 Linear model adjusted for age, gender, educational level.
bLinear model adjusted for age, gender, educational level, energy intake, BMI, tobacco

‘Linear model adjusted for age, gender, educational level, energy intake, BMI, tobacco, alcohol consumption.
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Association between nutrient intake gastrointestinal discomfort in AUD patients

We compared the gastrointestinal symptoms of AUD patients with those of HS. Almost the
half of the patients suffered from abdominal pain while no HS reported pain (data not
shown). AUD patients were less satisfied about their bowel function (48.5 +29.7 vs 75.5 +
29.6, p=0.006; Supplementary Figure 3B) and reported that their symptoms had more
impact on their daily life (33.8 + 29.8 vs 10.9 + 19.6 p=0.008; Supplementary Figure 3C).
The total score of intestinal discomfort was significantly higher in AUD patients compared
to HS (129.0 + 82.1 vs 51.2 *+ 68.8, p=0.002; Supplementary Figure 3E). There was no
difference concerning bloating intensity and stool frequency. The consistency of stool
evaluated by the BSFS was significantly different between the two groups. AUD patients
were more likely to report a score of 6 and 7 and less likely to report a score of 4
(Supplementary Figure 3F).

We then tested the link between gastrointestinal symptoms and macronutrients in AUD
patients. We found a positive correlation between the satisfaction of bowel function and
the intake of SDF (r=0.35, p=0.02; Supplementary Figure 4A). A negative correlation was
observed between the total score of Gl discomfort and the intake of SDF (-0.32, p=0.04;
Supplementary Figure 4B).
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35 Discussion

This study describes the dietary habits and nutrient intakes of actively drinking AUD
patients compared to healthy individuals and evaluates the link between nutritional
intakes, especially DF and psychological outcomes.

We confirmed that AUD patients displayed disorganized food habits compare to HS. As
previously described by our group, AUD patients had less frequent breakfast and lunch
[106]. The energy intake provided from food sources was significantly lower in AUD
patients, alcohol accounting for 37% of their total energy intake. Consequently, AUD
patients ate less of all macronutrients (lipids, proteins, carbohydrates). These results
corroborate previous studies suggesting that energy derived from alcohol replaces energy
from other macronutrients [106,424,425]. The decrease in energy and macronutrient
intake could be explained by an alteration in the balance of appetite regulatory peptides
[106,426,427]. Several studies have also shown an increase in leptin levels in AUD patients
and a decrease in ghrelin compared to controls [106,310,428,429]. AUD is associated with
negative emotional state and depressive symptoms that could also affect energy intake
and food choices [430,431].

Total, MUFA, n-6 and n-3 PUFA were lower in AUD patients than in HS. This is due to a
reduction in the consumption of fish, nuts, seeds, dairy products and beneficial fats like
olive oil. Few studies have explored the relationship between alcohol consumption and fat
intake and have shown a decrease in SFA, MUFA and PUFA in heavy drinkers and binge-
drinkers [425,432].In addition, numerous studies reviewed by Borsoleno et al have shown
that ethanol alters the absorption and metabolism of lipids leading to essential lipid
deficiency [433]. Therefore, a decrease in essential fat intake, together with alterations of
their absorption, could lead to several metabolic and neurobiological alterations that
could favor mood and cognitive disturbances [433-436]. Furthermore, n-3 PUFA
supplementation in substance abusers reduces anger and anxiety level in a 3-month trial
[437]. Our results reveal positive correlations between n-3 and n-6 PUFA and sociability
and negative correlations with anxiety score. However, these associations do not persist
when taking into account potential confounding factors like sociodemographic
characteristics, BMI, energy intake and tobacco use. The observation of a relationship
between lipid metabolism dysregulation and the importance of symptoms of AUD as well
as changes in myelin synthesis has recently been highlighted by a translational study from
our research group [251]. Together, these data stress the importance of lipid intake and

metabolism in the development of AUD.
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Our data show correlations between UPF, depression, mental fatigue, alcohol craving and
sleep quality in AUD patients. Two large French and Spanish cohorts have highlighted a
positive association between depressive symptoms and the consumption of UPF in global
population and university graduates respectively [438,439].

We also observed a lower intake of calcium, selenium, folate, vitamin B12, C, D and E.
These deficiencies are common in patients suffering from chronic alcohol abuse [111,440]
and may affect the cardiovascular, skeletal and nervous systems [111,441]. Potassium
intake in active AUD patients was inversely associated with depression score, which is in
line with previous studies in general population and elderly [442,443].

The originality of our work is to demonstrate that total dietary fibers, soluble and
insoluble fiber intakes were lower in AUD patients compare to HS. To our knowledge, the
fiber intake has never been studied in AUD patients. A Finnish study showed that heavy
drinkers, in the general population, had lower fiber intake compared to non-drinkers
[444]. A recent study reveals that higher DF consumers have a 30% decrease in all cause
and cardiovascular related mortality [445]. In addition, most DF — in particular the
fermented ones- interact with the gut microbiota and DF is one of the most important
nutrients that modulates the gut microbiota composition [446]. We have already shown
that the gut microbiota of alcoholic patients is altered [293]. It has been shown in animal
studies that gut microbiota could influence anxiety and social behaviour [251,447,448]. In
humans, microbial changes caused by fermented foods induce changes in mood [20, 72].
Interestingly, our work reveals that fructan intake is associated with a decreased anxiety
score and TDF, SDF, IDF and GOS intakes with an increased sociability score. Several
studies support the link between DF and/or prebiotic intake and depression. A study
performed in 3394 older Chinese adults revealed that TDF intake is associated with a
decreased prevalence of depressive symptoms [450]. GOS supplementation, associated
with a gluten and casein free diet, induces a significant improvement in anti-social
behaviour in autism spectrum disorders children [451]. SDF and IDF intakes are associated
with better sleep quality in our work.Few studies have investigated the relationship
between fiber intake and sleep quality. One study in 26 adults found that low fiber intake
and high SFA and sugar intake was associated with poor sleep quality [452]. This is not in
total agreement with our study since in our study sample, SFAs is associated with a better
quality of sleep.

The mechanisms linking psychological outcomes and DF are not fully understood but it

could involve a plethora of pathways and molecules [165]. For example, it has been shown
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that fermentable fibers (fructans and galactans) are able to stimulate short chain fatty acid
production which can act as neuroactive metabolites and consequently have an impact on
the brain and behaviour [338,403,453-455]. This supports the interest to evaluate the
microbiome of these patients.

Our results show a great variability in the AUD population. The vast majority of patients
have an overall nutritional deficit, but some patients have a nutritional profile close to HS.
Nutritional advice should therefore target a sub-population of AUD patients.

In our population of AUD patients those who consumed their meals alone had a lower
sociability score but no association was found with nutrient or UPF intakes. Our results are
not in line with those of two other studies which showed in a population of Koreans and
Australian that eating alone was associated with a lower food quality [81, 82].

We observed that DF intakes, particularly SDF were associated with less gastro-intestinal
discomfort in our population of AUD patients. Clinical and experimental studies have
demonstrated that SDF may cause bloating, but they also improved functional
gastrointestinal disorders [458-460]. The authors stated that their beneficial effect could
be explained by their secondary effect on the gut microbiota, inflammation as well as
ongut permeability [461]. Increasing fiber intake in alcoholic patients could be a way of
reducing their intestinal discomfort. However, DF supplementation has never been tested
in the context of AUD.

Our study presents some limitations. The cross-sectional design of the study does not
exclude the risk of reverse causality. Indeed, a poor quality diet may be the result of
psychological alterations, rather than a causal factor.Then, we used of 3 day-recall which
can be subject to memory bias. However, the dietician used the multiple-pass interviewing
to limits this bias [348]. In addition, this approach allows us to capture intra-individual
variation in dietary intakes and therefore to better estimate the eating habits than with a
single 24 hours recall. Our population of healthy subjects is limited; all the subjects have a
high level of education which can have an impact on nutritional intake [462]. Nonetheless,
the nutrient intakes of those control subjects are comparable to those of a Belgian study
conducted in more than 3000 persons, relating protein, fat and carbohydrate intake [463].
Furthermore, the power calculation for the comparison of dietary fiber intakes indicates

high association strength to consider our data as valuable in this protocol.
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Conclusion

To conclude, our study showed that DF intake is insufficient in AUD patients and is
related to anxiety and social impairment. In AUD, depression, anxiety and social
impairment are interrelated and can lead to relapse after withdrawal [94,464]. The relapse
being a real problem in AUD patients, nutrition — and namely the focus on dietary fiber
intake, appears as a key factor to take into account to improve the psychological
symptoms of AUD patients and to promote the maintenance of abstinence. Further
prospective and interventional studies are needed to evaluate the effects of DF as part of
a more balanced diet on metabolic and psychological symptoms of AUD patients, and test

whether it may be used as an additional treatment option in this pathology.
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Supplementary Table 1: Fatty acid intakes in AUD patients and in healthy subjects

Fatty acids intake/d nl::3 :1\34'; p?

Proportion of total El (%)

Total fat 37.5+6.6 19.4+8.4 <0.001
SFA 13.3+3.2 8.4+40 <0.001
MUFA 17.0+3.6 7.8+4.7 <0.001
PUFA 6.8+3.1 3.0+1.8 <0.001

n6-PUFA 39+1.6 13+11 <0.001
n3-PUFA 12+14 0.3+04 <0.001
EPA 0.09 £0.10 0.03 +0.05 0.002

DHA 0.13+0.14 0.04 +0.07 <0.001

Trans FA 0.4+0.2 0.2+0.2 <0.001

Proportion of total FA (%)

SFA 36.0+7.5 446+12.8 0.02
MUFA 45.1+45 38.5+9.6 0.003
PUFA 17.7+5.5 15.7+6.7 0.17
n6-PUFA 10.1+3.2 7.1+5.1 0.008
n3-PUFA 29+29 1.8+1.7 0.03

EPA 0.24 £0.27 0.13+0.22 0.10

DHA 0.36 £0.43 0.25+0.65 0.04

Trans FA 1.1+04 1.3+0.8 0.92
Cholesterol (g/d) 0.3+0.1 0.2+0.1 0.001

Values are means = standard deviation.

2 p values were calculated using T-test or Mann Whitney Wilcoxon's test

AUD, Alcohol use disorder; DHA, Docosahexaenoic acid; El, Energy intake; EPA, Eicosapentaenoic acid; FA, Fatty
acid; HS, Healthy subjects; MUFA, Monounsaturated fatty acids; PUFA, Polyunsaturated fatty acids; SFA,
Saturated fatty acids.
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Supplementary Table 2: Micronutrient intake in AUD patients and in healthy subjects

Number of HS Number of

Mif:ronutrient HS AUD P? p:t:‘lezts pe
intake/d n=13 n=48 below RDAP
(%)
Macro-elements
Sodium (g/d) 2.3+0.7 2.0+0.8 0.27
Potassium (g/d) 3.0+0.7 28+1.1 0.41 29 (60.4) 0.21
Calcium (mg/d) 896.6 +325.5 705.5+442.9 0.04 38(79.2) 0.27
Phosphorus (g/d) 1.3+0.3 1.1+0.5 0.06 13 (27.0) 0.43
Mg?* (mg/d) 305.6 +69.0 303.0+114.3 0.55 22 (45.8) 1.00
Oligo-elements
Iron (mg/d) 109+2.6 11.9+6.5 0.91 37(77.0) 0.71
Copper (mg/d) 0.9+0.3 0.9+0.7 0.25 (72.9) 1.00
Zinc (mg/d) 9.9+2.2 9.0+3.6 0.18 (37.5) 0.19
Selenium (pg/d) 109.2+51.6 63.5+37.3 0.002 28 (58.3) 0.03
Vitamins
Vit. B1 (mg/d) 1.3+04 1.1+0.8 0.10 30 (62.5) 0.06
Vit. B2 (mg/d) 1.4+0.3 1.6+1.8 0.41 23 (47.9) 0.35
Vit. B12 (ug/d) 8.1+13.6 32+22 0.02 34 (70.8) 0.32
Folates (ug/d) 316.4 + 86.2 218.8 £139.7 0.01 27 (56.2)  0.002
Vit. C (mg/d) 121.6+59.3 81.8+85.5 0.01 36 (75.0) 0.02
Vit. D (ng/d) 8.0+6.2 29+4.0 <0.001 44 (91.7) 0.05
Vit. E (mg/d) 12.7+2.8 7.0+7.0 <0.001 41(85.4) <0.001

Values are means + standard deviation.

aT-test or Mann Whitney’s test.

b Reference values from the Nutritional recommendations for Belgium— 2016 (Conseil Supérieur de la
Santé. Recommandations nutritionnelles pour la Belgique - 2016. Bruxelles: CSS; 2016. Avis n° 9285).

CFisher's exact test to compare the proportion of AUD and HS below the recommendations.
AUD, alcohol use disorder; HS, healthy subjects; Mg?*, magnesium;RDA, recommended daily allowance.
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T1 <8g T2 [8-15g] T3>15g R
n=14 n=18 n=16 P
Roots and tubers 0.0+0.0 17.79 +£28.5 28.5+39.4 0.007
BULBES 8.6 +30.7 8.96+214 22.6+32.7 0.01
Rhizome 0.0+0.0 3.65+11.7 9.3+23.2 0.09
Other vegetables 63.1+65.9 113.36 +80.0 280.7 £193.4 <0.001
Pulses 0.0+0.0 7.45 +20.0 37.9+48.4 <0.001
Potatoes 41.6 +47.5 71.97 £79.0 123.3+115.6 0.03
Fruits 12.4+37.9 35.33+74.1 114.8 £ 180.1 0.02
Pasta, noodle 27.5+41.6 51.45+71.9 47.4+62.1 0.29
Rice 4.0+10.9 11.36+19.8 19.4 £50.7 0.41
Pizza, sandwich, pie 46.6 + 73.5 46.47 +63.4 36.9 +60.6 0.65
Chocolate 0.0+0.0 2.78 +11.8 03+13 0.43
Biscuit, cake 8.4+16.7 15.70 +£30.7 9.8+243 0.66
Cereal products 0.0+£0.0 2.39+10.13 11.3+27.4 0.06
Bread 24.8 +38.6 34.84 +£34.3 58.3+48.5 0.02
Meat 28.8+38.1 70.66 £ 66.8 62.4+52.3 0.07
Poultry 31.0+53.9 16.80 +34.8 30.3+42.3 0.95
Eggs 5.9+18.0 5.75+16.4 3.1+9.1 0.86
Fish and seafood 12.2 +38.0 50.86 +74.4 8.6+19.5 0.85
Processed meat 23.6+34.9 18.67 £40.0 31.2+42.9 0.86
Sweet and soda 294.3 £598.8 188.52 +467.7 109.7 £ 202.0 0.36
Snack and chips 2.1+53 21.17+61.4 3.1+125 0.61
Cheese 36.7+34.3 36.60 £52.7 38.4+54.5 0.44
S::j;ftz"y 26.9%54.9 12.81424.8 50.5£79.9 0.12
Spirit 10.9+32.0 147.17 +384.3 48.6 £131.8 0.93
Wine 519.1 +£550.7 420.61 £577.3 468.0 £ 709.1 0.54
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Beer 1361.1£1901.0  858.8+1188.4 1330.7 £ 1440.4 0.37
Coffee 35.6+70.4 1742 £173.2 250.0 £ 363.2 0.02
J_FJi‘i:S or legume 0.0£0.0 16.0 £36.2 170.3 £320.0 0.02
Tea 14.8+55.5 49.7 £159.7 15.6 £ 36.9 0.40
Olive oil 0727 070+1.8 3159 0.04

Values are means * standard dviation. T1: tertile 1, T2: tertile 2, T3: tertile 3.
2p for trend obtained with Jonckheere Terpstra test
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Supplementary Table 4: Associations between fructo-oligosacharide, galacto-oligasacharide, n-6 PUFA, potassium intakes and psychological
measurements in AUD patients

FOS GOS n-6 PUFA Potassium

B Ic P B Ic P B Ic P B Ic P
Depression
Model 1 0.61 [-3.09;4.31] 0.74 3.49 [-5.38;12.35] 0.43 -0.44  [-2.14;1.26] 0.60 -0.003 [-0.006 ; 0.001] 0.08
Model 2 0.61 [-3.91;5.13] 0.79 4.24 [-5.85;14.33] 0.40 -0.47  [-2.24;1.29] 0.59 -0.004 [-0.008 ; -0.003] 0.03
Model 3 0.78 [-4.09;5.67] 0.75 4.40 [-5.93;14.73] 0.39 -0.47  [-2.28;1.34] 0.60 -0.003 [-0.009 ; -0.001] 0.03
Anxiety
Model 1 1.70 [-2.92;6.33] 0.46 -9.41  [-20.23;1.42] 0.09 -1.89  [-3.95;0.17] 0.07 -0.003 [-0.01;0.001] 0.14
Model 2 2.08 [-3.58;7.74] 0.6 -11.97 [-24.20,0.26] 0.05 -1.89  [-4.04;0.25] 0.08 -0.004 [0.009 ; 0.001] 0.08
Model 3 3.88 [-1.98;9.74] 0.9 -10.97 [-23.26;1.31] 0.08 -1.73  [-3.88,0.42] 0.11 -0.004 [-0.008 ; 0.002] 0.17
Sociability
Model 1 -0.07 [-0.51;0.36] 0.73 1.50 [0.57; 2.44] 0.002 0.17  [-0.02;0.36] 0.08 0.001 [-0.001 ; 0.006] 0.23
Model 2 -0.10 [-0.63;0.42] 0.69 1.82 [0.79; 2.85] <0.001 0.17  [-0.03;0.37] 0.09 0.001 [-0.001 ; 0.001] 0.15
Model 3 -0.24 [-0.79;0.32] 0.39 1.76 [0.72; 2.80] 0.002 0.16  [-0.04;0.36] 0.12 0.001 [-0.001 ; 0.007] 0.27
Alcohol Craving
Model 1 -0.11 [-1.85;1.62] 0.89 1.58 [-2.56;5.73] 0.44 0.15 [-0.65;0.95] 0.70 -0.001 [-0.002 ;0.001] 0.55
Model 2 -0.66 [-2.69;1.36] 0.51 1.68 [-2.87;6.23] 0.99 0.11 [-0.69;0.91] 0.78 -0.001 [-0.003 ; 0.001] 0.21
Model 3 -0.23  [-2.37;1.92] 0.83 2.14 [-2.39;6.67] 0.34 0.18 [-0.61;0.97] 0.65 -0.001 [-0.003 ; 0.001] 0.41

N=48 for all the parameters. FOS, Fructo-oligosaccharide; GOS, Galacto-oligosaccharide; PUFA, Polyunsaturated fatty acids.
2 Linear model adjusted for age, gender, educational level.
b Linear model adjusted for age, gender, educational level, energy intake, BMI, tobacco
¢Linear model adjusted for age, gender, educational level, energy intake, BMI, Tobacco, alcohol consumption

96



Results and discussion - CHAPTER 1

Total energy Color Key

Total FA

SFA 03 01 01 03

MUFA Value

PUFA
w3
W6
Carbohydrate
Added sugar
Ethanol
TDF
IDF
SDF
Fructan
FOS

GOS

NOVA score
UPF .

Sodium

Potassium

Calcium

Phosphorus

Magnesium :
Iron Depression

Copper Anxiety
Zine Alcohol Craving
Selenium Obsessive score -
Vit B1 Compulsive score
Vit B2 Sociability [l
|\=m|Bt12 General fatigue
olaies Mental Fati
Ve i Feiaie
Physical fatigue

\\%E Sleep disturbances

Shared meals Shared meals
Figure S2: Correlation between the type of meal, nutrients and psychological scores

Pearson correlation n=40. Shared meals represent the number of accompanied meals/total number of meals.
The higher the score, the more meals the patient shares with someone

97



Results and discussion - CHAPTER 1

A Bloating intensity B Satisfaction of bowel function C Impact of Gl symptoms
— on daily life
100- - 100 ) prvs x
o 80 ) 80 + 4
g 6 ; 60 !
< oo . i 5
2 = 8 5 o )
2 ~ = S
g 40 ’ 40 - =
= i :
20+ 20
0- 0 T
HS AUD HS AUD HS AUD
D Stool frequency E Intestinal discomfort F Bristol scale
34 _ — 40+
400 S
z 300 - 30 m AUD
o 24 "
T ..
8 =3 -
& S 200 . et 2 20
E 1 "
=
100 iy 10
0 . 0 : | |
HS HS AUD o

Type

Figure S3: Comparison of gastrointestinal symptoms between HS and AUD patients
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CHAPTER 2: Is the gut microbiota related to the social network and fundamental

social cognition abilities? The case of alcohol-use-disorder.

It has been highlighted that not all AUD patients have a gut dysbiosis but about 40%
of them. Knowing this we wanted to investigate which factors could explain this difference
in microbial composition. In the previous chapter we observed that AUD patients
consumed less fiber and other nutrients (protein, fat etc) compared to healthy subjects.
However, this was not the case for all patients, some of whom had a nutritional profile
close to that of healthy subjects. Nutrition being one of the most important factors
influencing the gut microbiota, it could be responsible for the observed disparities. In the
literature, other factors such as gender, age, stress, medication and more recently social
interaction have also been shown to influence the composition of the microbiota.

The aim of the present work was to better understand the relationship between the
gut microbiota and social functioning, by segregating AUD patients according to the
existence of a gut microbiota dysbiosis and to study its link with sociability. We
therefore compared dysbiotic and non-dysbiotic AUD subjects in terms of
sociodemographic, biological and psychological characteristics. Finally we also evaluated
whether the microbial differences among AUD patients could be related to environmental

factors such as, diet, medications, or traumatic events.
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3.1 Abstract

Objective: Social functioning is severely impaired in various psychiatric disorders.
Recently, a link between sociability and the gut microbiota has been suggested in both
clinical and preclinical studies, including in the context of alcohol use disorders (AUD), but
no studies has evaluated the precise nature of the social impairments in humans. This
study aims at testing in details the relationship between the gut microbiota and social
functioning in a population of actively drinking AUD patients.

Method: The gut microbiota composition and the existence of a gut dysbiosis was
assessed in of 50 AUD patients and compared to their levels of inflammation, to
psychological symptoms, and to social functioning, i.e sociability measures assessed by
guestionnaires, social cognition assessed by a visual perspective task and the
characteristics of the social networks assessed by mapping techniques. Logistic regression
models were used to control for possible confounding factors.

Results: A dysbiotic subset of patients (35%) was identified, who were younger, thinner
and had a higher craving score compared to non-dysbiotic patients. Interestingly, we
found severe social impairments in the dysbiotic group: they had lower sociability scores,
tended to have difficulties to take into account another person's visual perspective and

exhibited a smaller and less connected social network. They also displayed a higher level
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of IL-8. These differences were not related to differences in nutritional or medication
intake.

Conclusion: These results show for the first time an important link between the existence
of a dysbiosis and impairments of different facets of sociability, including the importance
and richness of the social network in AUD. The gut microbiota appears to be an appealing
target to tackle alterations in social behaviour, a central characteristic of psychiatric
disorders.

Keywords: Gut-Brain axis, Alcohol use disorder, social cognition, dysbiosis
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3.2 Introduction

Social isolation is a dimension related to the expression and severity of mental health
disorders and may partially result from deficits in social cognition that are present in most
major domains of psychiatry [1-6]. Furthermore, studies in sociology have also shown that
the abundance and the quality of the social network of individuals suffering a mental
health disorder is associated with less severe psychiatric symptoms [7, 8], better quality of
life [9], greater satisfaction, better social functioning [10] and less risks of hospitalization
[11]. These social dimensions are probably among the most important factors that
participate to the perpetuation of mental health disorders with a real questioning on the
nature of the factors involved in these social deficits.

The gut microbiota is a dynamic ecosystem that can be influenced by several factors
including stress, diet or the medication [12, 13]. Recent studies conducted mainly in
patients presenting with autistic spectrum disorders or in preclinical models [13-15] have
supported the possibility of a link between sociability and alterations of the composition
of the gut microbiota. For example, germ-free mice displayed deficits in social recognition
and social cognition [16]. It has also been shown that Lactobacillus reuteri
supplementation rescued the social behaviour in an autistic mouse model [17] and that
Bifidobacterium longum and specific Lactobacilli strains supplementation improved
antisocial behaviour as well as sociability, in autism spectrum disorders (ASD) children
[18]. Human observational studies revealed disturbances in the composition of the gut
microbiota (reductions in microbial diversity and reduced abundance of beneficial
bacteria) in neuropsychiatric conditions associated with a social deficit such as ASD [19],
schizophrenia [20], social anxiety and alcohol use disorders (AUD) [21-23]. AUD is a
complex disorder combining behavioural, neurobiological and psychosocial impairments
[24], where social and emotional deficits have recently emerged as central to the
expression of the disorder [25]. AUD individuals exhibit difficulties in perceiving and
interpreting the emotions of others [26-28], a reduced ability to take the perspective of
others [29], an impairment of emotional regulation [30] and a vulnerability to social
exclusion [31]. The social dimension is central in the management of AUD as social
difficulties have been associated with high relapse rates after alcohol withdrawal [32, 33]
and the quality of social support is an important factor that can influence drinking rates
but also the maintenance of abstinence [34].

Among AUD patients, a more severe form of the disease has been associated to an

increase in gut permeability, a gut dysbiosis [35] and to deficits in sociability [36].
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Preclinical studies, where mice were transplanted with the gut microbiota of AUD or ASD
patients showed that the mice replicated the behavioural phenotype observed in patients,
including impaired social behaviour [36, 37], supporting the existence of a causal role of
the gut microbiota and social impairments. Altogether these data support the possibility
of a role of the gut microbiota in social abilities, with potent consequences for the
development of mental health disorders. However, currently, in humans, the only
evidence was that of a correlation between the gut microbiota and scores on sociability
scales [36].
The aim of the present study was to better understand the relationship between the gut
microbiota and social functioning, by segregating AUD patients according to the existence
of a gut microbiota dysbiosis and to study their link with sociability. To obtain a broader
and complementary evaluation of the social abilities, AUD patients were tested with
various questionnaires, but also with a task investigating social cognition abilities and with
a precise measurement of the importance and richness of their social network using
sociogram.

Finally, we also evaluated whether the microbial differences among AUD patients

could be related to environmental factors such as, diet, medications, or traumatic events.
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33 Materials and Methods
Subjects

The data of this cross-sectional study were obtained at the first time-point of a
randomized, double-blind, placebo-controlled study evaluating the impact of prebiotic
supplementation on the gut-liver-brain axis (Amadieu C et al, accepted in Gut Microbes). A
total of 50 AUD patients hospitalized for a 3-week highly standardized alcohol-
detoxification program in St-Luc academic hospital (Brussels, Belgium) were enrolled on
voluntary basis and for the study were tested at the beginning of alcohol-withdrawal,
before any intervention. The severity of AUD was checked by a psychiatrist by using the
criteria of the mini Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition
(DSM-5).

Inclusion criteria were the following: male or female, 18 to 65 years old, french speaking,
and active alcohol consumption until at least 48 hours prior to admission. Patients
suffering from another addiction (except tobacco), with inflammatory bowel diseases or
other chronic inflammatory diseases (such as rheumatoid arthritis), cancer, metabolic
diseases such as obesity (BMI> 30 kg/m2), diabetes, bariatric surgery, and severe cognitive
impairment (MMSE < 24) were excluded from the study. Patients with known cirrhosis or
significant hepatic fibrosis (>F2) detected by Fibroscan (> 7.6 kPa) at admission were also
excluded from the study. Other exclusion criteria were the following: the use of
antibiotics, probiotics or prebiotics within 2 months prior to enrolment and the use of
non-steroidal anti-inflammatory drugs or glucocorticoids within one month prior to
enrolment.

AUD patients were matched for age, gender and BMI with 14 HS with no AUD (Alcohol use
disorders test [AUDIT] score <8 in males and <7 in females). They were recruited
using flyers posted in Brussel's public setting.

The study was approved by the institutional ethics committee (2017/04JUL/354 and
2014/14A0U/438) and all participants signed informed consent prior to inclusion.

Outcomes
Gut microbiota analyses

Stool samples were collected on day 2 of the detoxification program in forty-six AUD
patients. They were stored immediately at -20°C and then transferred to -80°C within 5 to

10 hours. Genomic DNA was extracted from the feces using a QlAamp DNA Stool Mini Kit
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(Qiagen, Germany), including a bead-beating step and following the protocol Q [38]. The
composition of the gut microbiota was analysed by Illumina sequencing of the 16S rRNA

gene as previously described (Amadieu C et al, accepted in Gut Microbes).

Psychological symptoms assessment

Self-reported questionnaires were used on day 1 and 2 to assess anxiety (State-Trait
Anxiety Inventory [STAI form YA]), depression (the Beck Depression Inventory [BDI]) and
alcohol craving (the Obsessive-Compulsive Drinking Scale modified version [OCDS]) as
described before [39]. The patients had also completed the Post-traumatic Stress
Diagnostic Scale (PDS) questionnaire, a self report measure of post-traumatic stress
disorder (PTSD). The questionnaire includes a symptoms severity score which ranges from
0to 51 [40].

Sociability assessments

The emotional intelligence (EI) was measured using the French version of the TElque a
self-reported questionnaire that consists in 75 items rated on a 7-point scale ranging from
1 (strongly disagree) to 7 (strongly agree) [41]. It assesses a global trait El score as well as
scores on 4 specific factors: well-being, self-control, emotionality and sociability.
Sociability was also measured using the social situation test [42, 43].

In order to measure instructed and spontaneous capacities to take into account the
perspective of others, AUD patients performed the visual perspective task (VPT) on day 1,
as described elsewhere [44]. In short, during the task, the patient saw on computer
screen an adult avatar in the middle of a 3-wall room with 0 to 3 red discs hanging on the
walls. The patient had to decide whether or not a prompted number (ranging from 0 to 3)
matched the number of discs visible on a screen from a prompted target perspective,
which could be either the participant's perspective (self-perspective condition) or the
perspective of the avatar (other-perspective condition) (Supplementary Figure 1A). The
number of visible discs could be the same for both perspectives (congruent perspective
condition) or different (incongruent perspective condition).

Reaction times (RTs) and accuracy were collected for all conditions [2 (perspective: self vs.
other) x 2 (consistency: consistent vs. inconsistent)]. As in previous studies, only matching
trials and accurate RTs were analyzed. Performance is expected to weaken in incongruent
perspective trials because either the self-perspective is spontaneously computed in other-

perspective trials and interferes at judging what the avatar sees, causing an egocentric
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effect (or bias or intrusion) or because the avatar’s perspective is spontaneously
computed in self-perspective trials and interferes at judging what the patient him/herself
sees, causing an altercentric effect (or bias or intrusion).

On the third week of the program, the patients completed the ego-network survey, using
the sociogram technique, during a face-to-face interview. The methodology used has
already been described elsewhere [45]. Quickly, participants are interviewed using a
simple question: "Who are the people who support you in your daily life?". The
respondent is then asked to list the people who support him, and then define the type of
support received in four specific areas: finances, housing, activities, and health.
Supporters are then placed on Hogan's bullseye map, and the participant is then asked to
link those whom he or she believed exchanged information ("who shares information
about you?") (Supplementary Figure 1B). The different indicators obtained with the
sociogram are described in Table 1.

In summary, in order to have a complete overview of the social impairments of AUD
patients, several tools were used including self reported questionnaires (social situation

test, TElque), neuropsychological task (VPT), and the social network.
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Table 1: Definition of the main measures used to describe the social networks

Definition

Density (%)

Network size

Number of dyads
Number of triads
Degree

Betweenness
Closeness

Modularity

Number of communities
Diameter

Transitivity
Professional proportion
Gender homophily
Ring homophily
Isolated

Isolated dyads

Number of community
with more than 3 alters
Cliques

Proportion of effective ties among all possible ties between alters

Number of alters (network members) supporting ego (the focal service user)

Number of dyads in ego’s network

Number of triads in ego’s network

Average number of other alters with which all ego’s alters are in contact

Frequency where an alter is a crossing point along the shortest path between two other alters
Ratio between (n-1) and the distance between pairs of nodes

Tendency of nodes to cluster

Number of communities (linked alters) in the network

Maximum distance in the graph

Percentage of triples that are triads.

Proportion of professional (psychiatrist, nurse, social worker, etc.) among the alters supporting ego
Proportion of gender homophily in the network (link between alters of the same gender)

Circle homophily on the target, i.e. the fact that alters preferentially have links with other alters in the same circle.

Alter which is not in contact with any other alter in ego’s network
Number of dyads of two isolated alters (without link to another alter) in the network
Number of communities with more than 3 alters

Subset of alters that are all connected to each other (maximum density subnetwork)
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Diet anamnesis

On Day 2 of alcohol withdrawal, all participants were interviewed using three non-
consecutive 24-h dietary recall (related to the week before hospitalization: week 0) by a
trained dietician as previously described [43]. Energy and nutrient intakes were evaluated
using the Nubel Pro program (Nubel asbl, Belgium) and the French food composition
database (CIQUAL 2017). Dietary fibers (DF) including soluble fibers, insoluble fibers,
fructans, fructo-oligosaccharides (FOS) and galacto-oligosaccharides (GOS) were evaluated

using a specific database from the FiberTAG project [46].

Blood parameters

Fasting blood samples were collected on day 2. Blood samples were centrifuged at 1000g
for 15 min at 4°C and the plasma was frozen at -80°C in a biobank. Plasma concentrations
of growth factors (Brain derived neurotrophic factor [BDNF]) and inflammatory markers
(IL-18, MCP-1, IFN-y, IL-8, IL-10, TNF-a, IL-6) were determined using the Meso Scale
Discovery (MSD) U-PLEX assay (Rockville, MD, USA).

Statistical analysis

Based on B-diversity index, we segregate our population of AUD patients into two groups:
non-dysbiotic and dysbiotic patients. To do so, we performed a Principal Coordinate
Analysis (PCoA) with the Bray Curtis index and extracted the component scores for each
individual (HS and AUD). The separation of the subjects was then calculated according to a
deviance criterion at a threshold of 1.65 SD of the mean score of the first component of
the HS group.

Assumptions of normality and homoscedasticity were checked with the Shapiro-Wilk and
Levene tests, respectively.

To identify more precisely the differences in gut microbiota composition between HS,
non-dysbiotic and dysbiotic AUD patients, we used Linear discriminant analysis Effect Size
(LEfSE) [47]. The selected genera were then compared between the three groups of
subjects using Kruskal-Wallis tests followed by a Dunn's test. P-values of Kruskal-Wallis
tests were adjusted to control for the false discovery rate for multiple testing according to
the Benjamini and Hochberg procedure. In this study, the HS group was used exclusively
to determine the dysbiosis state of AUD patients and for the microbial comparisons.

In order to compare the non-dysbiotic and the dysbiotic group, Mann-Whitney U test or T-

test were performed according to data distribution. Then multivariate associations
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between psychological symptoms, biological outcomes, the measures used to describe the
social network and the dysbiosis (yes vs no) were estimated. We used logistic regression
models adjusted for age, gender and body mass index [BMI] (model 1) and subsequently
added the nutritional intake (model 2). In order to take into account the whole nutritional
pattern of the subjects for the adjustment, we constructed a summary variable with all
nutrients using a principal component analysis (PCA).

Statistical analyses were performed using SAS version 9.4, R studio version 3.5.1 and

Graphpad Prism 8.0. p-value or g-value < 0.05 were considered statistically significant.
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3.4  Results
Identification and description of dysbiotic and non-dysbiotic AUD patients

The graph of B-diversity allowed us to discriminate AUD patients who clustered together
with the healthy subjects (HS), hereafter referred as non-dysbiotic, and AUD patients who
clustered outside the ellipse of HS and referred as dysbiotic. The two groups of AUD
patients were selected based on the component score obtained with the PCoA of Bray
Curtis index (Figure 1A) (see statistical analysis section for more details). Sixteen patients
were classified as dysbiotic (35% of patients) and 30 patients were non-dysbiotic.
Regarding a-diversity, dysbiotic AUD patients displayed a lower number of observed
species as well as lower Chao-1, Shannon and Simpson indexes compared to HS and non-
dysbiotic patients (Figure 1B). The gut microbiota of dysbiotic patients was composed of
157 species on average compared to 203 for non-dysbiotic patients and 211 for HS which
represent a reduction of 25%. The LEfSe analysis revealed that 9 genera were different
between the 3 groups of patients. Ruminococcus as well as Christensenellaceae R7 group,
Oscillospiraceae NK4A214 group, Oscillospiraceae UCG 003 and an unknown genus from
the family Eggerthellaceae were higher in HS and non-dysbiotic patients than in dysbiotic
patients (Figure 1C-E). Parabacteroides, Lachnoclostridium, Erysipelatoclostridium and
Flavonifractor were higher in dysbiotic patients compared to HS and non-dysbiotic
patients (Figure 1C-E).

The sociodemographic characteristics and clinical features of AUD patients according to
gut dysbiosis are presented in Table 2. Dysbiotic AUD patients were younger and had a
lower BMI than non-dysbiotic patients. There was no difference for gender, DSM-5 score,

the duration of drinking habit or the quantity of ethanol consumed.
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Figure 1: Gut microbiota composition and microbial diversity according to gut dysbiosis in
alcohol use disorder patients (AUD)

Healthy subjects (HS): n=14, Dysbiotic AUD patients (DysB): n=16, Non-Dysbiotic AUD patients
(Non-DysB) : n=30. For each panel, data are expressed as mean * SEM.
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(A) Principal coordinate analysis (PCoA) of the Bray Curtis index (B) Measure of alpha-diversity indexes:
Number of observed species, Chao-1, Shannon, Simpson. (C) Total bacteria measured by gPCR. (D) Cladogram
using LEfSe method indicating the phylogenetic distribution of gut microbiota of HS and AUD patient according to
dysbiosis. Each successive circle represents a phylogenetic level. (E) Histogram of the LDA scores reveals the
most differentially abundant taxa among the three different groups. Taxa enriched in the HS group are
highlighted in green, in blue for Non-DysB group and in red for the DysB group in the linear discriminant analysis
(LDA). Graphical representation was performed using Galaxy/Hutlab tool (huttenhower.sph.harvard.edu/galaxy).
(F) Relative abundances of genera those were significantly different between the three groups. Kruskal Wallis
tests were performed to compare the three groups followed by a Dunn's test and p-values were adjusted to
control for the false discovery rate for multiple testing according to the Benjamini and Hochberg procedure
*p<0.05, **p<0.01,***p<0.001.

Table 2: Socio-demographic characteristics and clinical features of AUD patients according to gut

dysbiosis
Dysbiotic Non Dysbiotic
n=16 n=30 p
Sociodemographic characteristics
Age (y) 43.6+7.3 50.7+9.2 0.01
Gender (woman) 7 (43.8) 9(30.0) 0.35
Family status, n (%) 0.08
Single 9 (56.2) 10 (33.3)
Couple / married 3(18.8) 16 (53.3)
Separated/divorced 4 (25.0) 4(13.4)
Educational level,n (%) 0.43
Primary 2 (12.5) 3(10.0)
Secondary 7 (43.8) 8(26.7)
Superior 7 (43.7) 19 (63.33)
Clinical examination
Weight, kg 66.7 £ 12.9 75.1+11.8 0.03
BMI, kg/m? 22333 24.8+3.0 0.01
Heart rate, bpm 90.1+11.7 85.1+16.6 0.22
SBP, mm Hg 136.1 £27.6 143.0+ 18.6 0.26
DBP, mm Hg 82.8+19.3 87.4+19.8 0.28
CRP mg/dl 43+7.4 27£2.2 0.63
Cushman 44+2.1 4.7+238 0.68
MMSE 28.1+2.1 27.8+25 0.78
Alcohol history
DSM-5 score 89+1.7 82+1.7 0.23
Age of loss of control (y) 29.4+7.4 32.9+11.9 0.26
Numbers of withdrawal 26122 2.1+2.3 0.07
Duration of drinking habit (y) 14.2+7.6 17.7+11.9 0.56
Alcohol consumption (g/d) 135.8 +63.9 127.1 £50.7 0.65

Values are means + SD. n=46. p values were calculated using a T-test or Mann Whitney Wilcoxon's test and Chi 2
test or Fisher's test for categorical variables

AUD: alcohol use disorder; BMI: body mass index; CRP: C-Reactive Protein; DBP: diastolic blood pressure; DSM-5,
Diagnostic and Statistical Manual of Mental Disorders fifth edition; MMSE; Mini-Mental State Examination; SBP:
systolic blood pressure.
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Dysbiotic AUD patients had a higher alcohol craving and a lower sociability score

We then compared the mood, sociability score, and alcohol craving of both groups of
patients, since we have previously shown that AUD with an altered gut microbiota had
higher scores of depression, anxiety and alcohol craving [35]. Dysbiotic and non-dysbiotic
patients had similar scores of anxiety and depression (Table 3). However, the compulsive
subscale of craving score was higher in dysbiotic patients than in non-dysbiotic, even after
adjustment for potential confounders (Table 3). The sociability evaluated with the TEIque
was also associated with gut dysbiosis after adjustment for age, gender, BMI and
nutritional intake (Model 2 OR= 0.34, p=0.04, Table 3). The score was higher in non-
dysbiotic compared to dysbiotic AUD patients meaning that dysbiotic AUD patients
displayed alteration of sociability (Table 3).

Since stress and traumatic events could influence the gut microbiota composition [48, 49],
we investigated in both subgroups of AUD patients whether the score of PTSD was
different according the dysbiosis status. No difference was observed for the symptoms

severity score (Table 3).
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Table 3: Psychological parameters of AUD patients according to gut dysbiosis

Dysbioti Non
sbiotic
v Dysbiotic Model 1° Model 2¢
n=16 p?
n=30
Meant SD Mean+ SD OR p OR p
Mood
) 0.99 0.99
Anxiety 48.2£16.7 46.7+13.8 0.67 [0.94;1.04] 0.75 [0.93 ; 1.04] 0.59
. 1.00 1.01
Depression 27.4+14.1 25.1+11.0 0.63 0.95 0.97
[0.94;1.06] [0.94;1.06]
Craving
1.13 1.14
Total score 27.3+4.6 23.2+5.7 0.03 0.10 0.12
[0.97;1.33] [0.97;1.34]
. 1.07 1.06
Obsessive score 11.7+34 10.0+£3.7 0.18 0.55 0.59
[0.88;1.32] [0.85;1.32]
. 1.64 1.69
Compulsive score 15.6+2.2 13.2+2.8 0.007 0.037 0.03
[1.03;2.62] [1.05;2.71]
Sociability
Social high pleasant 1.26 1.34
. 4.0+1.0 3.6x15 0.47 0.43 0.32
activities [0.71;2.22] [0.75; 2.42]
Social medium 1.28 1.32
38zx1.1 3.6x15 0.38 0.39 0.34
pleasant activities [0.72;2.27] [0.74; 2.36]
Social low pleasant 1.38 1.37
o 32z+1.1 3.0x1.6 0.38 0.26 0.26
activities [0.79; 2.40] [0.79; 2.40]
Emotionnal
inteligence
. 1.41 1.63
Well-being 46+1.0 4.7+0.9 0.87 0.49 0.63
[0.53;3.72] [0.48;3.34]
1.43 1.27
Self-control 4.2+0.9 4.3+0.8 0.77 0.51 0.67
[0.49;4.12] [0.41;3.90]
-~ 0.44 0.34
Sociability 3.5%1.0 43+1.1 0.03 0.09 0.04
[0.17;1.15] [0.12;0.97]
- 0.94 0.87
Motivation 4.7+0.7 46+1.1 0.75
[0.41;2.12] [0.37;2.05]
. . 0.81 0.90
Emotionality 46+0.7 4.9+0.9 0.38 0.72 0.79
[0.25; 2.60] [0.39; 2.02]
PTSD
) 0.97 0.97
Symptoms severity 18.0+13.9 17.3+11.4 0.90 0.48 0.52
[0.88;1.06] [0.88;1.07]

ap values were calculated using a T-test or Mann Whitney Wilcoxon's test.

b Logistic regression adjusted for age, gender and body mass index

¢Logistic regression adjusted for age, gender, body mass index and nutritional intakes
AUD: alcohol use disorder; OR: Odd ratio; PTSD: Post-traumatic stress disorder.
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Dysbiotic AUD patients displayed a smaller and less connected social network

We then checked if the dysbiotic group displayed difficulties to take the perspective of
others, compared to the non-dysbiotic group, by using a visual perspective-taking task. A 2
(Consistency: Congruent vs. incongruent perspectives) x 2 (Perspective: Self- vs. other-
perspective) x 2 (Group: Dysbiotic vs. Non-Dysbiotic) ANOVA was conducted on the mean
reaction time (RT). One patient was not included in the analyses for outlying performance
(accuracy at chance level). The ANOVA revealed a significant main effect of Congruency,
F(1, 43) = 19.16, p < 0.001, with a slower RT in the incongruent condition (mean = 1.47s)
than in the congruent condition (mean = 1.27s). The analyses showed no significant main
effect of Perspective, F(1, 43) < 1, p = 0.82 and a significant Consistency x Perspective
interaction, F(1, 43) = 8.89, p=0.005. These results replicate the results from the original
study [44]. A trend toward a significant interaction between Congruency x Perspective x
Group was observed, F(1, 43)= 3.07, p=0.087. This latter interaction is driven by absence
of altercentric effect among dysbiotic patients (p=0.781) in comparison to a significant
altercentric effect in non-dysbiotic patients (p=0.026) and in all previous studies
conducted in healthy adults [44]. The ANOVA conducted on accuracy shows only a
significant main effect of Congruency, F(1, 43) = 5.70, p=0.021, in line with previous
studies. The triple interaction with Group is non-significant, F(1, 43) = 2.09, p=0.155, but
nevertheless shows an identical pattern, with no altercentric effect among dysbiotic
patients (p=0.790) and a trend towards a significant altercentric effect in non-dysbiotic
patients (p=0.090). These converging trends strongly suggest that dysbiotic patients

tended not to spontaneously take into account the perspective of other (Figure 2).

Non-Dysbiotics Dysbiotics
1.9 1.9
Congruent
- 18 - 18 -
ﬁ1.7 ﬁ1.7 ncongruent
2 1.6 e 16
£ £
S15 S15 T
2 14 214
g 13 g 13
42 42 L
1.1 T T 1.1 i T
Other Self Other Self

Figure 2: Mean reaction times (sec) according to perspective and congruency in the visual
perspective task (VPT) in non-dysbiotic and dysbiotic AUD patients
Slower performance in incongruent perspectives trials is caused by the interference between the instructed

perspective to take and the irrelevant and conflicting perspective to not take but nevertheless spontaneously
computed. The notable exception is the avatar’s perspective among dysbiotic patients that is not spontaneously

computed (far right side).
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On average, dysbiotic patients had a smaller social network with a lower number of alters
and communities compared to non-dysbiotic when we adjusted for potential confounders
(Table 4). The dysbiotic network was composed of 7 alters on average compared to 10 in
the non-dysbiotic group. Among these alters, 3 were isolated in each group meaning that
they were not in contact with any other alter in the network. Twenty-two percent of the
alters belonged to the health care community in non-dysbiotic group and 13% in dysbiotic
group. However, the result did not reach significance after adjustment for potential
confounders (Table 4). The networks appeared to be less cohesive in the dysbiotic group
since the transitivity index was almost twice as high in the non-dysbiotic group as in the
dysbiotic group (p=0.02 in model 1 and 2; Table 4). Modularity was also associated with
gut dysbiosis (p=0.03 in model 1 and 2; Table 4).

No significant difference in the composition of the social network was observed between
dysbiotic and non-dysbiotic groups (Supplementary Figure 2). About 50% of the network
members were from the family sphere in the non-dysbiotic group versus 42% in the
dysbiotic group. Friends represented 21% and 26% of the network for non-dysbiotics and
dysbiotics respectively. Mental health care personnel represented approximately 10% and
7% of the social network of non-dysbiotics and dysbiotics respectively (Supplementary

Figure 2).
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Table 4: Structure of the social network of AUD patients according to gut dysbiosis

Non-
Dysbiotic Dysbiotic Model 1b Model 2¢
n=15 n=25
Mean +SD Mean * SD p? OR ] OR ]
] 0.99 0.99
Density (%) 199+16.3 20.0+16.3 0.99 0.79 0.82
[0.95 ; 1.04] [0.94 ; 1.05]
. 0.76 0.73
Network size (no.) 7.53+4.24 9.72+3.69 0.09 0.03 0.03
[0.59 ;0.98] [0.55;0.98]
0.92 0.92
Number of dyads (no.) 5.93+7.06 732+522 0.17 0.22 0.25
[0.80 ; 1.05] [0.80 ; 1.06]
) 0.99 1.01
Number of triads (no.) 4.60+9.70 3.68+4.38 0.25 0.94 0.89
[0.89; 1.11] [0.90; 1.13]
Number of communities 0.65 0.63
3.60+3.11 5.40 £ 2.06 0.01 0.04 0.04
(no.) [0.43;0.98] [0.41; 0.98]
Number of community
i 0.10 0.06
with more than 3 alters 0.67 +0.72 116+0.69 0.037 0.01 0.01
[0.01; 0.63] [0.01; 0.60]
(no.)
cli (no.) 0.73+0.70 144+129 0.11 041 0.03 041 0.04
lques {no. /320 asEt ' [0.16;099] P l016;099]
1.01 1.02
Degree (%) 5.7+10.2 65+8.3 0.91 0.79 0.70
[0.94 ; 1.09] [0.94 ; 1.09]
0.99 0.99
Betweenness (%) 8.1+139 113 +232 0.67 0.58 0.51
[0.95; 1.03] [0.94 ; 1.03]
1.01 1.01
Closeness (%) 422 +28.1 436 +195 1.00 0.74 0.49
[0.97 ; 1.04] [0.98 ; 1.05]
Modularity (ranges from 0.01 0.01
0.14£0.20 0.28 £0.26 0.13 0.03 0.03
-1to1) [0.01; 0.68] [0.01; 0.61]
Diameter (ranges from 0 0.63 0.62
140+ 1.06 1.64 +0.76 0.40 0.29 0.31
to 6) [0.27 ; 1.49] [0.25; 1.55]
o 0.97 0.97
Transitivity (%) 33.0+36.6 589+415 0.057 0.02 0.02
[0.95 ; 0.99] [0.95 ; 0.99]
Professional proportion 0.98 0.99
13.1+26.7 222+17.2 0.02 0.54 0.83
(%) [0.95;1.03] [0.96; 1.04]
. 0.97 0.97
Gender homophily (%) 30.3+30.0 49.4+25.2 0.06 0.08 0.11
[0.94 ; 1.00] [0.931;1.01]
Ring homophily (%) 46.1 +40.7 684+299  0.09 0-99 0.22 0-99 0.33
J phfly 1% 450 axed % 096:1011 U [096;101
0.86 0.88
Largest full mesh (no.) 120+193 1.64+1.89 0.39 0.45 0.55
[0.57 ; 1.29] [0.59; 1.33]
0.98 1.01
Isolated (no.) 3.13+2.90 3.16+1.80 0.40 0.92 0.90
[0.69 ; 1.40] [0.67 ; 1.43]
0.57 0.62
Isolated dyads(no.) 047 £0.64 0.80 +0.96 0.33 0.35 0.43
[0.18; 1.83] [0.19; 2.05]

ap values were calculated using a T-test or Mann Whitney Wilcoxon's test.

b Logistic regression adjusted for age, gender and body mass index

‘Logistic regression adjusted for age, gender, body mass index and nutritional intakes
AUD: alcohol use disorder; OR: Odd ratio.
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Dysbiotic AUD patients displayed a higher IL-8 level compared to non-dysbiotic patients

Inflammation being one of the main communication pathways between the gut and the
brain, we measured several inflammatory parameters. IL-8 only was associated with
dysbiosis adjusted for age, gender and BMI (model 1 OR=1.21, p=0.048, Supplementary
Table 1). After adjustment for nutritional intake, only a trend was observed (model 2
OR=1.20, p=0.06, Supplementary Table 1).

BDNF is a key regulator of synaptic plasticity. It has been shown to be altered in
depression and anxiety disorders and modulated by gut microbiota. However, no
difference was observed between dysbiotic and non-dysbiotic patients (Supplementary
Table 1).

The difference in gut microbiota composition was not explained by nutritional

intake nor medication use

It is now well established that nutrition is one of the main factors influencing the
composition of the gut microbiota [50]. The comparison of the nutritional profile of
dysbiotic versus non-dysbiotic patients was assessed by PCA including all nutrients.
Supplementary Figure 3 shows that the diet of the two groups of AUD patients was similar
as the two ellipses overlapped. To confirm this result we compared the intake of each
nutrient individually between the two groups (Supplementary Table 2). The analysis
revealed no difference between the dysbiotic and non-dysbiotic groups in terms of
energy, macronutrient or DF intakes. The consumption of beer, wine or spirit was similar
between both groups of AUD patients (Supplementary Figure 3).

Commonly used non-antibiotic drugs could alter the composition and function of the gut
microbiota [51, 52]. We shown no difference between dysbiotic and non-dysbiotic

patients in terms of medication use (Supplementary Table 3).

Social network position is linked to gut microbiota diversity and composition

Finally, we wanted to study the link between the microbial alterations observed in
dysbiotic patients and the social indexes (Figure 3). The size of the network was associated
with an increased microbial richness (Figure 3A). Indeed, the number of observed species
and the Chao-1 index were both significantly and positively correlated with the number of

alters and the number of communities in the network (Figure 3A). A positive correlation
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was also observed between the alpha-diversity indices (number of species, Shannon and
Simpson) and the modularity (Figure 3A).

We then looked at correlations with specific bacteria, the ones that were significantly
different between the dysbiotic and non-dysbiotic patients. We found that
Lachnoclostridium, Flavonifractor and Erysipelatoclostridium, three bacteria that were
increased in dysbiotic patients, were negatively correlated with the network size (number
of alters and number of communities) while Oscillospiraceae NK4A214 group and
Oscillospiraceae UCG_003 were positively correlated with the size of the network (Figure
3B). Concerning visual perspective task, Oscillospiraceae UCG_003, Oscillospiraceae
Nk4A214 group and Christensenellaceae R7 group were associated with an increased alter
bias while Lachnoclostridium and Flavonifractor were associated with a decrease (Figure

3B).
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Figure 3: Partial correlations between sociability indexes and microbial data

Spearman partial correlations between the sociability indexes and A. a diversity and B. microbial genera which
were different between dysbiotic and non dysbiotic AUD subjects. Correlations were adjusted for age, gender

and body mass index. *p<0.05, **p<0.01,***p<0.001. El, emotional intelligence.
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35 Discussion

This work dissected the link between gut dysbiosis and various social parameters in AUD
patients. We and other have previously shown that only a subgroup of patients had
alterations in gut microbiota composition, without having unravelled which factors could
explain microbiome variations in this context. In the population of AUD patients studied in
this paper, those with an altered gut microbiota were younger, thinner and had a higher
alcohol craving score than patients with a gut microbiota similar to HS, the so-called non-
dysbiotic AUD patients. Regarding the biological parameters, only IL-8 levels were
significantly different between dysbiotic and non-dysbiotic AUD patients. We also
demonstrated that dysbiotic patients displayed a lower sociability score, a less
spontaneous tendency to adopt the point of view of others, and a smaller and less
connected social network. No differences were observed between the two groups of
patients in terms of nutritional intake or medication use.

In our population of AUD patients, we observed that approximately 35% of patients were
dysbiotics. This proportion was consistent with the proportion of dysbiotic AUD patients
described in the literature [35, 53]. A lower bacterial diversity was observed in subjects
with an altered microbiota compared to non-dysbiotic or healthy subjects. Decreased
alpha-diversity was considered an indicator of an unhealthy microbiota and has been
associated with various chronic diseases such as obesity and diabetes but also with
unhealthy diet habits [54]. Regarding the latter, no differences in dietary habits were
observed between the two groups of patients. We also found that dysbiotic patients
exhibited a higher relative abundance of Parabacteroides, Lachnoclostridium,
Flavonifractor and Erysipelatoclostridium compared to non-dysbiotic and HS groups.
Despite contradictory results between studies, Parabacteroides, Flavonifractor and
Lachnoclostridium have been shown to be increased in ASD, bipolar disorders,
schizophrenia or major depressive disorders compared to HS [55-61]. On the contrary,
dysbiotic patients displayed a gut microbiota poor in Ruminococcus, Christensenellaceae
R7 group, Oscillospiraceae NK4A214 group and Oscillospiraceae UCG-003 compared to
healthy and non-dysbiotic subjects. The decrease in Ruminococcus was already observed
in AUD patients with high intestinal permeability [35]. Ruminococcus is a butyrate
producer which is known to contribute to upregulation of tight-junction protein
expression, promotes the intestinal barrier function and exerts an antiinflammatory effect
[62, 63] . Butyrate can also cross the blood brain barrier and influence the brain. It has

been shown that butyrate has a beneficial effect on social and repetitive behaviour in an

129



Results and discussion - CHAPTER 2

autistic mouse model [64]. We observed that Christensenellaceae was almost depleted in
dysbiotic subjects. This observation is particularly interesting since this bacterium family
has been associated with better metabolic health [65]. It has been shown that this
bacterium is more important in centenarians and could represent a marker of healthy
aging [65, 66]. Furthermore, affective disorders have been associated with a higher
prevalence of Flavonifractor genus and a lower abundance of Christensenellaceae that
were associated with an increased oxidative stress and low-grade systemic inflammation
[67, 68].

Interestingly, we demonstrated that AUD patients with an altered gut microbiota
displayed a higher alcohol craving score and a lower sociability score (TEl questionnaire)
meaning that they described themselves as having more difficulties in asserting
themselves socially, managing the emotions of others, and being effective in
communication. We also observed that dysbiotic patients had a smaller and less
connected social network than non-dysbiotic AUD subjects. Furthermore, concerning the
visual perspective taking, dysbiotic and non-dysbiotic patients both presented with a
normal egocentric bias (i.e. the patient’s viewpoint is computed and interferes at judging
what the other person sees) but, surprising, the altercentric bias (i.e., the avatar’s
viewpoint is spontaneously computed and interferes at judging what the patient
him/herself sees) was absent in the dysbiotic group whereas present in non-dysbiotic
patients and in all studies involving healthy adults [44]. This highlights the loss of the
spontaneous tendency of these dysbiotic patients to take into account another person's
visual perspective.

The social network of alcohol-dependent patients has already been studied using the
Social Network Index. Authors showed that the social network size and diversity was
smaller among individuals with alcohol dependence, compared to individual with alcohol
abuse or no AUD [69]. However, these findings were only based on questionnaires, while
we used the sociograms methodology that proposes a much deeper description of the
social network. It has already been shown that AUD patients exhibit alterations in social
cognition, particularly in the recognition of emotions, which persisted after 3 months of
abstinence [70-72]. AUD patients also display reduced abilities for taking the perspective
of others [73]. These deficits may be at the origin of social integration problems or
difficulties in maintaining satisfactory interpersonal relationships and could promote social
isolation [28]. Some studies report that AUD patients have an increased sensitivity to

social rejection [31]. These aspects play a prominent role in the management of AUD, as
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Zywiak et al have shown that over 60% of relapses after detoxification can be directly
attributed to emotional or interpersonal difficulties [32].

The link between gut microbiota and sociability is recent and has been highlighted by
convincing results of FMT where the behavioural phenotype was transferred from donor
to recipient mice [74, 75]. In our study we observed that AUD patients with lower
microbial diversity have alterations in sociability as well as a smaller social network. Our
observation is consistent with a similar one made in a population of 600 adults [76]. This
result is difficult to interpret considering the bidirectional communication that exists
between the gut microbiota and behaviour. Indeed we have seen that microbial diversity
was correlated to different indices of sociability as well as some bacterial genera namely
members of Oscillospiracae family, Lachnoclostridium, Flavonifractor,
Erysipelatoclostridium or Christensenellaceae R7 group. It is possible that some bacterial
genera influence the brain through neural, immune or endocrine pathways [12]. In an
autistic mouse model the ability of Lactobacillus reuteri to restore social behaviour was
mediated by the vagus nerve [17]. Recently, the role of the hypothalamic-pituitary axis has
been shown to be pivotal in the regulation of social behaviour in mice [77]. Some
neuroactive metabolites produced by gut bacteria could also modulate social behaviour.
For example p-cresol, a byproduct of bacterial fermentation of tyrosine, induces social
behaviour deficit and microbial changes in mice [78] and is increased in urine or feces of
autistic children [79, 80]. SCFAs or certain bile acids could also induce neurobiological
changes and affect behaviour [81-83].

Studies in primates and even in humans have shown that social contact impacts the
composition of the gut microbiota and that family members have a closed gut microbiota
composition [84-87]. Therefore, we cannot exclude that the social behaviour and the size
of the social network themselves influence the composition of the gut microbiota in AUD
dysbiotic patients.

Our study presents some limitations. As previously mentioned the cross sectional data did
not allow us to assess the causality. Indeed, gut microbiota can affect behaviour and
behaviour can in turn influence gut microbiome composition. Our sample size is also
limited and therefore further studies are needed to confirm these results. However, our
study is the first to investigate the link between sociability and gut microbiota in AUD
patients. One strength of our approach is the use of different complementary approaches
to measure sociability including the mapping of the social support network which is

original in our context. Another interest of our study is the evaluation of the influence of
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medication or diet, two factors known to have a strong impact on the composition of the
gut microbiota [50, 51]. Logistic regression models allowed us to exclude the influence of
diet.

In conclusion, we showed that impaired social behaviour in AUD patients was associated
with gut dysbiosis. These results are novel and are in agreement with recent preclinical
studies suggesting a link between the gut microbiome and sociability. Knowing that social
difficulties may influence the relapse in AUD patients, these results, if confirmed by other
studies, could contribute to the development of strategies to modulate gut microbiota or

improve social cognition in AUD patients.
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3.6  Supplemental information

A PERSPECTIVE B

Self Other

YOu HE

Incongruent

Supplementary Figure 1: lllustration of visual perspective-taking task and sociogram.

A. lllustration of two trials of the incongruent perspectives/ self or other perspective conditions in
the visual perspective-taking task. In the first trial, participants had to judge whether or not they saw
3 discs. In the second trial, participants had to judge whether the avatar did or did not see 1 disc.

B. lllustration of the sociogram. The pink circle in the center represents the patient. The different
concentric circles represent the different levels of support (from most important [closest to the
patient] to least important).
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Supplementary Figure 2: Social network composition of Dysbiotic and non-dysbiotic AUD patients
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Supplementary Table 1: Biological parameters of AUD patients according to gut dysbiosis

Dysbiotic Non Dysbiotic
Model 1° Model 2¢
n=16 n=30
Meant SD Mean+ SD p? OR p OR p
Inflammation
0.93 1.02
TNFa (ng/ml) 28x1.4 3521 0.25 0.74 0.92
[0.61;1.41] [0.67 ; 1.56]
0.94 0.99
IL-6 (ng/ml) 3.8%2.2 5.0+3.3 0.22 0.70 0.94
[0.68;1.29] [0.70; 1.39]
1.00 1.00
IL-18 (ng/ml) 547.0£289.0 543.1+230.4 0.73 0.64 0.69
[0.99; 1.00] [0.99; 1.00]
1.00 1.00
IFNy(ng/ml) 123.4+121.2 172.4+152.5 0.14 0.55 0.98
[0.99; 1.00] [0.99;1.01]
1.21 1.20
IL-8 (ng/ml) 8.0+5.0 6.3+x3.4 0.41 0.048 0.06
[1.01;1.46] [0.99; 1.46]
0.99 1.00
MCP-1 (ng/ml) 231.9+70.3 277.2+£90.5 0.07
[0.98;1.01] 0.39 [0.98;1.01] 0.57
1.06 1.41
IL-10 (ng/ml) 1.8+1.3 2013 0.62
[0.56;2.01] 0.85 [0.67;2.98] 0.36
Growth factor
0.98 0.98
BDNF (ng/ml) 38.7+16.1 43.7+254 0.84

[0.95;1.02] 0.0 [0.95;1.02] 0.42

2p values were calculated using a T-test or Mann Whitney Wilcoxon's test.

b Logistic regression adjusted for age, gender and body mass index.

‘Logistic regression adjusted for age, gender, body mass index and nutritional intakes.

ALT: alanine aminotransferase; AST:aspartate aminotransférase; AUD: alcohol use disorder; BDNF: brain-derived
neurotrophic factor; CAP: control attenuation parameter; CK18-M65; Serum cytokeratin 18 ; sCD14: soluble
CD14; GLP-1: Glucagon-like peptide-1; LBP: Lipopolysaccharide Binding Protein; OR: Odd ratio; PGRP:
peptidoglycan recognition proteins; PYY: peptide YY.

135



Individuals - PCA

Dim2 (12.8%)

Groups

El DysB
[A] Non_pysB

Results and discussion - CHAPTER 2

Alcohol beverage
50

Il Non-DysB
40 B DysB
30
ES
20

10

Beer Wine Spirit

Supplementary Figure 3: Principal component analysis (PCA) with the macronutrients.

N=46. (A) Individuals plot with confidence ellipses. (B) Comparison of the principal types of alcohol beverage
consumed according to gut dysbiosis. Alcohol consumption was calculated by using the time-line follow-back
approach and is based on the week prior to the hospitalization.
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Supplementary Table 2: Energy and nutritional intake of AUD patients according to gut dysbiosis

Dysbiotic Non-Dysbiotic

patients n=16 patients n=30 p Model 1°
Mean+ SD Meant SD OR P
Energy intake (Kcal/d) 2396.6 + 989.6 2343.0+623.2 0.50 1.00 0.29
[0.99;1.01]
Macronutrients (g/d)
1.01
Alcohol 133.6 £78.6 124 £51.3 0.78 (0.991.02] 0.11
Protein 57.6+20.2 67.5+19.8 0.11 0.96 0.09
[0.91;1.01]
Carbohydrates 201+113.9 188.9+98.2 0.62 1.00 0.69
[0.99;1.01]
Added suggar 114.1+87.9 103.4+82.7 0.83 1.00 0.78
[0.99;1.01]
Fats 47.5+31.1 49.9£20.5 0.50 0.99 0.91
[0.97;1.03]
Cholesterol 135.4+76.4 189.0 £103.0 0.07 0.99 0.07
[0.98;1.01]
Ratio n-6/n-3 PUFAs 7.7+5.6 6.1+4 0.30 1.06 0.47
[0.90; 1.24]
Fiber intake
Total DF (g/d) 10.8+8.3 14.2+7.8 0.11 0.92 0.16
[0.82;1.03]
Insoluble DF (g/d) 55%4 7.3t4.8 0.13 0.86 0.16
[0.70; 1.06]
Soluble DF (g/d) 32+21 4.1+2.4 0.33 0.75 0.16
[0.50;1.12]
FOS (g/d) 0.97+1.03 0.92 £0.97 0.92 1.24 0.60
[0.55;2.78]
GOS (g/d) 0.24+0.49 0.21+0.29 0.40 2.82 0.35
[0.92; 1.06]
Transformed food
NOVA score 2.3+0.8 2+0.7 0.25 143 0.53
[0.47; 4.39]
TF 14.3+12.9 145+11.2 0.75 0.99 0.15
[0.92; 1.06]
UTF 33.9+245 24.2+21.1 0.17 1.01 0.97
[0.98; 1.05]

ap values were calculated using a T-test or Mann Whitney Wilcoxon's test.

b Logistic regression adjusted for age, gender and BMI.

AUD: alcohol use disorder; DF: dietary fiber; FOS: fructo-oligosaccharide; GOS: galacto-oligosaccharide; PUFAs:
polyunsaturated fatty acids; TF: transformed food; UTF: ultra-transformed food
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Supplementary Table 3: Description of medication use according to gut dysbiosis

Non Dysbioti
Dysbiotic n=16 on Jysiotic

n=30
n (%) n (%) p
Anxiolytics 5(31.3) 7(23.3) 0.73
Antidepressants 4(25.0) 12 (40.0) 0.31
Neuroleptics 0(0.0) 6(20.0) 0.08
Hypnotics 2 (12.5) 2(6.7) 0.60
Antihypertensives 1(6.3) 6(20.0) 0.39
Beta-blockers 1(6.3) 0(0.0) 0.35
Hypolipidemic drugs 0(0.0) 4(13.3) 0.28
Myorelaxants 1(6.3) 2(6.7) 1.00
Proton pump inhibitors 2 (12.5) 7(23.3) 0.46
Medications to decrease ethanol 1(63) 3(10.0) 1.00

drinking in AUD patients

p values were calculated using Fisher's test
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CHAPTER 3: Investigation of the prebiotic approach in the management of AUD

patients during alcohol withdrawal

In the first chapter we have shown that AUD patients have a low dietary fiber intake

that was associated with an increased anxiety and lower sociability score. We also
demonstrated that patients presenting gut microbiota alterations had a higher craving
score and a less complex social network.
Futhermore, we and others have previously demonstrated that inulin type fructans (ITF)
supplementation was beneficial in the context of obesity and metabolic disorders. For
instance, ITF supplementation improves gut barrier function, decreases serum LPS and
inflammatory cytokines in genetic and nutritional models of obesity.

We hypothesised that the gut microbiota, when altered in patients with AUD, may be
responsible for the behavioural impairments associated with alcohol addiction and liver
alteration. We therefore wanted to modulate the gut microbiota of patients in order to
regulate gut dysbiosis and to improve psychological symptoms and alcohol related liver
disease.

A mix of inulin and FOS in obese women has been shown to increase Bifidobacterium
and Faecalibacterium prausnitzii, two bacteria known to be decreased in AUD patients
with an altered gut microbiota and more severe psychological symtoms. These bacteria
were negatively correlated with serum LPS levels in obeses women. Knowing that this
dietary fiber with prebiotic properties could be a interesting way to restaure dysbalance of
the gut microbiota composition reported in AUD patients and could be a promising
strategy to control inflammation and therefore behavioural and liver alterations in AUD

patients.
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This chapter is divided in two parts and has the following objectives:

1°) to evaluate the impact of inulin supplementation on gastrointestinal tolerance, mood,
alcohol craving and sociability and biological markers of satiety, lipid and glucose

homeostasis.

The results related to the first part of this chapter were adapted from an article accepted

in Gut Microbes.

2°) to investigate the effect of inulin supplementation on liver parameters and systemic
inflammation in AUD subjects. Because it has been shown that patients with more severe
liver disease have a more altered gut microbiota we performed a stratified analysis in
order to study the effect of inulin in this subgroup of patient with progressive alcohol liver

disease.

The results related to the second part are under review in EBiomedicines.

To do so, a randomized, double-blinded, placebo-controlled trial was performed. This
pilot study included 50 AUD patients assigned to receive either inulin or maltodextrin

during three weeks.
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3.1 Abstract

Objective: Alcohol use disorder (AUD) is a chronic relapsing disease associated with
malnutrition, metabolic disturbances and gut microbiota alterations which are correlated
with the severity of psychological symptoms. This study aims at supplementing AUD
patients with prebiotic fiber during alcohol withdrawal, in order to modulate the gut
microbiota composition and to evaluate its effect on gastrointestinal tolerance,
metabolism and patient’s behavior.

Methods: A randomized, double-blind, placebo-controlled study included 50 AUD patients
assigned to inulin versus maltodextrin daily supplementation for 17 days. Biological
measurements (fecal microbial 16S rDNA sequencing, serum biology), dietary intake,
validated psychological questionnaires and gastrointestinal tolerance assessment were
performed before and after the intervention.

Results: Inulin significantly decreased the richness and evenness and induced changes of 8
genera (g < 0.1) including Bifidobacterium and Bacteroides. Prebiotic had minor effects on
gastrointestinal symptoms and nutritional intakes compared to placebo. All patients
showed an improvement in depression, anxiety and craving scores during alcohol
withdrawal regardless of the intervention group. Interestingly, only patients treated with
inulin significantly improved the sociability score and had an increased serum level of

brain-derived neurotrophic factor.
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Conclusions: This pilot study shows that inulin is well tolerated and modulates the gut
microbiota and the social behavior in AUD patients, without further improving other
psychological and biological parameters as compared to placebo.

Gut2Brain study, clinicaltrial.gov: NCT03803709

, https://clinicaltrials.gov/ct2/show/NCT03803709

Keywords: Gut-Brain axis, Alcohol use disorder, prebiotics, inulin, psychological

symptoms, sociability
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3.2 Introduction

Alcohol use disorder (AUD) is a major public health problem affecting 5 to 10% of the
population in developed countries. AUD is associated with metabolic disturbances,
nutritional imbalance and has deleterious effects on mental health 2, AUD patients are
prone to develop emotional and cognitive symptoms that contribute to the persistence of
addictive behavior and to the risk of relapse 2. Chronic alcohol consumption induces
alterations in neurotransmission and it has been shown that alcohol consumption and
appetite regulation share common neurobiological mechanisms with hormones (leptin,
ghrelin) and neuromodulators (dopaminergic, opioidergic system) being involved in both

eating and addictive behaviours 37,

However, chronic ethanol exposure impacts other
systems that could interact with the brain and therefore also influence behavior. Indeed,
chronic alcohol consumption is associated with alterations in the composition and

function of the gut microbiota 7°

. These changes include increased abundance of
Lachnospiraceae while there is a decrease of some specific bacteria like Bifidobacterium
and Faecalibacterium prausnitzii 711! . Several studies demonstrated that alterations of
gut function could have an impact on cognition, mood and behaviour 271>, We have
previously established a link between gut dysbiosis, intestinal permeability and the
severity of psychological symptoms such as depression, anxiety, alcohol craving but also
social impairments, suggesting the involvement of the gut-brain axis in the aetiology of
AUD 716,

Diet is one of the main modulators of the gut microbiota composition and function 7. AUD
patients have reduced carbohydrate, protein and fat intakes, and their dietary fiber (DF)
intake is also well below the recommended value ¥2°, Among DF, inulin-type fructans are
interesting as they go along with the definition of prebiotics: “substrates that are
selectively used by host microorganisms conferring a health benefit” meaning that they
promote the growth of some specific bacteria.?l. Inulin-type fructans are natural
components present in several fruits and vegetables including wheat, onion, banana,
garlic, jerusalem artichoke, chirory and leek 22, Inulin is fermented in the colon and has
been shown to promote the growth of Bifidobacterium and Faecalibacterium prausnitzii
2324 The effects of inulin on gut health and metabolism have been widely studied in the
context of obesity and metabolic disorders. For instance, fructan supplementation
improves gut barrier function, decreases serum LPS and inflammatory cytokines in
preclinical and clinical studies®®?>2%, We have also shown that DF deficiency in AUD

patients is associated with gastrointestinal discomfort and psychological alterations 18,
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Therefore, inulin supplementation could be an interesting approach to increase dietary
fiber intake and to modulate the gut microbiota in order to improve psychological

symptoms of AUD patients.

The objective of the study was to test in a randomized, placebo-controlled design the
effect of enhanced dietary fiber intake, through inulin supplementation, on gut microbiota
composition gastrointestinal tolerance, mood, alcohol craving and biological markers of

satiety, lipid and glucose homeostasis.
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Among the 50 enrolled patients, 4 dropped out of the study in the placebo group and 3 in

the inulin group (Figure 1). The population therefore consisted of 21 patients with

complete data in the placebo group and 22 in the inulin group at T2. Compliance with the

study treatment was 96% in placebo and 98% in inulin group.

Assessed for eligibility
(n=150)

Excluded (n=100)
— | ~ Not meeting inclusion criteria (n=77)
~ Declined to participate (n=23)

Randomized (n=50)

¢ Allocation —l

Allocated to Placebo (n=25)
~Received allocated intervention (n=25)
~ Did not receive allocated intervention (n=0)

Allocated to Inulin (n=25)
“Received allocated intervention (n=25)
~Did not receive allocated intervention (n=0)

A 4
Discontinued intervention (n=4) Discontinued intervention (n=3)
“Antibiotics treatment (n=2) ~ Stop the detoxification program (n=1)
- Stop the detoxification program (n=2) “Withdrawal of consent (n=2)

l

l

Completed (n=21)

| | Completed (n=22)

Figure 1: Flow chart of the Gut2Brain study

The sociodemographic and clinical comparisons of the two groups are presented in Table

1. Patients from both groups were similar except for the DSM-5 score (p=0.01) and the

number of alcohol withdrawal cures (p=0.04). The inulin group had on average 1 more

criteria in the DSM-5 classification and underwent less previous alcohol withdrawal cures

(2.6 £ 2.4 in placebo vs 1.4 + 0.80

in inulin group). The patients in both groups were

characterized by severe AUD (DSM-5 2 6 criteria) and no difference was found in terms of

alcohol consumption, duration of d

rinking habits and age of loss of control. A gender

imbalance was observed between the groups although it did not reach significance (24%

of women in placebo group vs 50% in inulin group; p=0.11). Eight patients relapsed during
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the second week of the program (at home) in placebo group vs 12 in inulin group (32% vs
48% respectively p=0.25). The subjects who relapsed had consumed alcohol on 3 out of 7
days (2.8 £ 2.1 in placebo vs 3.4 £ 1.9 in inulin group, p=0.45). Patients who relapsed in the
placebo group consumed 79 g/d of ethanol on average vs 76 g/d in the inulin group

(p=0.96).

Table 1: Baseline characteristics of study participants

Placebo Inulin
n=21 n=22 P
Sociodemographic characteristics
Age (y) 48.0+9.0 48.4 £9.8 0.90
Gender, n (%) 0.11
Male 16 (76.2) 11 (50.0)
Female 5(23.8) 11 (50.0)
Marital status, n (%) 0.56
Couple/ married 9(42.9) 7 (32.0)
Single 8(38.1) 12 (52.0)
Separated/divorced 4(19.0) 3 (16.0)
Educational level. n (%) 0.73
Primary 2(9.5) 2(9.1)
Secondary 8(38.1) 6 (27.3)
Superior 11 (52.4) 14 (63.6)
Clinical examination
Weight (kg) 71.5 +10.4 73.4+14.7 0.64
BMI (kg/m2) 23.5+3.5 24.4£3.1 0.34
MMSE score 28.8+1.2 27.7+2.9 0.33
Smoking, n (%) 17 (81.0) 16 (72.7) 0.72
Alcohol history
DSM-5 AUD score 79+2.0 9.3+1.4 0.02
Age of loss of control (y) 31.6 £10.6 31.9+12.0 0.93
Number of alcohol withdrawal cures 26124 1.4+£0.80 0.04
Duration of drinking habit (y) 15.7 £10.2 16.5+11.9 0.95
Alcohol consumption (g/d) 127.9+59.6 152.7 +90.7 0.54

Values are means + standard deviation.N=43.

p values were calculated using a T-test or Mann Whitney Wilcoxon's test and Chi2 test or Fisher's
test for categorical variables. AUD, Alcohol use disorders; Alcohol Use Disorders Test; BMI, Body
mass index; DSM-5, Diagnostic and Statistical Manual of Mental Disorders fifth edition; MMSE, Mini
Mental State Examination.
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Inulin supplementation is well tolerated by AUD patients

It has been shown that fermentable DF intake, such as inulin, could lead to bloating and
discomfort in some individuals 27?8, We therefore carefully monitored the gastrointestinal
tolerance of patients throughout the intervention. Gastrointestinal pain was assessed
from the first day of hospitalization and then every other day from the beginning of
treatment (day 3 to day 18). The results are presented in Figure 2. There was no difference
for abdominal pain, bloating, satisfaction of transit or the impact of the symptoms on daily
life between placebo and inulin groups (Figure 2A-D). The frequency and the consistency
of stools were comparable between both groups of treatment (Figure 2E-F). Because it
has been shown that functional gastrointestinal disorders are more prevalent in women
than in men, we also took into account the gender %°. Gender adjustment did not affect

the results (Supplementary Table 1).

Abdominal pain Bloating Satisfaction of intestinal transit
< 100 2 100 100
g w0 g -=- Placebo
2 2 80 80 = Inulin
H
< 60 2
3 g o 60
; 40 £
& 5 4 2
% 20 s a0
z k,{ = | Ea k!% & 2 3
a 9 @ 20
H g’
g K]
= T T T T T T T = T T T T T T T — T T T T T T T
D1 D3 D5 D9 D11 D13 D16 D18 D1 D3 D5 D9 D11 D13 D16 D18 D1 D3 DS D9 D11 D13 D16 D18
- > - . ey - e >
49 8g 169 re) 8g 169 ag 8g 169
Impact of symptoms Stool frequency Bristol stool scale
100 3 &

5

Bristol score

~

2 40
20 \3: ji%i

Number of stools per day
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D1 D3 D5 DO D11 DI3 D16 D8 D1 D3 D5 D9 DI1 DI3 D16 D8 D1 D3 D5 D9 DI1 DI3 D6 D18
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Total score
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Figure 2: Changes in gastrointestinal symptoms after inulin supplementation in AUD patients
Values are mean + SEM. Gastrointestinal symptoms including abdominal pain (A), bloating (B) and satisfaction of
intestinal transit (C), impact of the symptoms on daily life (D), stool frequency (E), Bristol stool form scale (F) and

(G) total tolerance score. Linear mixed models were performed for detecting the treatment effect throughout
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the study. D1 represents the baseline score before the supplementation. D3 represents the first day of inulin or

placebo treatment.

Inulin supplementation induces changes in gut microbiota composition at phylum,

family, and genus level in AUD patients

Fecal samples were collected in 24 patients at T1 and in 19 at T2 for the placebo group
and 22 patients at T1 and 19 at T2 for the inulin group. MANOVA with 9999 permutations
performed on 4 beta-diversity indices (Bray-Curtis, Jaccard, Unweighted UniFrac and
Weighted UniFrac) returned a non-significant p-value (Figure 3A). However, the a-diversity
indexes highlighted that inulin induced a decrease in richness and evenness. Indeed, inulin
supplementation decreased significantly the number of observed species as well as Chaol
and Shannon indexes (Figure 3B). The total bacteria amount, measured by qPCR, was not
impacted by inulin supplementation (Figure 3C). Phylum and family levels of bacteria
revealed changes in the inulin group (Figure 3D). Indeed, in this group, we observed a
significant increase in Actinobacteriota phylum (q < 0.05) and Bifidobacteriaceae family
(g<0.05). We also observed a significant decrease in the Bacteroidaceae family in the
inulin group. At the genus level, prebiotic treatment largely increased Bifidobacterium and
decreased Bacteroides, Dorea and Ruminococcus torques group (g < 0.05; Table 2).We
also observed a trend towards an increase in Faecalibacterium relative abundance (4.8 +
3.2% at T1 vs 6.3 + 4.4% at T2; p=0.055; data not shown) after inulin supplementation.
Inulin supplementation induced a significant increase in the abundance of Bifidobacterium
adolescentis and Bifidobacterium longum (Supplementary Figure 1).

In the placebo group, some changes occurred (none of them at the q value), with a
decrease of Acidaminococcus, Sutterella, Oscillibacter, Escherichia-Shigella, Flavonifractor
and Bifidobacterium and an increase in Lachnospiraceae ND3007 group, Lachnospiraceae
NK4A136 group, Gordonibacter, —Monoglobus, Oscillospiraceae_UCG-002 and
Oscillospiraceae_UCG-003 (p<0.05 and g>0.1; Table 2).
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Observed species Chao index

Shannon index
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Figure 3: Effect of inulin supplementation on gut microbiota composition in alcohol use disorder
patients (A) Principal coordinate analysis (PCoA) of the Bray Curtis index (B) Changes in alpha-diversity indexes:
Number of observed species, Chao-1 and Shannon. *p<0.05, *"p<0.01,"*p<0.001 (C) Changes in total bacteria
measured by gPCR. (D) Relative abundances of bacterial taxa accounting for more than 1%, at the phylum and
family levels, assessed using lllumina 16S rRNA gene sequencing in AUD patients supplemented with placebo
(n=19) or inulin (n=19). Wilcoxon paired tests were performed to compare the evolution from baseline in each
group. P-values were adjusted to control for the false discovery rate for multiple testing according to the
Benjamini and Hochberg procedure *g<0.10 in inulin group, t g<0.10 in placebo group. (E) Relative abundances
of genera that were significantly change between T1 and T2 in inulin group. Wilcoxon paired tests were
performed and p-values were adjusted to control for the false discovery rate for multiple testing according to the
Benjamini and Hochberg procedure *q<0.1 (F) Spearman correlation between the change in sociability score (T2-
T1) and the change of Bifidobacterium levels (T2-T1) measured by gPCR in inulin group.
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Table 2: Significant changes in relative abundance of gut bacteria at the genus level in AUD patient receiving inulin or placebo for 3 weeks*

Placebo Inulin p q p q
T1 T2 T1 T2 Placebo Placebo Inulin Inulin

Acidaminococcus 1.059+1.460 0.660 + 1.031 0.630+1.523 0.857 +1.854 0,039 0,203 0,418 0,617
Lachnospiraceae ND3007 group 0.162 £ 0.154 0.210+0.228 0.133+0.155 0.135+0.132 0,016 0,148 0,670 0,785

S Lachnospiraceae NK4A136 group 0.043+0.112 0.125+0.305 0.089+0.259 0.124+0.344 0,017 0,148 1,000 1,000
§ Monoglobus 0.158+0.202  0.450+0.815 0.183+0.241 0.157+0.221 0,005 0,148 0,977 1,000
o Oscillibacter 0.344+0.344 0.206+0.177 0.283+0.277 0.222+0.196 0,049 0,218 0,077 0,268
:E Escherichia Shigella 1.038+2.391 0.220+0.498 0.406+0.825 0.464 +1.769 0,011 0,148 0,134 0,321
o Eubacterium siraeum group 0.351+0.577 0.822+1.130 0.137+0.267 0.260 £ 0.524 0,026 0,148 0,754 0,850
E Sutterella 1.998+1.512 1.377+1.169 2.945+2.086 2.086+1.419 0,009 0,148 0,055 0,241
o Oscillospiraceae UCG-002 1.852+2.348 2.316+2.411 1.829+2.166 1.291+1.646 0,021 0,148 0,098 0,284
Oscillospiraceae UCG-003 0.069+0.083 0.138+0.155 0.100+0.106  0.061 +0.068 0,041 0,203 0,060 0,241
Gordonibacter 0.056+0.085 0.221+0.460 0.110+0.281 0.047 +0.075 0,025 0,148 0,295 0,495

Dorea 0.261+0.228 0.212+0.174  0.289+0.279  0.087 + 0.057 0,651 0,781 <0,001 0,007

£ Bacteroides 20.39+10.40 19.34£9.77 19.83 +9.48 14.83 £10.33 0,073 0,278 0,002 0,028
g Ruminococcus torques group 0.456+0.612 0.279 +0.330 0.255+0.352 0.064 + 0.092 0,296 0,460 0,001 0,027
= Lachnospiraceae unknown genus 0.693+0.438 0.622 +0.348 0.787 £0.527 0.370+0.321 0,275 0,460 <0,001 0,007
E Haemophilus 0.015+0.039 0.034+0.066 0.197+0.792 0.601+0.974 0,575 0,743 0,021 0,180
= Butyricicoccus 0.371+0.243  0.460+0.277 0.567+0.418 0.481+0.380 0,418 0,616 0,029 0,194
S Desulfovibrio 0.816+1.195 0.811+1.004 0.786+1.233  0.552+1.092 0,737 0,825 0,030 0,194
Dialister 0.821+1.976 0.434+1.026  0.847+1.504 2.445+3.050 0,488 0,686 0,017 0,159

L9 Bifidobacterium 5.275+5.232  3.556+3.263 4.300+5.621 8.177 +4.967 0,026 0,148 <0,001 0,007
§ %’ Oscillospiraceae unknown genus 0.227+0.123 0.241+0.111 0.192+0.114 0.151+0.094 0,047 0,217 0,005 0,054
o°' S Flavonifractor 0.259+0.301 0.171+0.293 0.344+0.537 0.359 + 1.060 0,019 0,148 0,029 0,194
5 ?o Colidextribacter 0.253+0.183  0.137+0.132 0.244+0.247 0.132+0.103 0,003 0,148 0,003 0,040
E £ Erysipelotrichaceae UCG 003 0.985+0.926  0.682+0.962 0.728+0.962  0.358 £+ 0.560 0,026 0,148 0,011 0,118
# 5 Lachnoclostridium 1.051+0.666 0.774+0.654 0.981+1.162 0.791+0.962 0,026 0,148 0,032 0,194

*Genus significantly modified after 17 days of treatment were identified using Wilcoxon paired test. P-values were adjusted to control the false discovery rate for multiple

testing according to the Benjamini and Hochberg procedure (q value).
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Inulin treatment marginally modulates food and drink intakes upon alcohol

withdrawal in AUD patients

Globally, inulin supplementation had only a minor effect on food intake (Table S2). Inulin
reduced the consumption of roots and tubers despite a lack of significance in the within
group comparison (B=-33.2, p=0.02; B= -34.4, p=0.03 in model 1 and 2 respectively; Table
S2). Patients in inulin group increased their fruit or vegetable juice consumption compared
to placebo (B= 185.8, p=0.03; B= 202.5, p=0.03 in model 1 and 2 respectively; Table S2).
The placebo group increased bread (p=0.001), biscuit and cakes (p=0.02) and cheese
(p=0.009) consumption while the inulin group increased dairy products (excluded cheese)
consumption (p=0.03). Both groups significantly increased sweets and soda intake (+170
g/d, p=0.001 for the placebo group and +254 g/d, p=0.04 for the inulin group), the
difference between groups was not significant (Table S2). The consumption of raw fruits
and coffee also increased, independently of the treatment group, during the withdrawal
period (fruits: +48 g/d, p=0.03 for placebo group and +42 g/d, p=0.02 for inulin group;
Coffee: +0.18 L/d, p=0.006 for placebo group and +0.16 L/d, p=0.008 for inulin group;
Table S2).

The Supplementary Table 3 presents the total energy and macronutrient intake of AUD
patients. During the second week of the program, at home, 20 patients relapsed (8 in
placebo group vs 12 in inulin group) but ethanol consumption was comparable between
the two groups. Inulin had no significant effect on food related- energy intake which
increased in both groups during the withdrawal period (by 61% in placebo group and by
34% in inulin group; Table S3).

Protein and fat intakes (in grams per day) significantly increased by 24% and 50%,
respectively, in the placebo group, whereas those changes were not significant in the
inulin group (Table S3). The detailed fat intake is presented in Table S4. Subjects in the
inulin group consumed significantly less monounsaturated fatty acids (MUFA) and
polyunsaturated fatty acids (PUFA) than patients in the placebo group when expressed in
g/d (Model 1). Only the effect on PUFA was maintained when we adjusted for the quantity
of ethanol consumed during the second week of the program (Model 2; Table S4). When
the results were expressed in % of fatty acids, the intake of saturated fatty acids (SFA)
increased significantly in the inulin group compared to placebo while MUFA intake
decreased regardless of the model considered for the analysis (Table S4).

We have already shown in a previous study that fiber intake was very low in actively

drinking AUD patients 8. During the second week of the program, at home, the two
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groups increased significantly their TDF intake to reach, on average, 19 grams per day
(Table S3). Twenty eight percent of patients in the placebo group had an intake of more
than 25g/d during the second week of the program (Figure S2 A-B). The supplementation
with 8 grams of inulin was not sufficient to reach the recommended 25 grams of fiber per
day since only 38% of the patients in the inulin group had an intake higher than 25 grams
when the supplementation was taken into account (Figure S2B).

Fructan, FOS and GOS intakes (in g/d) increased significantly in the placebo group and
fructan and FOS intakes tend to be lower in the inulin group than in placebo (B=-0.97,
p=0.08 and P= -0.76, p=0.06 respectively in model 2; Table S3). This observation is
consistent with the fact that inulin-treated AUD patients ate less roots and tubers than the
placebo (Table S2). Taking into account the inulin supplementation, the total amount of
fructan intake averaged 9.4 g per day (1.4g from food and 8g from supplementation) in
the inulin group and 2.1 g per day in the placebo group during the second week of the
program.

The effect of inulin supplementation on micronutrient intakes is presented in
supplementary table 5. Zinc was differentially modulated by inulin supplementation when
we take into account the gender and the quantity of ethanol consumed during the second
week of the program (Model 2). Indeed, zinc intake, decreased significantly in the inulin
group (B=-2.7, p=0.03, Table S5). Inulin supplementation had no impact on the intake of

other micronutrients.

Biological outcomes, except BDNF, are not modulated by inulin supplementation

It has been shown that inulin supplementation could affect lipid and glucose homeostasis
3031 We did not observe any difference between the placebo and the inulin group
concerning the change (T2-T1) in plasma levels of glucose, cholesterol, triglycerides and
non-esterified fatty acids (Table 3).

Gut hormones are known to be regulated by DF intake including inulin 32. Moreover, it has
been shown that AUD patients display altered levels of some gut hormones that could be
related to psychological symptoms 33735, We therefore investigated the effect of inulin on
the levels of gut hormones and gut peptides. Inulin supplementation did not affect the
levels of gut peptides and gut hormones (Table 3). We did not observe any effect of
prebiotic treatment on glucose metabolism as glucagon levels were not modified by the

supplementation (Table 3).
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We next studied the effect of inulin supplementation on BDNF, a neurotrophic factor that
has been associated with various neuropsychiatric disorders . Inulin increased the serum
BDNF level (Model 2: B=12.7, p=0.04; Table 3). Negative correlations between the BDNF
level at T2 and the alcohol craving score (presented below) were observed in the global
population and in the inulin group (r=-0.37, p= 0.02 in global AUD population and r=-0.67,

p<0.001 in inulin group; data not shown).
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Inulin can modulate social behavior but does not impact mood and alcohol craving

in AUD patients

Figure 4 shows the evolution of psychological symptoms between baseline and the end of
the study. Depression, anxiety and alcohol craving scores decreased during alcohol
withdrawal regardless of the group. The linear regression models revealed that there were
no differences in changes from baseline between the placebo and the inulin group for
depression, anxiety, craving and fatigue (Table 4). While the sociability score remained
stable during alcohol withdrawal in the placebo group, the patients in the inulin group had
an increase in the medium pleasant social activity score (p<0.05) which remained
significant after adjustment for potential confounders (= 0.68, p=0.039 in model 1 and
B=0.71, p=0.03 in model 2; Table 4). A significant positive correlation was observed
between the change of Bifidobacterium and the change of sociability score (Figure 3F).

Inulin supplementation had no effect on fatigue (Table S6).
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Figure 4. Effect of inulin supplementation on psychological parameters in Alcohol use disorder

patients.

(A) Score of depression measured by the Beck Depression Inventory. (B) Anxiety measured by the State-Trait

Anxiety Inventory (form YA). (C) Alcohol craving (total score)

measured by the Obsessive-Compulsive Drinking

Scale. (D) Sociability score (social medium pleasant activity score) measure by the social activity test. Wilcoxon

signed ranks tests or paired T-tests were performed to analyze changes from baseline according to the

distribution *p<0.05, **p<0.01,***p<0.001.
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Placebo Inulin Difference in Difference in
change from change from
baseline M1 baseline M2

L T2 n T2 B [95% CI] B [95% CI]
Depression
BDI 220+ 10.6 £ 29.0 = 18.0 % 2.04[-3.19; 7.27] 1.56 [-3.64 ; 6.75]
10.7 9.2%*x 12.5 10.0*** p=0.44 p=0.55
BDIsuicide 1.1+1.0  0.5%0.9 16+14 09+10%  0060:0:49;0.61 ~ 005[-053;063]
p=0.82 p=0.85
. 1.0+ 34+ 1.6+ 0.01[-0.93; 0.94] -0.04[-0.99; 0.91]
+
BDI fatigue 26+1.4 13%e 132 LG+ p=0.99 p=0.93
Anxiety
STAI-State 46.0 + 38.1+ 47.2 424+ 1.18[6.32; 8.68] 0.45 [-6.98 ; 7.89]
13.9 13.5% 15.9 13.6* p=0.75 p=0.90
Craving
7.2+ 25.1% 9.8+ 2.29[-1.55;6.13] 1.39 [-1.69 ; 4.48]
0cos 243264 g orux 5.2 530k p=0.23 p=0.37
10.6 £ 4.4+ 10.6 £ 57+ 1.13[-1.34; 3.60] 0.54 [-1.42 ;2.51]
ocpsor 3.74 4.4%** 3.9 3.6%** p=0.36 p=0.58
2.8+ 14.5 + 40+ 1.10[-0.48 ; 2.69] 0.76 [-0.62 ; 2.14]
+
ocDs CT 137431 24 5 g 00,17 0,27
Sociability
Social high 4.1+ 0.23[-0.52;0.99] 0.32[-0.43 ; 1.08]
+ + +
pleasant 3815 42x1.4 38+14 1.2 p=0.54 p=0.39
Social
medium 3.4+1.5 3.7+1.7 39+1.3 4.4+1.0* 0.680.04; 1.33] 0.710.07;1.35]
p=0.039 p=0.03
pleasant
Social low 40+ 0.17[-0.50; 0.84] 0.23[-0.44;0.91]
+ +1.3*%* +
oleasant 3.0£1.42 4.0+1.3 32515 [l 020,60 0=0.49

Values are means + standard deviation. B: regression coefficient.
M1:Linear regression model adjusted for gender and the parameter at baseline
M2: Linear regression model adjusted for gender, the parameter at baseline and the quantity of ethanol
consumed during the second week of the program.
*** p<0.001, ** p<0.01, * p<0.05 paired T-test or Wilcoxon test : intra-group comparison
AUD, alcohol use disorder; BDI, Beck Depression Inventory; CT: Compulsive Thoughts; OCDS, Obsessive
compulsive drinking scale; OT, Obsessive Thoughts; STAI: State-trait anxiety inventory.
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34 Discussion

The aim of the present study was to promote dietary fiber intake prone to modulate the
gut microbiota in AUD patients, by an intervention of inulin versus placebo performed
during alcohol withdrawal period. Indeed, from our previous studies, we know that AUD
patients are characterized by gut microbial dysbiosis, and, among nutritional disorders, by
an intake of DF below the recommendation of the European Food Safety Authority and of

the Belgian Health Council (25 to 30 g per day for health) 192°,

The results obtained with the food survey, carried out during the second week of
withdrawal, showed that 8 grams of inulin were not sufficient to reach the recommended
25 g/day, which reinforces the coherence of the study design that gradually increased the
amount of inulin up to 16 grams per day. Sixteen grams of inulin supplementation were
achieved without significant gastrointestinal side effects. Indeed we showed that inulin
was well tolerated by AUD patients with no significant differences compared with placebo
concerning abdominal pain, bloating or stool frequency. It has been shown in healthy
individuals that inulin increased softening of feces and flatulence episodes %37, In our
study, AUD patients supplemented with inulin had a mean Bristol score between 4 and 5
at day 18, which corresponds to a normal score 38. Flatulence episodes were not

measured in our study.

Seventeen days of inulin supplementation lead to selective modifications of the gut
microbiota in AUD patients. First, we observed a decreased in a-diversity in inulin subjects
compared to placebo. While several observational studies showed a positive correlation
between dietary fiber intake and microbial diversity 3°%°, a meta-analysis reported that
dietary fiber supplementation had no effect on alpha diversity %%, likely due to the short
duration of the trials (between 3 and 4 weeks). By contrast, a small number of studies

4243 1n our

have reported a decrease in species richness with inulin supplementation
study, we also found a decrease in microbial diversity upon inulin exposure in AUD
patients. We can conclude that supplementation with only one type of fiber in AUD
patients with a poorly varied diet induces a loss of diversity. Since dietary diversity has
been shown to correlate positively with microbiota diversity %, it is likely that long-term
adherence to a varied diet is more important in determining microbial diversity than
supplementation with an isolated nutrient for a short period. Future long-term studies

should be conducted with a combination of different fibers to expect a beneficial effect on
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microbial diversity *3. We also observed a significant increase in the relative abundance of
Actinobacteria, Bifidobacteriaceae and Bifidobacterium, especially B. adolescentis and B.
longum. The other Bifidobacterium species were either absent or marginally present, in
our AUD population. Bacteroidaceae and Bacteroides decreased significantly after 17 days
of inulin supplementation. These results are in line with a recent systematic review that
highlights a modification of these two genera with inulin supplementation in human
studies, and is in accordance with our previous data of intervention study performed in
obese patients 244, As Healey et al, upon inulin intervention, we found a trend toward an
increase in Faecalibacterium and a significant decrease in Dorea *¢. Ruminococcus torques
was decreased with inulin supplementation in our study. This bacterium, known to be
more abundant in intestinal bowel disease (IBD) patients, is a potent mucus degrader and
has been associated with a decrease in gut barrier integrity in previous studies . In the
placebo group, we observed changes but none of them reached the q value (g>0.10)
meaning that 17 days of abstinence alone was not able to induce strong alterations of the
gut microbiota composition. This is in line with our previous work showing a relative

stability of the gut microbiota after 3 weeks of withdrawal 84°,

Inulin supplementation had no strong impact on nutrient intake. This is probably due to
the duration of the supplementation which was barely one week at the time of the
nutritional survey. Abstinence alone induces an increase of all macronutrients regardless
of the group. However, patients in placebo group increased their fructans, FOS and GOS
intake while there were no significant changes in inulin group. Subjects in the placebo
group increased their consumption of roots and tuber and bread during week 2, which
could explain this result. Patients in the placebo group significantly increased their lipid
intake without an increase in a specific type of lipid when looking at the intake as a
percentage of total FA.

We also observed a decrease in zinc intake in the inulin group, which could be explained
by a decrease in meat intake in the inulin group even if this later result was not significant.
How prebiotics might affect food preferences is still unclear but it has been hypothesized
that DF with prebiotic properties could act on the microbiota causing the growth of some
specific bacteria 2>*° which can in turn affect eating behavior. Indeed, it has been
suggested that bacteria are submitted to selective and evolutionary pressure and are
therefore capable of inducing preferences for certain foods to promote their own growth

51 Daud et al. found that oligofructose supplementation had an impact on the desire to
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eat fatty, sweet and salty foods in overweight and obese population >2. We showed the
same effects on food-related behaviour upon an inulin-rich diet intervention for two
weeks in healthy volunteers 8. It is well known that AUD patients have a craving for
sweetie food during the withdrawal 5***. However, in the present study, inulin
supplementation did not reveal any impact on sweet intake in AUD patients since we
observed an increase in the consumption of sweets and soda in both groups of patients. It
is likely that inulin supplementation or the duration of the supplementation are not
sufficient to counteract disturbances in the sensory and reward systems that control both

alcohol and palatable food craving *°.

We hypothesized that the altered gut-microbiota-brain axis in AUD patients can be
improved by modulating the gut microbiota composition with inulin known to promote
beneficial bacteria, like Bifidobacteria. The scores of depression, anxiety and craving
decreased significantly in the two groups of treatment. We did not observe any additional
effect of inulin supplementation. It is well known that ethanol has a direct effect on the
brain and on negative reinforcement processes >. Therefore, stopping alcohol has a
beneficial effect on negative emotions but we have previously shown that the recovery

could also be affected by gut dysbiosis %°

. Although inulin increased the level of
Bifidobacterium, it was not associated with further improvement in psychological
symptoms. No study has investigated yet the effect of inulin on cognitive symptoms or
mental health of AUD patients but it has been studied in other contexts. Smith and
colleagues highlighted that the acute administration of 5 g of oligofructose-enriched inulin
improved wellbeing and episodic memory in healthy volunteers 7. In obese patients, 3
months of inulin supplementation improved emotional competence and cognitive
flexibility *8. A recent study in patients suffering from coronary artery diseases has shown
that the co-supplementation with 15g of inulin and Lactobacillus rhamnosus GG during 2
months decreased significantly depression and anxiety scores as well as

lipopolysaccharide and inflammatory markers °.

Interestingly, the subjects had an increase in serum BDNF levels when supplemented with
inulin compared to placebo. An impact of prebiotics on BDNF levels has already been
demonstrated in several mouse studies 6%%1, BDNF is an important neurotrophin involved

62

in brain plasticity, the levels of which are decreased in anxiety and depression °¢ and

preclinical studies have highlighted that the gut microbiota could directly modulate the
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brain expression of BDNF 394, Even though we did not measure BDNF levels in the brain, it
has been shown that peripheral blood BDNF levels are positively correlated with BDNF in
the brain 556¢,

Despite the change in BDNF, we did not observe further positive effects of inulin as
compared to placebo on psychological symptoms in our AUD population. This can be
attributed to several factors. First, the duration of the supplementation, 17 days of
supplementation may not be sufficient to observe a significant effect on behaviour.
Furthermore, in this study, two factors likely modulate the behaviour of the patients:
inulin supplementation and alcohol withdrawal. We have seen that abstinence alone has a
strong impact on depressive symptoms, anxiety and craving, and therefore could mask an
additional positive effect of prebiotics. It is also possible that the sample size was not large
enough to observe a significant effect of inulin on psychological symptoms, as the study
was designed to observe a bifidogenic effect. Other studies with a larger sample size are

needed to confirm these results.

However, we observed an increase in the sociability subscore (social medium pleasant
score) in the inulin group compared to placebo. A 6-week randomized, double blind
placebo-controlled study demonstrated that a combination of Bimuno®
galactooligosaccharide with a casein/gluten free diet, which increased B. longum,
improved behavioural symptoms including sociability score in autistic children ©.
Interestingly, in our study the improvement of the sociability score was correlated with
the increased Bifidobacterium level. The link between the gut microbiota and sociability

15

has been demonstrated in preclinical studies > and we have previously shown a link

16|t remains unclear how

between leaky gut and social impairment in AUD patients
microbial changes may induce some of the behavioural effects, but it has been shown that
Bifidobacterium longum NCC3001 restores anxiety-like behaviour through the vagus nerve
in mice ®3. However, our results should be interpreted with caution as only one out of the

six sociability sub-scores was significantly modified by inulin supplementation.

One of the limitations of our study, that may have hidden changes related to the prebiotic
intervention, was the higher severity of the AUD DSM5 scores observed at baseline in the
treatment group as well as the higher proportion of females. Gender is known to influence
the biological parameters but also the recovery from psychological symptoms during

abstinence that are usually less rapid in female than male patients %. Furthermore,
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almost half of the patients relapsed during the intermediate week. This parameter may
also modify the trajectory of symptom recovery as well as changes in the gut microbiota
composition. It would have been interesting to stratify the population according to these
two parameters which was impossible with our small sample size. However, fitting linear
models on these two variables limited bias. Finally, the time point of the dietary data
collection did not match perfectly with the fecal sample collection at T2. This makes it
more difficult to interpret microbial changes in relation to nutritional intake.

In conclusion, our pilot work is the first showing that inulin supplementation is able to
modulate the gut microbiota of AUD patients, although it had only a limited impact on
biological outcomes or mental health. Inulin supplementation did not promote the
expected effects on depression, anxiety and craving probably due to 1) the small sample
size 2) the short duration of supplementation 3) the fact that alcohol withdrawal already
has a strong impact on psychological symptoms. However, we have shown that bacteria
modulated with inulin supplementation could potentially be involved in sociability. Other
studies involving longer treatment and larger sample size are needed to investigate
whether inulin could be an appropriate nutritional approach to improve psychological

symptoms and the biological outcomes of patients with alcohol use disorder.

168



Results and discussion - CHAPTER 3A

35 Materials and Methods

Study design

This randomized, double blind, placebo-controlled study was conducted from October
2018 to December 2019. Each subject was randomly assigned to daily intake of inulin
(Inulin group) or maltodextrin (Placebo group) using the method of randomly permuted
blocks (50 subjects randomized into 5 blocks). The randomization was performed via the

website http://www.randomization.com by a person not involved in the study in order to

ensure the double blind.
Compliance was assessed by counting the bags that were returned by subjects.

Participants with a compliance of less than 80% were considered to be non-compliant.

Participant selection

A total of 50 AUD patients hospitalized for a 3-week highly standardized alcohol-
detoxification program in St-Luc academic hospital, Brussels, Belgium, were enrolled on
voluntary basis. This program consists in 2 weeks at the hospital (weeks 1 and 3),
separated by one week outpatient care (week 2). The severity of AUD was checked by a
psychiatrist using the criteria of the Diagnostic and Statistical Manual of Mental Disorders,
Fifth Edition (DSM-5).

Inclusion criteria were as follows: male or female, 18 to 65 years old, French speaking, and
active alcohol consumption until at least 48 hours prior to admission. Patients suffering
from another addiction (except tobacco), with inflammatory bowel disease or other
chronic inflammatory diseases (such as rheumatoid arthritis), cancer, metabolic diseases
such as obesity (BMI> 30 kg/m2), diabetes, bariatric surgery, and severe cognitive
impairment (MMSE < 24) were excluded from the study. Patients with known cirrhosis or
significant hepatic fibrosis (>F2) detected by Fibroscan (> 7.6 kPa) at admission were also
excluded from the study. Other exclusion criteria were the following: the use of
antibiotics, probiotics or prebiotics within 2 months prior to enrolment and the use of
non-steroidal anti-inflammatory drugs or glucocorticoids within one month prior to
enrolment.

The trial protocol was published on protocols.io
(dx.doi.org/10.17504/protocols.io.bvs2n6ge). The study was approved by the institutional
ethics committee (N°2017/04JUL/354). All participants signed informed consent prior to
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inclusion and the trial was registered in the clinicaltrials.gov registry (ClinicalTrials.gov
identifier: NCT03803709).

The primary outcome of this trial was the effect of the prebiotic intervention on the gut
microbiota composition. The secondary outcomes were the effect of inulin
supplementation on gastrointestinal tolerance, nutritional intake, biological markers of

satiety, lipid and glucose homeostasis and psychological parameters.

Dietary intervention

Inulin (Fibruline®) and maltodextrin (placebo) were kindly provided in similar opaque
packaging by Cosucra (Warcoing, Belgium) to ensure the double-blind procedure. The
patients were asked to dilute the powder in a hot drink (tea, coffee) or yoghurt. According
to previous studies on the effect of inulin and knowing that is a digestible non fermentable
carbohydrate, maltodextrin has been selected as placebo 2>#°, Inulin and maltodextrin had
the same taste, odor and texture.

In order to reduce the gastrointestinal side effects, the dose of inulin or maltodextrin
increased gradually from 4 to 16 g per day during the treatment (4 g from Day 3 to Day 4;
8 g from Day 5 to Day 14 and 16 g from Day 15 to Day 19 of the detoxification program).
Indeed we have previously shown that 16g of inulin per day was well tolerated and had a

bifidogenic effect in obese patients 234°,
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Outcomes

Gut microbiota composition

Stool samples were collected at Day 2 (T1) and at the end of the intervention (Day 19 —
T2). They were collected in a sterile container and stored immediately at -20°C and then
transferred to -80°C within 5 to 10 hours. Genomic DNA was extracted from the feces
using a QlAamp DNA Stool Mini Kit (Qiagen, Germany), including a bead-beating step and
following the protocol Q ®. After extraction, dsDNA concentration was measured using
the NanoPhotometer® Spectrophotometer (Implen, CA, USA). The composition of the gut
microbiota was analysed by Illumina sequencing of the 16S rRNA gene. The V3-V4 region
of the 16S rRNA gene was PCR-enriched using the primer pairs V3F_Nextera
(CCTACGGGAGGCAGCAG) and Meta_V4_806R (GGACTACHVGGGTWTCTAAT). The
amplicons were purified, quantified and sequenced using an lllumina Miseq to produce
2x300-bp sequencing products at the University of Minnesota Genomics Center. During
the sequencing run, a quality score is assigned to each base call, using the lllumina’s
quality scoring methodology. The mean quality score for each sample was > 33.8. Then,
the sequence reads are converted automatically to FASTQ using a bcl2fastq converter..
16S rDNA amplicon sequences were analysed using FROGS pipeline 7°. Amplicons were
filtered according to their size then clustered into OTUs using Swarm (aggregation
parameter d = 1 + d = 3). Chimera were removed using VSEARCH combined with an
innovative chimera cross-validation and OTUs were kept when representing more than
0.005% of the total number of sequences 7. OTUs were classified using the reference
database Silva138 16S with a pintail quality of 100 72. Relative abundance of each OTU was
calculated after data normalization using a threshold of 33133 reads per sample.

gPCR of 16S rDNA was used to quantify the abundance of total bacteria (F: ACT-CCT-ACG-
GGA-GGC-AGC-AG, R: ATT-ACC-GCG-GCT-GCT-GG) and Bifidobacterium spp (F: GAT-TCT-
GGC-TCA-GGA-TGA-ACG-C, R:CTG-ATA-GGA-CGC-GAC-CCC-AT). PCR amplification was
carried out as follows: 10 min at 95 °C, followed by 45 cycles of 3 s at 95 °C, 26 s at 58 °C
or 60 °C, and 10 s at 72 °C. Detection was achieved with the QuantStudio3 instrument and
software (Applied Biosystems) using the GoTaq gqPCR MasterMix Plus for SYBR Assay
(Promega). BSA was added to samples. Each assay was performed in duplicate in the same
run. For construction of standard curves, fivefold dilution series from target species

genomic DNA preparations (DSMZ, Braunshweig, Germany) were applied to the PCR.
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Gastrointestinal tolerance

Gastrointestinal symptoms were measured using a French version of a self-reported
guestionnaire initially used to evaluate the symptoms of irritable bowel syndrome
developed by gastroenterologists at the St-Luc hospital as described before 873, Patients
completed this questionnaire at baseline and then every other day after the beginning of

supplementation.

Dietary intake

On Day 2 of alcohol withdrawal, all participants were interviewed using three non-
consecutive 24-h dietary recall (related to the week before hospitalization: week 0) by a
trained dietician as previously described 8. During the second week of the program (week
2: at home) patients were asked to complete a food diary in which they registered all the
food and drinks consumed during 3 defined days (two weekdays and one weekend day).
The participants were instructed to specify all ingredients per eating moment: breakfast,
morning snack, lunch, afternoon snack, dinner, and evening snack. Detailed guidance
notes, including ingredients most often omitted (e.g. fats, added sugars, beverages) and
their unit of measurement (weight and household units), were provided in the diary. To
avoid bias, participants did not receive any advice from the dietician regarding their eating
habits. Advice was provided “on demand” at the end of study. At the beginning of week 3,
careful analysis of the food diary was performed by the dietician during a face-to-face
interview with the patient. Energy and nutrient intakes were evaluated using the Nubel
Pro program (Nubel asbl, Belgium) and the French food composition database (CIQUAL
2017). Dietary fibers including soluble fibers, insoluble fibers, fructans, fructo-
oligosaccharides (FOS) and galacto-oligosaccharides (GOS) were evaluated using a specific
database from the FiberTAG project 7%. The results were expressed in quantities and in
proportion of total energy intake (El). The lipid intakes were also expressed in proportion
of total fatty acids (FA).

Blood parameters

Fasting blood samples were collected at T1 and T2. Blood samples were centrifuged at

1000g for 15 min at 4°C and the plasma was frozen at -80°C in a biobank. Plasma
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concentrations of gut hormones (GLP-1, leptin, ghrelin and PYY) and growth factors (Brain
derived neurotrophic factor [BDNF]) were determined using the Meso Scale Discovery
(MSD) U-PLEX assay (Rockville, MD, USA). Plasma triglycerides, total cholesterol and
glucose were dosed by enzymatic colorimetric test (Diasys Diagnostic and System,
Holzheim, Germany). Plasma non esterified fatty acid levels were assessed using a

commercially available enzymatic assay (Randox Laboratories, Crumlin, UK).

Psychological symptoms assessment

At baseline (T1: day 1-2) and at the end of the supplementation (T2: day 19) all patients
were tested for anxiety, depression and alcohol craving with self-reported questionnaires
(French versions): the State-Trait Anxiety Inventory [STAI form YA], the Beck Depression
Inventory [BDI] and the Obsessive-Compulsive Drinking Scale modified version [OCDS] as
described previously 7>. The OCDS can be divided into two subscales, an ‘obsessive’
subscale and a ‘compulsive’ subscale. We used a modified version adapted to withdrawal
that excluded items related to drinking. Fatigue was assessed using the Multidimensional
Fatigue Inventory-20 7® and sociability using the social situation test 77. All these

questionnaires have been described previously 18,

Statistical analysis

Statistical analyses were performed using SAS version 9.4, R studio version 3.5.1 and
Graphpad Prism 8.0.

Data were presented as mean # standard error of the mean (SEM) or mean % standard
error deviation (SD). Normality was assessed by the Shapiro—-Wilk test. According to data
distribution, Mann-Whitney U test or T-test were performed to compare the baseline
characteristics of placebo and inulin groups.

We calculated the total dietary fiber intake for each patient and we added the 8g of inulin
in the inulin group at week 2. The evolution between T1 and week 2 in each group was
assessed using a paired T-test or a Wilcoxon signed-rank test. Then we calculated the
proportion of patients who achieved a fiber intake of at least 25 g per day using a Fisher
test.

The effect of inulin supplementation on gastrointestinal symptoms was studied using a

linear mixed model with time and treatment as fixed effects and patient as random effect.
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A second model adjusting for gender was performed. The gastrointestinal scores at day 1
and day 18 were then compared in each group in order to study the evolution of the
symptoms between baseline and the end of the supplementation. To do so, we used
paired T-test or Wilcoxon signed-rank test. Finally, the changes from baseline (D18-D1)
were compared between groups using Mann-Whitney U test or T-test.

For gut microbiota analysis, phyla, families and genus with an average relative abundance
superior to 0.1% were analysed. We used a Mann-Whitney U test in R to compare the
relative abundance between the placebo and inulin group and the within group analyses
were evaluated using a Wilcoxon paired test. The p-values were adjusted to control for
the false discovery rate for multiple testing according to the Benjamini and Hochberg
procedure. g < 0.10 was considered statistically significant.

For each psychological and biological outcome, a change variable was calculated as the
difference between end-of-study (T2) and baseline measurements (T1). For nutritional
data the changes variables were calculated as the difference between week 2 and week 0.
As there was an imbalance between genders (24% of women in placebo group vs 50% in
the inulin group) and knowing that gender can influence the evolution of psychological

68 we adjusted the linear regression models for gender and/or alcohol

symptoms
consumption to avoid potential bias. In order to study the effect of the withdrawal period
alone, within group analyses were evaluated using a Wilcoxon signed-rank test. P values
<0.05 were considered statistically significant.

Sample size was estimated using G*Power based on the bifidogenic effect of inulin 2378,
Therefore, we estimated that a total sample size of 50 participants, with a 20% drop out
during the study and 20 patients in each group completing the study provides 80% power
to observe an effect size of 0.34 for the relative abundance of Bifidobacterium genus using

a 0.05 two-sided significance level.
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3.6 Supplemental information

Table S1: Evolution of gastrointestinal symptoms after inulin supplementation in AUD

patients
Placebo Inulin Time Group Time x
Group

Abdominal pain <0.001 0.09 0.90

D1 16.0 £ 25.5 22.9+283

D3 7.1+£17.1 7.3+16.8

D5 1.5+4.2 6.5+12.1

D9 03+13 6.9+12.1

D11 32+84 9.4+19.3

D13 9.6+21.9 8.9+15.4

D16 2.6+84 10.4+£21.2

D18 3.9+115 9.4+16.5

Bloating <0.001 0.04 0.18

D1 15.7 £23.2 33.4+32.7

D3 12.1+18.7 14.0+22.4

D5 6.4+11.3 12.1+18.1

D9 3.8+10.8 12.6 £17.0

D11 4.2+13.2 9.5+12.9

D13 6.6 +£18.0 5.9+11.7

D16 8.1+15.7 27.7 +£35.0

D18 8.6+14.8 16.8 £ 25.1
Satisfaction of 0.004 0.65 0.13
intestinal transit

D1 57.9+31.4 38.6+24.8

D3 64.9+34.2 53.1+37.4

D5 67.0+36.4 60.6 + 35.1

D9 70.1+34.0 62.5+34.6

D11 64.8 +40.9 70.1+28.8

D13 62.5+39.9 79.4+23.9

D16 72.1+27.7 59.0+33.1

D18 72.4+33.0 69.9 +30.3
Impact of the <0.001 0.35 0.96
symptoms

D1 32.8+31.7 34.8+28.4

D3 13.1+19.5 18.8 £22.0

D5 10.6+17.4 12.9+17.2

D9 7.0+9.7 8.1+13.7

D11 8.3+18.8 14.4+16.7

D13 11.5+17.5 14.3+19.1

D16 8.4+13.1 17.7+21.4

D18 13.1+20.2 144+221
Stool frequency 0.001 0.21 0.30
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D1 1.5+0.9 1.7+1.2
D3 1.3+0.9 1.2+1.2
D5 1.5+0.9 1.4+0.8
D9 1.6+1.2 2.0£1.0
D11 1.7+11 2.1%+1.0
D13 1.8+1.1 22+1.4
D16 15+1.1 21+1.4
D18 1.5+0.9 19+14
Bristol score <0.001 0.04 0.36
D1 47+16 52%1.9
D3 3.6%1.5 42+16
D5 3613 35%+1.8
D9 3.8+0.8 4515
D11 44+1.2 46+14
D13 44+13 49+1.7
D16 34112 5.0+1.7
D18 33115 46+14
Total tolerance <0.001 0.13 0.23
score
D1 106.6 + 80.5 152.5+78.7
D3 67.3+60.0 84.3+62.3
D5 51.5+50.4 73.5+49.5
D9 40.9 £ 39.0 63.2 £ 55.3
D11 51.1+56.2 65.1+57.1
D13 65.2+75.0 50.8+61.0
D16 47.0+46.5 96.8 £ 89.1
D18 53.2+62.1 70.7 £ 74.4

Linear mixed model included the time, treatment and the interaction time x treatment as fixed

effects and a random intercept. The models were adjusted for gender.
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Figure S1: Evolution of Bifidobacterium species in inulin group after 17 days of supplementation
Relative abundance of Bifidobacterium adolescentis and Bifidobacterium longum at baseline (T1) and after 17
days of inulin supplementation (T2). Wilcoxon signed ranks tests or Paired T-tests were performed to analyze

changes from baseline according to the distribution *p<0.05, **p<0.01,***p<0.001.
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Table S2: Effect of inulin supplementation on food intake in AUD patients during the withdrawal period

Difference in change

Difference in change from

Placebo Inulin from baseline M1 baseline M2
Week 0 Week 2 Week 0 Week 2 B [95% CI] B [95% CI]
Roots and tubers -33.2[-61.7;-4.8] -34.4[-64.4;-4.4]
+ + + +
(&/d) 10.3+22.5 39.0+58.1 22.0+36.1 9.2+194 p=0.02 p=0.03
Bulbes and -16.5[-39.4 ; 6.4] -14.9 -38.8;9.0]
thizome (g/d) 14.24 £29.3 59.5+132.4 21.4+40.8 25.0+44.4 p=0.15 p=021
Other 1.6[-72.1;75.2) -6.1[-80.6 ; 68.5
+ + + +
vegetables(g/d) 140.2 +134.9 162.0 £136.0 168.7 £174.5 163.9 £105.0 p=0.97 p=0.87
10.4[-21.9; 42.7] 7.9(-25.6 ;41.4]
Pulses (g/d) 8.0+23.3 10.9+28.5 228+41.3 33.0+81.1 0-0.52 0m0.63
28.0[-50.1 ; 106.0] 19.6 [-60.2 ; 99.5]
Potatoes (g/d) 83.5+87.1 74.5+79.2 76.9 +96.1 87.9 +153.2 p=0.47 p=0.62
) -2.3[-51.8;47.2] 2.0[-49.2;53.1]
* *
Fruits (g/d) 413+73.8 89.0+117.5 69.0 +155.2 111.0 £181.1 220,85 pe9a
Pasta, noodle 1.09[-53.1; 55.3] -4.71[-57.4 ; 48.0]
(g/d) 37.2+59.7 89.7 +88.6 49.1+62.4 76.9+84.3 p=0.97 p=0.86
) 8.3[-15.2;31.8] 6.9[-17.4;31.2]
Rice (g/d) 7.5+18.3 9.9+31.2 16.3+41.6 23.9+59.8 0o0.43 0e0.57
Pizza, sandwich, 0.39[-57.7 ; 58.4] 1.95 [-58.3 ;62.2]
+ + + +
pie (g/d) 42.2+59.5 51.8+60.7 44.4+70.1 60.3 £ 110.5 p=0.95 p=0.95
-0.76[-5.7; 4.2] -0.39[-5.6; 4.8]
Chocolate (g/d) 2.1+10.2 3.0t9.5 02+1.1 1.5+4.8 0=0.76 0=0.88
Biscuit, cake -21.0[-53.6; 11.6] -22.3[56.8;12.1]
+ + * + +
(&d) 15.4 £30.0 53.2+59.4° 7.9+18.2 23.9+38.3 p=0.20 p=0.20
Cereal products 3.1[-3.1;9.2] 3.9[-24;10.3]
+ + + +
(&d) 1.8+8.8 2.7+68 7.5%227 8.0+12.6 0.32 0=0.22
9.2[-47.5;29.1] -6.6[46.3 ;33.1]
ok
Bread (g/d) 2834313 71.4+61.8 51.1+48.9 59.9+61.8 00,63 0074
-24.9[58.6; 8.7] 21.2[56.0;13.7)
Meat (g/d) 50.7 +53.1 67.6+48.5 60.7 +60.7 42.5+55.5 020,14 9202
5.2[-22.9; 33.4] 0.60 [-27.8 ; 29.0]
Poultry (g/d) 24.7+37.2 21.3+33.7 26.2+48.7 27.3+51.2 A 020,97
-5.7[-15.1;3.7] -6.4[-16.3;3.5]
Eggs (g/d) 22+6.0 83+12.8 7.6+19.7 5.6+18.1 0e0.23 0e020
Fish and seafood 6.9[-17.3;31.0] 6.5[-18.7 ;31.8]
(g/d) 25.0+60.4 27.9+48.6 26.0+48.0 32.8+46.2 p=0.57 p=0.60
Processed meat 8.9[-26.3;44.0] 8.0[28.7; 44.7]
(g/d) 25.8+44.4 40.1+34.5 22.8+33.9 45.1+69.2 p=0.61 p=0.66
Sweet and soda 3347+ 69.5 [-330.0 ; 469.0] 25.9[-3.81.4; 433.3)
+ + + *
(g/d) 164.9 +416.1 505.9%* 221.4+476.7 475.4+£792.3 p=0.73 p=0.90
Snack and chips 2.7[6.6;1.2] -29[-7.0;1.1]
+ + + +
(&/d) 143 £53.2 5.1+10.3 4.9+139 0.8+2.4 017 0.15
3.6[-27.6; 34.8] 7.4[-24.9;39.7]
*k
Cheese (g/d) 26.7+47.5 41.6+32.2 47.7+46.5 57.1+54.1 20,82 p=065
Other dairy 53.4[-22.3; 129.2] 60.7[-17.7; 139.2]
+ + + + *
products (g/d) 27.6+485 69.2 £110.8 31.4+67.0 101.0£134.4 p=0.16 p=0.12
398.6 + v -59.7[-2726;153.2] 36.0[-254.2 ; 182.2]
Coffee (ml/d) 218.0 £309.7 327.64* 100.1 +£151.9 259.6 +339.5 p=0.74 p=0.57
Fruits or 185.8[16.1; 355.6) 202.5[26.3; 378.7]
vegetable juice 66.7 +195.4 80.4+117.8 58.9 +204.2 230.5 +378.7% p=0.03 p=0.03
(ml/d)
Tea (ml/d) 40.8 +139.1 121.14219.6 15.6 £48.7 40.2£72.0 -44.6[126.5;37.3] -39.6[125.0;45.8]
p=0.28 p=0.35
o -1.9(-4.5;0.7] -1.9[-4.7;0.8]
.03, .5+5.8 .04, 7+3.
Olive oil (ml/d) 1.0+3.2 3.54+5.8 2.0+4.5 2.7+33 p=0.14 pe0.16

Values are means = standard deviation. . B: regression coefficient.
M1: model 1 adjusted for gender and the parameter at baseline
M2: model 2 adjusted for gender, the parameter at baseline and the quantity of ethanol consumed during the

second week of the program.

*** p<0.001, ** p<0.01, * p<0.05 paired T-test or Wilcoxon test : intra-group comparison
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Difference in change

Difference in change

Placebo Inulin from baseline M1 from baseline M2
Week 0 Week 2 Week 0 Week 2 B95%Cl] Bl95%cl]
Total EI . -64.6(-488.44;359.22] -66.1[-508.4 ;376.2)
2402 + 589 20124718 23154919 1836 + 698
(kcal/d) p=0.76 p=0.76
Total El -189.6 [-586.6 ;207.5] -118.7 [-538.7; 301.3]
(kcal/d p=0.34 p=0.57
without 1191+497  1932:713"" 12114548 1685£679
alcohol
beverage)
Nutrient
intake (g/d)
w  5.10[-13.70;23.90]
Alcohol 129.3+63.7 8.9+259 1252+ 64.5 158+31.1 p=0.50 -
) . 1.02[-14.69;16.73]  1.49 [-15.47 ; 18.46)
Proteins 60.6 +18.3 75.4+20.9 65.1+225 73.6+25.5
p=0.90 p=0.86
1.47 [-56.31;59.26]  8.69 [-54.08; 71.46]
Carbohydrates ~ 205.0 +96.1 240.8+119.3 186.2+108.1  216.5+100.4
p=0.96 p=0.78
9.60[-29.68 ; 48.88]  12.80[-30.14 ; 55.75]
Added sugars 124.2+80.3 112.6 £78.0 98.2+83.3 103.8+60.8
p=0.62 p=0.55
Total dietary . . 0.34[-5.29..5.96] 0.00 [-6.21; 6.22]
124+79 19.2+11.1 143+9.2 19.1+9.9
fibers p=0.90 p=0.99
. . 1.02 [-0.98 ;3.02] 0.54 [-1.63 ; 2.70]
Solubles 39+23 54+28 40+28 6.1+4.1
p=0.31 p=0.62
. -0.89[-1.93;0.15] -0.97 [2.07 ;0.13]
Fructans 1.0+09 21421 14+1.2 14+11
p=0.09 p=0.08
. -0.72[-1.46;0.02] -0.76 [-1.57 ; 0.05]
FOS 0.8+0.7 1.7+14 1.0+1.1 1.0+038
p=0.05 p=0.06
. 0.01[-0.26; 0.27] -0.03 [-0.30;0.24]
GOsS 01+1.2 0.3+0.5 0.4+0.5 0.3+03
p=0.96 p=0.83
= 0.30[-3.05; 3.65] -0.37[-4.02;3.27]
Insolubles 6.5+4.7 10.1+6.0 7.4%51 10.3+6.3
p=0.86 p=0.84
-13.32[-31.29;4.65] -11.38[-31.10; 8.34]
Total fat 483+252 72.6+30.1 48.1+233 62.7+31.2
p=0.14 p=0.25
Proportion of
total El (%)
aan e 2.20[-3.46;7.86]
Alcohol 373+14.2 26+6.9 36.7+14.2 5.4+10.1 -
P=0.44
) v -0.26[-2.82;2.29] -0.27[-2.87;2.32]
Proteins 10.8+4.3 160+ 4.6 119+3.6 16.8+4.0
p=0.84 p=0.83
233[3.25;7.91] 3.85[-1.59 ; 9.29]
Carbohydrates 33.2+12.7 46.7+10.8 313%81 46.2+9.7
p=0.40 p=0.16
. 3.08[-3.39;9.55] 3.99[-2.67 ; 10.65)
Added sugars 19.7 £11.0 21.7+10.6 142+8.0 225+10.1
p=0.34 p=0.23
. s -4.62[-9.56;0.32] -3.76 [-8.35; 0.84]
Total fat 18.7+8.3 347%6.1 20.0+8.6 31.6+9.6
p=0.07 p=0.11

Values are means + standard deviation. B: regression coefficient.
M1:Linear regression model adjusted for gender and the parameter at baseline

M2: Linear regression model adjusted for gender, the parameter at baseline and the quantity of ethanol
consumed during the second week of the program. *** p<0.001, ** p<0.01, * p<0.05 paired T-test or Wilcoxon
test : intra-group comparison. AUD, alcohol use disorder; El, energy intake; FOS, fructo-oligosaccharide; GOS,
galacto-oligosaccharide
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Placebo Inulin Difference in Difference in
change from change from
baseline M1 baseline M2

Week 0 Week 2 Week 0 Week 2 B [95% CI] B [95% CI]
Intake (g/d)
Total fat 4834252 76.1%26.0%%* 481:233 627+312 O34053.5.96] 0.01-6.2;6.2]
p=0.90 p=0.99
SFA 19.049.1  33.4%11.9%** 235:150 325198 1711215971 084[10.8;125]
p=0.83 p=0.88
MUFA 21.5+17.2  30.6+12.5%* 170681 216+113 oL134:-031 -81[15.4;0.3]
p=0.04 p=0.06
-3.8[-6.8;-0.8] -41[7.5;-0.7]
+ + * % + +
PUFA 7.1+3.2 11.0+6.0 6.9+3.6 7.6+3.1 0=0.02 020,02
-1.1[-3.4;1.2] -1.1[-3.7;1.4]
- + + + +
n6-PUFA 29421 51+42 33+22 40+25 02035 02037
0.02 [-0.6; 0.6] 0.02[-0.6;0.7)
| + + + +
n3-PUFA 07408 1.0+1.0 0.8+0.8 1.0+0.7 0=0.93 0=0.94
-0.02[-0.08 ; -0.02 [-0.09;
+ + + +
EPA  0.06+0.13  0.09+0.10 0.06+0.09 0.07 +0.09 0.04] p=0.53 0.04] p=0.50
DHA 0.08+0.17  0.11+0.14 008:015 017:040 0300160221 0.06[-0.14;0.26]
p=0.73 p=0.55
) -1.9[-3.7;-0.04]  -1.9[-3.9;0.18]
- - + + + +
n-6/n-3 Ratio 6.6%5.1 6.3+35 6.2+3.9 44+17 02004 020,07
-0.06 [-0.5; 0.3] 0.02[-0.4;0.5]
+ + *kk + +
Trans FA 0.7+0.8 1.1+0.6 0.7+05 0.9+0.7 02077 0=0.92
Cholesterol -28.3[-94.2; -32.7[-105.4;
0.2+0.1 0.2 +0.1** 0.2+0.1 0.2+0.1 37.6] p=0.39 40.0] p=0.37
Proportion of
total FA (%)
8.8[0.7;13.0] 9.5[3.4;15.6]
+ + + +
SFA 41.4+11.0 44.5+8.0 47.8+142 51.2+103 02003 020,003
5.3[9.7;-09]  -7.7[-12.0;-3.4]
+ + + +
MUFA 414495 39.8+5.3 354492 341£7.2 02002 p=<0.001
-1.4[-4.0;1.2] -2.2[-4.9;0.5]
+ + + +
PUFA 159+ 6.4 141436 15.6+7.2 13.2+4.6 0=0.20 0=0.10
0.19[-2.1;2.5] -0.42[-2.9;0.6)
- + + + +
n6-PUFA 6.7+4.7 6.5+3.6 7.7+5.7 6.7+36 0087 02073
0.49[-0.2;1.2] 0.39[-0.3;1.1]
| + + + +
n3-PUFA 17416 13409 1.9+1.8 18+1.1 020,15 020,29
EPA 0.14+0.25  0.11£0.12 012:018 013:01g ©02[007;0121 0.01[-0.09;0.11]
p=0.63 p=0.79
DHA 0.17£0.33  0.14£0.16 033:086 033:0g0 O1°[019;049 0.201-0.16;0.57]
p=0.38 p=0.27
-0.89[-0.32; 0.05 [-0.34; 0.44]
Trans FA 1.3+0.9 1.5+0.7* 12407 14405 0.53] p=0.80
p=0.63

Values are means = standard deviation. B: regression coefficient.
M1: model 1 adjusted for gender and the parameter at baseline

M2: model 2 adjusted for gender, the parameter at baseline and the quantity of ethanol consumed during the
second week of the program.*** p<0.001, ** p<0.01, * p<0.05 paired T-test or Wilcoxon test : intra-group
comparison. AUD, alcohol use disorder; DHA, Docosahexaenoic acid; El, energy intake; EPA, Eicosapentaenoic
acid; FA, Fatty acid; MUFA, Monounsaturated fatty acids; PUFA, Polyunsaturated fatty acids; SFA, Saturated fatty
acids.
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Table S5: Effect of inulin supplementation on micronutrient intake in AUD patients during the

withdrawal period.

Placebo

Inulin

Difference in change
from baseline M1

Difference in change
from baseline M2

Week 0 Week 2

Week 0

Week 2

B[95% Cl]

B [95% CI]

Macro-elements

Sodium (mg/d)

Potassium (mg/d)

Calcium (mg/d)
Phosphorus (mg/d)
Magnesium (mg/d)
Oligo-elements
Iron (mg/d)

Copper (mg/d)
Zinc (mg/d)
Selenium (ug/d)
Vitamins

Vit. B1 (mg/d)

Vit. B2 (mg/d)

Vit. B12 (ug/d)
Folates (pg/d)

Vit. C (mg/d)

Vit. D (pg/d)

Vit. E (mg/d)

2032.3+932.6  2802.4 + 899.0**

+
276,74 2676.5+1167.0
1002.9
649.0 £425.7 752.6 +385.1

1123.5+401.3 1068.5 +363.0

310.0+97.8 270.5+94.5
11.1+6.8 10.1+5.1
09+0.7 1.0+0.6
79+£32 9.2+34
67.3+41.6 69.4 £30.8
1.1+0.7 1.1+05
20+2.4 1.2+07
35£26 36+16
219.5+118.3 255.8+134.8
92.4+£94.5 91.7 £83.6
26+£3.2 49+69
8.5+8.2 8.6+53

2038.2+774.6

2690.1 +1240.0

762.1+461.5

1157.2 £575.0

2442.9+1116.3

2581.1+1399.6

801.1+529.5

1101.2 £501.0

296.0 £ 130.5 249.9+115.0
12.7+6.7 9.7+8.2*
09+0.7 09+0.7
10.2+3.7 8.0%4.1*
59.8+32.8 57.1+30.5
11408 1.1+0.6
1.2+07 14+0.9
28+17 3.1+£17
218.1+160.8 261.9+177.1
713+76.0 126.0 + 108.2*
49+6.9 51+6.7
55+5.2 85+7.1

-281.0(-938.4;376.4]
p=039

37.9[-718.7;794.4]
p=0.92

-63.3 [-353.0;226.5)
p=0.66

66.4 [-225.6 ; 358.4]
p=0.65

-18.1[-87.8 ; 47.5]
p=0.58

-1.5[-5.7;2.8]
p=0.49
-0.11[-0.5;0.3]
p=0.59
-23[-4.8;0.11]
p=0.06
-8.7[-28.6;11.1]
p=0.38

-0.01[-0.3;0.3]
p=0.95
0.32[-0.2;0.8]
p=0.22
-0.5[-1.6;0.5)
p=0.32
14.1[-88.9; 117.0]
p=0.78
44.6[-12.9;102.1]
p=0.12
-0.50[-4.0; 3.0]
p=0.77
0.19[-4.0;4.3]
p=0.93

-255.4 [-971.5;460.7]
p=0.47

-107.9[-924.8 ;708.9]
p=0.79

-0.92[-315.8;314.0]
p=0.99
67.2[-247.1; 381.5)
p=0.67
-31.3[-100.1; 37.4]
P=0.36

2.4[-5.2;0.3]
p=0.08

-0.15[-0.6 ; 0.3]
P=0.48

2.7[-5.1;-0.3]
p=0.03

-13.5[34.5; 7.57]

p=0.20

-0.05 [0.42 ; 0.31]
p=0.77
0.4[-0.2;0.9]
P=0.22
0.7[-1.8;0.4]
p=0.20
-0.25[-112.0; 111.5]
p=0.99
36.8[-26.1;99.6]
p=0.24
0.03[-3.9;3.8]
p=0.99
0.50[-4.2;5.2)
p=0.83

Values are means = standard deviation. B: regression coefficient.

M1: model 1 adjusted for gender and the parameter at baseline
M2: model 2 adjusted for gender, the parameter at baseline and the quantity of ethanol consumed during the
second week of the program. *** p<0.001, ** p<0.01, * p<0.05 paired T-test or Wilcoxon test : intra-group

comparison. AUD, alcohol use disorder; Vit, Vitamin
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Figure S2: Evolution of total dietary fiber intake in AUD patients

A. Wilcoxon paired tests were performed to compare the evolution from baseline to week 2 (at home) in each
groups B. Fisher’s exact test was performed to compare the proportion of patients who reach 25 grams of total
dietary fiber per day (Dietary guidelines- Belgian Superior health council) in each groups during the second week
of the program. Eight grams of inulin have been added to the dietary fiber intake (from food) for the inulin group

to take into account the supplementation during the second week of the detoxification program.
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3.1 Abstract

Background & Aims: Emerging evidence highlights that targeting the gut microbiota could
be an interesting approach to improve alcohol liver disease (ALD) due to its important
plasticity. This study aimed to evaluate the effects of inulin supplementation on liver
parameters in alcohol use disorder (AUD) patients (whole sample) and in a subpopulation
with progressive ALD.

Methods: Fifty AUD patients, hospitalized for a 3-week detoxification program, were
enrolled in a randomized, double-blind, placebo-controlled study and assigned to inulin
versus placebo for 17 days. Liver damage, microbial translocation, inflammatory markers
and 16S rDNA sequencing were measured at the beginning (T1) and at the end of the
study (T2). The results in AUD patients were compared to 14 healthy subjects (HS).
Results: Compared to HS, AUD patients had significantly higher level of AST, ALT, CK18-
M65 at T1. After alcohol cessation, transaminases but not CK18-M65 decreased but
remained significantly higher at T2. sCD14 significantly decreased without improving
inflammatory status. Compared to placebo, AST, ALT and IL-18 remained significantly
higher in the inulin group in the whole sample at T2. In the progressive ALD subgroup,
inulin supplementation lead to specific changes in the gut microbiota, including an
increase in Bifidobacterium and a decrease of Bacteroides. Despite those changes, AST and

ALT at T2 were higher in the inulin group compared to placebo.
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Conclusions: This pilot study shows that 17 days of inulin supplementation versus placebo,

even though it induces specific changes in the gut microbiota, did not alleviate liver
damage in AUD patients.

Keywords: Alcohol use disorder, prebiotics, inulin, alcoholic liver disease, gut microbiota,
inflammation
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3.2 Introduction

Alcoholic liver disease (ALD) is one of the leading causes of chronic liver disease
worldwide. Although the majority of patients with alcohol use disorder (AUD) present with
steatosis, only 10-20 % develop progressive forms of liver disease and its related
complications. Currently, the pathophysiological mechanisms implicated in liver disease
progression are not completely understood and there is no drug approved for treatment
of ALD 1.

Recent reports have highlighted the potential role of the gut-liver axis in ALD progression.
Gut barrier dysfunction together with alterations in the composition of the intestinal
microbiota as well as elevated systemic microbial translocation have been associated with
ALD progression 2.

Murine models of chronic ethanol exposure have been used to discover new potential
therapeutic targets at the frontier of the gut-liver axis in ALD3. Manipulations designed to
restore gut barrier function, thus preventing microbial translocation, or alleviating
dysbiosis all improved liver disease in animals 8. However, these data cannot necessarily
be extrapolated to human pathology for several reasons. Animals have a natural aversion
to alcohol 9, a 5 times faster ethanol metabolism 1, and profound differences in their
immune system 2 and their microbiota !* compared to humans. Animals do only develop
mild forms of ALD upon chronic alcohol feeding and do not resume the liver-damage
pattern observed in humans . Clinical studies targeting the gut microbiota in AUD
patients are scarce and generally focused on patients with severe alcoholic hepatitis and

decompensated cirrhosis °

. Little is known about the impact of a gut microbiota
modifying strategy in AUD patients on earlier non-cirrhotic disease stages of ALD. One
potential way of modulating the gut microbiota in those patients might be the use of
prebiotics. Prebiotics are defined as ‘substrates that are selectively used by host

microorganisms conferring a health benefit’ °

meaning that they promote the growth of
some specific bacteria. Of particular interest, inulin-type fructan (ITF) is known to favor
Bifidobacterium and F prautznizi two well-recognized beneficial bacteria which are

decreased in AUD patients!’2°

. It has been shown that Bifidobacteria negatively correlate
with pro-inflammatory cytokines and improve intestinal health in humans 2021 F
prausnitzii, a butyrate producer, exhibits anti-inflammatory properties both in vitro and in
vivo studies 2223, ITF supplementation and subsequent restoration of an optimal microbial
balance, could exert beneficial effects on gut barrier function, reduce microbial

translocation and thus attenuate systemic inflammation >182425 \We therefore designed a
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randomized, double-blind, placebo-controlled study to modulate the gut microbiota of
AUD patients using a 3-weeks inulin supplementation. Since the liver is closely connected
to the gut via the portal vein, we hypothesized that restoring the microbial balance with
subsequent improvement of the gut barrier function could exert a beneficial effect on ALD
development.

Therefore, one of the outcomes of this Gut2Brain study was to test the efficacy of this
intervention on liver disease. The principal aim of this sub-study was to investigate the
effect of inulin supplementation on liver parameters and systemic inflammation in AUD
subjects. The secondary objective was to study the effect of supplementation in a

subgroup of patients with progressive ALD.
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33 Materials and Methods

Study population

Fifty AUD patients undergoing elective alcohol withdrawal were recruited between
October 2018 and December 2019. They followed a 3 weeks highly standardized alcohol-
detoxification and rehabilitation program (Supplementary figure 1) in an academic
hospital. This program includes 1 week in the hospital, 1 week at home and another week
in the hospital (Supplementary figure 1).

AUD patients were diagnosed by a psychiatrist according to the Diagnostic and Statistical
Manual of Mental Disorders, Fifth Edition.

Eighteen to 65 years old male or female subjects who were actively drinking until at least
48 hours prior to admission were included in the study. The following exclusion criteria
applied: presence of another addiction (except tobacco), inflammatory bowel disease,
chronic inflammatory diseases (such as rheumatoid arthritis), cancer, obesity (BMI > 30
kg/m2), diabetes, bariatric surgery, or severe cognitive impairment (Mini Mental State
Examination (MMSE) < 24). Patients with known cirrhosis or significant hepatic fibrosis (>
F2) detected by Fibroscan (> 7.6 kPa) immediately after admission were also excluded
from the study. Patients who have been taking antibiotics, probiotics or prebiotics during
the 3 months prior to enrolment or who had regularly used non-steroidal anti-
inflammatory drugs or glucocorticoids during the month prior to enrolment were
excluded.

Fourteen healthy subjects (HS) matched for age, gender and BMI who consumed less than
20g of alcohol per day (social drinkers) were also recruited using flyers posted in the public

setting of the city.

Study design

The Gut2Brain study was a randomized, double blind, placebo-controlled trial. Each
subject was randomly assigned to daily intake of inulin (Fibruline®; Inulin group) or
maltodextrin (Placebo group).The randomization was performed using the method of
randomly permuted blocks (50 subjects randomized into 5 blocks) via the website

www.randomization.com, by a person not clinically involved in order to ensure the double

blind. Neither the patient nor the investigator knew which boxes contained inulin or

placebo until unblinding at the end of the study. In order to reduce potential
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gastrointestinal side effects, the dose of inulin or maltodextrin increased gradually from 4
to 16 gram per day during the 17 days of treatment (4g from day 3 to day 4; 8g from day 5
to day 14 and 16g from day 15 to day 19 of the detoxification program; Supplementary
figure 1).

The trial protocol was published on protocols.io
(dx.doi.org/10.17504/protocols.io.bvs2n6ge). This study was approved by the ethics
committee of the hospital (Nb: 190616V1). All participants signed informed consent prior
to inclusion and the trial was registered in the clinicaltrials.gov registry (ClinicalTrials.gov
identifier: NCT03803709).

Examinations and sample collections

A Fibroscan® (Echosense, Paris, France) combined with the controlled attenuation
parameter (CAP) was performed at admission and repeated after 19 days. Fasting blood
samples were drawn and stool samples collected twice on day 2 (T1) and 19 (T2) after the
admission. Blood samples were centrifuged at 1000g for 15 min at 4°C. Plasma, Serum and

stool samples were stored at -80°C until use.

Inflammatory markers

Plasma concentrations of inflammatory markers (IL-18, MCP-1, IFN-y, IL-8, IL-10, TNF-a, IL-
6) and Fibroblast growth factor 21 (FGF-21) were determined using the Meso Scale
Discovery (MSD) U-PLEX assay (Rockville, MD, USA) following the manufacturer’s

instructions.

Microbial translocation and serum biomarkers of liver cell damage

Microbial translocation was determined using Lipopolysaccharide Binding Protein (LBP),
soluble CD14 (sCD14) (Human LBP duoset ELISA and Human CD14 Quantikine ELISA kit
sCD14 , Biotechne Ltd, Abingdon, United Kingdom) and Peptidoglycan Recognition
Proteins (Human PGRPs ELISA kit, Thermofisher, Merelbeke, Belgium). Liver damage was
assessed by measuring serum cytokeratin 18 (CK18) (CK18-M65 ELISA kit; TECOmedical

AG, Sissach, Switzerland). All assays were performed in duplicate following the
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manufacturer’s instructions. Routine biochemical analyses were performed by the clinical

biochemistry laboratory of the hospital.

Classification of patients according to severity of liver disease

AUD patient were classified according to the severity of liver disease using clinical
biomarkers as previously described by our group?. Briefly, patients with a normal or
increased CAP values but normal transaminases and CK18-M65 < 270 U/L were considered
as having non-progressive liver disease (minimal liver involvement or simple steatosis)
whereas those with CAP values > 250 dB/m AND CK18-M65 >270 U/L and/or AST/ALT>40
U/L were classified into the progressive ALD group (essentially alcoholic steato-hepatitis).
According to the predefined inclusion/exclusion criteria, patients with liver stiffness values

> 7.6 kPa on Fibroscan at admission (significant fibrosis) were excluded from the study.

16S rRNA sequencing and data analysis

Stool samples were collected at Day 2 (T1) and at the end of the intervention (Day 19 —
T2). They were collected and stored immediately at -20°C and then transferred to -80°C

within 5 to 10 hours. Genomic DNA was extracted from the feces using a QlAamp DNA
Stool Mini Kit (Qiagen, Germany), including a bead - beating step and following the

protocol Q towards standards for human fecal sample processing in metagenomic
studies). The composition of the gut microbiota was analysed by Illumina sequencing of
the 16S rRNA gene and qPCR of 16S rDNA was used to quantify the abundance of total

bacteria and Bifidobacterium spp. (see supplementary Material).

Statistical Analysis

Data were presented as mean # standard error of the mean (SEM) or mean + standard
error (SD). Normality was assessed by the Shapiro-Wilk test. According to data
distribution, Wilcoxon or paired t-tests were used to analyse the evolution of the different
parameters between T1 and T2. Linear regression models adjusted for gender, the
quantity of ethanol consumed during the second week of the program and the baseline
measurement of the outcome were performed to analyse the difference between placebo

and inulin groups at T2. For the comparison between AUD and HS, we used ANOVA or

197



Results and discussion - CHAPTER 3B

Kruskal Wallis test followed by a Holm-Sidak's or Dunn's test. Apvalue <.05 was
considered as statistically significant. Statistical analyses were performed using SAS
version 9.4 and Graphpad Prism 8.0.

For the gut microbiota analysis only the phyla, families and genera with an average
relative abundance superior to 0.1% were analyzed. We used a Mann-Whitney U test in R
to compare the relative abundance between groups and the within group analyses were
evaluated using a Wilcoxon paired test.

Spearman partial correlations (adjusted for gender and the quantity of ethanol consumed
during the second week of the program) were performed to assess the relationships
between biological outcomes and microbial data.

Sample size was estimated using G*Power based on the bifidogenic effect of inulin 18,
Therefore, we estimated that a total sample size of 50 participants, with a 20% drop out
during the study and 20 patients in each group completing the study provides 80% power
to observed an effect size of 0.34 for the relative abundance of Bifidobacterium genus

using a power calculation test with a 0.05 two-sided significance level.
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3.4 Results

Study population

To reach the final sample, 150 patients were screened, 77 did not meet the inclusion
criteria and 23 refused to participate. Finally, 50 AUD patients were randomized. Among
those, 43 patients completed the study (Supplementary Figure 2). Compliance with the
nutritional supplementation was 96% in the placebo group and 98% in the inulin group.
The two groups of treatment where comparable at baseline in terms of age, BMI, marital
status and alcohol history. However, there was a women predominance in the inulin group
(20% in placebo vs 48% in the inulin group, p=0.04) and they had one additional criteria in
the DSM-5 classification compared to the placebo group (7.8 £ 1.8 in placebo vs 9.1 + 1.5
in inulin group, p=0.01). During the second week of the detoxification program, 8 patients
relapsed in the placebo group vs 12 in the inulin group (32% vs 48% respectively, p=0.25).
Patients who relapsed in placebo group consumed 79 g/d alcohol on average vs 76 g/d in
inulin group (p=0.96).

Table 1 depicts demographics and various baseline characteristics of AUD patients and HS.
Both groups were similar in terms of age, sex, BMI and marital status. AUD patients were
less educated and had a lower cognitive function (MMSE score) than HS. There were more
smokers in the AUD group than in the HS group. On average AUD patients consumed 132
+ 73 g of ethanol/day compared to 7.6 + 10.4 g/day in healthy subjects.

In order to study the effect of 19 days of abstinence, we first studied the evolution
between T1 and T2 of the hepatic, inflammatory and microbial translocation parameters
in the whole sample (n=50) without taking into account the supplementation. This sample
was called “global population”.

Then, we studied the effect of inulin supplementation compared to the placebo group.
Finally, we stratified the population according to the severity of the liver disease
(progressive vs non-progressive ALD) to study the effect of inulin supplementation in

patients with more severe liver disease.
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Table 1: Baseline characteristics of AUD patients compared to healthy subjects

HS n=14 AUD n=50 P

Sociodemographic characteristics
Age (y) 47.28 + 11.46 48.44+9.23 0.81
Female, n(%) 6 (42.86) 18(36.00) 0.64
Marital status 0.23

Couple/ married 8(57.14) 20 (40.00)

Single 3(21.43) 22 (44.00)

Separated/divorced 2 (14.28) 8(16.00)
Educational level 0.006

Primary 0 (0.00) 5(10.00)

Secondary 0 (0.00) 17 (34.00)

Superior 14 (100.00) 28 (56.00)
Clinical examination
Weight 71.43+10.72 72.34+12.36 0.74
BMI 23.70 £3.16 23.97 £3.25 0.522
MMSE score 29.36 £ 0.63 27.96 £2.30 0.01
Tobacco 2 (14.28) 40 (80.0) <0.001
Alcohol history
DSM-V score 0.00 + 0.00 8.46+1.78 1.00
Age of loss of control (y) - 32.31+11.02 -
Numbers of withdrawal - 2.20+2.20 -
Duration of drinking habit - 15.81+ 10.54 -
Alcohol consumption (g/d) 7,48 135.44473.66 <0.001
AUDIT score 3.11+2.30 - -

Values are means * standard deviation or n (%)

! p values were calculated using a T-test or Mann Whitney Wilcoxon's test and Chi2 test or Fisher's test for
categorical variables.

AUD, Alcohol use disorders; Alcohol Use Disorders Test; BMI, Body mass index; DSM-5, Diagnostic and Statistical
Manual of Mental Disorders fifth edition; HS, Healthy subjects MMSE, Mini Mental State Examination
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Inulin intake, alcohol abstinence, liver damage and inflammatory markers in AUD

patients

Evolution of liver damage markers, microbial translocation and inflammatory markers

after 19 days of withdrawal in the global population

AST, ALT as well as CK18-M65, reflecting liver cell damage, were significantly higher in
AUD patients compared to HS at admission (T1). At the end of the detoxication program
(T2) AST and ALT values declined but remained significantly higher compared to HS while
no reduction in CK18-M65 was observed. In addition, CAP, an estimate for liver steatosis,
decreased significantly between T1 and T2 in AUD patients (Figure 1A). Interestingly, FGF-
21 was significantly increased in AUD patients compared to HS at T1. Although a reduction
was observed, after the 19 days of abstinence, levels remained significantly higher than in
HS (T2) (Figure 1A).

Regarding microbial translocation markers, sCD14 and PGRP were significantly increased
in AUD patients at T1 compared to HS (Figure 1B) whereas LBP levels did not change.
sCD14 decreased significantly between T1 and T2 (Figure 1B) but neither PGRPs nor LBP
were modified by alcohol withdrawal.

Since bacterial endotoxin translocation could favor systemic inflammation, we measured
pro and anti-inflammatory cytokines. Except for IFNy, the systemic inflammatory markers
TNF-a, IL-6, IL-18, IL-8, MCP-1 and IL-10 were significantly upregulated in AUD patients
compared to HS at T1 (Figure 1C). IL.-8 and MCP1 significantly dropped with alcohol
withdrawal while the decrease in IL-18 between T1 and T2 did not reach the significance
level (p=0.07). However, IL-18, IL-8 and MCP-1 remained higher than HS at T2. TNF-a, IL-6
and IL-10 remained on a similar high level at the end of the program (Figure 1C). Overall
and despite some changes, alcohol cessation during a period of 3 weeks did not restore

the inflammatory status of AUD patients nor completely alleviate liver damage.
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Figure 1: Evolution of liver, microbial translocation and inflammatory markers between T1 and T2
in AUD patients

HS n=14, AUD T1 n=50 and AUD T2 n=44. T test or Mann Whitney test were performed to compare HS with AUD
at T1 and T2 (*p<0.05, **p<0.01,***p<0.001). Paired T-test or Wilcoxon paired test were performed to compare
the evolution of markers between T1 and T2 in AUD population (#p<0.05, ##p<0.01, ###p<0.001).

Grey line corresponds to the upper limit of normal value.
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Inulin supplementation did not improve liver damage, microbial translocation and

inflammatory markers over abstinence alone

Since we observed significant changes for several markers in the overall population at the
end of the withdrawal program, we wanted to know whether inulin supplementation
procures an additional benefit over placebo in AUD patients.

AST and ALT decreased significantly after 17 days regardless of the treatment group
(Figure 2A). AST returned below the upper limit of normal (ULN, 40 1U/L) in 100% of the
patients of the placebo group and even reached values of the HS in the vast majority. By
contrast, AST in the inulin group remained significantly higher than the values observed in
HS (Inulin vs HS, p=0.01; Supplementary Table 1) and only 76% of the patients decreased
to a level below the ULN (Figure 2A). ALT dropped below the ULN in both groups (Figure
2A) but remained significantly higher than in HS (Supplementary Table 1).In addition,
linear regression analysis, adjusted for gender, the baseline value of the outcome and the
quantity of ethanol consumed during the second week of the program, revealed that the
levels of AST and ALT at T2 were higher in the inulin group than in the placebo group
(Table 2). CAP values decreased significantly only in the inulin group (Figure 2A). However,
no difference was observed between the inulin group and the placebo group at T2 after
adjustment for gender, the baseline value of the outcome and the quantity of ethanol
consumed during the second week of the program (Table 2).

Serum CK18-M65 and FGF-21 did not significantly change in the placebo group nor in the
inulin group (Figure 2A) and remained higher than HS in both groups at T2 (Supplementary
Table 1).

The observed changes of microbial translocation and inflammatory markers in the global
population between T1 and T2 were homogenously distributed between both groups. We
observed a significant reduction of sCD14 in the placebo group and of MCP-1 in the inulin
group (figure 2B and C) but the adjusted linear regression models revealed no difference
between inulin and placebo at T2 (Table 2). IL-18 specifically decreased in the placebo
group whereas almost no variations were found in the inulin supplemented patients
(Figure 2C). In addition, the adjusted linear regression analysis confirmed a significantly
higher level of IL-18 in inulin group compared to placebo group at T2 (Table 2).

Taken together, our results suggest that 17 days of inulin supplementation has no
beneficial effect on liver, bacterial translocation and inflammatory markers during a

period of 3 weeks of abstinence in AUD patients.
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Figure 2: Evolution of liver, microbial translocation and inflammatory markers in AUD patients
receiving inulin or placebo for 3 weeks

n=25 at T1 in both groups; n=21 at T2 in placebo and n=22 in inulin group at T2. Paired T-test or Wilcoxon paired
test were performed to compare the evolution between T1 and T2.

Orange line corresponds to the mean for healthy subjects and the green line correspond to the upper limit of
normal value. *p<0.05, **p<0.01,***p<0.001.
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Table 2: Effect of inulin supplementation on liver function, bacterial translocation and

inflammatory markers*

AUD patients
n=50

Progressive ALD patients
n=22

Adjusted difference at T2 p Adjusted difference at p
(inulin vs placebo) T2 (inulin vs placebo)
B [95% ClI] B [95% ClI]
Liver
parameters
AST 8.09 [1.77; 14.41] 0.01 16.67[2.84; 30.51] 0.02
ALT 5.18 [1.30; 9.06] 0.01 9.09 [0.65; 17.53] 0.04
CAP 8.36 [-21.24 ; 37.96] 0.57 1.52[-45.24 ; 48.29] 0.95
CK18-M-65 76.70[-4.13; 157.54] 0.06 127.52 [-38.83 ; 293.88] 0.12
Bacterial
translocation
sCD14 80.70[-100.21; 261.69] 0.37 209.79 [-104.84 ; 524.41] 0.18
Inflammation
FGF-21 -164.70 [-867.38; 537.97]  0.64 -258.20[-1428.38,;911.98]  0.65
IL-18 113.86 [23.02; 204.71] 0.02 103.90 [-19.78; 227.58] 0.09
IL-8 0.22 [-1.09; 1.53] 0.73 -0.55[-2.60; 1.50] 0.58
MCP-1 -2.08[-49.00; 44.83] 0.93 -49.24 [-112.37; 13.88] 0.12

*Linear regression model adjusted for gender, the baseline measurement of the outcome and the quantity of
ethanol consumed during the second week of the program
AST, Aspartate transaminase; ALD, Alcohol liver disease; ALT, Alanine transaminase; CAP, controlled attenuation
parameter; CK18-M65, Serum cytokeratin 18 ; sCD14, soluble CD14.
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The impact of inulin supplementation in AUD patients with progressive alcohol liver

disease

We have previously shown that the gut microbiota of patients with progressive ALD was
particularly impaired 2. Therefore, we wanted to study the effect of inulin
supplementation in a subgroup of patients with progressive ALD. For this exploratory
analysis, we stratified the study population into patients with non-progressive and
progressive liver disease according to clinical parameters. As by definition, patients with
progressive ALD patients were characterized by elevated AST, ALT, and serum CK18-M65
compared to non-progressive ALD and HS. In addition, we found that among the
upregulated markers, two of them, sCD14 and FGF-21, also distinguished non-progressive
from progressive ALD with significantly higher levels in the latter one (Supplementary

Figure 3).

Inulin supplementation induced different changes in gut microbiota composition at the

phylum, family and genus level in progressive and non-progressive ALD groups

Microbiota analysis at baseline revealed that the progressive ALD group displayed a
decreased richness since the number of observed species and the Chao-1 index were
significantly decreased compared to HS (Figure 3A). Total bacteria measured by gPCR, was
not different between the groups (Figure 3B). The LEfSE analysis showed that Firmicutes
and especially Clostridia were higher in HS while Proteobacteria were significantly higher
in progressive ALD patients (Figure 3C and D). At the genus level, the relative abundance
of NK4A214 group from Oscillospiraceae family and Dialister were significantly higher in
HS while Flavonifractor and Lachnoclostridium were significantly increased in progressive
ALD (Figure 3D). These findings are in accordance with our previous data of more severe

dysbiosis in patients with progressive ALD?.

206



Results and discussion - CHAPTER 3B

A o Diversity B Total bacteria
Observed species Chao index Shannon index Simpson index
00 = w0 e 15 1,00, 7 ns.
= ' " S L 25 . . 2 2o Z
a2l e . 200 o] s Pres Moo 2 £ 5 ' .
w|  —HE— 4 . % 4 o ose] et om 1y 2 s 3ol Ly
2 = i3} 0 a8 : H H o . s gney i .
. 14 . s § s B
- . - 1 e
HE NonPALD  PALD HS NonPALD  PALD HS MNonPALD  PALD Hs Non PALD  PALD 3 HS NonPALD  PALD
C Cladogram D  LEfSe analysis

Erysipelatocostridinceae

b
c

6 NK4AZ1agroup Costridia
& Ruminococcaceae

Firmicutes
Oscilospirates
Ruminococcacese -
neaaz1agroup [
Oioister |
Peptosireptococcales Tissierciies
Favoniractor
Proteosscteria -
=
i i i

s Lachmociostridium
B Non PALD 1 2 3 4 5
= LDA SCORE (log 10)

PALD

Figure 3: Gut microbiota composition and microbial diversity according to the severity of alcoholic
liver disease at baseline (T1)

HS: n=14, Non progressive ALD (Non PALD): n=24, Progressive ALD (PALD): n=22. Kruskal Wallis tests were
performed to compare the three groups followed by a Dunn's test. For each panel, data are expressed as
mean + SEM.

(A) Measure of alpha-diversity indexes: Number of observed species, chao-1, Shannon, Simpson. (B) Total
bacteria measured by gPCR. (C) Cladogram using LEfSe method indicating the phylogenetic distribution of gut
microbiota of HS and AUD patient according to progressive liver disease. Each successive circle represents a
phylogenetic level. (D) Histogram of the LDA scores reveals the most differentially abundant taxa among
different groups. Taxa enriched in the HS group are highlighted in green, in blue for Non-PALD group and in red
for the PALD group in the linear discriminant analysis (LDA). Graphical representation was performed using

Galaxy/Hutlab tool (huttenhower.sph.harvard.edu/galaxy).

The effects of inulin supplementation on the gut microbiota composition have been
already published elsewhere, showing namely an increase in Bifidobacterium as a
“signature” of inulin intake (Amadieu C et al, in revision). We compared the change from
baseline of Bifidobacterium between placebo and the inulin group. Bifidobacterium
increased significantly in the inulin group compared to placebo in progressive ALD as well
as non-progressive ALD (Figure 4A and B). The bifidogenic effect of inulin was therefore
confirmed in both groups.

Inulin supplementation induced a significant decrease of all a diversity indexes compared
to placebo in the progressive ALD group (Figure 4C) while only the number of observed

species was decreased in the non-progressive ALD group (Figure 4D). In the progressive
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ALD group, analysis of phylum and family levels of bacteria revealed minor changes in

those who received placebo while an increase of Bifidobacteriaceae (Actinobacteriota)

and a decrease of Bacteroidaceae (Bacteroidota) was found in patients supplemented

with inulin (Figure 4E). In the non-progressive ALD group, inulin supplementation has no

effect at phylum level but similar changes were observed at family level with an additional

increase of Veillonellaceae family (Figure 4F).
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Figure 4: Effect of inulin supplementation on gut microbiota composition in progressive and non

progressive ALD patients.

Progressive ALD: n=9 and n=11 in placebo and inulin groups respectively. Non progressive ALD: n=10 and n=8 in
placebo and inulin groups respectively (A-B) Change in relative abundance of Bifidobacterium between T1 and
T2. (C-D) Changes in measure of alpha-diversity indexes: Number of observed species, Chao-1, Shannon, Simpson
and total bacteria measured by gPCR. (E-F) Relative abundances of bacterial taxa accounting for more than 1%,
at the phylum and family level, assessed using lllumina 16S rRNA gene sequencings in AUD patients
supplemented with placebo (n=19) or inulin (n=19) according to the severity of liver disease. Wilcoxon paired

tests were performed to compare the evolution from baseline in each groups.

#p<0.05, **p<0.01,*** p<0.001.
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At the genus level, prebiotic treatment also increased Dialister whereas Bacteroides,
Ruminococcus torques and Dorea decreased in the progressive ALD group (Table 3). Inthe
placebo group, Fusicatenibacter, Oscillospiraceae UCG-002, Monoglobus, Alistipes and
Lachnospiraceae ND3007 increased significantly between T1 and T2 while Oscillibacter,
Flavonifractor, Colidextribacter and Sutterella decreased (Table 3).

The genera modified between T1 and T2 in non-progressive ALD group are presented in
Supplementary Table 2. Bifidobacterium and Veillonella increased significantly after 17
days of inulin supplementation. In contrast, Lachnoclostridium, Ruminococcus torques
group, Dorea, Tizzerella, Oscillibacter, Colidextribacter, Erysipelotrichaceae UCG-003 and
Bacteroides decreased significantly (Supplementary Table 2). In the placebo group,
Lachnospiraceae NK4A136 group increased while Blautia, Eubacterium eligens group and
Acidaminococcus decreased after 17 days (Supplementary Table 2).

Globally, inulin supplementation exacerbated the decrease in a-diversity but did not

impact the bacteria shown to be already altered at baseline in progressive ALD patients.
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Table 3: Significant changes in relative abundance of gut bacteria at the genus level in AUD patient
with progressive liver disease receiving inulin or placebo for 3 weeks*

Progressive ALD group

T1 T2 p
Significant changes in inulin group
Bifidobacterium 9.91+0.70 10.42 £0.46 0.01
Dialister 1.30+1.83 3.73£3.15 0.03
Bacteroides 19.00 £ 10.61 14.34 £10.33 0.04
Ruminococcus torques group 0.23+0.32 0.04 +0.05 0.03
Dorea 0.27+0.21 0.09 + 0.06 0.004
Eubacterium ruminantium group 0.07 £0.17 0.004 + 0.008 0.03
Significant changes in placebo group
Fusicatenibacter 0.27 £0.20 0.55 +0.37 0.04
Oscillospiraceae UCG 002 0.83 +0.90 1.72+1.22 0.004
Monoglobus 0.13+0.23 0.33+0.26 0.01
Alistipes 2.19+1.40 3.41+1.96 0.03
Lachnospiraceae ND3007 group 0.11+0.13 0.22+0.27 0.04
Eubacterium ventriosum group 0.04 +0.05 0.15+0.13 0.04
Oscillibacter 0.46 +0.40 0.18 +0.15 0.01
Flavonifractor 0.40+0.38 0.20+0.30 0.009
Colidextribacter 0.26+0.14 0.13+0.13 0.002
Sutterella 2.17 +1.52 1.72+1.38 0.04

*Genus significantly modified after 17 days of treatment were identified using Wilcoxon paired test.
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Inulin supplementation did not improve liver damage, microbial translocation and
inflammatory markers in the subgroup of patient suffering from progressive alcohol liver

disease

Regarding the evolution of liver and microbial translocation markers between T1 and T2 in
patients with progressive ALD, AST, ALT and CAP decreased significantly in both placebo
and inulin groups while no significant changes were observed for CK18-M65 and sCD14.
By contrast, FGF-21 and IL-18 were specifically reduced in the placebo group while IL-8
and MCP-1 decreased significantly between T1 and T2 in patients supplemented with
inulin (Figure 5). The adjusted linear regression models revealed that AST and ALT at T2
remained higher in the inulin group compared to placebo (p=0.02 and p=0.04; Table 2). No
significant differences were observed between placebo and inulin for the other markers
after adjustment.

Overall, our data do not support beneficial effect of inulin supplementation compared

with placebo, even in the sub-group of patients with more severe liver disease at baseline.
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Figure 6: Evolution between T1 and T2 of liver, microbial translocation and inflammatory markers in patient with progressive alcohol liver disease

according to inulin or placebo supplementation

Wilcoxon paired test were performed to compare the evolution between T1 and T2.0range line corresponds to the mean for healthy subjects and the green line
correspond to the upper limit of normal value. *p<0.05, **p<0.01,***p<0.001.
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Link between liver alterations, inflammatory markers and microbiota in the subgroup of

patient with progressive ALD

In order to investigate whether changes in liver or inflammatory markers after treatment
could be related to certain bacterial genera, we performed partial correlations adjusted
for gender and the amount of alcohol consumed during the second week in the
progressive ALD group. The variations of Shannon and Simpson indexes as well as
Fusicatenibacter were negatively correlated with the variation of AST level (r=-0.49,
p=0.03; r=-0.47, p=0.04 and r=-0.46, p=0.048 respectively; Supplementary Figure 4). The
variation of Shannon and Simpson indexes, Oscillospiraceae UCG-002, and Alistipes were
negatively associated with the variation of the translocation marker sCD14 level (r=-0.49,
p=0.03; r=-0.50, p=0.027 ; r=-0.55, p=0.01 and r=-0.59, p=0.007 respectively) while
Sutterella was positively associated (r=0.46, p=0.048). Oscillibacter and Colidextribacter
were positively correlated with IL-10 (r=0.60, p=0.007; r=0.48, p=0.04 respectively). No
correlation between alpha diversity indexes or bacterial genera and IL-18 levels was

observed (supplementary Figure 4).
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35 Discussion

This work aimed at studying the effect of inulin supplementation on the gut-liver axis in
AUD patients during alcohol withdrawal. Inulin is an interesting prebiotic since several
studies highlight its beneficial effect on gut microbiota composition and metabolism?5?7,
We hypothesized that inulin, through amelioration of gut dysbiosis, could improve liver
damage in AUD patients especially in a subgroup of patients with progressive ALD defined
by clinical parameters. Alcohol withdrawal, regardless of the nutritional intervention, had
a beneficial effect on AST, ALT, sCD14, IL8, MCP-1 and IL-18. However, most of the
markers remained higher than HS levels after 19 days of abstinence. We further
demonstrate that 17 days of inulin supplementation did not elicited additional benefit
over abstinence alone on liver disease and inflammatory parameters in AUD patients.
Surprisingly, we observed even a less pronounced reduction of AST, ALT and IL-18 in
patients supplemented with inulin compared to placebo. By stratifying the patients
according to the severity of liver disease, we did not find a benefit of inulin in the
subgroup of patient suffering from more severe ALD at baseline. AST and ALT remained
significantly higher in inulin group than in placebo group at the end of the intervention.

Studies in mice reported a positive effect of inulin on inflammatory markers 2829,
decreased blood lipopolysaccharide (LPS) levels and increased short chain fatty acids
(SCFA) concentrations 3%31 after alcohol feeding. In humans, several studies have shown a
decrease in AST and ALT after inulin supplementation in obese or diabetic patients3233 as

well as a decrease in circulating LPS, IL-6 and TNFa 34

in the latter. In a pilot study,
supplementation with oligofructose, a short chain ITF, during 8 weeks in patients with
nonalcoholic steatohepatitis significantly decreased serum AST and ALT 3°. However, our
findings revealed that changes were observed in placebo and as such more related to
abstinence. Inulin does not improve liver function or inflammatory markers in the specific
context of AUD.

IL-18 was found to be higher in inulin supplemented subjects than in placebo subjects at
T2. The blunted decrease in IL-18 observed in inulin-treated patients, that mirrors the less
pronounced decrease of ALT and AST, is intriguing as we did not observe the same for
others cytokines. Several reports have proposed that IL-18 could play a specific role in liver
injury 337, As the main signature of inulin is to modulate the gut microbiota composition,
one might postulate that some specific inulin-related changes could be responsible for this
intriguing result. However, we did not find any correlation between the changes in IL-18

levels and changes in genera abundance. It would be interesting to study whether changes
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in metabolites from the gut microbiota like SCFA or bile acids could explain the changes
observed in IL-18 levels. In the specific context of AUD, it would also be of interest to
ensure that inulin does not promote the growth of ethanol-producing bacteria, which
could explain the smaller decrease not only in liver enzymes but also in IL-18. Indeed,
some studies have revealed that Bifidobacterium can produce ethanol through the
fermentation of fibers, which is susceptible to partially counteract the beneficial effect of
inulin®3%, This effect might be especially relevant in an AUD population.

In this work, we studied the effect of inulin in patients with progressive ALD as we
observed, in a previous study, that these patients had a particularly altered microbiota.
We observed that patients with progressive ALD had reduced bacterial richness and that
17 days of inulin supplementation further reduced this microbial richness compared to
placebo. Few studies have shown a decrease in microbial diversity with dietary fiber
supplementation %%, In our study, this decrease in diversity was negatively correlated
with the decrease AST and CD14 levels in progressive ALD patients and as such might
rather be an unfavourable outcome. Decreased microbial diversity has often been
associated with a pathological context in the literature 243 and it has also been shown
that patients with ALD have a lower microbial diversity compared to HS 244,

Progressive ALD patients are characterized by an overrepresentation of the phylum
Proteobacteria as well as the genera Lachnoclostridium and Flavonifractor compared to HS
that were not modulated by inulin supplementation. We solely observed an increase in
Actinobacteriota coupled with a decrease in Bacteroidota in the progressive ALD group.
Among those bacteria, the phylum Proteobacteria, is of particular interest. It is composed
of gram-negative bacteria and has been shown to be increased in patients with liver
cirrhosis*®*® and in non-alcoholic steatohepatitis patients with advanced fibrosis and
cirrhosis %7. Alcohol use has also been associated with an increase in Proteobacteria
considered to be responsible for endotoxemia and hepatic inflammation?®°, At least in
our context, inulin was not able to counteract this potentially negative impact. At the
genus level, inulin increased the abundance of Bifidobacterium and Dialister while it
decreased Bacteroides, Ruminococcus torques group, Dorea and Eubacterium
ruminantium group. Most of these changes have already been observed in the literature in
a different context!®°? but their significance in AUD and ALD is not clear. Addolorato et al
showed that Bacteroides was enriched in AUD patients and that this is associated with
circulating LPS #4. Bifidobacteria, a core genus in human gut microbiota, are generally

associated with good health outcome 2. They seem to have a beneficial effect on gut
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barrier integrity3®3! and improved gut barrier function was associated with alleviated liver
damage in animals 3% Our group previously reported that AUD patients had a decreased
abundance of bifidobacteria compared to healthy individuals 1’ but another study showed
an increased fecal abundance of Bifidobacterium in AUD patient with severe hepatitis and
cirrhosis . Promoting Bifidobacteria, e.g. through inulin supplementation, might not be
beneficial in some circumstances such as in AUD patients. A negative impact could
eventually result from the ability of Bifidobacterium to produce ethanol or to increase
butyrate levels which has been described in several studies 3%, Indeed, it has been shown
that in TLR5-KO mice presenting gut dysbiosis, inulin supplementation, via the increase of
butyrate, induced hepatic alterations °°. It is possible that potential beneficial effects of
inulin only applies to particular pathological contexts®”8. It is also possible that the effects
of inulin are dependent on the diet, the metabolic status or the initial microbial

composition.

Multiple alterations of the intestinal barrier have been associated with chronic alcohol
consumption and eventually liver disease severity?”®. Modulating the microbiota might
not improve immunity and bacterial translocation, important contributors in the gut-liver
communication in ALD pathogenesis >°. Therefore, a mono therapeutic approach targeting
only the microbiota with prebiotic fibers could be insufficient in a pathology where
multiple factors contribute to disease progression.

The principal strength of our pilot study is the blinded-randomized-placebo controlled
design. However, some limitations do apply. Since gender is known to influence the
biological parameters including liver damage ©%%!, a higher proportion of female in the
inulin group could have impacted the results. Although relapse rates were similar between
both groups of treatment we cannot exclude that this parameter could have influenced
liver recovery. In order to limit the consequences of these potential biases, we adjusted
the linear regression models for both variables. It would nevertheless be of interest to
stratify randomization of the population according to these two parameters for future
studies. Finally, the sample size for the subgroup analyses was small which could have
impacted the results.

Overall, our pilot study shows that modulation of the microbiota can be obtained via
inulin in AUD patients. However, 17 days of inulin supplementation versus placebo did not
have a beneficial effect on liver recovery after short-term alcohol withdrawal even in

subjects with more pronounced ALD. In addition, further studies testing other gut
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microbiota targeting strategies, especially those eventually leading to a decrease in
bacterial diversity, should be planned and performed carefully since potential adverse
effects of gut microbiota modulations on liver alterations in AUD subjects could be a

concern.
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3.6 Supplemental information
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Supplementary figure 1: Design of the Gut2Brain study in the alcohol withdrawal unit.
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Supplementary methods

Microbiota analysis

The composition of the gut microbiota was analysed by lllumina sequencing of the 16S
rRNA gene (see supplementary Material). The V3-V4 region of the 16S rRNA gene was
PCR-enriched using the primer pairs V3F_Nextera (CCTACGGGAGGCAGCAG) and
Meta_V4_806R (GGACTACHVGGGTWTCTAAT). The amplicons were purified, quantified
and sequenced using an Illumina Miseq to produce 2x300-bp sequencing products at the
University of Minnesota Genomics Center. 16S rDNA amplicon sequences were analysed
using FROGS pipeline 26. Amplicons were filtered according to their size then clustered
into OTUs using Swarm (aggregation parameter d = 1 + d = 3). Chimera were removed
using VSEARCH combined with an innovative chimera cross-validation and OTUs were kept
when representing more than 0.005% of the total number of sequences 27. OTUs were
classified using the reference database Silval38 16S with a pintail quality of 100 28.
Relative abundance of each OTU was calculated after data normalization using a threshold
of 33133 reads per sample.

gPCR of 16S rDNA was used to quantify the abundance of total bacteria (Forward: ACT-
CCT-ACG-GGA-GGC-AGC-AG, Reverse: ATT-ACC-GCG-GCT-GCT-GG) and Bifidobacterium
spp. (Forward: GAT-TCT-GGC-TCA-GGA-TGA-ACG-C, Reverse:CTG-ATA-GGA-CGC-GAC-CCC-
AT). PCR amplification was carried out as follows: 10 min at 95 °C, followed by 45 cycles of
3sat 95 °C, 26 s at 58 °C or 60 °C, and 10 s at 72 °C. Detection was achieved with the
QuantStudio3instrument and software (Applied Biosystems) using the GoTaqqPCR
MasterMix Plus for SYBR Assay (Promega). BSA was added to samples. Each assay was
performed in duplicate in the same run. For construction of standard curves, fivefold
dilution series from target species genomic DNA preparations (DSMZ) were applied to the

PCR.
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Supplementary Figure 2: CONSORT flow diagram of the gut2Brain study
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Supplementary table 1 : Comparison between placebo, inulin and healthy subjects at T2*

p p
HS Placebo T2 Inulin T2 P Placebo Inulin
vs HS vs HS

Liver
parameters
AST 20.1+7.3 24974 31.6+17.7 0.03 0.11 0.01
ALT 9.6 +8.7 12.2+6.8 16.6+12.8 0.01 0.02 0.02
CK18-M-65 129.9+57.0 221.1£109.7 306.9 +204.9 0.003 0.04 0.002
Bacterial
translocation
CD14s 1349.0+ 273.8  1406.8+282.2 1647.8 £ 448.7 0.05 - -
Inflammation
FGF-21 778.8 £378.6  2240.2+1409.9 2590.3+ 515.7 <.001 <.001 <.001
IL-18 452.4 +518.1 474.4 +£208.4 545.3 +£239.5 0.002 0.02 0.001
IFN-y 103.9+66.8 191.7 +137.5 212.5 +£203.2 0.03 0.03 0.06
IL-8 4.0+£2.2 53+2.2 55+2.2 0.02 0.03 0.01
MCP-1 183.9+66.7 249.1+81.8 240.0 £ 87.5 0.02 0.01 0.04

*ANOVA or Kruskal Wallis test were performed to compare the three groups followed by a Holm-Sidak's or
Dunn's test comparing AUD patients to healthy subjects.
AST, Aspartate transaminase; ALT, Alanine transaminase; CAP, controlled attenuation parameter; CK18-M65,
Serum cytokeratin 18 ; KW, Kruskal wallis test; sCD14, soluble CD14

221



A Liver related markers

Results and discussion - CHAPTER 3B

FGF-21 T1

ASTT1 ALTT1 M65 T1
150 e 150 . 1000 —
A‘. 0 900
100 H 100 ™ -
5 s H)
= £ 400-
50 e 50. .
ak -“. 200- 0000
oy Y | — -
HS  NonPALD PALD WS NonPALD  PALD HS  NonPALD NonPALD  PALD
B Bacterial translocation markers
cD14T1
HS Non PALD PALD
C Inflammatory markers
IL-18 T1 -8 T1 MCP-1T1
1500, 2xx 25 e 500- ——a
- r ;.
20 ] 400 4
° aad
z 1000 £ [ z 30 o = -
2 By " £ H %
w - m Fﬂ i [
rﬁ ‘agu=g 5 o2 100 8
e - F"ﬁ‘i

HS. NonPALD  PALD HS Non PALD

HS  NonPALD  PALD

Supplementary figure 3: Baseline clinical characteristics of AUD patients according to

clinical evaluation of alcohol liver disease.

Kruskal Wallis tests were performed to compare the three groups followed by a Dunn's test. *p<0.05,

**p<0.01,***p<0.001
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Supplementary Table 2: Significant changes in relative abundance of gut bacteria at the genus
level in AUD patient with non progressive liver disease receiving inulin or placebo for 3 weeks*

Non-progressive ALD group

T1 T2 p
Significant changes in inulin group
Bifidobacterium 9.96+0.73 10.20 £0.83 0.02
Veillonella 0.29 £0.87 0.64 +1.44 0.03
Lachnoclostridium 0.97 £1.63 0.62 £1.15 0.008
Ruminococcus torques group 0.29+0.41 0.09 £0.13 0.008
Dorea 0.31+0.36 0.08 £0.05 0.02
Tyzzerella 0.30+0.42 0.24 £0.39 0.036
Oscillibacter 0.32+0.35 0.20+0.20 0.008
Colidextribacter 0.32+0.34 0.15 +£0.08 0.016
Erysipelotrichaceae UCG 003 1.03+1.20 0.21+0.27 0.008
Bacteroides 20.88 + 8.36 15.51 £10.99 0.04
Significant changes in placebo group
Lachnospiraceae NK4A136 group 0.07+ 0.14 0.23 + 0.40 0.03
Blautia 2,10+ 1.12 1.65+ 1.04 0.01
Acidaminococcus 0.94+ 154 0.41+ 0.86 0.01
Eubacterium eligens group 0.26 + 0.67 0.21+ 0.53 0.04

*Genus significantly modified after 17 days of treatment were identified using Wilcoxon paired test.
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Supplemental figure 4: Partial correlations between biological and microbial data

Spearman partial correlations between the variations (T2-T1) of liver, microbial translocation,
inflammatory markers and a diversity and microbial genera in progressive ALD subjects.
Correlations were adjusted for gender and the quantity of ethanol consumed during the second
week of the program. *p<0.05, **p<0.01,***p<0.001. n=20.
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General discussion and future perspectives

1 Summary of the main outcomes

AUD is a major public health problem affecting 5 to 10% of the population in
developed countries. AUD patients are prone to develop emotional and cognitive
symptoms that contribute to the persistence of addictive behaviour [302] and to the risk
of relapse [465]. Pharmacological agents have been developed in order to reduce the
frequency of heavy drinking and alcohol craving but clinical studies reported a small
efficacy of theses drugs [153], and a high proportion of relapse (70%) among the recently
detoxified AUD subjects [138]. Although AUD has traditionally been considered a brain
disease, other organs are damaged, notably the gut and the liver. In this thesis work we
focused on the role of the gut microbiota in the biological (metabolism, liver damages and
inflammation) and psychological alterations induced by chronic alcohol consumption.

The gut microbiota is now considered a potential new therapeutic target due to its
key role on host physiology and behaviour [293,301,466,467]. Altered composition of the
gut microbiota has been reported in several diseases such as obesity, diabetes or Crohn's
disease and, more recently, in diseases with neurological components such as autism and
AUD [468-470]. Gut dysbiosis has been linked with intestinal permeability that promotes
the translocation of gut-derived bacterial components in bloodstream which can in turn
activate the inflammatory response. The latter is known to trigger psychological and liver
alterations in several disorders including in AUD [293,298,301].

ITF are interesting DF that respond to the definition of prebiotic: they are used as
substrates by selective gut microorganisms and confer health benefit to the host [348].
The effects of ITF on gut health, inflammation and metabolism have been widely studied
particularly in the context of obesity and metabolic disorders. More recently, ITF
treatment in mice has been shown to exert antidepressant and anxiolytic effects, improve
brain function and reduces stress-induced corticosterone release and pro-inflammatory
cytokines [402,403].

In this PhD work, we hypothesized that malnutrition in AUD patients can
contribute to alterations of the gut microbiota and psychological disorders, and that
modulating the gut microbiota by supplementation with inulin in the period of alcohol

withdrawal can positively impact host health and behaviour.

In the first chapter, we demonstrated that AUD patients have disorganized dietary
habits and that alcohol account for almost 40% of their total energy intake. We also

showed that AUD patients consumed less fiber, both soluble and insoluble, and that the
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latter were associated with higher sociability scores. Fructans intake was negatively
associated with anxiety scores meaning that patients that consumed more fructans were

less anxious.

Social functioning has been shown to be impaired in various psychiatric disorders
including AUD. Recently, a link between sociability and the gut microbiota has been
suggested in both clinical and preclinical studies. We therefore wanted to better
understand the relationship between the gut microbiota and social functioning in actively
drinking AUD patients (chapter 2).

In our sample, 16 out of 46 patients were considered dysbiotic. Non-dysbiotic
patients had a microbial composition comparable to healthy subjects whereas dysbiotic
subjects had more Parabacteroides, Lachnoclostridium, Erysipelatoclostridium and
Flavonifractor and less Ruminococcus, Christensenellaceae R7 group, Oscillospiraceae
NK4A214 group and Oscillospiraceae UCG 003 compared to healthy subjects. We found
that dysbiotic subjects were younger and thinner than non-dysbiotic subjects and that
their craving score was significantly higher. Interestingly, we observed that dysbiotic
patients had a smaller and less connected social network than non-dysbiotic subjects.
Patients with a more altered gut microbiota also tended to give more emphasis to their
perspective than to the other's. No differences were observed in terms of nutritional

profile or medication.

In the last chapter we demonstrated that inulin supplementation during 17 days
was well tolerated by AUD patients and induced significant changes in gut microbiota
composition (8 genera including Bifidobacterium). Inulin supplementation had no effect
on biological parameters except BDNF which increased in inulin group compared to
placebo. No significant differences were observed for the change in depression, anxiety or
alcohol craving between inulin and placebo groups during alcohol withdrawal. However
patients supplemented with inulin displayed an increased sociability score after 17 days of
supplementation compare to placebo.

Regarding liver and inflammatory parameters, patients supplemented with inulin had
higher levels of AST and ALT at the end of the detoxification program compared to
placebo. They also displayed a higher IL-18 level. The liver enzymes were also higher in
inulin group compare to placebo when we stratified the population according to the

severity of liver disease. Those data suggest that when administrated during the
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withdrawal procedure, inulin does not improve, and even slightly worsens, the hepatic

alterations.

We propose to put those conclusions in a more general context, and to discuss some
points requiring attention. First, we will discuss the advantages and disadvantages of our
study design. Next, we will focus on the link between nutrition, and in particular dietary
fiber, and psychological symptoms. We will also address the particularly interesting link
between gut microbiota and sociability. Finally, we will discuss the impact of inulin on the

composition of the gut microbiota and on inflammation and liver parameters.
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2 General discussion

Advantages and limitations of the study design

The detoxification program instaured at St Luc Hospital provided highly standardised
conditions to unravel the role of the gut microbiota and nutrition in AUD patients. Indeed,
the patients received the same hospitalisation program, including for all a similar period
“at home” in the middle of the withdrawal procedure and the same psychological support.
The patients were tested before and after inulin/placebo supplementation using the same
standardised tests, methods and conditions including the experimenter which limits bias.
Furthermore, all the samples were taken and stored in an adequate manner to ensure
appropriate analysis. Another strength of this study is that factors that could influence
psychological symptoms or biological data (and notably the gut microbiota) such as

nutrition or medication were also carefully collected in this study.

We conducted a randomised, double-blind, placebo-controlled study. This design
avoids bias and ensures comparability of groups on all factors except treatment. The
double-blind design was maintained until the end of the study to avoid the influence of
the judgement criteria and to maintain the comparability between the groups throughout
the trial. In our case a gender difference was observed between the placebo and inulin
groups at baseline. In the case of small sample sizes, it is possible that an imbalance
between groups occurs [471]. In order to minimise the risk of bias we therefore adjusted

all analyses for gender.

The design of the detoxification program included a week at home. During this week
some patients relapsed. This has the advantage of studying the effect of inulin under
representative conditions, as AUD is a disease with a high rate of relapse [472]. However,
this may also introduce a bias if the number of relapses is not well distributed between
the two intervention groups. In our study 8 patients relapsed during the second week of
the program (at home) in placebo group vs 12 in inulin group (32% vs 48% respectively
p=0.25). Even if the difference was not statistically significant we adjusted the analyses on
this parameter because alcohol consumption influences microbial changes but also the

recovery of psychological and biological parameters [119,293].
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The definition of relapse is complex and requires to distinguish simple lapse (one
drink or brief episode) from heavy relapse (4 -5 or more drinks in a day during several
consecutive days) [473]. We therefore adjusted the analyses on the quantity of alcohol

consumed, which is more informative than a qualitative variable (relapse: yes/no).

As mentioned, patients were recruited in the context of a detoxification programme.
This had the advantage to be highly standardised conditions, however the population of
AUD patients recruited is not representative of the general population of AUD patients.
Indeed, in this work, the patients selected are patients who were hospitalised on a

voluntary basis, and are therefore patients who are motivated to undertake withdrawal.

Malnutrition in AUD patients: focus on the relationship between dietary fiber intake

and psychological symptoms

We studied the intake of different types of soluble, insoluble fibers and prebiotic
(oligo)saccharides (FOS and GOS) in AUD patients. To our knowledge these intakes have
never been studied in patients diagnosed with severe AUD. For this purpose we used a
tool developed in the FiberTag study [474]. This tool allowed us to take into account the
different types of fibers including the prebiotics fructans and galactans, that are missing in
most official nutritional database such as the Belgian nutritional database Nubel.

Dietary fibers (DF) can be classified according to their structure or their physiological
and physicochemical properties (fermentability, solubility in water, viscosity). In our study
DF are classified according to water solubility which depends on the bonds between the
monomeric units, the nature of the monomeric units and the degree of polymerisation
[474]. The classification according to the solubility of fibers is highly debated because
there are exceptions, notably resistant starch which is insoluble in water and highly
fermentable. It has been proposed to classify fibers according to 1) their solubility and
viscosity, 2) their fermentability in the colon and 3) bulking effect in the colon. However,
data on all these characteristics are not yet available for many dietary fiber types and
sources [446].

Soluble fibers are often considered highly fermentable fibers (e.g. B-glucan, pectin,
psyllium, inulin) whereas insoluble fibers are partially fermented or not fermented by gut
bacteria (e.g. cellulose, hemicellulose, chitosan, lignin) [475,476]. Insoluble fibers have a

high water-retaining capacity and have been shown to decrease intestinal transit speed
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[477]. In contrast, the majority of soluble fibers do not contribute to stool bulk, while they
increase transit time and are fermented by gut bacteria and thus produce SCFAs [476].
The type of fiber, according to their origin, chemical composition and physicochemical
properties, can therefore affect differently host physiology (Figure 16). It is therefore
interesting to study each fiber types in relation to gastrointestinal symptoms, biological

parameters and mood [478].
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Figure 16: Potential biological mechanisms underlying the effects of dietary fiber on mood
and cognition based on its physicochemical properties [478]

We found a positive correlation between satisfaction with gastrointestinal symptoms
and soluble fibers intake. Soluble fiber consumption was also associated with a lower
gastrointestinal discomfort score, whereas no association was found with insoluble fibers
(Chapter 1). These results are consistent with an interventionnal study conducted in
patients with IBD over a 12-week period. It was demonstrated that patients supplemented
with psyllium, a soluble fiber, had an improvement in the severity of IBD symptoms. In
contrast, patients supplemented with bran, an insoluble fiber, showed no improvement of

those symptoms [479].

Concerning the link with behaviour and psychological alterations, the dietary source
of fiber has been differentially associated with the prevalence of depression in a cross-
sectional study of nearly 3000 Korean adults [480]. In the chapter 1, we observed an

association between the severity of psychological symptoms and fiber intake at baseline.
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A negative association was found between fructans and anxiety, with patients consuming
more fructans having lower anxiety scores. We also observed a positive association
between sociability score and soluble and insoluble fiber intake. Knowing this, we
expected to observe an effect of inulin supplementation on anxiety. However, we
observed an effect of inulin supplementation on sociability, but not on anxiety. It is
possible that in our intervention study, the duration of supplementation was too short to
observe an effect on anxiety. Indeed studies that have shown an effect of dietary
prebiotic fibers on anxiety scores used a higher duration of supplementation. For example
in IBD 4 weeks of short chain FOS or 12 weeks of trans-galactooligosaccharide improved
anxiety score [395,481].

To avoid side effects, the dose of inulin was gradually increased from 4 to 16g during
the study. Patients were supplemented with 4g for 2 days, 8g for 10 days and 16g only for
5 days. It is possible that significant changes in the gut microbiota took some time to
occur, thus limiting the influence on biological and psychological parameters. Although
Bouhnik et al showed that a 5g inulin supplementation for 7 days had a bifidogenic effect
in healthy subjects, it is possible that the latency is longer in subjects with an altered
microbiota [331]. A stool sample at several time points would have allowed us to
determine whether or not the microbial changes occurred quickly after the inulin intake.

Furthermore, since alcohol withdrawal itself has a very important effect of improving
anxiety, craving and depression at 3 weeks, it is possible that, if any, the more moderate
effect of inulin supplementation has been masked.

Finally, sociability, unlike the others, did not improve during withdrawal. Maybe this is

why we were able to observe a moderate positive effect of inulin.
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The link between the gut microbiota and sociability in AUD patients

We have highlighted a link between sociability and the gut microbiota in chapters 2
and 3. In the second chapter, we demonstrated that subjects with altered gut microbiota
had a smaller and less connected social network and tended to have difficulty taking the
perspective of others. Although this study is exploratory and limited in terms of subjects, it
reveals a novel aspect namely the link between social network and gut microbiota
composition, which had never been established in AUD patients. This is a cross-sectional
study, and therefore, it does not allow to prove causality. We do not know if it is the
reduced social network that leads to dysbiosis, or if dysbiosis will lead to a lower openness
to the outside world. In the light of the literature, it seems that the relationship between
intestinal microbiota and sociability is bidirectional. Indeed, studies suggest that social
behaviour favours a horizontal transmission of microbes between individuals.
Observational studies in humans and animals have shown an impact of social group and
social network on microbial composition and diversity [181,482,483].

The causal role of the microbiome on sociability was revealed first using GF mice.
Indeed these mice exhibit social impairment that was normalised following GF bacterial
colonisation [484]. Then, by transplanting fecal microbiota from offspring of high-fat fed
dams presenting social deficit to GF mice, it has been shown that recipient mice
developed social behavioural disorders and showed impaired long-term potentiation in
the ventral tegmental area, as well as reduced oxytocin-expressing neurons [447]. Several
interventional studies have also shown a positive impact of pro- or prebiotics on social
behaviour in children with autism [451,485,486]. In the context of AUD it has been shown
that transferring the gut microbiota of AUD patients to antibiotic-treated mice induced
alterations in social behaviour [251]. In chapter 3, we also showed that 17 days of inulin
supplementation increased the sociability score.

The mechanisms by which the gut microbiota influences sociability are still poorly
understood, however, many pathways have been proposed in the literature (Figure 17).
Preclinical studies have demonstrated the involvement of the vagus nerve, the immune
system and bacterial metabolites. Through these pathways, the gut microbiota could
affect neuroinflammation, myelination, oxytocin secretion and therefore influence social
behaviour [487]. It has also recently been shown that intestinal bacteria can influence the
stress response by limiting the activation of the HPA axis and thus restore the social deficit
in mice [488].
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Numerous studies have demonstrated alexithymia in AUD patients that was
maintained after 3 weeks of withdrawal [489—-491]. Recognizing emotions and ability to
communicate them to others, are two skills that underlie social interactions and thus this
can have a significant impact on the interpersonal relationships of alcohol-dependent
individuals. AUD patients also exhibit impaired emotional intelligence which has been
associated with problematic drinking behaviours [492-494]. Impaired abilities for taking

the perspective of others have also been observed in AUD patients [495].
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Social difficulties could be a factor in sustaining alcoholism as well as a risk factor for
relapse. In our study, social activity scores were negatively correlated with anxiety and
alcohol craving at baseline (Figure 18). The ego bias was associated with higher depression
and anxiety score while alter bias was negatively associated with alcohol craving in
actively drinking AUD patients (Figure 18). Furthermore, social difficulties as well as poor
emotion recognition performance have been shown to be predictors of relapse [94,496].
Knowing this, understanding the role that social cognition plays in AUD could lead to the
development of prevention and intervention strategies to promote abstinence and
support long-term recovery from addiction. Since microbiota is a modifiable factor, it

could be an interesting target to influence social behaviour and thus the risk of relapse.
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Figure 18: Correlation matrix between mood, alcohol craving and sociability scores in AUD

patients at baseline (T1). Colored boxes represent significant correlations (p<0.05). Non-significant

correlations are represented by white boxes. OCDS: Obsessive Compulsive Drinking Scale; OCDS C:

Obsessive Compulsive Drinking Scale, compulsive score; OCDS O: Obsessive Compulsive Drinking

Scale, obsessive score. SHP: social high pleasant activity; SMP: social medium pleasant activity; SLP:
social low pleasant activity; TEl: trait emotional intelligence questionnaire.

Despite some limitations, our work allows us to highlight the role of the gut
microbiota in sociability and its potential consequences in AUD. We took into account two
important confounding factors the medications and the diet [175,497]. Furthermore, even

after adjustment for the familial status and the number of children the results remained
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significant (data not shown) meaning that the differences observed for the social network
structure were not due to these factors. However the use of the term “dysbiosis” is widely
debated in the literature [498,499]. We choose this term to define AUD patients who had
an altered gut microbiota compare to HS. However, the number of HS recruited in the
study is limited and therefore not representative of the healthy Belgian population. This
group of patients could have been called “altered gut microbiota”. Moreover there is no

|n

consensus regarding the “normal” gut microbiota definition, it would therefore be
important to increase the sample size of HS. This study is exploratory and further research

would allow to confirm the reproducibility of these results.

Inulin supplementation induces specific changes in gut microbiota composition of
AUD patients

Inulin has been described as the first non digestible carbohydrate able to modulate
the gut microbiota in favour of Bifidobacterium, leading to the concept of prebiotics in the
ninetee’s. The relevance of gut microbiota modification by inulin in AUD patients was
guestioned, since it was considered as the rationale to conduct an intervention study. Our
pilot study allowed us to demonstrate for the first time that 17 days of inulin
supplementation in AUD patients induces significant changes in the composition of the gut
microbiota. We observed an increase in the relative abundance of Bifidobacterium and a
decrease in Bacteroides, Dorea and Ruminococcus torques. These results are consistent
with the systematic review conducted by Le Bastard and the work of Healey et al
[354,358]. The Bifidogenic effect is considered as the signature of inulin intake. Among the
19 patients for whom we had sequencing data of the intestinal microbiota in the inulin
group, 17 had an increase in the relative abundance of Bifidobacterium, which confirms
the good compliance with the intervention (98%). However, a large variability in the
response has been observed. As it has been shown that the response to inulin may
depend on dietary fiber intake [277] or on the baseline microbiota [278], it would be
interesting to investigate these aspects in future larger studies. In our study, we observed
a negative correlation between the amount of bifidobacteria at baseline and the variation
between T1 and T2 (Figure 19). The increase in bifidobacteria was more pronounced in
patients with lower baseline bifidobacteria concentration than in those with higher

baseline bifidobacteria concentration (Figure 19). This is consistent with many studies
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[360,361,500,501]. No correlation was observed between the amount of dietary fiber

consumed and the change in Bifidobacterium between T1 and T2 (Figure 19).
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Figure 19: Associations between the change of Bifidobacterium between T1 and T2 and the
baseline level of Bifidobacterium or the dietary fiber intake in AUD patients supplemented with
inulin

In parallel, we observed a decrease in microbial diversity after inulin
supplementation. This result is not surprising since it has been observed in other
interventionnal studies conducted in different pathological contexts that ITF
supplementation decreased or had no effect on microbial diversity [354—-357].

This effect can be explained by different parameters. First, we showed that supplemented
patients had a significant increase of Bifidobacterium (Percentil of Bifidobacterium delta
(T1-T2): Q1=0.89%; Q2=4.5%; Q3=7.4%). No other bacteria increased significantly after
supplementation. It is possible that Bifidobacterium has taken the place of other bacteria
in the ecosystem which could explain the decrease in diversity. Furthermore, we
supplemented the patients with a single type of fiber known for its bifidogenic effect. The
healthy food diversity index has been shown to be positively associated with a-diversity
indices in the literature, meaning that a healthy diverse diet promotes a more diverse gut
microbiota [502]. We have seen in chapter 1 that AUD patients had an unbalanced diet
rich in ultra-processed food known to be associated with a decrease in microbial diversity
[503]. Thus, it is not surprising that a nutritional approach with one single prebiotic fiber
did not increase diversity. Moreover, it has been shown in a study from Zhao and

colleagues that a diet rich in prebiotic fibers can decrease diversity [504].

Effect of inulin supplementation on BDNF

In chapter 3, besides the effect of inulin supplementation on sociability we observed
an effect on plasma BDNF levels in AUD patients. This is particularly interesting knowing

the various effect of this neurotrophin on brain function and behaviour. BDNF is expressed
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in many brain structures but the highest levels were found in the hippocampus [505]. It is
also expressed at the peripheral level (blood, immune cells, liver) and has been shown to
be able to cross the BBB [505]. BDNF has a major role during development via the
regulation of dendritic spine maturation and pruning and plays an important role in
neuronal growth, differentiation and survival [506,507]. In adults, BDNF is also critical as it
is involved in synaptic plasticity, learning and memory [507]. It has been shown that serum
and cerebral BDNF levels are decreased in depressed, bipolar and schizophrenic patients
[508-510]. In actively drinking AUD patients, serum BDNF levels are decreased compared
to healthy subjects and increase again after 1 to 7 days of withdrawal [511-513].

In our study, plasma BDNF levels increased significantly in subjects supplemented
with inulin compared to placebo. This result is consistent with preclinical studies showing
an increase in brain BDNF levels with prebiotic fiber supplementation in rodents
[403,514,515]. Indeed, it has been shown that fibers can increase the level of circulating
BDNF via the increase of Bifidobacterium and Lactobacillus [516,517]. Regarding the
possible mechanisms, the SCFA, known to be promoted by some prebiotics intervention,
have been demonstrated in mice to increase brain BDNF levels [518]. In humans, colonic
administration of SCFA has not shown any effect on BDNF levels [338]. Further studies are
needed to understand the mechanisms underlying the effect of prebiotic fibers on BDNF
levels.

In humans, the measurement of central BDNF levels, via the cerebrospinal fluid, is too
invasive, therefore we measured it in the plasma. As mentioned previously, BDNF is able
to cross the BBB in a bidirectional manner and preclinical studies have shown that
peripheral levels are correlated with central levels. Thus peripheral BDNF levels are
generally considered to reflect those of the CNS [511]. The methodology for measuring
BDNF in the periphery is highly variable in the literature and much discussed [519,520].
BDNF is stored in platelets and it has been shown that plasma BDNF (free BDNF) is a better
reflect of BDNF present in the brain than serum BDNF [519].

Effect of inulin on inflammatory and hepatic parameters
It is now well recognized that gut microbiota largely influence inflammatory
parameters and hepatic function [298,521,522]. Beside its effect on brain function and

behaviour, inflammation is also tightly related to liver function [521,523]. In the chapter 3

we have explored the effect of inulin on both hepatic enzymes and inflammatory markers.
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We have seen that AST and ALT return to normal values after 17 days of abstinence in the
placebo group. However it was not the case for all the patients in inulin group. The level of
CK18-M65 decreased significantly between T1 and T2 but remained higher than HS at T2.
This confirms previous studies showing that 3 weeks of abtinence are sufficient to
normalize or partially normalize liver damages. Conversely, parameters such as systemic
inflammation did not improve with abstinence. This is consistent with previous
observations [119,301]. It thus seems that systemic inflammation is not the main cause of
hepatic alterations. This confirms the major impact of ethanol consumption compared to
other parameters (gut microbiota, inflammation) on the liver alterations in patients
without severe liver disease [524-526]. Of note, it has been shown that recovery depends
on the degree of liver damage [524].

It has been shown that three weeks to 1 month of abstinence produces only
incomplete recovery of the gut microbiota composition [293,294] indicating that alcohol
consumption has a more lasting effect on gut dysbiosis. In the present work, we also
observe that regardless of the treatment group the bacterial profile of AUD patients does
not cluster with the control group (CT) at T2 (Figure 20). This could explain the
maintenance of systemic inflammation in AUD patients after 3 weeks. In this case, it is
possible that the way the 3 weeks-inulin supplementation affect the gut microbiota
(mainly a bifidogenic effect) is not sufficient to act on inflammatory parameters. Thus,
other gut microbiota targeting approaches could be more suitable to restore these

parameters.
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3  Future perspectives

Improvement of study design

e  Stratified randomization and increased sample size

As mentioned in the previous part we observed a dysbalance in gender proportion
between groups. In the future it would be interesting to use gender-stratified
randomization. This kind of stratification consists of generating an independent
randomization list for each combination of strata of the factor to be considered. This
ensures that the numbers in the strata combinations are homogeneously distributed
between the treatment groups [471]. Indeed, gender is an important confounding factor,
especially in the context of AUD. The recovery trajectory in terms of psychological and

biological parameters is different between men and women [527-529].

In our study we have seen that different factors could modify the effect of inulin on
the outcomes studied. This is the case of gender and relapse. We adjusted our analyses on
these factors to avoid bias but it would be interesting to perform stratified analyses to see
if inulin has a different effect according to these factors. Unfortunately our sample size did
not allow us to perform such analyses but in future studies these factors should be taken
into account. In order to distribute them equally between the groups of treatment, these
factors could be taken into account during randomization.

We have also seen that initial bifidobacteria levels can potentially influence the
response to inulin. Increasing the sample size would also allow us to see if the effects of
inulin on biological and psychological outcomes depend on the basal composition of the
gut microbiota. It is likely that inulin has a greater effect on those with with a greater
increase in the amount of fecal Bifidobacterium.

Globally, the sample size is the biggest limitation of this study. Given the inter-
individual variability (in terms of microbial composition, liver alterations, psychological
parameters and response to supplementation) and the different potential modification
factors (gender, relapse, baseline microbiota composition), subgroup analysis might have
helped to highlight a treatment effect in a specific subgroup and thus target a specific

patient population to propose personalized strategies.
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e  Study population
In our study, we excluded patients with hepatic fibrosis at the admission and we did not
observe marked effects of inulin supplementation. It would be interesting to study the
role of gut microbiota in more advanced stages of liver disease were the recovery will be

slower after alcohol cessation.

e Duration of supplementation

Our study revealed that inulin supplementation for 17 days had limited effects on
biological and psychological parameters. In the context of withdrawal, it might be relevant
to supplement patients for a longer period of time in order to study the possible
additional effect of a prebiotic. It is known that antidepressants need to be administered
for at least 3 weeks to have a significant effect on mood [530]. Although the
neurobiological mechanisms underlying the effect of prebiotics on behaviour are still
poorly understood, it is possible that more time is needed to observe an effect on mood.
To avoid the acute effect of withdrawal on the judgement criteria, it would also have been
interesting to supplement patients after this period even if the follow-up would be more
complicated to implement and compliance more difficult to reach.

Even if this pilot study does not allow us to conclude on the effect of inulin on anxiety,
depression or craving, it could allow us to design a study aimed specifically at studying the
effect of prebiotic supplementation on psychological symptoms. Indeed, this study
demonstrated the good tolerance of AUD patients to inulin as well as the feasibility of the
study design. It could also help to calculate the sample size needed to design a new study

where the primary outcome would be psychological symptoms.

Investigation of the link between sociability and the gut microbiota

An interesting perspective of this work would be to study whether patients with lower
sociability scores and a less dense social network have a higher risk of relapse. In a future
study, it would also be interesting to know if individuals in the social network suffer from
AUD. Indeed, the composition and not only the size of the network is important to take
into account in order to study the factors influencing relapse. Indeed, it has been shown,
with a different methodology, that patients with a network rich in "pro-abstainers"
increased the number of days of abstinence while a network rich in "pro-drinkers"
decreased it [531].
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In order to study the causal role of gut microbiota on social behaviour it would also be
interesting to transplant mice with the gut microbiota of dysbiotic or non-dysbiotic
patients and look at the impact on behaviour including sociability. This study would also

allow to unravel the neurobiological mechanisms involved.

Alternatives to inulin-prebiotic to modulate the gut microbiota composition

The gut microbiome is a modifiable factor that can be modulated through a number

of strategies: diet, probiotics, prebiotics, synbiotics or even fecal microbiota
transplantation. We have shown that inulin supplementation has few effects on biological
and psychological parameters in AUD patients.
As mentioned earlier, different types of fiber may have different effects on metabolism
and behaviour. For example, soluble fibers may have an effect on the brain via the SCFA
which impact the gut barrier, systemic and central inflammation and BDNF production
[478]. FOS or inulin improved alcohol-induced liver injury in mice [390,391,532]. Pectin,
another soluble fiber, restored Bacteroides levels in mice and prevented alcohol-induced
liver injury [533]. Viscous and non-fermentable fibers are still poorly studied and could
also have an effect on cognition and/or behaviour even without stimulating SCFA
production [478]. Combining different prebiotic fibers known to promote different
beneficial bacterial strains can be an interesting approach. Namely, combining pectins,
shown to improve liver function and inflammation in mice model of AUD, and inulin could
be of interest [533]. If pectin is also a soluble fiber it did not elicited the same changes in
the gut microbiota composition compared to inulin with a lower bifidogenic effect and
modulation of other genera (Bacteroides, Prevotella, Faecalibacterium, Roseburia...) [534—
536].

Another possible approach would be to use probiotics like Lactobacillus or
Bifidobacterium which have been shown to improve alcohol-induced liver inflammation
and intestinal permeability in preclinical studies [290,537]. In clinical settings,
Bifidobacterium is known to have a beneficial effect on gut barrier function, immunity and
to have positive effects on psychological symptoms in irritable bowel syndrome (IBS)
patients [538]. Despite the fact that we observe an increase in Bifidobacteria in our study,
it is possible that the stimulated strain is not the right one or that fiber fermentation in

AUD patients is not that beneficial.
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More and more studies are looking at the use of synbiotics (association of pre and
probiotics), complete dietary interventions or combined approaches, and show
encouraging results [539-541]. In the case of a complex pathology such as AUD,
combining metabolic and psychological disorders, these approaches could be an
interesting strategy.

FMT is another innovative approach used firstly to fight resistant infection (C. Difficile)
[340,341]. A recent phase 1 randomized placebo control study conducted in 20 Cirrhotic
patients demonstrated that FMT improved duodenal mucosal diversity, dysbiosis and anti-
microbial peptid expression. FMT also reduced lipopolysaccharide-binding protein and
improved cognitive performance [345]. As gut barrier disruption, dysbiosis and circulating
inflammation are known to promote psychological symptoms, it would be of interest to

test this FMT in AUD to tackle concomitantly peripheral and central alterations.

Interest of studying the metabolomic profile of AUD patients

Another future perspective of this work would be to perform a metabolomic analysis
on fecal and plasma samples. Despite the fact that PCoA shows no difference in bacterial
profile between the placebo and inulin group, some bacterial genera are significantly
modulated. Therefore, we cannot exclude that specific bacterial metabolites can be
produced and act as physiological modulators via the different pathways described in
parts 2.1.2 and 2.2.2. Gut-derived metabolites that could influence host metabolism
and/or behaviour include SCFAs, secondary bile acids, indole derivatives, phenols,
neurotransmitters (serotonin, GABA) or trimethylamine-N-oxide [542-545]. Several
studies have found altered metabolomic profiles in blood, urine, or stool related to
alcohol consumption [546,547]. However, few studies have linked alterations in the
metabolome with alterations in the gut microbiota, especially in patients without severe
liver disease. Dysbiosis can influence the quantity, the absorption and the transfer of
metabolites. Patients with increased gut permeability displayed higher fecal levels of
phenol and lower levels of indole compared to AUD patients with low gut permeability
[293]. Alcohol-induced dysbiosis could also affect the BA profile. Studies demonstrated
higher secondary BA profile in the stool and higher serum BA profile of conjugated
secondary BAs in actively drinking non-cirrhotic and cirrhotic patients [548-550].
Furthermore, actively drinking cirrhotic patients had decreased levels of AA like threonine

and serine compared to controls [550]. Finally, dysbiosis induced by chronic alcohol
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consumption has been shown to impair SCFA production and induce a reduction in fecal
SCFA content in patients with alcoholic cirrhosis [551]. It has also been shown that
patients with alcoholic hepatitis had a quantitative reduction of SCFA in stool compared to
high drinking controls [552].

To date, few studies have performed a metabolomic analysis after ITF supplementation.
In healthy volunteers, inulin supplementation enriched with oligofructose induced a
decrease in urine ammonia and p-cresol excretion in parallel with an increase in
bifidobacteria [360]. The effect of ITF on the BA profile was investigated in several studies
[356,553-556]. Only one showed that inulin and FOS supplementation in young men
significantly altered the bile acid profile, notably by decreasing fecal deoxycholic acid
[556]. The authors argued that this decrease in secondary bile acids could be protective
and decrease the risk of developing colon cancer [556]. SCFA are produced following ITF
fermentation in the colon. In humans, the effect of ITF supplementation on SCFA has
shown heterogeneous results [554,557-560]. Studies in healthy or overweight/obese
subjects have shown an increase in SCFA with ITF supplementation [558-560] while
another showed a decrease in obese women [557]. Thus, it appears that the changes
elicited by the same prebiotic can vary a lot depending on the targeted population.

In our studies, characterization of the entire metabolome using non-targeted
techniques would be of great interest to link microbial activity to biological and
behavioural outcomes. It would be interesting to study the effect of inulin on the
metabolome and to see if certain metabolites are correlated with the parameters affected
by our intervention (sociability, inflammatory and liver parameters). For example, it has
been shown that SCFAs can modulate BNDF levels which is elevated by inulin
supplementation in our study [274]. AA derivatives (p-cresol, 4-ethylphenylsulfate) have
been associated with alterations in social behaviour in mice [561,562] while indole lactate,
a tryptophan derivative, was decreased in autistic children [563]. It has recently been
shown that this metabolite is produced by bifidobacteria [564] which is particularly
interesting regarding the bifidogenic effect we observed in our patients treated with
inulin.

Concerning the hepatic parameters, indole derivatives such as indole-3-acetic acid
have been associated with an improvement of the hepatic damages associated with
alcohol [300] and indole reduces liver inflammation in mice [299].

Overall, the study of the fecal and blood metabolome would improve the

characterization of the effect of inulin in AUD and to a better understanding of the
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relationship between gut microbiota composition and the clinical parameters of these

patients.

In conclusion, throughout this thesis, we have been able to highlight that 90% of AUD
patients have an insufficient intake of DF that is associated with anxiety and sociability.
This work demonstrated for the first time that inulin supplementation is feasible, well
tolerated and induces specific changes of gut microbiota composition in AUD patients
upon withdrawal. This is of particular interest since we observed that the withdrawal
alone (i.e in placebo group) was not sufficient to restore the gut microbiota composition
after 3 weeks. This raises questions about the enduring effect of alcohol on the gut
microbiota: is it the alcohol per se that induces microbial changes? Or are 3 weeks of
abstinence not enough to restore these stigmas?

Although this prebiotic fiber did not affect mood or the biological parameters studied,
we observed a beneficial effect on the sociability score. Our work shows a link between
gut microbiota and sociability as we also demonstrated that AUD patients with dysbiosis
had impaired sociability and a smaller and less connected social network. Social cognition
is an important parameter in alcoholic pathology that can influence relapse. The present
work highlights the need to include the study of the gut microbiota when investigating this

relationship in the context of AUD.
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Main conclusions:
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Ninety percent of AUD patients had a DF intake below the recommended value of
25g/d. Fructan intake was negatively associated with anxiety while total DF,
insoluble, soluble DF and galacto-oligosaccharide intakes were associated with

higher sociability score.

Only a subset of AUD patients presents a gut dysbiosis. Compared to non
dysbiotics these patients had a smaller and less connected social network et tend
to had difficulties to take into account the perspective of others. Patients that
displayed an altered gut microbiota had a higher alcohol craving but no

differences were observed for nutritional intake nor medication.

Inulin induces specific changes of gut microbiota composition without major
gastrointestinal symptoms. Seventeen days of inulin supplementation had minor
effect on behavioural parameters, but improved some features of sociability

score and increased plasma BDNF level compared to placebo.
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In AUD patients, inulin supplementation had no beneficial effect on liver or

inflammatory parameters even in patients with more severe liver disease.

Main future perspectives

To study the impact of inulin supplementation on the host metabolome (stool

and blood) using untargeted techniques.

To test association between blood metabolites, biological parameters and

psychological symptoms.

Large-scale studies in humans suffering from AUD with less restricted exclusion

criteria (especially for liver disease) and higher duration of supplementation.

To test the neurobiological mechanisms by which inulin could improve social

behaviour in a mice model of FMT.

To test the causal role of gut dysbiosis in social behaviour using FMT from

dysbiotic and non dysbiotic patients to mice.

To study the association between social cognition and the risk of relapse.
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Je voudrais aussi remercier Audrey, le couteau suisse du labo : vous avez un probléme,
peu importe lequel Audrey a toujours une solution ! Merci de m’avoir enseigné les clés
d’un bon ELISA et merci aussi pour toutes tes petites histoires de maman qui m’ont
toujours fait beaucoup rire ! J’en profite pour remercier Bouazza avec qui j'ai passé de
longues heures a couper puis vortexer du caca... Merci Bouazza pour ta bonne humeur et
ton efficacité hors pair. Un grand merci a Isabelle également qui m’a aidé pour certaines
manips et avec qui j'ai aussi beaucoup aimé travailler. Ta zenitude a toute épreuve m’a
beaucoup rassurée. Merci aussi a Laure avec qui j’ai pu discuter stats et analyse microbiote
a plusieurs reprises.

Cette thése n’aurait pas été la méme sans Momo, Marion, Leti, Clara,Fra, Alice,
Charlotte et Sarah.

Momo, merci pour ton soutien tout au long de cette these. Nous aurons beaucoup
discuté dans notre bureau de 3m? (méme si finalement nous n’en n’avons pas profité
longtemps). Tu as été mon guide (et parfois ma traductrice ;-) ) ici pour que je m’adapte au
mieux a la vie belge. Tu nous as fait découvrir de supers endroits et je garderai de
magnifiques souvenirs de toutes les soirées et autres moments passés ensemble. Marion,
notre bulle de 1 lors du confinement, notre acolyte de matchs et d’escapade a travers la
Belgique. Deuxiéme soutien immense lors de ces 3 années. Merci pour tout. Leti et Fra, les
deux rayons de soleil du labo. Je me souviendrais toujours de mon premier jour au labo, de
votre accueil chaleureux qui a clairement facilité mon adaptation et mon intégration au
labo. Clara merci pour ton extréme gentillesse, tes petits tips et toute ton aide pour les
aspects organisationnels. Enfin merci a Alice, Charlotte et Sarah pour tous les beaux

moments passés en dehors du labo.
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Merci beaucoup aux autres membres du laboratoire pour ces belles années et tous les
bons moments passés a la cafet : Henri, Anthony, Matthias, Patrice, Amandine, Véronique,
Luc, Hoang, Geoffroy, Camille, Adeline, Julien, Martin, Paola, Emilie, Sabrina.

Ce travail de these aurait été irréalisable sans tous les patients ayant bien voulu
participer a cette étude d’intervention et sans les « sujets contréles ».

Au sein de la clinique Saint Luc je voudrais dire un grand merci a Alex. Merci pour ton
aide précieuse, ta patience et ta bonne humeur a toute épreuve. Je voudrais également
remercier tout le personnel de I'unité 74 pour leur accueil et leur aide pour la distribution
des sachets.

Cette thése aurait été bien plus difficile sans le soutiens de mes amis (les Parisiens, les
Auvergnats, les Bordelais). Merci d’avoir toujours été la malgré la distance et merci pour
tous les beaux voyages et week-ends que I'on a pu faire et qui m’auront permis de bien
décompresser lors de ces 3 années de these.

Pour finir je voudrais remercier ma famille, merci de m’avoir toujours soutenu dans les
choix que j’ai pu faire. Merci a mes parents de m’avoir permis de réaliser des études et
merci a mes sceurs d’avoir toujours porté de I'intérét a mon travail et de m’avoir toujours
encouragé et soutenue. Quentin, merci pour ton aide, tes encouragements et tout
simplement pour ta présence au quotidien. Il est certain que je n’en serais pas arrivée la
sans toi, merci de toujours me tirer vers le haut et me soutenir dans tout ce que

j’entreprends.
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