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SUMMARY
Patients with alcohol use disorder (AUD) present with important emotional, cognitive, and social impair-
ments. The gut microbiota has been recently shown to regulate brain functions and behavior but convincing
evidence of its role in AUD is lacking. Here, we show that gut dysbiosis is associated with metabolic alter-
ations that affect behavioral (depression, sociability) and neurobiological (myelination, neurotransmission,
inflammation) processes involved in alcohol addiction. By transplanting the gut microbiota from AUD pa-
tients to mice, we point out that the production of ethanol by specific bacterial genera and the reduction
of lipolysis are associatedwith a lower hepatic synthesis of b-hydroxybutyrate (BHB), which thereby prevents
the neuroprotective effect of BHB.We confirm these results in detoxified AUDpatients, in whichwe observe a
persisting ethanol production in the feces as well as correlations among low plasma BHB levels and social
impairments, depression, or brain white matter alterations.
INTRODUCTION

Alcohol use disorder (AUD) is a complex and widespread dis-

ease where pharmacotherapeutic options are still of limited effi-

cacy (Jonas et al., 2014). Besides the role for neurotransmitters

in the development of alcohol addiction (Gilpin and Koob, 2008),

numerous studies suggests that disturbances of the brain func-

tions in AUD is also due to alcohol-induced dysregulation of the

neuroimmune system (Erickson et al., 2019). Indeed, activation

of innate immune signaling and increased expression of pro-in-

flammatory cytokines occur in the brain of rodents chronically

exposed to ethanol as well as in the brain of alcoholic patients

(Blednov et al., 2012; He and Crews, 2008; Lippai et al., 2013;

Pascual et al., 2015). Neuroinflammation could lead to demyelin-

ation (di Penta et al., 2013) and an altered balance between
C
This is an open access article under the CC BY-N
inhibitory and excitatory neurotransmissions (Olmos and Lladó,

2014) that also play a role in the regulation of alcohol drinking

disorders.

In addition to the deleterious effects on the brain, chronic

alcohol abuse also alters the composition and function of the

gut microbiota (Bajaj, 2019; Bjørkhaug et al., 2019; Dubinkina

et al., 2017; Leclercq et al., 2014; Mutlu et al., 2012; Peterson

et al., 2017; Samuelson et al., 2019; Wang et al., 2018; Zhang

et al., 2019). Microbial changes include, among others, a drastic

decrease in Faecalibacterium praustnizii, a bacterium known for

its anti-inflammatory properties (Sokol et al., 2008), and

increased abundance of Lachnospiraceae (Firmicutes) (Bjør-

khaug et al., 2019; Dubinkina et al., 2017; Leclercq et al.,

2014). We have previously shown that leaky gut and microbial

changes in AUD patients were correlated with the severity of
ell Reports 33, 108238, October 13, 2020 ª 2020 The Author(s). 1
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Figure 1. Sociability Is Correlated with Intestinal Permeability

Emotional intelligence (EI) was calculated, in AD patients (n = 59) and CT subjects (n = 16).

(A) Global trait EI score (mean ± SD).

(B) Four factors of EI (mean ± SEM).

(C) Correlation (Pearson’s r) between the sociability scale of the EI and intestinal permeability (n = 57).

AD, alcohol-dependent (back dots); CTs, controls (white dots). ***p < 0.001 versus CT (unpaired t tests).

See also Table S1.
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psychological symptoms such as depression, anxiety, and

alcohol craving, suggesting a role for the gut microbiota in the

development of alcohol addiction (Leclercq et al., 2014).

Since the gut microbiota is an important modulator of social

behavior in rodents (Desbonnet et al., 2014; Gacias et al.,

2016; Hsiao et al., 2013; Sherwin et al., 2019), we therefore

explored, in the present study, the link between intestinal dysbio-

sis and different aspects of sociability in a cohort of AUD

patients. The molecular mechanisms behind the gut micro-

biota-brain interactions were evaluated by using a preclinical

model consisting of fecal microbiota transplantation (FMT)

from AUD versus healthy subjects in mice, by using a metabolo-

mics approach, and by evaluating the neuroactive impact of the

modulation of a selected metabolite. We focused our experi-

mental work on various addiction-associated behaviors (socia-

bility, depressive- and anxiety-like behaviors and stress) and

on key brain functions (myelination, neurotransmission, and

inflammation). The preclinical studies we conducted meet the

guidelines of Walter et al. (2020) for human microbiota-associ-

ated murine models to establish causal relationships between

dysbiotic gut microbiomes and human diseases. Finally, a large

cohort of AUD patients was used to test the relevance of the

identifiedmetabolite in the symptomatology of alcohol addiction.
RESULTS

Leaky Gut and Intestinal Dysbiosis Are Associated with
Lower Sociability in Alcohol-Dependent Patients
In this part of the study, we used data from our existing cohort of

alcohol-dependent (AD) patients (selected according to DSM-IV

criteria; Leclercq et al., 2014) to evaluate the relation between

gut functions and sociability by using three different question-

naires. The trait emotional intelligence (EI) questionnaire (Miko-

lajczak et al., 2007; Petrides and Furnham, 2003) is a personality

questionnaire constituted of four subfactors: well-being, self-

control, emotionality, and sociability. Total EI and the four sub-

factors scores, were significantly reduced in AD patients

compared to healthy subjects (control [CT]; Figures 1A and
2 Cell Reports 33, 108238, October 13, 2020
1B). Interestingly, among the four subfactors, only the sociability

subscale was significantly and negatively correlated with intesti-

nal permeability, showing that subjects with a leaky gut had

lower scores of sociability (Figure 1C; Table S1). These correla-

tional results were confirmed with two other personality ques-

tionnaires, the D5D and the RSCS, where again only factors

related to sociability, such as introversion and social anxiety,

both positively correlated with intestinal permeability (Table S1).

Hence, in addition to being correlated with scores of depres-

sion, anxiety and alcohol craving as shown in our previous study

(Leclercq et al., 2014), we showed here that intestinal dysfunc-

tion is also associated with deficits in sociability, while difficulties

in social interactions are known to play a major role in relapse

(Zywiak et al., 2003). These observations led to postulate a role

of the gut microbiota in the development of the psychological

symptoms associated with alcohol dependence, including

altered sociability. To assess this hypothesis, an FMT experi-

ment was designed to study addiction-associated behaviors

and underlying physiological and molecular alterations.
Microbial Transfer from Human Donors to Antibiotics-
Treated Conventional Mice
Three-week-old mice were treated with an antibiotic (ABx) cock-

tail for 10 days, followed by polyethylene glycol (PEG) in order to

deplete the endogenous intestinal microbiota (Figure 2A). The

efficacy of the ABx treatment was confirmed by showing a

>250-fold reduction of bacterial DNA in the mice feces after

ABx exposure (Figure 2B).

Two AD patients and two CT subjects were selected as human

donors from a cohort of representative dysbiotic AD patients (Le-

clercq et al., 2014). The composition of gut microbiota was char-

acterized and consisted mainly in lower bacterial count, lower

abundance of F. praustnizii, and higher abundance of Lachno-

spiraceae in AD donors compared to CT (Figure S1). Other mi-

crobial characteristics of the human donors are displayed in

Table S2. The AD donors were also selected based on biological

features (leaky gut) (Figure S1; Table S2) and the severity of the

psychological symptoms (high level of depression, anxiety, and
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alcohol craving and low level of sociability) (Table S2). The fecal

microbiota of these human donors were inoculated into mice,

which were subsequently assessed for the successful and

persistent bacterial engraftment. Since F. prausnitzii is present

only in the human intestine (Nguyen et al., 2015), we first as-

sessed by qPCR its levels in the feces of recipient mice. We

found that F. prausnitzii was detectable in all mice and its levels

were significantly reduced in AD-recipient mice, compared to

CT-recipient mice, mimicking perfectly the differences observed

in human donors (Figure 2C; Table S2). The difference in the level

of F. prausnitzii between CT- and AD-recipient mice persisted up

to 45 days after FMT (Figure 2C). Second, we performed 16S

rRNA gene sequencing of mouse feces and caecal contents.

The Shannon alpha-diversity index revealed that richness and

evenness were significantly reduced in AD-recipient mice at all

time points (Figure S2A) and the principal coordinate analysis

(PCoA) based on Bray-Curtis and UniFrac metrics related to

b-diversity showed a separation of CT- and AD-recipient sam-

ples along the first axis (Figures 2D and S2B, respectively). The

PCoA plots also showed that the recipient mice clustered with

their respective human donor, confirming that the microbial

structures of the recipient mice were similar to their human inoc-

ulum. While the bacterial profile of each group of mice remained

remarkably stable over time (Figure S2F), our analysis revealed

drastic differences between the CT- and AD-recipient groups

at all taxonomic levels (Figures S2F, S3, and S4). We observed

that the total bacterial load (measured by qPCR) was reduced

in AD-recipient mice, which is consistent with a lower bacterial

count in AD humans (Figures S1B and S2C; Table S2). At the

phylum level, we found decreased relative abundance of Bacter-

oidetes and increased Firmicutes in AD-recipient mice (Fig-

ure 2E). The relative abundance of Verrucomicrobia, and the

level of Akkermansia muciniphila, were surprisingly higher

compared to CT mice, with a high variation of its proportion be-

tween the donors within a group (Figures 2E and S2D). Abnormal

expansion of Akkermansia following FMT has also been reported

previously in germ-free mice (Le Roy et al., 2019; Sharon et al.,

2019). This could be due to a lack of pressure exerted by the im-

mune system on the intestinal microbiota (Zhang et al., 2015). In

line with those previous observations, we found an overall atten-

uation of the markers of the defense immunemechanisms (alter-
Figure 2. Design of the FMT Experiment and Analysis of the Gut Mic

Transplanted Mice

(A) Juvenile mice (PND22) were treated with a cocktail of ABx for 10 days, then w

Behavioral testing started 22 days after the FMT and feces were collected 23, 35

(B) Quantification of the total bacterial load in the feces of mice before and after

(C) Quantification of F. prausnitzii in the feces 23, 35 and 45 days post-FMT (n =

(D) PCoA plot of b-diversity using Bray-Curtis metrics (small dots represent m

represent human CT- and AD-inoculum).

(E) Barplots showing the relative abundance of phyla in the feces of mice transpla

(AD1 and AD2) (n = 12 mice/group, Wilcoxon test, FDR-corrected p value).

(F and G) mRNA expression of markers involved in immunity and homeostasis in

and Th2 markers (Arg1,Il4, Il13, Il5, and Gata3), no change in Th1 markers (Ifng

(Rorgt, Il17a, and Il22) as well as altered intestinal homeostasis (Reg3g and Lcn2

(H) mRNA expression of tight junctions in the ileum. n = 11–12 mice/group.

(I–K) Villi length and crypt depth with representative photomicrographs of hemat

n = 11–12 mice/group. Data represent mean ± SD (B, C, J, and K) and mean ± SE

unpaired t tests unless otherwise specified. ABx, antibiotics; FMT, fecal microbio

See also Table S2 and Figures S1–S4.
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ation of Th2 and Th17 immune responses), associated with a

loss of intestinal homeostasis (reduced expression of Reg3g

and Lcn2), and modification of tight junction expression and at-

rophy of the mucosal structure in AD-recipient mice (reduced vil-

lus height and crypt depth in the ileum) (Figures 2F–2K). Finally,

the Venn diagram indicated that 44% of the operational taxo-

nomic units (OTUs) present in the CT inocula and 46% of the

OTUs present in the AD inocula were successfully transferred

to the CT- and AD-recipient mice, respectively (Figure S2E). All

together, these results confirm the successful FMT procedure

by using 3-week-old conventional mice treated with ABx and

PEG as well as the persistence of the human microbiota engraft-

ment up to 45 days after the transplantation. This model is there-

fore highly valuable and suitable to investigate gut-brain interac-

tions in a physiological context and their consequences on

behavior.
Mice Inoculated with AD Microbiota Exhibit Change in
Behavior
To assess the impact of gut microbiota on social behavior, the

three-chamber test was performed in CT- and AD-recipient

mice. The test revealed that CT-recipient mice spent more time

in the mouse chamber compared to the object chamber, while

AD-recipient mice spent the same amount of time in the respec-

tive chambers. AD-recipient mice also spent more time in the ob-

ject chamber compared to the CT-recipient mice (Figure 3A).

Overall, these results showed a decreased social behavior in

AD-recipientmice, as reflectedby the sociability index (Figure 3B).

We also found in AD-recipient mice that the latency to immobility

in the forced swim test (FST) was lower, suggesting a more

depressive-like behavior (Figure 3C), as well as higher corticoste-

rone level, reflecting a higher stress level (Figure 3D). Results of

the light/dark box and elevated-plus maze revealed no difference

in anxiety-like behavior between AD- and CT-recipient mice (Fig-

ures 3E and 3F). In all tests, locomotor activity was similar for both

groups of mice (Figures S5A–S5D). Altogether, these results

showed that ADFMT inmice is sufficient to induce similar psycho-

logical features of AD patients in term of sociability, depression-

like behavior, and stress level (cortisol level in Table S2). The mo-

lecular mechanisms underlying this relationship were investigated
robiota and of Intestinal Immune System and Homeostasis of the

ith PEG before being inoculated with human microbiota of AD and CT donors.

and 45 days post-FMT.

ABx treatment (n = 8, paired t test).

12 mice/group).

ice feces collected 23, 35, and 45 post-FMT and cecal contents, large dots

nted with the microbiota of healthy controls (CT1 and CT2) and of AD patients

the ileum. AD-recipient mice are characterized by increased expression of M2

and T-box 21) and Treg marker (Foxp3), reduced expression of Th17 markers

). n = 11–12 mice/group.

oxylin and eosin stained ileum tissue.

M (F–H). #p = 0.08; *p < 0.05; **p < 0.01; ***p < 0.001 versus CT-recipient mice,

ta transplantation; PND, postnatal day; inoc, inoculum.



Figure 3. Impact of AD Microbiota on Behavior

(A and B) Social behavior and sociability index measured in the three-chamber sociability cage. n = 11–12 mice/group, two-way ANOVA followed by post hoc

tests with Bonferroni correction.

(C) Depression-like behavior measured with the forced swim test.

(D) Stress level reflected by serum corticosterone concentration.

(E and F) Anxiety-like behavior measured with the light/dark box and the elevated-plus-maze.

For (C)–(F): n = 12 mice/group. Data represent mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.

See also Figure S5.
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in the brain and in peripheral metabolism to link these two distant

phenomena.

Mice Inoculatedwith the ADMicrobiota Exhibit Changes
in Brain Functions
We collected two brain areas, the frontal cortex (FC) and the

striatum (St), in order to investigate brain functions linked tomye-

lination, neurotransmission, and inflammation that are all altered

in AUD. We showed a downregulation of the expression of the

myelin-related genes (Mobp and Mog) in the FC and in the St

of AD-recipient mice (Figure 4A). Subunits a1 and a2 of

gamma-aminobutyric acid (GABAA) receptors (Gabra1 and Ga-

bra2), GABAB(1b) receptor subunit (GabaBr1b), and N-methyl-

D-aspartate (NMDA) receptor 2B (Grin2b) were upregulated in

the FC of AD-recipient mice (Figure 4B). Quantification of neuro-

transmitters GABA and glutamate showed that only glutamate

was reduced in the FC of AD-recipient mice (Figures 4C and

4D). This was associated with an increased protein expression

of the post-synaptic density 95 (PSD-95), which plays a key

role in regulating glutamatergic transmission and synaptic

plasticity (Figures 4E and 4F). In addition, we found a significant

upregulation of the mRNA expression of pro-inflammatory cyto-

kines (Tnfa and Il1b) and chemokines (Cxcl15 and Ccl2) in the St

of AD-recipient mice, while the FC did not show inflammatory

markers. This local inflammatory response in the St was associ-

ated with elevated markers of microglial activation (Aif1, Cd68,
and Nos2) including Gpr109a (Hcar2), the receptor for b-hydrox-

ybutyrate (BHB), which was strongly correlated with that of pro-

inflammatory cytokines (r > 0.95, p < 0.001; Figures 4G and S5H–

S5K). A similar trend was observed for protein expression of

striatal cytokines, although not reaching statistical significance,

and correlated with the myelin-related gene Mog and with the

sociability index (Figures S5E–S5G).

Taken together, these observations point toward disturbances

of myelination, neurotransmission, and inflammation induced by

AD microbiota transplantation that could negatively impact so-

cial behavior. We then investigated the metabolic pathways un-

derlying gut-brain interactions.

AD Microbiota Reduces Lipolysis and Promotes
Microbial Ethanol Production Resulting in Inhibition of
Hepatic Ketogenesis and BHB Synthesis
The gut microbiota may communicate with the brain through

different pathways, mainly neural, immune, or metabolic. Periph-

eral inflammation was rapidly discarded as a driver of central

inflammation as none of the 10 different inflammatory cytokines

and chemokines measured in the vena cava (reflecting systemic

blood) were different between AD- and CT-recipient mice (Fig-

ure S5L). Consequently, we investigated peripheral metabolism

via 1H-NMR metabolomics analysis in the plasma. Partial least

squares discriminant analysis (PLS-DA, supervised method) was

applied to find discriminant metabolites between CT- and AD-
Cell Reports 33, 108238, October 13, 2020 5



Figure 4. Alterations of Brain Functions in AD-Recipient Mice

(A) mRNA expression of myelin-related genes.

(B) mRNA expression of different subunits of GABAA, GABAB, and NMDA receptors.

(C and D) Quantification of GABA and glutamate in the frontal cortex.

(E and F) Representative western blot of PSD-95 protein in the frontal cortex and quantification by densitometry normalized to the loading control GAPDH.

(G) mRNA expression of inflammatory cytokines, chemokines, and markers of microglial activation.

n = 12mice/group, #p = 0.09; *p < 0.05; **p < 0.01 versus CT-recipient mice, unpaired t tests, mean ± SEM (or SD for (C)–(E). FC, frontal cortex; St, striatum. CT-r,

control-recipient; AD-r, AD-recipient.

See also Figure S5.
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recipient mice (Figure 5A). Interestingly, among those, levels of

BHB were found to be lowered in AD-recipient mice (Figures 5B

and S6A). BHB is a ketone body produced by the liver from fatty

acids of the adipose tissue, released in the blood and used as en-

ergy substrate by neurons (Achanta and Rae, 2017). Primary reg-

ulators of hepatic ketogenesis include lipolysis of fatty acids

from triacylglycerols, and transport of fatty acids from adipose tis-

sue to the hepatocytes. Ketogenesis occurs in hepatic mitochon-

dria where consecutive reactions catalyzed by multiple enzymes,

including the 3-hydroxymethylglutaryl-CoA synthase (HMGCS2),

lead to the conversion of beta-oxidation derived acetyl-CoA into

acetoacetate,which is then reduced inBHB (Puchalska andCraw-

ford, 2017). We therefore investigated the involvement of the liver

and the adipose tissue, in the decrease in plasma BHB levels

observed in AD-recipient mice. First, we found in AD-recipient

mice a downregulation of hepatic expression of Hmgcs2, the
6 Cell Reports 33, 108238, October 13, 2020
main CT point of ketogenesis, and of transcription factor PPARa,

its master regulator (Figure 5C). Second, we found that the subcu-

taneous adipose tissue (sAT) mass at necropsy was higher in AD-

recipient mice (Figure 5D). Histological analysis revealed that the

size of adipocytes was bigger in AD-recipient mice (Figures 5E

and 5F), reflecting more lipid storage in the adipocytes and sug-

gesting a decrease in lipolysis. Decreased plasma concentrations

ofnon-esterified fatty acids (NEFAs), theprimary substrates for he-

patic ketogenesis, were also observed in AD-recipient mice (Fig-

ure 5G). Altogether, these results suggest that adipose tissue

metabolism is changed in favor of triglycerides storage, thereby

lowering blood NEFA levels and availability to hepatocytes, ulti-

mately contributing to reduced liver ketogenesis and BHB synthe-

sis. This is supported by negative correlation between NEFA and

the weight of sAT, as well as positive correlation between NEFA

and BHB (Figures S6B and S6C).
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We then investigated whether and how the gut microbiota

could be involved in the regulation of ketone bodies synthesis.

We inferred functional profiles from taxonomic profiles obtained

in cecal contents using PICRUSt, which revealed that pathways

associated with alcohol metabolism were upregulated in AD-

recipient mice (Figure 5H). Interestingly, ethanol is amajor micro-

bial product and has been shown to downregulate Hmgcs2 and

PPARa (Deaciuc et al., 2004; Galli et al., 2001), indicating that

ethanol may inhibit ketone bodies production. We therefore

measured blood ethanol concentration in the portal vein and

found that it was higher in AD-recipient mice, confirming higher

ethanol production by the AD dysbiotic microbiota (Figure 5I).

Furthermore, ethanol concentrations were negatively correlated

with plasma BHB levels, supporting its inhibitory role on keto-

genesis (Figure 5J). Consistent with higher portal vein ethanol

level, the expression of ethanol-metabolizing enzymes (Adh1,

Cyp2e1, and catalase) was upregulated in the liver of AD-recip-

ient mice (Figure S6D). Finally, since ethanol is produced by the

gutmicrobiota, we investigatedwhich bacteria could be involved

in alcohol metabolism by conducting correlational analysis. Por-

tal vein ethanol level was positively correlated with the genera

Clostridium -sensu stricto, -XI, -XVIII, Lactococcus, Turicibacter,

and Akkermansia, which carry the genes coding for alcohol de-

hydrogenase [EC:1.1.1.1] and aldehyde dehydrogenase

[EC:1.2.1.3], indicating that they have the functional ability to

produce and/or metabolize ethanol. Among them, Clostridium

genus has been recognized as an ethanol-producing bacteria

(Wiegel et al., 2006). By contrast, the genera Parabacteroides,

Bacteroides, Barnesiella, Butyricimonas, and Odoribacter were

negatively correlated with ethanol levels. These bacteria express

genes coding for the enzyme acetyl-CoA synthase [EC:6.2.1.1]

which converts irreversibly acetate into acetyl-CoA (Figures 5H

and 5K).

Altogether, these results suggest that AD microbiota trans-

plantation reduced fatty acids lipolysis and increased microbial

ethanol production. Consequently, the drop in NEFA availability,

together with the inhibitory effect of ethanol on Hmgcs2,

decreased liver ketogenesis and, subsequently, BHB synthesis

and release in the systemic blood.
Figure 5. AD Microbiota Reduces Fatty Acids Lipolysis and Promotes

BHB Synthesis

(A) Score plot obtained after partial least squares discriminant analysis (PLS-DA)

(B) Relative quantification of plasma BHB levels obtained by calculating the area

(C) Liver mRNA expression of enzyme and transcription factor involved in ketoge

(D) Weight of the subcutaneous adipose tissue (% of body weight) at necropsy.

(E and F) Representative histological pictures of subcutaneous adipose tissue an

(G) Plasma concentration of non-esterified fatty acids.

(H) Representation of bacterial sequence count corresponding to Kyoto Encyc

metabolism, metabolites pathways, and potential bacteria involved in alcohol p

ethanol concentration measured in the portal vein are depicted in red and blue

enzymes are able to catalyze the reactions in both directions. q < 0.05 versus CT

(I) Ethanol concentration in the portal vein. n = 11 to 12 mice/group.

(J) Pearson’s correlation between plasma BHB levels and ethanol concentration

(K) Heatmap showing positive (red) and negative (blue) correlations between ba

relations are marked with a star, *q < 0.05; **q < 0.001 (FDR correction).

For (B), (D), (F), (G), and (I): data representmean ±SD. For (C) and (H): data represe

#p = 0.06; *p < 0.05; **p < 0.01; ***p < 0.001 versus CT-recipient mice.

See also Figure S6.
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Modulation of BHB Levels Is Associated with Change in
Social Behavior, Myelination, and Neuroinflammation
BHB is transported from the blood to the brain via the monocar-

boxylate transporter Mct1. In addition to its role as an energy

substrate for neurons, BHB is also involved in many brain func-

tions. We found an upregulation of the expression of Mct1 in

the FC of AD-recipient mice (Figure S6E). Correlational analysis

revealed that BHB was associated with markers of myelination

(Mobp), neurotransmission (glutamate and GABA and NMDA re-

ceptors), neuroinflammation, and with sociability (Figures 6A–

6C).

To challenge the role of BHB for brain dysfunction and reduc-

tion of social behavior, in a second experiment, we raised blood

BHB levels by exposingmice for 6 weeks to a ketogenic diet (KD)

(Figures 6D and 6E). Activation of liver ketogenesis was

confirmed by enhanced expression of Hmgcs2 and PPARa,

and of BHB brain transport by increased Mct1 expression (Fig-

ure 6F). Interestingly, social behavior and preference for social

novelty were improved upon KD (Figures 6G and S6F). We

then explored the effects of KD on brain functions. We found

that myelin-related genes expression was increased in the KD

group and correlated with sociability (Figures 6H and 6I).

Conversely, expression of GABA and NMDA receptors were

not impacted by KD except for an increase in GabraBr1b expres-

sion in the St (Figure 6J). The anti-inflammatory effect of KD was

then assessed by measuring lipopolysaccharide (LPS)-induced

cytokines and chemokines brain gene expressions. While the

diet had no effect on the FC or St, we found a downregulation

of Tnfa and Cxcl15 in the hippocampus (Figure 6K).

Overall, these results confirmed that BHB can take part in the

regulation of social behavior and in neurobiological processes

related to myelination and inflammation.

Confirming the Role of Altered Metabolic Pathways in
Detoxified Human AD Patients: Microbial Ethanol Is
Increased and Low BHB Is Associated with Social
Impairments, Depression, and Lower Brain Myelination
In order to back-translate the experimental results into clinical

practice, we collected biological, psychological, and
Ethanol Production that Lead to Decreased Liver Ketogenesis and

showing plasma metabolic profiles.

under the curve of BHB peak in each metabolic spectrum.

nesis and BHB synthesis.

d quantification of adipocyte area. n = 6 mice/group.

lopedia of Genes and Genomes (KEGG) orthology groups related to alcohol

roduction and metabolism. Bacteria positively or negatively correlated with

, respectively. Arrows pointing in both directions indicates that the bacterial

-recipient mice (FDR correction), unpaired t tests with Welch’s correction.

s measured in the portal vein.

cteria and ethanol concentration measured in the portal vein. Significant cor-

nt mean ±SEM. n = 12mice/group unless otherwise specified. Unpaired t tests,



Figure 6. Ketogenic Diet (KD) Increases Blood Levels of b-Hydroxybutyrate, Improves Sociability, and Modulates Myelination and Neuro-

inflammation

(A) Heatmap of correlations between plasma BHB level and brain gene expression. Positive and negative correlations are depicted in red and blue, respectively.

Significant (p < 0.05) correlations are marked with a star.

(B and C) Correlations (Pearson’s r) between plasma BHB levels and glutamate quantified in the frontal cortex, and with the sociability index.

(D) Design of the KD experiment. Mice of the KD group (n = 21) were submitted to a keto-adaptation for 2 weeks, and then received 100% of the KD for 4 weeks.

Control mice (CT, n = 21) received chow diet during the whole experiment. Blood samples were obtained before starting the KD, after 2 weeks and 4 weeks of

exposure to the KD and at necropsy. For 9 KD and 9 CTmice, low dose LPS injection (intraperitoneally [i.p.]) has been performed 24 h before necropsy in order to

study the anti-inflammatory effect of the diet.

(E) Kinetics of plasma levels of BHB during KD exposure. n = 9 mice/group.

(F) mRNA expression of enzyme and transcription factor regulating ketogenesis in the liver, and of BHB transporter in the frontal cortex. n = 12 mice/group.

(legend continued on next page)
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neuroimaging data in several cohorts of AD patients to (1) mea-

sure the fecal and blood levels of ethanol, BHB, and NEFA, three

key metabolic targets involved in the dialog between the gut mi-

crobiota, the adipose tissue, the liver, and the brain; (2) test the

association between blood BHB levels and the psychological

symptoms; and (3) test the potential involvement of BHB in brain

myelination. In order to evaluate with no ambiguity the metabolic

role of the microbiota, the FMT mice had not been exposed to

alcohol. Consequently, we decided to test AD patients at the

end of a 3-week detoxification program, thus allowing us to

assess endogenous (microbial) ethanol production, without

interference of external alcohol due to drinking. Since the portal

vein is not accessible in humans without invasive surgery, the

functional capacity of the gut microbiota to produce and/or

metabolize ethanol was measured in feces. After three weeks

of abstinence, ethanol was still detectable in 19 out of 20 AD pa-

tients, confirming ethanol production by intestinal microbes.

Furthermore, fecal ethanol was higher in AD patients than CTs

(Figure 7A). Second, we investigated the role of adipose tissue

by measuring fat mass percentage by bioimpedance and

NEFA plasma concentration. While we observed no fat mass dif-

ference between AD and healthy individuals (Figure 7B), we

found a positive correlation between fat mass and intestinal

permeability, suggesting that patients with leaky gut (and intes-

tinal dysbiosis) had higher fat mass (Figure 7C). This is in accor-

dance with our FMT model, where AD dysbiotic microbiota

transplantation promoted the expansion of adipose tissue and

reduced lipolysis. In addition, we observed a correlation be-

tween blood NEFA and BHB concentrations, also supporting

that change in adiposity and NEFA levels influenced BHB syn-

thesis (Figure 7D). Third, since in the transplanted mice, BHB

was suggested to drive behavioral alterations, correlations be-

tween BHB and psychological symptoms were tested in AD pa-

tients. In a small cohort of 20 AD patients for which personality

questionnaires were available, we found that BHBwas positively

associated with the score of EI and negatively associated with

social anxiety (Figures 7E and 7F). Then, in larger cohorts of

AD patients (n = 62 to 90), we found that BHB was negatively

correlated with the scores of depression and alcohol craving

(Figures 7G and 7H). These correlations suggest that recently

detoxified AD patients with lower levels of BHB have lower social

abilities and higher levels of depression and craving. Finally, to

test the implication of BHB in myelination, we conducted a small

pilot MRI study (3D T1 and Diffusion Tension Imaging) on 22 AD

patients in order to extract the fractional anisotropy (FA) maps.

FA is often used to assess white matter integrity, which can be

impacted by various parameters including myelination. Interest-

ingly, we found that plasma BHB levels positively correlated with

the FA in two areas of the white matter, the forceps major (FM)
(G) Social behavior assessed in the 3-chamber apparatus. n = 21/group.

(H) mRNA expression of myelin-related genes in the frontal cortex and striatum,

(I) Correlations (Pearson’s r) between myelin-related gene and sociability index.

(J) mRNA expression of GABA and NMDA receptors measured in the frontal cor

(K) mRNA expression of LPS-induced inflammatory cytokines and chemokines

mRNA expression in CT mice (n = 6) injected with NaCl.

For (E) and (G): data represent mean ± SD. For (F), (H), (J), and (K): data represen

recipient mice. BHB, b-hydroxybutyrate; KD, ketogenic diet; FC, frontal cortex; S

See also Figure S6.
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and the left superior longitudinal fasciculus (LSLF) (Figures 7I–

7K). Although preliminary, these correlations obtained in AD pa-

tients are consistent with the involvement of BHB in brain

myelination.
DISCUSSION

Intestinal permeability and gut microbiota alterations have been

previously associated with psychological symptoms of alcohol

dependence including depression, anxiety, and alcohol craving

(Leclercq et al., 2014). Social deficits are also essential features

of AUD patients, and are related to difficulties in interpreting the

emotions of others, sensitivity to social rejection (Maurage et al.,

2012), and difficulties in taking into account the perspectives of

others (Maurage et al., 2015), which results in high rates of re-

lapses after alcohol withdrawal (Zywiak et al., 2003). Consistent

with that, we found that AUD patients scored specifically lower

than healthy CTs on social abilities as reported with various per-

sonality questionnaires. Interestingly, while the link between gut

microbiome and social behavior has been demonstrated in mul-

tiple animal models (Sherwin et al., 2019), our clinical data report

a link between leaky gut and social impairments in humans.

Consequently, we used a FMT model from AUD patients to

mice in order to unravel the metabolic and neurobiological

mechanisms associated with emotional and social behaviors

related to alcohol addiction. FMT has been successfully used

to demonstrate a causal relationship among intestinal microbiota

and several diseases, such as obesity (Ridaura et al., 2013), irri-

table bowel syndrome (De Palma et al., 2017), autism (Sharon

et al., 2019), and depression (Zheng et al., 2016). FMT from

human to mice is often performed in GF mice but these initially

present with significant modifications of behavior including so-

ciability (Desbonnet et al., 2014; Diaz Heijtz et al., 2011; Neufeld

et al., 2011). To overcome these difficulties, we used a valid alter-

native to GF mice which consists in conventional juvenile mice

subjected to initial microbiota depletion with broad-spectrum

ABx and PEG (Le Roy et al., 2019; Wrzosek et al., 2018) followed

by the inoculation of a well-characterized fecal microbiota com-

ing from AUD patients and healthy subjects. Although the FMT

from human to mice was not 100% efficient due, for instance,

to abnormal overgrowth of some bacteria belonging to Verruco-

mircobia, b-diversity indices clearly showed that CT-recipient

mice clustered separately from the AD-recipient mice, and that

each group of recipient mice clustered with its respective human

donor. Furthermore, the drastic decrease in Bacteroidetes and in

F. prausnitzii associated with an increased abundance of Lach-

nospiraceae, which are important features of the human alco-

holic microbiota (Bjørkhaug et al., 2019; Dubinkina et al., 2017;
n = 12 mice/group.

tex and striatum. n = 12 mice/group.

measured in the hippocampus. n = 9 mice/group. Orange line represents the

t mean ± SEM. Unpaired t tests, #p < 0.10; *p < 0.05; ***p < 0.001 versus CT-

t, striatum.



Figure 7. Microbial Ethanol Is Increased in Detoxified AD Patients and b-Hydroxybutyrate Is Correlated with the Psychological Symptoms

and Brain Myelination

(A) Fecal ethanol levels in detoxified AD patients (n = 20) and controls (n = 10), Mann-Whitney test, mean ± SD.

(B) Measurement of fat mass percentage by bioimpedance, n = 16 CT and 58 AD subjects. Subjects used for FMT experiment are colored, mean ± SD.

(C) Correlation (Pearson’s r) between intestinal permeability and fat mass percentage in AD patients (n = 41).

(D–H) Correlation (Pearson’s r) between plasmaBHB andNEFA in AD patients (n = 20), the total score of EI (n = 20), the score of social anxiety (n = 20), the score of

depression (n = 90), and the score of alcohol craving (n = 62).

(I–K) Correlation maps between subject’s FA normalized maps and BHB values, corrected using Monte Carlo simulation. Clusters in the forceps major and in the

left superior longitudinal fasciculus are represented (n = 22 AD patients).

AD, alcohol-dependent; BHB, b-hydroxybutyrate; CT, healthy controls; FA, fractional anisotropy; NEFA, non-esterified fatty acids.

Cell Reports 33, 108238, October 13, 2020 11

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
Leclercq et al., 2014; Mutlu et al., 2012), were perfectly repro-

duced in the transplanted mice.

Overall, our FMT experiment revealed that mice transplanted

with the feces of AUD patients exhibited reduced sociability,

increased depression-like behavior, and stress levels. These

behavioral alterations were associated with brain function distur-

bances including myelination, neurotransmission, and neuroin-

flammation. Metabolomics analysis revealed that increased mi-

crobial ethanol production and reduction of adipose tissue

lipolysis, leading to decreased release of NEFA in the circulation,

result in inhibition of liver ketogenesis and reduction of BHB syn-

thesis in mice inoculated with AD microbiota. Knowing the mul-

tiple neuroprotective effects of BHB, we postulated that the

reduction of hepatic ketogenesis and BHB synthesis is at the

origin of brain dysfunction in AD-recipient mice. Obviously, the

low number of human donors (n = 2 AUD patients and 2 healthy

subjects), even though the selected patients were representative

of a group of dysbiotic AD patients, constitutes a limitation of the

present study. However, recently, a replication study has been

conducted by an independent group showing that FMT from

AUD patients also leads to increased depression-like behavior

and reduced sociability in mice although mechanisms linking

gut dysbiosis and altered behavior have not been investigated

by those authors (Zhao et al., 2020). Furthermore, our FMT study

responds to the recommendations and guidelines for human mi-

crobiota-associated rodent models (Walter et al., 2020), and the

mechanistic findings highlighting a role for the gut-liver-brain

axis obtained in this preclinical model have to be considered

not as an end-point per se, but rather as a proof of concept

that is eventually confirmed by various measurements in biolog-

ical samples issued from larger AUD patient cohorts.

First, we tried to elucidate the mechanisms linking AD micro-

biota inoculation to changes in behavior and brain functions.

While several pathways, mainly neural, metabolic or immune

ones, have been suggested to drive gut-brain interactions (Cryan

and Dinan, 2012; Forsythe et al., 2016), we confirmed that the

disturbances observed in our study were not induced by a pe-

ripheral inflammatory response, but rather related to blood me-

tabolites changes. Indeed, we found that portal ethanol was

increased, while systemic BHB and NEFA were decreased in

AD-recipient mice. Intestinal microbiota is a major source of

endogenous ethanol (Sarkola and Eriksson, 2001; Yuan et al.,

2019). Since mice were not exposed to alcohol during experi-

ments, increased portal vein ethanol concentration strongly

suggests a higher colonization of the AD microbiota by

alcohol-producing bacteria, such as for instance Clostridium,

Lactococcus, Turicibacter, and Akkermansia, which all have

the functional ability to produce and or metabolize ethanol.

This is in accordance with a metagenomic study that noticed

that AUD patients gut microbiome is enriched in functions

related to alcohol metabolism (Dubinkina et al., 2017). Interest-

ingly, abstinent AUD patients still presented with higher ethanol

level in their feces, confirming ethanol production by intestinal

microbes. We therefore hypothesize that this small but chronic

endogenous production of ethanol by gut microbes induces

changes in liver metabolism, and particularly an inhibition of

the ketogenesis pathway. BHB is a ketone body produced by

the liver from acetyl-CoA, which in turn comes from the oxidation
12 Cell Reports 33, 108238, October 13, 2020
of fatty acids (Mattson et al., 2018). The main control point of

ketogenesis is the liver mitochondrial enzyme Hmgsc2, which

is under the control of PPARa (Grabacka et al., 2016)—both of

which are inhibited by ethanol (Deaciuc et al., 2004; Galli et al.,

2001), and were downregulated in our AD-recipient mice. In

addition, we found that adipose tissue metabolism of AD-recip-

ient mice was shifted toward triglyceride storage, decreasing the

availability of NEFA for liver ketogenesis—both of which contrib-

uted to reduced blood BHB. Data obtained in AUD patients sup-

port the existence of a similar mechanism in humans: blood

NEFA concentrations were positively correlated with BHB levels

and interestingly, adiposity was correlated with intestinal perme-

ability, suggesting a link between fat mass and leaky gut. This

corroborates mice data showing that ADmicrobiota transplanta-

tion promotes the expansion of adipose tissue. Altogether,

experimental and clinical data support the concept that the gut

microbiota could interfere with the metabolism of both the adi-

pose tissue and the liver, with a consequent decrease in the

availability of BHB, potentially affecting brain functions and

behavior.

While glucose is the main energy substrate for the brain,

monocarboxylic acids (ketone bodies, acetate, lactate) are vital

alternative energy sources for neurons (Puchalska and Craw-

ford, 2017). In our study, the expression of monocarboxylate

transporter Mct1 was increased in AD-recipient mice, which

might reflect a metabolic adaptation necessary to fuel brain

cell functions in the case of neuroinflammation (Moreira et al.,

2009). Interestingly, the reduction of BHB in alcoholics undergo-

ing detoxification was postulated several decades ago to lead to

brain energy depletion and contribute to alcohol withdrawal

symptoms and neurotoxicity (Derr et al., 1983). Consistent with

that, we hypothesize that the decrease in BHB levels observed

in AD-recipient mice shifts the brain to a state of energy depletion

that might contribute to demyelination, dysregulation of the

GABA/glutamate balance, and neuroinflammation. This hypoth-

esis is supported by the multiple neuroprotective effects of BHB.

It is a precursor of membrane lipids in brain cells and involved in

the myelination process (Koper et al., 1981; Webber and Ed-

mond, 1979). It exerts anticonvulsant effects likely through the

modulation of GABA and glutamate pathways (McNally and

Hartman, 2012), and has anti-inflammatory properties through

its receptor GPR109A (Fu et al., 2015; Puchalska and Crawford,

2017; Rahman et al., 2014). In the present study, AD-recipient

mice exhibited brain downregulation of myelin-related genes,

which has also been shown post-mortem in human brains of al-

coholics (Lewohl et al., 2000). Our preliminary neuroimaging data

showed in AUD patients a correlation between plasma BHB

levels and FA measures in the FM, a white matter fiber bundle

part of the corpus callosum, and in the LSLF. FA can be influ-

enced by different parameters including axonal density and

diameter, myelination, or inflammation. In the mouse brain, FA

correlates positively with the myelin basic protein, a marker for

myelination (Chang et al., 2017), and it has been shown in AUD

patients that reduced FA in the corpus callosum was compatible

with sustained demyelination and glial immune reaction (De San-

tis et al., 2019). Furthermore, a mouse model of demyelination

showed that feeding mice a KD robustly increased the remyeli-

nation in the corpus callosum (Stumpf et al., 2019). Evidence
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for major white matter microstructure disruption in the corpus

callosum and the LSLF has previously been provided in AUD pa-

tients and reduced FA values in those regions were functionally

associated to deficits in neuropsychological performances (Pfef-

ferbaum et al., 2006, 2009; Yeh et al., 2009). Taken together,

these and our data reinforce the involvement of BHB in the mye-

lination process. A link between myelination, depression-like,

and social behaviors has already been described in rodents

(Liu et al., 2012, 2016) and was suggested to be mediated by

bacterial metabolites (Gacias et al., 2016). Interestingly, our hu-

man data showed that lower plasma BHB levels in AD patients

were associated with higher psychological distress, including

social impairments, depression, and alcohol craving. This is

consistent with the results of our FMT experiment showing that

AD microbiota transplantation induced depression-like behavior

and reduced social behavior in mice. The link we observed

among microbiota, BHB levels, and alcohol craving in AD pa-

tients would certainly deserve further investigation. However,

in this FMT study, alcohol-drinking behaviors have not been

tested for an obvious reason: the goal was to investigate the ef-

fect of AD microbiota itself on behavior, brain functions, and

metabolism, without the interference of ethanol. Not exposing

mice to ethanol in the current study allowed us to ascertain

that the effects of the microbiota on liver, brain, and behavior

were direct. Nevertheless, the AD microbiota transplantation

induced brain changes that have previously been shown to be

related to alcohol drinking behavior. First, we found an upregula-

tion of GABA andNMDA receptors in the FCof AD-recipient mice

associatedwith a decrease in glutamate and increase in PSD-95.

Alterations in the excitatory (glutamatergic) and the inhibitory

(GABAergic) neurotransmitter systems have been previously

related to withdrawal symptoms, emotion enhancement,

response to stress, and drinking motivation and might hence

play a role in addiction development (Gilpin and Koob, 2008;

Herman et al., 2004). The role of PSD-95 might also be important

sincemice knocked out (KO) for PSD-95 exhibit reduced ethanol

consumption (Camp et al., 2011). Of note, other neurotransmit-

ters that play a role in alcohol drinking behavior and that can

be influenced by the gut microbiota, such as the dopaminergic

system (Jadhav et al., 2018), have not been investigated in this

present study. Second, we found increased inflammation and

markers of activated microglia in the St of AD-recipient mice.

The role of striatal immune reactions for reward processes and

alcohol-seeking behaviors (Chen et al., 2011) is supported by ro-

dent studies where voluntary ethanol consumption was induced

by a targeted neuro-immune response (Blednov et al., 2012; Val-

enta and Gonzales, 2016). Altogether, this suggests that AD mi-

crobiota transplantation might enhance alcohol-seeking

behavior. Testing the effect of AD microbiota transplantation

on drinking behavior, and reversely testing the metabolic impact

of ethanol in FMT animals, are important issues that would

enhance our understanding of the role of the microbiota. Based

on the evidence we bring on the sufficient role of the microbiota

alone, these hypotheses would deserve experimental confronta-

tions. Finally, to support the role of BHB in the modulation of

behavior and brain functions, we successfully increased the sys-

temic BHB level in mice through exposure to a KD and observed

an improvement of sociability, associated with increased myeli-
nation markers and reduced neuroinflammation. Although we

cannot ascertain that the beneficial impact of KD is directly

due to BHB and not to other nutrients present in the diet, a recent

study showed that KD attenuates the symptoms of alcohol with-

drawal in rats (Dencker et al., 2018). This encourages testing clin-

ically the effect of BHB in AUD patients.

In conclusion, we found that the transplantation of human AD

microbiota to mice recapitulated some behavioral alterations

associated with alcohol dependence, including reduced socia-

bility, increased depression-like behavior, and higher stress

level. Thanks to FMT which makes the investigation of the brain

possible, we found that behavioral alterations were associated

with decreased myelination, unbalanced GABA/glutamate

neurotransmission, and neuroinflammation. The inoculation of

a dysbiotic AD microbiota coming from a specific subset of AD

patients led to a reduced synthesis of BHB that could be at the

origin of the alterations in brain functions and behavior in mice.

The metabolic origin of BHB levels perturbation seems to lie in

the functional capacity of AD microbiota to produce ethanol

and to alter adipose tissue and liver metabolism. In abstinent al-

coholics, ethanol was still produced by the intestinal microbiota

and low BHB levels were correlated with psychological distress

including social impairments, depression, and alcohol craving,

which constitute important factors of relapse. Altogether, these

results suggest that nutritional therapies, aiming at restoring

the gut microbiota (i.e., via prebiotics supplementation) or ke-

tone body metabolism, might be beneficial on the gut-liver-brain

axis and decrease the risk of relapse in AUD patients.
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Blave, and Véronique Allaeys) for their excellent technical help. Finally, we

warmly thank Dr. Jonathan van Eyll for his careful reading and comments

that improved the manuscript. S.L. was a post-doc fellow funded by the

Belgium National Scientific Research Fund (FRS-FNRS) and now by UCLou-

vain (Action de Recherche Concertée ARC18-23/092). C.Q. is a post-doc

fellow funded by FRS-FNRS. P.D.C. is a senior research associate at FRS-

FNRS and supported by the Funds Baillet Latour (Grant for Medical Research

2015). T.L.R. was a post-doc fellow funded by FRFS-WELBIO (WELBIO-CR-

2017C-02). P.d.T. is supported by Fonds de Recherche Clinique of Secteur
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Bourin, M., and Hascoët, M. (2003). The mouse light/dark box test. Eur. J.

Pharmacol. 463, 55–65.

Camp, M.C., Feyder, M., Ihne, J., Palachick, B., Hurd, B., Karlsson, R.-M.,

Noronha, B., Chen, Y.-C., Coba, M.P., Grant, S.G., and Holmes, A. (2011). A

novel role for PSD-95 in mediating ethanol intoxication, drinking and place

preference. Addict. Biol. 16, 428–439.

Can, A., Dao, D.T., Arad, M., Terrillion, C.E., Piantadosi, S.C., and Gould, T.D.

(2011). The mouse forced swim test. J. Vis. Exp. 59, e3638.

Chang, E.H., Argyelan, M., Aggarwal, M., Chandon, T.S.S., Karlsgodt, K.H.,

Mori, S., and Malhotra, A.K. (2017). The role of myelination in measures of

whitematter integrity: combination of diffusion tensor imaging and two-photon

microscopy of CLARITY intact brains. Neuroimage 147, 253–261.

Chen, G., Cuzon Carlson, V.C., Wang, J., Beck, A., Heinz, A., Ron, D., Lo-

vinger, D.M., and Buck, K.J. (2011). Striatal involvement in human alcoholism

and alcohol consumption, andwithdrawal in animal models. Alcohol. Clin. Exp.

Res. 35, 1739–1748.

Cole, J.R., Wang, Q., Fish, J.A., Chai, B., McGarrell, D.M., Sun, Y., Brown,

C.T., Porras-Alfaro, A., Kuske, C.R., and Tiedje, J.M. (2014). Ribosomal Data-

base Project: data and tools for high throughput rRNA analysis. Nucleic Acids

Res. 42, D633–D642.

Couch, Y., Trofimov, A., Markova, N., Nikolenko, V., Steinbusch, H.W., Che-

khonin, V., Schroeter, C., Lesch, K.-P., Anthony, D.C., and Strekalova, T.

(2016). Low-dose lipopolysaccharide (LPS) inhibits aggressive and augments

depressive behaviours in a chronic mild stress model in mice.

J. Neuroinflammation 13, 108.

Cryan, J.F., and Dinan, T.G. (2012). Mind-altering microorganisms: the impact

of the gut microbiota on brain and behaviour. Nat. Rev. Neurosci. 13, 701–712.

De Palma, G., Lynch, M.D.J., Lu, J., Dang, V.T., Deng, Y., Jury, J., Umeh, G.,

Miranda, P.M., Pigrau Pastor, M., Sidani, S., et al. (2017). Transplantation of

fecal microbiota from patients with irritable bowel syndrome alters gut function

and behavior in recipient mice. Sci. Transl. Med. 9, 9.

De Preter, V., Van Staeyen, G., Esser, D., Rutgeerts, P., and Verbeke, K. (2009).

Development of a screening method to determine the pattern of fermentation

metabolites in faecal samples using on-line purge-and-trap gas chromato-

graphic-mass spectrometric analysis. J. Chromatogr. A 1216, 1476–1483.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PSD95 (D27E11) XP� Rabbit mAb Cell signaling Cat#3450; RRID:AB_2292883

GAPDH (D16H11) XP� Rabbit mAb Cell signaling Cat#5174; RRID:AB_10622025

Goat Anti-Rabbit IgG Antibody, Peroxidase

Conjugated

Merck Millipore Cat# AP132P; RRID:AB_90264

Chemicals, Peptides, and Recombinant Proteins

Ampicillin sodium salt SIGMA-ALDRICH CAS Number: 69-52-3

Neomycin SIGMA-ALDRICH CAS Number: 1405-10-3

Metronidazole SIGMA-ALDRICH CAS Number: 443-48-1

Amphotericin B solubilized SIGMA-ALDRICH CAS Number:1397-89-3

Vancomycin hydrochloride VWR CAS Number: 1404-93-9

LPS Escherichia coli 0111: B4 SIGMA-ALDRICH Cat# LPS25

Critical Commercial Assays

QIAamp DNA Stool Mini Kit QIAGEN Cat# 51504

Mouse Bio-Plex Pro Assays Biorad Customized

Corticosterone ELISA kit Enzo Life Sciences Cat# ADI-900-097

GABA ELISA ImmuSmol Cat# BA E-2500

Glutamate ELISA ImmuSmol Cat# BA E-2400

Beta-hydroxybutyrate assay kit Abcam Cat# ab83390

Non-esterified fatty acids assay Randox Cat# FA115

Ethanol Colorimetric/Fluorometric Assay Kit Biovision Cat# K620-100

Deposited Data

Raw data generated with the 16S rRNA gene

sequencing

SRA BioProject PRJNA553184

Experimental Models: Organisms/Strains

Mouse C57BL/6J, specific pathogen-free

(male)

Janvier Labs N/A

Oligonucleotides

Primer sequences used for RT-qPCR See Table S3 N/A

Software and Algorithms

SPSS 25.0 IBM N/A

R 3.4.2 Cran R project, https://cran.r-project.org/bin/

windows/base/old/3.4.2/

N/A

USEARCH v10.02.240 Edgar, 2013 N/A

Mothur v.1.25.0 Schloss et al., 2009 N/A

BrainVoyager 20.6 Brain Innovation N/A

MestReNova 10.0.2 Mestrelab Research N/A

SIMCA-P+12.0 Umetrics N/A

EthoVision XT software V14 Noldus N/A

Leica Image Viewer Software 4.0.7 Leica Microsystems N/A

ImageJ NIH, https://imagej.nih.gov/ij/download.html N/A

ImageQuantTL 8.2 GE Heathcare N/A

MetaboAnalyst V4.0 MetaboAnalyst, https://www.metaboanalyst.

ca/

N/A

GraphPad Prism 7 GraphPad Prism N/A
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Nathalie

Delzenne (nathalie.delzenne@uclouvain.be).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The accession number for the raw data generated with the 16S rRNA gene sequencing reported in this paper is BioProject

PRJNA553184 (SRA).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

For human studies
Recruitment of alcohol-dependent subjects and healthy controls

The population of patients and controls displayed in Figure 1 belong to the same cohort as that recruited for our previous publication

(Leclercq et al., 2014). Because they were recruited before the publication of Diagnostic and Statistical Manual of Mental Disorders

(DSM) 5 criteria, they were diagnosed by psychiatric evaluation (P.d.T) as alcohol-dependent (AD) according to the DSM-IV criteria,

and did not present with other major psychiatric comorbidities. Among those participants, 2 AD patients and 2 CT subjects were

selected asdonors for the FMTexperiment. Theywere all psychoactive drugs-free. Their age, sex, biological andpsychological features

are described in Table S2. Patients displayed in Figure 7 belong tomore recent cohorts andwere diagnosed as severe AUD using DSM

5 criteria (mean age (y): 48 ± 10 [min: 27, max: 71], 67%males and 33% females). Exclusion criteria are similar for all cohorts. Patients

suffering frommetabolic disorders suchas obesity [bodymass index (BMI) > 30 kg/m2] anddiabetes, inflammatory bowel disease, other

chronic inflammatory diseases (such as rheumatoid arthritis), or cancer, as well as those who had taken antibiotics, probiotics, gluco-

corticoids, or nonsteroidal anti-inflammatory drugs during the 2 months preceding enrollment were excluded from the study. Patients

enrolled in this study were admitted to the gastroenterology ward for a 3-week detoxification and rehabilitation program in St Luc ac-

ademic hospital (Brussels, Belgium) and received benzodiazepines as a standard treatment to manage the withdrawal symptoms dur-

ing the first week of hospitalization only. The control group (CT) consists in age-, sex- and BMI-matched healthy subjects who

consumed less than 20 g of alcohol per day. The protocol related to the clinical studywas approvedby the local ethical committee (com-

mission d’éthique biomédicale hospitalo-facultaire de l’Université catholique de Louvain) and all subjects signed an informed consent

form before the investigation (B40320096274; 2009/17AVR/140 with amendment 27/02/2017, and 2014/31DEC/614).

For in vivo animal studies
All animal experiments were approved by and performed in accordance with the guidelines of the ethics committee of the Université

catholique de Louvain under the specific agreement number 2017/UCL/MD/005. Housing conditions were as specified by the

Belgian Law of 23 May 2013, on the protection of laboratory animals (Agreement LA 1230314).

Mice used for FMT experiment

Three-weekoldspecificpathogen-free (SPF)C57BL/6Jmalemice (n=24)wereobtained fromJanvierLabs (France).Micewere randomly

assigned toexperimental groups (CT-recipient andAD-recipient) andwerehoused ingroupsof three in individually ventilatedcages (IVC)

on a 12-hour daylight cycle with ad libitum access to sterile water and gamma-irradiated standard chow diet (AIN-93M, Research Diets,

NJ, USA).Micewere systematically handled under a laminar flowcabinet and gloveswere changedbetween eachgroup handling. Body

weight, food andwater intake were dailymeasured during the antibiotic treatment. Feceswere collected at three time points (23, 35 and

45 days after FMT) in order to study the kinetics of the microbial taxa engraftment in mice transplanted with human fecal samples.

Mice used for the ketogenic diet experiment

Seven-week old specific pathogen-free (SPF) C57BL/6J male mice were obtained from Janvier Labs (France). Mice were randomly as-

signed toexperimentalgroups (CTandKD).Micewerehoused ingroupsof three in individually ventilatedcages (IVC)ona12-hourdaylight

cyclewithad libitumaccess tosterilewater andgamma-irradiatedstandardchowdiet (AIN-93M,ResearchDiets,NJ,USA) (CTgroup,n=

21) or ketogenic diet (80% fat, Ssniff, Germany) (KDgroup, n=21) for 6weeks.Miceof theKDgrouphavebeensubmitted toa keto-adap-

tation during 2 weeks. The ketogenic diet has been mixed to chow diet in the following proportion: 50% KD during 3 days, 70% KD for

4 days, 90% KD for 7 days. For 9 mice per group, intraperitoneal injection of low dose LPS (100mg/kg, Escherichia coli 0111: B4,

Sigma-Aldrich) have been performed 24h before necropsy to induce a neuroinflammation, as described previously (Couch et al., 2016).
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Psychological questionnaires
Self-reported psychological questionnaires, i.e., the State-trait Anxiety (STAI), the Beck Depression Inventory (BDI), and the Obses-

sive Compulsive Drinking Scale (OCDS) were used to assess anxiety, depression and alcohol craving as described previously

(Leclercq et al., 2012). Several questionnaires were also administered to assess different personality dimensions. First, trait emotional

intelligence (EI) was measured through a self-reported questionnaire that consists in 75 items rated on a 7-point scale. It assesses a

global trait EI score as well as scores on 4 specific factors: well-being, self-control, emotionality and sociability. The psychometric

properties of the French version have been validated (Mikolajczak et al., 2007). Second, we used the Description in Five Dimension

system of personality (D5D) (Rolland and Mogelet, 2001), which is based on the Big Five model and evaluates five dimensions,

namely emotional stability, introversion, openness, conscientiousness and agreeableness, through 55 adjectives rated along a 6-

point scale. The sociability factor of EI and introversion scale of D5D have been shown to be correlated (Mikolajczak et al., 2007).

Finally, the French version of the Revised Self-Consciousness scale (RSCS) was used to assess individual levels of trait self-con-

sciousness (SC), which is a personality trait characterized by a tendency to think and to direct attention toward the self (Pelletier

and Vallerand, 1990; Scheier and Carver, 1985), an important dimension of alcohol dependence (de Timary et al., 2013). This scale

includes 22 items and contains three main separate facets of SC which are private SC, public SC and social anxiety. This latter facet

questions another facet of sociability difficulties as it reflects the extent to which individuals focus on themselves when experiencing

discomfort in front of others.

Intestinal permeability and gut microbiota composition measurements in humans
Intestinal permeability was assessed using the 51Cr-EDTA method, with 24h-urine collection as described in our previous study (Le-

clercq et al., 2014). Leaky gut (high intestinal permeability) was calculated according to a deviance criterion at a threshold of 1.65 SDs

of themean of the control group as explained in details in our previous publication (Leclercq et al., 2014). Gut microbiota composition

was evaluated in the fecal samples by 16S rDNA sequencing and qPCR as described in our previous study (Leclercq et al., 2014).

Ethanol measurement in human fecal samples by GC/MS
A detailed description of the method has already been published previously (De Preter et al., 2009; Leclercq et al., 2014). Briefly,

VOCs in fecal sample were analyzed on a gas chromatography-mass spectrometry quadrupole (Trace GC, Thermoquest; DSQ II,

Thermo Electron), which was coupled online to a purge-and-trap system (SOLAtek 72 and Velocity XPT, Teledyne Tekmar, Mason,

OH, USA). Before analysis, 125-mg fecal aliquots were suspended in 5 mL of water. Diethyl acetic acid (1.5 mg/L) was added as an

internal standard. A magnetic stirrer, sulfuric acid, and a pinch of sodium sulfate were added to the sample to acidify and salt out the

solution. The chromatograms thus obtained were processed by using AMDIS (Automatic Mass Spectral Deconvolution and Identi-

fication Software, version 2.71) provided by the USNational Institute of Standards and Technology (NIST). Ethanol was then relatively

quantified compared with diethyl acetic acid.

Neuroimaging assessment
Data acquisition

At the end of a 3-week detoxification program, 22 alcohol-dependent patients (mean age: 47 ± 11; 13men, 9 women) underwent MRI

scanning (3D T1 and DTI) using a 3T Achieva (Philips Healthcare, Eindhoven, the Netherlands), equipped with a 32-channel phased

array head coil. The anatomical 3D sequence consisted of a gradient-echo sequence with an inversion prepulse (Turbo Field Echo,

TFE) acquired in the sagittal plane using the following parameters: repetition time (TR) = 9.1 ms, echo time (TE) = 4.6 ms, flip angle =

8�, number of slices = 150, slice thickness = 1 mm, in-plane resolution = 0.81 3 0.95 mm2 (acquisition) reconstructed in 0.75 3

0.75 mm2, field of view (FOV) = 220 3 197 mm2, acquisition matrix = 2963 247 (reconstruction 3202), sensitivity encoding (SENSE)

factor = 1.5 (parallel imaging). DTI images were acquired using the following sequence: spin-echo planar imaging, TE = 83 ms, TR =

6422 ms, Bandwidth = 2790hz/pixel, number of slices = 70, slice thickness = 2mm, in-plane resolution = 2 3 2 mm2, matrix size =

112 3 112, FOV = 224 3 224 mm2, 55 directions, b = 800 s/mm2.

Data processing

Preprocessing of the DTI-data was performed using BrainVoyager (Version 20.6, Brain Innovation, Maastricht, the Netherlands). The

diffusion data were first corrected for eddy current-induced distortions and motion-induced artifacts, and then coregistred to the 3D

anatomy of the participants to create a volume diffusionweighted (vdw) data. All coregistrations were visually inspected, and possibly

corrected manually if necessary. Fractional anisotropy (FA) maps were extracted from the vdw and normalized in Talairach space.

Each subject’s normalizedmapwas then associated with the beta-hydroxybutyrate concentration to compute a correlationmap on a

voxel-based manner. The resulting map at p < 0.05 uncorrected was then corrected for multiple comparisons using cluster-size

thresholding via MonteCarlo simulation (min size = 464 mm3) and projected on the anatomical average of the 22 subjects. The

two largest clusters were found in the white matter, one in the forceps major (size: 1893 mm3, r = 0,656) and one in the left superior

longitudinal fasciculus (size: 2155 mm3, r = 0,757).
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Antibiotic treatment and bowel cleansing procedure
Immediately after their arrival (Post-natal day (PND) 22), mice were administered broad-spectrum antibiotics cocktail (ampicillin,

neomycin, metronidazole: 100mg/kg; vancomycin: 50mg/kg) by oral gavage once a day using flexible plastic feeding tubes (Instech

Laboratories, the Netherlands) for 10 days. Amphothericin-B (1 mg/kg) was added to the antibiotic cocktail for the first 3 days to pre-

vent fungi overgrowth. This antibiotic therapy has been previously shown to effectively deplete the intestinal microbiota while

ensuring mice health (Reikvam et al., 2011). At the end of the antibiotic treatment, mice were subjected to intestinal purge with

PEG 4000 (polytethylene glycol, macrogolum; 59 g/l supplemented with NaCl: 1.46 g/l; KCl: 0.75 g/l; Na2SO4: 5.68 g/l; NaHCO3:

1.68 g/l)) in order to wash out the antibiotics remaining in the intestine. 1.5 mL of this intestinal bowel cleansing solution was admin-

istered by oral gavage to each mouse (2 X 500mL the day before FMT with 1 hour interval, and 1 X 500 mL 4h before the FMT). Mice

were fasted 4 h before PEG administration. Since mice are coprophagous, the bedding was renewed after each intestinal purge.

Inoculum preparation
Human fecal samples were collected in sterile containers and stored immediately at �20�C and transferred for long-term storage at

�80�C within 6 hours. Handling of human fecal samples was performed under anaerobic conditions (vinyl anaerobic chamber, Coy

Lab,MI, USA). Each fecal sample (0.5 g) was suspended in 5mL of reduced sterile PBS (0.05% L-cystein-HCL and N2), then vortexed

for 5min followed by sedimentation for 5min. The slurry was then passed through a 100 mMcell strainer and 200 mL of the suspension

was immediately administered to the mice by oral gavage with flexible disposable plastic tubes. Aliquots of this suspension were

frozen at �80�C with 10% glycerol for the next gavages.

Human microbiota transplantation into conventional mice
Fecal samples from 2 healthy controls (CT) and 2 alcohol-dependent (AD) patients with a well-characterized gut microbiota (Leclercq

et al., 2014) were transferred to 24 mice (6 mice per donor, with a total of 12 AD-recipient and 12 CT-recipient mice). Microbial fea-

tures of the donors are summarized in Table S2 and Figure S1. 200mL of inoculumwere administered by oral gavage 4h after the third

bowel cleansing procedure. Inoculum administration was repeated twice (2 days and 4 days after the first FMT) for a total of 3 FMT

within the week. Mice were then allowed to rest for 2 weeks in the IVC cage with limited handling to ensure stable engraftment of the

human microbiota.

Gut microbiota analysis
Genomic DNA was extracted from the mouse feces obtained at days 23, 35 and 45 post-FMT and caecal content obtained at nec-

ropsy using a QIAamp DNA Stool Mini Kit (QIAGEN, Germany), including a bead-beating step. The composition of the gut microbiota

was analyzed by Illumina sequencing of the 16S rRNA gene, as previously described (Bindels et al., 2016). The V5-V6 region of the

16S rRNA gene was amplified by PCR with modified primers. The amplicons were purified, quantified and sequenced using an Illu-

mina Miseq to produce 2x300-bp sequencing products at the University of Minnesota Genomics Center. Subsequent bioinformatics

and biostatistics analyses were performed as previously described (Bindels et al., 2016). Initial quality-filtering of the reads was con-

ducted with Illumina Software, yielding an average of 157737 pass-filter reads per sample. Quality scores were visualized, and reads

were trimmed to 220 bp (R1) and 200 bp (R2). The readsweremergedwith themerge-Illumina-pairs application (Eren et al., 2013). For

all samples but one, a subset of 25000 reads was randomly selected using Mothur v.1.25.0 (Schloss et al., 2009) to avoid large dis-

parities in the number of sequences. Subsequently, the UPARSE pipeline implemented in USEARCH v10.02.240 (Edgar, 2013) was

used to further process the sequences. Clustering was performed using the cluster_otus function which includes a chimera filtration,

with 97% similarity cutoff to designate Operational Taxonomic Units (OTUs). Non-chimeric sequences were also subjected to taxo-

nomic classification using the RDP MultiClassifier 1.1 from the Ribosomal Database Project (Cole et al., 2014) for phylum to genus

characterization of the faecal and caecal microbiome. The phylotypes were computed as percent proportions based on the total

number of sequences in each sample. Raw data generated with the 16S rRNA gene sequencing are available in SRA (BioProject

PRJNA553184).

Metabolic profiling by 1H-NMR spectroscopy
Blood samples from the 24mice (6 mice per donor: 12 AD-recipient and 12 CT-recipient mice) were collected on EDTA tubes and the

resulting plasma fractions were stored frozen at �80�C. To prepare samples for metabolomics analysis by 1H-NMR spectroscopy,

70ml of plasma with 70ml D2O (if insufficient plasma volume supplement with D2O to obtain a total volume of 140 ml) were filtered using

3kDa Amicon� Ultra-0.5 mL Centrifugal Filter Devices (Millipore) at 14,000 x g during 15 minutes. The filter was initially prewashed

four timeswith distilled water to remove any traces of preservatives. Then, 75ml of filtered plasmawith 5ml of deutered 3-(trimethylsilyl)

propionic-2,2,3,3-d4 acid (TSP) (0.25 mM final concentration) were transferred into the microcapillaire NMR tube and analyzed on a

Bruker 600 spectrometer (14.1 T) at 600 MHz for proton observation within a 5 mmBBI 1H/D-probe. One-dimensional spectrumwas

acquired at 297� K using a NOESYPRESAT-1D pulse sequence using 256 free induction decays (FID). The FID signal was imported

into MestReNova 10.0.2 Software (Mestrelab Research, Santiago de Compostela, Spain) for Fourier transform and a line broadening

of 0.3 Hzwas applied. Then the spectra were automatically phase and baseline-corrected and calibrated against TSP. The resonance

of themethyl groups in TSPwere arbitrarily placed at 0.00 ppm. Spectral region from 0.08 to 10.00 ppmwas automatically reduced to

248 integrated regions (buckets) of 0.04 ppm width each. Regions from containing residual water signal (4.50 to 5.20ppm) and EDTA
Cell Reports 33, 108238, October 13, 2020 e4
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resonances (3.20 to 3.22ppm and 3.58 to 3.62ppm) were excluded. Each integrated sub-region was then normalized to the total

spectrum area. The final dataset was imported into SIMCA-P+12.0 software (Umetrics, Umea, Sweden). After pareto scaling, a partial

least-squares discriminant analysis (PLS-DA) was performed. In the ‘‘scores plot,’’ each point corresponds to one observation,

meaning the NMR spectrum of a sample (mouse). This simplified 2-D view of the dataset allows a quick identification of potential

gathering or separation between AD-recipient and CT-recipient. The corresponding ‘‘loadings plot’’ highlights what variables (me-

tabolites) are responsible for the discrimination of groups (each point corresponds to the mean chemical shift of a particular spectral

sub-region of 0.04 ppm width and consequently to the corresponding plasma metabolites). These variables were finally annotated

from an in-house database to identify the corresponding metabolites, as published previously (Richard et al., 2017).

Behavioral testing
Behavioral testing started 20 days after the first FMT. All behavioral tests were recorded by a video camera connected to a computer

and data analysis was performed by using EthoVision XT software (Noldus, the Netherlands), except for the forced swim test which

was assessedmanually. Three sessions of animal handling were performed 1 week before the first behavioral test to reduce the level

of stress induced by the experimenter. Micewere transported to the behavioral testing room for a 1h habituation period. All tests have

been performed during the light phase. Each apparatus was thoroughly cleaned with water and dried between each animal. CT-

recipient and AD-recipient mice were tested in a random order and allowed to rest for several days between each test. The exper-

imenter was not blinded to the group allocation when performing the testing.

Light-dark box test

Mice were placed for 10 min in a clear Plexiglas enclosure containing a black insert on one side. Time spent and number of entries in

the light zone were used to assess anxiety-like behavior (Bourin and Hascoët, 2003).

Elevated plus maze (EPM)

Micewere tested in the EPMapparatus which is elevated at 76 cmoff the ground and consisting of 4 arms – 2 open arms and 2 closed

armsmade with black Plexiglas walls (Sidor et al., 2010). Themouse was placed in the intersection of the 4 arms, facing an open arm,

and allowed to explore for 5 min. Time spent and number of entries in the open arms were used to assess anxiety-like behavior.

Three-chamber sociability test and preference for social novelty

The apparatus consists of 3 rectangular Plexiglas chamberswhose dividing walls possess small openings that allow access into each

chamber (Yang et al., 2011). The experimental mouse was first placed in the center chamber while the doorways were closed and

allowed to explore for a 5-min habituation period. In the second phase of the test, an unfamiliar mouse (strain-, sex- and age-

matched) was placed within an inverted wire cup in one of the outer chambers while an empty wire cup was placed in the other outer

chamber. The doors to the outer chambers were opened and the sociability trial was conducted for 10 min during which the exper-

imental mouse was allowed to explore the 3 chambers. Mouse and object chambers were virtually divided into 2 zones of equal size,

and the zone containing the wire cup is defined as ‘‘interaction zone.’’ Time spent in each chamber/zone was recorded. Sociability is

defined as the experimental mouse spending more time in the chamber containing the novel mouse than in the chamber containing

the novel object. Sociability index is calculated as [timemouse / (timemouse + timeobject)]3100. In the third phase of the test, a second

novel mouse (stranger 2) is placed inside the previously empty wire cup while the initial novel mouse (stranger 1) remains inside its

cup. The experimental mouse is given 10min to explore all the three chambers. Preference for social novelty is defined as more time

spent in the chamber with stranger 2 than time spent in the chamber with stranger 1.

Forced swim test

Mice were placed in an inescapable transparent Plexiglas tank (30 cm320 cm) fill with autoclaved water (15 cm from the bottom) at

room temperature (Can et al., 2011). A video camera recorded each mouse for 6 minutes and manual scoring was performed by a

trained experimenter whowas blinded to the group allocation. Duration of immobility (during the 4 last minutes of the test) and latency

to immobility were used to assess depression-like behavior. Water was renewed between each mouse. Before returning to their

home cage, mice were gently dried with paper towels.

Blood and tissue sampling
Mice were anesthetized with isoflurane (Forene�, Abbott, England) and blood from portal vein and vena cava was centrifuged and

serum/plasma samples were stored at�80�C until analysis. Mice were then killed by decapitation. Brain (frontal cortex, striatum and

hippocampus) and gut (ileum) were carefully dissected and placed into RNAlater� solution (Life technologies) for RNA extraction.

Tissues were incubated overnight at 4�C then transferred at �20�C until further processed. For brain protein extraction and for liver,

tissueswere dissected and immediately snap-frozenwith liquid nitrogen then stored at�80�C.Histologic evaluation of villi height and
crypt depth of the ileum and of adipocyte area of the subcutaneous adipose tissue, was performed in hematoxylin-eosin stained sec-

tions which were digitalized at a 20 3 magnification using a SCN400 slide scanner (Leica, Wetzlar, Germany). Villi height and crypt

depth were manually measured by an investigator blinded for group allocation using the Leica Image Viewer Software (Version 4.0.7;

at least 10 measures of each parameter per section and two independent sections per mouse). Quantification of adipocyte size was

calculated with ImageJ following the protocol of Parlee et al. (2014).
e5 Cell Reports 33, 108238, October 13, 2020



Article
ll

OPEN ACCESS
RNA extraction and RT-qPCR analysis
Following tissue homogenization with tissue lyzer (QIAGEN, Germany), total RNAwas extracted using TRIzol�Reagent (Roche Diag-

nostic, Germany) according to the manufacturer’s instructions. 1 mg RNA was then converted into cDNA using GoScript Reverse

Transcriptase (Promega, Belgium). Diluted cDNA was used as template for qPCR reaction using SYBR Green MESA FAST qPCR

MasterMix Plus for SYBR� Assay (Eurogentec, Belgium) for intestinal and liver samples analysis and Power SYBR�Green Master

Mix (Applied Biosystem) containing ROX dye Passive Reference for brain samples analysis. The qPCR reactions were performed

on QuanStudio3 machine (Applied Biosystem). All samples were run in duplicate and primers were used at a concentration of

300 nM. Data were normalized to the endogenous control gene RPL-19 and the relative quantification was analyzed using the

DDCt method. Primers were designed with Primer 3 and checked for specificity using Primer-BLAST. Primers were validated by per-

forming a calibration curve using serial dilution of cDNA in the tissue of interest. Primers were considered acceptable when efficiency

reaches 90%�110%. The purity of the amplified product was verified by analyzing the melt curve at the end of amplification. Primer

sequences are listed in Table S3.

Protein extraction and western blot analysis
Brain tissues (frontal cortex) were quickly dissected following decapitation, immediately snap-frozen with liquid nitrogen then stored

at �80�C. Samples were homogenized and lysed (45 min on ice) in RIPA protein lysis buffer (100 mL per 10 mg; 0.05M Tris-HCl,

0.15M Nacl, pH 7.4) containing 1% NP-40, 1mM EDTA, 10mM NaF, 0.5% sodium deoxycholate, 0.1% SDS, 1mM PMSF, 1mM

Na3VO4 and protease inhibitor cocktail (1 tablet per 10 ml, cOmplete Roche, Sigma-Aldrich) and centrifuged at 12,000 g for

15 min at 4�C. The supernatant was collected and protein concentration was measured by the Lowry method (DC Protein Assay,

Biorad). Proteins (10 mg) were fractionated on a 8% SDS–polyacrylamide gel electrophoresis gel and transferred to 0.2 mm polyvi-

nylidene difluoride membranes (GE Healthcare Life Sciences, Germany). Membranes were blocked in 0.1% Tween-TBS 20 with 5%

BSA for 1 h at room temperature, then probed with rabbit antibodies to PSD-95 (D27E11, Cell signaling, 1:1000, overnight, 4�C) or
GAPDH (D16H11, Cell signaling, 1:5000, 2h, RT). After extensive washing, membranes were incubated for 1 h at room temperature

with a goat anti-rabbit IgG-peroxidase secondary antibody (AP132P, Merck Millipore, 1:10000 for PSD-95 and 1:20000 for GAPDH

detection) then visualized with ECL western blotting detection reagents (Super Signal West Pico Substrate, Thermo Scientific) and

ImageQuantTL instrument and software 8.2 (GE Heathcare, Buckinghamshire, England). Densitometry was quantified with ImageJ.

Cytokines, corticosterone and ethanol assays
Serum samples obtained from portal vein and vena cava were used to measure inflammatory cytokines (Bio-Plex Pro, Biorad,

Belgium), corticosterone (Enzo Life Sciences, Belgium) and ethanol (Biovision, Gentaur, Belgium) following manufacturer’s instruc-

tions. Proteins were extracted from striatum by using the Bioplex Cell Lysis kit (Biorad, Belgium) and cytokines were measured using

multiplex immuno assay with a protocol adapted from Hulse et al. (2004) and Manglani et al. (2019). Results were corrected for total

protein concentration in the striatum.

GABA and glutamate ELISA
Neurotransmitters GABA and glutamate were measured by ELISA following manufacturer’s instructions (ImmuSmol, France) and

slightly adapted from the protocol of Janik et al. (2016). Brain lysates were diluted 1:10 and results were corrected for tissue weight.

Beta-hydroxybutyrate and non-esterified fatty acids assays
Blood sample have been collected from the mouse tail every two weeks to assess the kinetic of BHB levels upon ketogenic diet as

well as in detoxified AD patients. BHB was measured in the serum following manufacturer’s instructions (Abcam, UK). Dilutions were

1:10 for mouse serum and 1:2 for human samples. NEFAweremeasured followingmanufacturer’s instructions (Randox, UK). Human

and mouse samples were diluted 1:4.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistics were performed with SPSS 25.0 and R 3.4.2, and graphs were created with GraphPad Prism 7, Emperor (b diversity) and

MetaboAnalyst V4.0. Assumptions of normality and equality of variances were checked with Kolmogorov-Smirnov and Levene tests,

respectively. If the assumptions were met, unpaired t tests were used to compare alcohol-dependent patients versus controls sub-

jects, AD-recipient versus CT-recipient mice and KD versus CT mice. If the assumptions were not met, non-parametric tests were

used as specified in the figure legends. Results were considered statistically significant when p < 0.05 (two-tailed). For microbiota

analysis, q value with FDR-correction was considered to compare the relative abundance of bacterial taxa in AD- and CT-recipient

mice. Description of statistical tests used, number of patients/mice, mean and SD or SEM can be found in the figure legends.
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