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ABSTRACT

ARTICLE HISTORY

Background: Animal data suggest a role of the gut-liver axis in progression of alcoholic liver
disease (ALD), but human data are scarce especially for early disease stages.

Methods: We included patients with alcohol use disorder (AUD) who follow a rehabilitation
program and matched healthy controls. We determined intestinal epithelial and vascular perme-
ability (IP) (using urinary excretion of >'Cr-EDTA, fecal albumin content, and immunohistochemistry
in distal duodenal biopsies), epithelial damage (histology, serum iFABP, and intestinal gene expres-
sion), and microbial translocation (Gram - and Gram + serum markers by ELISA). Duodenal mucosa-
associated microbiota and fecal microbiota were analyzed by 16 S rRNA sequencing. ALD was
staged by Fibroscan® (liver stiffness, controlled attenuation parameter) in combination with serum
AST, ALT, and CK18-M65.
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Results: Only a subset of AUD patients had increased >'Cr-EDTA and fecal albumin together with
disrupted tight junctions and vasculature expression of plasmalemma Vesicle-Associated Protein-1.
The so-defined increased intestinal permeability was not related to changes of the duodenal
microbiota or alterations of the intestinal epithelium but associated with compositional changes
of the fecal microbiota. Leaky gut alone did not explain increased microbial translocation in AUD
patients. By contrast, duodenal dysbiosis with a dominance shift toward specific potential patho-
genic bacteria genera (Streptococcus, Shuttleworthia, Rothia), increased IP and elevated markers of
microbial translocation characterized AUD patients with progressive ALD (steato-hepatitis, steato-
fibrosis).

Conclusion: Progressive ALD already at early disease stages is associated with duodenal mucosa-
associated dysbiosis and elevated microbial translocation. Surprisingly, such modifications were not
linked with increased IP. Rather, increased IP appears related to fecal microbiota dysbiosis.

Introduction

Alcoholic liver disease (ALD) is one of the leading ~ composition,™® disruption of the gut barrier

causes of chronic liver disease worldwide. Although
around 90% of patients with alcohol use disorders
(AUD) develop steatosis, only a minority progress
to the more severe forms of liver disease and its
related complications. Currently, the main
mechanisms involved in disease progression are
not completely understood".

Animal models of chronic alcohol exposure
highlight the potential role of the gut-liver axis in
ALD evolution.”> Changes of the gut microbiota

function,5° and subsequent translocation of micro-
bial products to the liver could activate immune
responses implicated in disease progression.7
Manipulations designed to interfere with this pro-
cess, all improved liver disease in animals.® "
However, these data cannot necessarily be extrapo-
lated to human pathology for several reasons.
Animals have a natural aversion to alcohol,'>"
a 5 times faster ethanol metabolism,'> and pro-
found differences in their immune system'® and
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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.'"® Human
studies generally focused on the role of the gut-
liver axis in severe alcoholic hepatitis and decom-
pensated cirrhosis.'"”™** Little is known about the
mechanisms operating at earlier stages of ALD and
only two studies reported increased intestinal per-
meability (IP) in association with alterations of the
fecal microbiota in less than 50% of AUD
patients.**** Liver disease was not assessed in
these reports.

The aim of our present study is to assess the
relationship between IP, the duodenal and fecal
microbiome, and microbial translocation in AUD
patients and how these changes are associated with
liver disease. To test this, we analyzed epithelial and
vascular permeability, microbial translocation mar-
kers, and the composition of the microbiota
attached to the duodenal mucosa and in the stools
of actively drinking AUD patients. We finally cor-
related the observed changes with the pattern of
liver disease.

Methods
Patients

Alcohol use disorder (AUD) patients (Diagnostic
and Statistical Manual of Mental Disorders, Fourth
Edition criteria) admitted for elective alcohol with-
drawal from April 2017 until January 2019 to ded-
icative alcohol withdrawal unit followed a highly
standardized and controlled 3-week detoxification
and rehabilitation program (Figure 1). They were
compared to healthy volunteers matched for gen-
der, age, and BMI (social drinkers consuming <20 g
of alcohol/day) in a one(controls) to four (AUD
patients) ratio. All patients reported long-term
(>1 year) alcohol consumption (>60 g/day) and
were actively drinking until the day of admission.
Additional inclusion and exclusion criteria are
available in Supplementary data. All clinical and
baseline biochemical data were collected prospec-
tively for all patients, and due to methodological
and logistical reasons, the different investigations
analysis were performed only in representative
cohorts of patients, as indicated in the figure
legends.

Day 1 to 7 : withdrawal
1st week of hospitalization

Day 8 to 14
outpatient care

Day 15 to 21 : consolidation
2nd week of hospitalization

Routine exams: bloods tests, abdominal doppler
ultrasound, FibroScan, gastroscopy,

ECG, neurological/psychiatric work-up part 1
Withdrawal medication: diazepam, vitamins B, Bg,
Bz
Study screening

Relapse: yes/no
Neurological/psychiatric work-up part 2

Schematic representation and analyses during the study

| 1st week of hospitalization |

| 2nd week of hospitalization |

?
Day 1 Day 2 Day 3
FibroScan Urine Duodenal biopsy
Plasma/serum Stool Abdominal
ultrasound

Day 15 Day 16 Day 17
Readmission Urine
Plasma/serum Stool

Figure 1. Standardized working scheme of the alcohol withdrawal unit. Alcohol use disorder (AUD) patients are undergoing a highly
standardized clinical work-up with fixed sampling of biological specimens.



Examinations and sample collections (Figure 1)

On the day of admission, Fibroscan® (Echosense,
Paris, France) combined with the controlled
attenuation parameter (CAP) were performed and
a fasting blood sample (serum, plasma) was drawn.
A 24 h urine collection for >'Cr-EDTA determina-
tion (see below) was obtained on the second day
and a gastroscopy with distal duodenal biopsies on
the following day (details in supplementary mate-
rial). Stools samples were collected from the first
bowel movement after admission.

In addition, patients underwent an abdominal
Doppler ultrasound on the third day as part of the
routine work-up in the unit.

Ethical aspects

The study protocol conforms to the ethical guide-
lines of the 1975 Declaration of Helsinki and was
approved by the institution’s human research and
ethical committee (B403201422657). Written
informed consent was obtained from all patients
and healthy volunteers. We followed the STROBE
criteria for reporting cohort studies.

Measurement of intestinal permeability (IP) and
intestinal epithelial cell damage

IP was assessed by measuring the urinary excretion
of the radioactive probe >'Cr-EDTA, as described
previously** and the fecal albumin content using
a commercial ELISA kit (Human Albumin ELISA
Kit, Immundiagnostik AG, Bensheim, Germany)
(details in supplementary material).

Intestinal epithelial cell damage was measured by
ELISA using serum intestinal fatty acid-binding
protein (i-FABP) as a surrogate marker following
the manufacturer’s instructions (Human i-FABP
ELISA Kkit, HycultBiotech, Uden, Holland).

Histology and morphometric indices

Duodenal sections were stained with Hematoxylin
and Eosin and examined by an experienced gastro-
intestinal pathologist as a part of the standardized
routine procedure of the alcohol withdrawal unit.
Slides were then digitalized using a SCN400 slide
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scanner (Leica Biosystems, Wetzlar, Germany) at
X20 magnification and subjected to morphometric
analysis. The major axis length of several villi was
measured (details in supplementary material).

Immunohistochemistry

Formalin fixed duodenal sections were routinely
stained and analyzed by immunohistochemistry
using standard methods followed by quantification
(details in supplementary material).

Immunofluorescence

Five um cryosections were stained with the primary
and secondary antibodies followed by quantifica-
tion (details in supplementary material).

16 S rRNA sequencing and data analysis

DNA extraction and 16 S rRNA library were con-
structed as described previously.”® 16 S sequence
reads were processed using MOTHUR-base 16 S
analysis workflow to determine the operational
taxonomic units as described previously.'"*”*®
Phyloseq package was used for the a-diversity
(observed OTUs, Chao 1, Shannon, and Simpson)
and B-diversity (weighted and unweighted Unifrac)
analysis.”” Linear discriminant analysis (LDA)
effect size (LEfSe) was used to compare the differ-
ence between different groups.®

Determination of serum biomarkers of liver cell
damage and microbial translocation

In addition to AST and ALT, serum cytokeratin 18
(CK18) was used to assess liver cell damage (CK18-
M65 ELISA kit; TECOmedical AG, Sissach,
Switzerland). Microbial translocation was deter-
mined using soluble CD14, Lipopolysaccharide
Binding Protein (Human CD14 Quantikine ELISA
kit sCD14 and Human LBP duoset ELISA, Bio-
techne Ltd., Abingdon, United Kingdom) and
Peptidoglycan  Recognition Proteins (Human
PGRPs ELISA kit, Thermofisher, Merelbeke,
Belgium), respectively. All assays were performed in
duplicate following the manufacturer’s instructions.
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Reverse-transcription and quantitative real-time
polymerase chain reaction

Duodenal tissue messenger RNA (mRNA) was
assessed by quantitative real-time polymerase
chain reaction (PCR) and quantified as
described.’® Primer sequences are listed in supple-
mentary material.

Statistics

Data were analyzed using Graph Pad Prism 7
(GraphPad Software, San Diego, CA, USA) and
presented as mean * standard error of the mean
(SEM) unless otherwise indicated. Normality was
assessed by the Kolmogorov-Smirnov test followed
by t-tests for normally distributed data, or the
Wilcoxon test for nonnormally distributed data.
Data were compared by one-way ANOVA for mul-
tiple groups, followed by Bonferroni’s post hoc test
for pairwise comparisons. Wilcoxon or paired
t-tests compared data of patients before and after
abstinence. Pearson’s or Spearman’s correlation
tests were used for correlations between data sets.
A p value <.05 was considered as statistically sig-
nificant. Area under the receiver-operating charac-
teristics curves (AUROC) were constructed using
the method by Hanley and McNeil. Youden’s sta-
tistics was performed for the determination of the
threshold values. MaAsLin2 analysis (https://bit
bucket.org/biobakery/maaslin2/src/default/)  was
used to determine the association between micro-
biota and serum surrogate markers of microbial
translocation.

Results
Study population

The study population consists of a cohort of
106, middle-aged, predominantly male AUD
patients and 24 volunteers. Demographic and
biochemical data are provided in Table 1. All
patients reported alcohol consumption until the
evening prior to their admission. Twenty-seven
percent (29/106) had detectable blood alcohol
concentrations on the following day at admis-
sion with a median level of 0.5 g/L (range 0.1-
2.5 g/L).

Table 1. Baseline demographic and biochemical data of the
study population.

Demographics

Healthy volunteers AUD patients

(n=24) (n = 106) p value
Gender (female/ 10 (41.6%)/14 28 (26.4%)/78 .1380
male) (58.4%) (73.6%)
Mean + SEM
Age (years) 42 + 11 46 + 9.2 1537
Height (m) 1.74 £ 0.08 1.75 £ 0.07 9583
Weight (kg) 714 +94 75+ 113 2598
BMI 234+29 246 £3.2 2012

Biochemistry
Mean + SEM (normal range)

AST (IU/L) 178 £3.5 64 + 44.4 (<40) 0274

ALT (IU/L) 109 £ 2.9 53.5 + 34.6 (<40) .0052

y-GT (IU/L) 224 £ 86 2114 + 217.6 1745
(<40)

ALP (IU/L) 52+ 11 79 + 24 (30-120) .0578

Bilirubin (mg/dL) 0.21 £0.13 0.55 +0.24 .0106
(0.3-1.2)

Albumin (g/L) 44 + 0.8 47 + 4 (35-52) .0717

Creatinine 0.97 £0.13 0.8 £0.1(<1.2) 0021

Abbreviations: BMI, body mass index; AST, Aspartate transaminase; ALT,
Alanine transaminase; y-GT, gamma-glutamyltransferase; ALP, alkaline
phosphatase

Clinical classification of patients according to severity
of liver disease

To allow a more detailed analysis related to clinical
parameters we assessed the pattern of liver disease
in AUD patients who were clinically classified as
depicted in Table 2 into non-progressive (no liver
disease/simple steatosis) and progressive liver dis-
ease (steato-hepatitis/steato-fibrosis). All the
patients with steato-hepatitis or steato-fibrosis had
a preserved synthetic liver function and showed no
clinical signs of liver decompensation. Doppler
ultrasound ruled out any significant vascular or
biliary problem in the liver.

Serum cytokeratin 18 levels (CK18) further refine the
clinical classification

Cytokeratin 18 is released upon cell damage (necro-
sis, apoptosis) and has been considered as a liver-
specific cell damage marker.”> Serum CK18-M65
increased significantly in AUD patients compared
to healthy volunteers. When looking at the different
clinical subgroups, high CK-M65 levels were found
in AUD patients with progressive ALD but not in
those with non-progressive forms of the disease
(Figure 2). Receiver operating curve (ROC) analysis
showed that serum CK18-M65 levels allowed to
distinguish with high accuracy progressive ALD
from the non-progressive forms of liver disease
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Table 2. Characteristics of the patient’s subgroups based on clinical evaluation of ALD.

Non-progressive liver disease
(n=53)

Progressive liver disease

(n =45)

No liver disease (n = 24)

Simple steatosis (n = 29)

Steato-hepatitis (n = 29)

Steato-fibrosis (n = 16)

Clinical parameters AST/ALT < 40 IU/L AST/ALT < 40 1U/L AST/ALT > 40 IU/L AST/ALT > 40
IU/L
CAP < 250 dB/m CAP > 250 dB/m CAP > 250 dB/m CAP > 250 dB/m
kPa < 7.6 kPa < 7.6 kPa< 7.6 kPa > 7.6
Clinical data
AST (IU/L; N < 40) 22.16 + 4.68 28.93 + 5.73 89.78 + 34.24 127.125 + 89.05
ALT (IU/L; N < 40) 19.21 £ 5.17 27.76 +9.13 84.57 + 30.37 88.44 + 55.99
Y-GT (IU/L; N < 40) 35.3 + 1848 68.48 + 41.32 217.25 + 151.62 521 + 372.87
ALP (IU/L; N < 130) 61.74 + 10.88 68.82 + 15.25 76.25 + 14.82 111.69 + 35.77
Bilirubin (mg/dL; N < 1.2) 0.46 + 0.18 0.48 £ 0.18 0.51 £ 0.14 0.76 + 0.44
Albumin (g/L; N > 35) 47.46 +3.36 47.64 + 2.95 47.99 + 3,68 4567 + 6.25
CAP (dB/m) 202 + 22 297 + 29 319 + 24 296 + 45
kPa 4.85 + 0.81 479 +0.95 5.53 +0.92 20.69 + 12.06
M65
p < 0.0001
1000- H i
ealthy subjects
b < 0.0001 B3 y subj
- = No liver disease + simple
800- i
0o steatosis
600 - Progressive liver disease
=
=
400 4
m l [T LJLLLL 7]
o IEEEES
Progressive vs non-progressive ALD
100
=2
%
=
; 504 AUROC = 0.8767;
T 95% CI (0.7983 -
£ 0.9551); p < 0.0001
w
0 T
0 50
100% - Specificity%
Cutoff Sensitivity% 95% Cl Specificity% 95% CI Likelihood ratio J
> 401.9 77.14 60,98% to 87,93% 82.86 67,32% to 91,90% 45 1.59
> 416.2 77.14 60,98% to 87,93% 85.71 70,62% to 93,74% 5.4 1.6185
> 425.2 74.29 57,93% to 85,84% 85.71 70,62% to 93,74% 5.2 1.59

Figure 2. Serum cytokeratin 18 (CK18-M65) as a surrogate marker of liver damage. High serum CK18-M65 levels characterized
progressive ALD (upper) and differentiate severe forms of alcoholic liver disease from the non-progressive forms of alcoholic liver
disease, as shown by Receiver Operating Characteristic (ROC) analysis (middle) (AUROC = 0.8767; 95% Cl: 0.7983-0.9551; p < .0001).
Below, the cutoff identified using the Youden’s statistics (416.2 U/L) was characterized by high sensitivity and specificity (77.14% and

85.71%, respectively).
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(AUROC = 0.8767; 95%CIL: 0.7983-0.9551;
p <.0001). We then identified the cutoft using the
Youden’s statistics (416 U/L) with the best specifi-
city and sensitivity profile (85.7% and 77.1%,
respectively). Interestingly, CK18-M65 levels did
not separate patients with steato-hepatitis from
those with steato-fibrosis within the progressive
ALD group (Supplementary Figure 1). Thus, CK18-
M65 was associated with liver damage regardless of
fibrosis.

Overall, serum CK18-M65 seems to be a reliable
diagnostic tool to identify progressive ALD with
a high positive likelihood ratio (Table 3).
Consequently, we used CK to adjust the definition
of the group with no liver disease or steatosis
(CK18 < 416 U/L, G1 group) and the group with
steato-hepatitis or steato-fibrosis (CK>416 U/L, G2

group).

Assessment of intestinal permeability (IP),
morphology and microbial translocation in AUD
patients

Intestinal paracellular and capillary leakiness™ can
be measured by the urinary excretion of the radio-
active probe >'Cr-EDTA and fecal albumin content,
respectively. Compared to controls, >'Cr-EDTA
and fecal albumin content supported increased IP
in actively drinking AUD (Figure 3a). The two
markers were however not correlated (r = 0.006,
p = .9625) meaning that they likely do not measure
the same parameters of IP.>* In addition, immuno-
fluorescence  showed up-regulated duodenal
expression of plasmalemma Vesicle-Associated
Protein 1(PV-1), a marker of disruption of the Gut-
Vascular Barrier’* in AUD patients compared to
controls (Figure 4c).

As morphological changes and/or enterocyte
damage might be causes of gut barrier dysfunction,
we studied mucosal morphology on duodenal biop-
sies and measured serum i-FABP levels as a marker

Table 3. Statistical analysis of serum CK18-M65 levels as
a biomarker of progressive ALD.

Statistics Value 95% Cl
Positive Likelihood Ratio 5.56 243t0 12.74
Negative Likelihood Ratio 0.24 0.12 to 0.47
Positive Predictive Value (%) 84.37 70.20 to 92.52
Negative Predictive Value (%) 81.08 68.60 to 89.37
Accuracy (%) 82.61 71.59 to 90.68

of intestinal epithelial cell damage. Compared to
healthy volunteers, AUD patients were character-
ized by shorter villi and down-regulation of Villin
gene expression (Figure 3b, c). Serum i-FABP did
not significantly change between AUD patients and
controls (Figure 3c)

Soluble CD14 (sCD14), lipopolysaccharide bind-
ing protein (LBP) and Peptidoglycan-recognition
Proteins (PGRPs) have been used as serum surro-
gate markers of microbial translocation (MT) for
Gram- and Gram+ bacteria, respectively.’>” All
three markers were significantly higher in AUD
patients compared to healthy controls (Figure 3d).
Chronic alcohol consumption has also been asso-
ciated with an altered mycobiome and transloca-
tion of fungal products.”® We thus assessed serum
antibodies directed against Saccharomyces cerevi-
siae (ASCA) as a potential surrogate of fungal
translocation. Serum ASCA IgA and IgG were low
or undetectable in controls whereas high levels
were observed in AUD patients (Supplementary
Figure 4).

Only a subset of AUD patients shows increased IP
together with disruption of tight junctions and
vasculature expression of PV-1

When looking at the data more closely, about
two-thirds of AUD patients had intestinal perme-
ability measurements close to those of controls
while 36-40% showed high IP based on fecal
albumin and °'Cr-EDTA, respectively (Figure
4a). This separation of subjects into two cate-
gories was calculated according to a deviance cri-
terion at a threshold of 1.65 SDs of the mean of
the control group. High IP was principally related
to the proximal small bowel as suggested by the
small bowel component (duodenum, jejunum) of
the >'Cr-EDTA measurements (Supplementary
Figure 2) without significant modifications of
the distal gut component (ileum, colon) (data
not shown).

In accordance with *'Cr-EDTA data, Zonula
Occludens 1 (ZO-1), a tight junction protein that
regulates paracellular permeability, was disrupted
in AUD subjects with high IP but not in those with
normal IP (Figure 4b). By contrast, patients with
high fecal albumin content showed a higher stain-
ing index of PV-1 in endothelial cells of the duo-
denal mucosa (Figure 4c).
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Figure 3. Assessment of intestinal permeability (IP), morphological features of the duodenal mucosa, enterocyte damage and microbial
translocation. (a) IP measured in vivo by S1Cr-EDTA (n = 86) urinary excretion (left) and fecal albumin content (n = 78) (right) increased
significantly in the overall alcohol use disorder (AUD) population compared to controls (n = 14). (b) Representative hematoxylin and eosin
staining of duodenal biopsies from healthy volunteers and AUD patients. () Morphometric analysis showing statistically significant
reduction of villi's length in AUD patients (n = 11) compared to controls (n = 5) associated with down-regulation of Villin gene expression
by gPCR (middle) in AUD patients (n = 43) compared to controls (n = 9) whereas serum levels of the enterocyte damage marker (intestinal
fatty acid binding protein, i-FABP) (right) did not differ between AUD patients (n = 77) and healthy subjects (n = 11). (d) Gram-negative
soluble CD14 (sCD14) and Lipopolysaccharide Binding Protein (LBP) as well as the Gram-positive translocation marker Peptidoglycan
Recognition Proteins (PGRPs) increased significantly in AUD patients (n = 75) compared to controls (n = 15).
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Figure 4. A of intestinal bility (IP) in relation to histological features. (a) More detailed analysis revealed that only

one-third of AUD patients showed significantly increased IP (n = 34 and n = 28 for *'Cr-EDTA and fecal albumin, respectively)
compared to controls. This separation of subjects was calculated according to a deviance criterion at a threshold of 1.65 SDs of the
mean of the control group. (b) ive immunofl ence of ZO-1 duodenal tissues from healthy volunteers, and AUD
patients with high IP and low IP showing disrupted tight junctions (indicated by arrows) in AUD patients only with high IP. (c)
Representative immunofluorescence staining of PV-1 in duodenal tissues of healthy volunteers and AUD patients with high and low
fecal albumin, respectively. Increased expression PV-1 in vessels of AUD patients was found principally in association with high fecal
albumin and confirmed by quantitative analysis (staining index).




Morphological changes or enterocyte damage do not
associate with intestinal permeability

Strikingly, morphological changes were not more
prominent in AUD patients with high IP
(Supplementary Figure 3) suggesting that they do
not play a major role in determining intestinal
permeability. Increased IP was not associated with
enterocyte damage since even after splitting them
according to permeability measurements no differ-
ences in serum i-FABP were found compared to
controls (Supplementary Figure 3).

Microbial translocation is not exclusively dependent
on increased IP
Serum surrogate markers of microbial transloca-
tion (PGRPs, sCD14, and LBP) were significantly
higher in AUD patients compared to healthy con-
trols. However, the levels were similar in the
patients with increased and normal gut permeabil-
ity whether based on *'Cr-EDTA or fecal albumin
measurements (Figure 5a-c). As with bacterial
translocation markers, an increase in ASCA levels
in AUD patients occurred independently from high
IP and high fecal albumin (Supplementary
Figure 4).

These observations suggest that, in AUD
patients, systemic microbial translocation might
occur even if IP is normal.

Reduced inflammatory cell infiltration and absence of
a pro-inflammatory response characterized the
duodenal mucosa of AUD patients
Since intestinal inflammation could contribute to
intestinal cell damage and favor microbial translo-
cation, we quantified duodenal mucosal infiltration
by immune cells and assessed mucosal expression
of major gut-specific pro-inflammatory cytokines.
Overall, CD45-positive immune cells and more
specifically CD68-positive macrophages and CD3-
positive T cells were reduced in distal duodenal
biopsies in AUD patients (Figure 6a-c). Although
Interleukin-1beta (IL1B) mRNA was increased,
other gut-specific pro-inflammatory cytokines,
interleukin 17 and 22 as well as interferon-gamma
(IFN-y) remained unchanged in AUD patients
compared to healthy controls (Figure 6d).

These results rule out mucosal inflammation as
a significant driver of morphological changes and
microbial translocation in AUD patients. Rather
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a reduction of immune effector cells in the small
gut might contribute to decreased immune surveil-
lance and facilitate microbial translocation.

Assessment of the duodenal mucosa-associated
microbiota and fecal microbiota in relation to IP

Changes in the duodenal mucosa-associated
microbiota in AUD patients do not determine
increased intestinal permeability

We have previously observed an increased number
of duodenal mucosa-associated bacteria in AUD
patients.” We here analyzed the composition of
the microbiota in duodenal biopsies of
a representative group of actively drinking AUD
patients.  Albeit  not-significant,  duodenal-
associated microbiota of AUD patients showed an
increased number of operational taxonomic units
(OTUs) compared to healthy volunteers (Observed
species and Chaol) reflecting a higher richness.
Intriguingly, this increased number of bacteria
was accompanied by a reduced Simpson index in
AUD patients. This observation suggests that the
different OTUs are not evenly distributed and indi-
cates that some bacterial taxa are more dominant
than others (Figure 7a). Although the PCoA of -
diversity indexes (weighted and unweighted
Unifrac) did not allow a clear separation between
AUD patients and healthy controls (Figure 7a), we
found that 10 bacterial genera were different
between AUD and controls. As reflected by the
LDA score, the relative abundance of Nubsella,
Rothia, and Streptococcus was higher in AUD
patients while the relative abundance of
Mycobacterium, Alcaligenes, Lachnoclostridium,
Ralstonia,  Rarobacter,  Ethanoligenens, —and
Dolosigranulum was higher in healthy subjects
(Figure 7b).

We next assessed whether mucosa-associated
microbiota changes were related to increased IP
assessed by >'Cr-EDTA measurements. Despite
the observed differences between AUD patients
and healthy subjects, neither a-diversity indexes
nor B-diversity did differ between AUD patients
with high IP when compared to those with normal
IP (Figure 7c, Supplementary Figure 5).

These observations suggest that changes in the
duodenal microbiota do not necessarily associate
with increased intestinal permeability.
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Figure 5. Assessment of serum microbial translocation markers in relation to intestinal permeability (IP). Gram-negative (a, b) soluble
CD14 (sCD14) and Lipopolysaccharide Binding Protein (LBP) as well as the Gram-positive translocation marker (c) Peptidoglycan
Recognition Proteins (PGRPs) increased significantly in AUD patients with high and low IP compared to controls while levels did not
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Figure 6. Evaluation of immune cells and inflammatory markers in the duodenum of alcohol use disorder (AUD) patients.
Immunohistochemistry analysis of the hematopoietic cell marker CD45 (a) revealed a decrease of immune cells in the duodenal
mucosa of AUD patients (n = 11) compared to controls (n = 6). Analysis of the macrophages marker CD68 (b) and the T cell marker CD3
(c) revealed a reduction of both cell types in the duodenal mucosa of alcohol use disorder (AUD) patients (n = 15) compared to healthy
controls (n = 8). Duodenal gene expression (d) of Interleukin-1beta (IL1B) increased in AUD patients (n = 59) compared to controls
(n = 13) while mRNA levels of Interleukin-17(IL17), Interleukin-22 (IL22) and Interferon-gamma (IFN-y) were similar between AUD
patients and healthy volunteers.
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Figure 7. Evaluation of duodenal mucosa-associated microbiota in relation to intestinal permeability (IP). (a) Microbial a diversity (left),
showed an increased number of operational taxonomic units (OTUs) (Observed and Chao1), in AUD patients (n = 22) compared to
healthy volunteers (n = 8) indicating increased richness. This increased number of bacteria was accompanied by reduced evenness
(Simpson index), with a shift regarding the dominance of certain genera, compared to controls. By contrast, B diversity (right) did not
differ between AUD and controls. (b) Different genera overrepresented in the distal duodenum of AUD patients and healthy subjects,
as assessed by linear discriminating analysis (LDA) (above) of AUD patients compared to controls at the genus level. Below, the relative
abundance of the different genera in the two groups. Only genera with detection in at least 2% are shown. (c) No differences in terms
of a diversity were found when AUD patients were split into high (n = 8) and low IP (n = 14), according to S1Cr-EDTA measurements.



Reduced richness and evenness of the fecal
microbiota in AUD patients is associated with
increased intestinal permeability

We assessed whether changes of the fecal microbiota
were associated with leaky gut in our cohort of AUD
patients. We compared the fecal microbiota of AUD
patients and healthy controls. Microbial a-diversity
indexes were lower in AUD patients, reflecting reduced
richness (observed species, Chaol) and evenness
(Shannon). This also indicates that the number of
OTUs was lower and less evenly distributed in the
fecal samples of AUD patients compared to controls.
(Figure 8a). Furthermore, the PCoA of UniFrac indexes
(B-diversity) allows a separation between the AUD
patients and healthy subjects suggesting that bacterial
profiles are different between these two groups (Figure
8b). Linear discriminating analysis (LDA) revealed
a higher abundance of five genera such as Gemella,
Actinomyces, Desulfovibrio, Subdoligranulum, and
Akkermansia in AUD patients compared to healthy
subjects (Supplementary Figure 6).

Compared to controls, reduced richness, and
evenness of the fecal microbiota were principally
found in AUD patients with high but not in normal
IP (Figure 8c). By contrast, bacterial composition (p-
diversity) of the stool microflora were similar in high
and low IP (Figure 8d, Supplementary Figure 7).

These observations suggest that compositional
changes of the fecal microbiota could be associated
with increased intestinal permeability.

Relationship between progressive ALD, intestinal
permeability, microbial translocation, and
microbiota

Elevated translocation of microbial products has
been linked in ALD models to the progression of
liver disease.”®”” After refining of the clinical sub-
groups using CK18-M65 biomarker, we assessed
whether IP, microbial translocation markers, duo-
denal, and fecal microbiota changes were associated
with progressive forms of liver disease.

Increased IP and Gram-negative translocation
markers are associated with progressive forms of liver
disease

>!Cr-EDTA increased significantly with progressive
ALD compared to controls but no differences were
found between non-progressive ALD and healthy

GUT MICROBES (&) 1782157-13

volunteers. By contrast, fecal albumin increased
independently of ALD severity (Figure 9a). Serum
microbial Gram-negative markers sCD14 and LBP
were upregulated in AUD patients with the highest
levels found in progressive ALD (Figure 9b). Both
markers also significantly correlated with CK18-
M65 (r = 0.39 and 0.378; p < .001, respectively).

By contrast, PGRPs rose independently of the
stage of liver disease in AUD patients (Figure 9b)
as did serum ASCA IgA and IgG (Supplementary
Figure 8).

Increased richness and predominance shift in the
duodenal mucosa-associated microbiota, but not in
the fecal microbiota, in patients with progressive ALD
AUD patients with progressive ALD showed
increased richness (observed species, Chaol) as
well as reduced evenness with a dominance shift
toward some bacterial taxa (Simpson) of their
mucosa-associated microbiota whereas no signifi-
cant changes were found in AUD with non-
progressive liver disease compared to controls
(Figure 10a). While the overall bacterial profiles (8-
diversity) did not differ between the groups
(Supplementary Figure 9a), we found that six
OTUs were different between progressive ALD and
controls. LDA scores indicated that Streptococcus,
Shuttleworthia, and Rothia were overrepresented in
AUD patients with progressive ALD while
Mpycobacterium, Alcaligenes, and Deinococcus were
specific of healthy volunteers (Figure 10b).

We finally assessed whether dysbiosis of the fecal
microbiota was also associated with progressive
ALD. Interestingly, and in contrast to the duodenal
microbiota, no differences in a- and p-diversity
indexes and composition of the fecal microbiota
were observed when the cohort was split into
AUD patients with or without progressive liver
disease compared to controls (Figure 10c,
Supplementary Figure 9b).

Thus, increased richness with a dominance shift
toward specific bacteria of the duodenal mucosa-
associated microbiota and not of the fecal micro-
biota, are associated with progressive ALD.

Microbial translocation markers correlate with
duodenal microbiota changes in progressive ALD

We next assessed the association between microbiota
and two representative serum surrogate markers of
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Figure 8. Fecal microbiota assessment in AUD patients in relation to intestinal permeability (IP). (a) Microbial a diversity showed
reduced number of operational taxonomic units (OTUs) (Observed and Chao1), in AUD patients (n = 30) compared to healthy volunteers
(n = 13) indicating reduced richness. Intriguingly, this diminished number of bacteria was accompanied by decreased evenness (Shannon
index), reflecting the loss of rare species, compared to controls. (b) Comparison of principal coordinate analysis (PCoA) by using weighted
and unweighted UniFrac distance showed that overall fecal microbiota composition (B diversity) was different between AUD patients and
controls. Each dot represents one sample and the distance between the samples represents the difference in community composition of
the samples. (c) Reduced evenness (Shannon and Simpson) were found only in AUD patients with high IP compared to controls. (d) Fecal
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microflora composition (B diversity) did not change between AUD patients with high and low IP.
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Figure 9. Relationship between intestinal permeability (IP), microbial translocation and stage of alcoholic liver disease (ALD). (a) IP
assessed by >'Cr-EDTA (left) increased significantly with progressive ALD while levels in non-progressive ALD remained close to
controls. High fecal albumin (right) was independent from liver disease severity and already significantly increased in non-progressive
ALD compared to controls. (b) Gram-negative serum microbial translocation markers soluble CD14 (sCD14) and Lipopolysaccharide
Binding Protein (LBP) levels gradually increased with the highest levels observed in progressive ALD, while the Gram-positive
translocation marker Peptidoglycan Recognition Proteins (PGRPs) increased independently from the stage of ALD compared to

controls.

microbial translocation (sCD14 and PGRPs). In
patients with non-progressive ALD, six duodenal
and four fecal microbial species correlated almost
exclusively with the translocation marker sCD14.

By contrast, the number of duodenal microbial
species that correlated with translocation markers
further increased to 12 in progressive ALD, 5 species
correlating with sCD14 and 7 with PGRPs.
Additionally, five species in the fecal samples showed
a correlation principally with PGRPs. All individual
correlations were statistically significant (p-values <
0.05). However, after adjusting for multiple compar-
isons, the g-values were greater than 0.5 (Table 4).

A short time of abstinence restores normal intestinal
permeability and fecal microbiota but does not
normalize microbial translocation and liver damage

In the absence of effective pharmacological therapy,
abstinence constitutes the foundation of ALD

treatment. We, therefore, assessed whether a short
period of abstinence, often encountered in AUD
patients, was able to restore alcohol-related changes
in the gut and liver cell damage. We retested AUD
patients who remained abstinent at the end of 3-wk
detoxification program (T2). IP of AUD patients
with both high *’Cr-EDTA urinary excretion and
high fecal albumin content returned to values
observed in the control group and remained low in
those with already normal levels at admission (T1)
(Figure 1la). In parallel, serum sCD14 levels also
significantly decreased upon abstinence. By contrast,
neither LBP nor PGRPs were modified by alcohol
cessation (Figure 11b) suggesting the persistence of
some microbial translocation. In addition, serum
CK18-M65 decreased after abstinence (Figure 11c)
but remained significantly higher than control levels,
indicating persisting but attenuated liver damage.
These observations indirectly confirm that
increased IP is not absolutely required for microbial
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Figure 10. Analysis of the duodenal mucosa-associated microbiota and fecal microbiota in relation to alcoholic liver disease (ALD)
severity. (a) Microbial diversity (a diversity), plotted for healthy controls (Ctrl), AUD patients with non-progressive ALD (G1) and
progressive ALD (G2), showed that G2 is characterized by increased richness as well as a reduced evenness with a shift in bacterial
dominance (Simpson index) of their mucosa-associated microbiota compared to controls. (b) Different genera overrepresented in the
distal duodenum of AUD patients in relation to ALD severity and healthy subjects (Ctrl). Results of linear discriminating analysis (LDA) of
AUD patients (G1 and G2) compared to controls at the genus level. Below, relative abundance of the different genera in the three
groups. Only genera with detection in at least 2% are shown. (c) By contrast to the duodenal mucosa-associated microbiota, fecal

microbial a diversity did not differ in AUD patients when they were split according to the severity of liver disease.
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Table 4. Correlation between microbiota species in duodenum and stools and serum surrogate markers of microbial translocation

sCD14 and PGRPs at different stages of alcoholic liver disease (ALD).

Microbe Gram Marker Coef stderr N p-val g-val
Non-progressive ALD
Microbiota: duodenal
Gemella Positive PGRPs —0.0014923 0.00044804 14 0.01037279 0.83197791
Bacillus Positive sCD14 —6.97E-06 2.53E-06 14 0.02498809 0.83197791
Corynebacterium Positive sCD14 -1.71E-05 6.28E-06 14 0.02598272 0.83197791
Novosphingobium Negative sCD14 —2.09E-06 6.95E-07 14 0.01674825 0.83197791
Cloacibacterium Negative sCD14 —2.76E-05 1.07E-05 14 0.03262759 0.83197791
Sphingobacterium Negative sCD14 —2.24E-06 8.89E-07 14 0.03591045 0.83197791
Microbiota: fecal
Unclassified_Erysipelotrichaceae Positive sCD14 —1.36E-05 5.86E-06 14 0.04246871 0.90377608
Hespellia Positive sCD14 8.51E-06 3.70E-06 14 0.04430796 0.90377608
Dialister Negative sCD14 5.85E-05 2.61E-05 14 0.04868563 0.90377608
Clostridium_XIVb Negative sCD14 5.32E-06 2.38E-06 14 0.04903367 0.90377608
Progressive ALD
Microbiota: duodenal
Rikenellaceae_RC9_gut_group Negative PGRPs 6.06E-05 1.55E-05 9 0.011346 0.57354547
Bergeyella Negative PGRPs 0.00011534 3.19E-05 9 0.01527949 0.57354547
Anaeroglobus Negative PGRPs 0.00010158 3.09E-05 9 0.02190414 0.57354547
Fretibacterium Negative PGRPs 6.84E-05 2.13E-05 9 0.02375486 0.57354547
Capnocytophaga Negative PGRPs 0.00061948 0.00022807 9 0.04196674 0.57354547
X.Eubacterium._nodatum_group Positive PGRPs —5.78E-05 2.06E-05 9 0.03806405 0.57354547
Abiotrophia Positive PGRPs 0.00036362 0.0001331 9 0.04118104 0.57354547
Bergeyella Negative sCD14 2.50E-06 7.41E-07 9 0.01968319 0.57354547
Rikenellaceae_RC9_gut_group Negative sCD14 1.20E-06 3.60E-07 9 0.02062727 0.57354547
Roseateles Negative sCD14 —2.98E-06 9.85E-07 9 0.02921792 0.57354547
Aeromonas Negative sCD14 —2.65E-06 9.03E-07 9 0.03260309 0.57354547
Enterococcus Positive sCD14 7.42E-06 2.59E-06 9 0.0351744 0.57354547
Microbiota: fecal
Unclassified_Rikenellaceae Negative sCD14 1.60E-06 5.63E-07 1 0.02496945 0.89385681
Gemella Positive PGRPs 6.63E-05 2.65E-05 1 0.04072833 0.89385681
Acidaminococcus Negative PGRPs —0.000892 0.00035918 11 0.04200311 0.89385681
Roseburia Positive PGRPs —0.0050578 0.0020531 1 0.04324419 0.89385681
Unclassified_Erysipelotrichaceae Positive PGRPs 0.00154982 0.00065127 1 0.04890272 0.89385681
translocation to occur but sustain a potential asso-  Discussion

ciation of bacterial translocation with liver disease.

The microbial composition in the stool was also
assessed at the end of 3 week-detoxification in AUD
patients subdivided according to both permeability
and ALD stage. Interestingly, we found an
increased evenness (Shannon and Simpson) only
in AUD patients with high IP (Figure 11d) while
the number of observed species remains the same.
By contrast, a-diversity indexes did not change in
AUD patients with normal intestinal permeability
(Figure 11d). Regarding ALD stage, we found
a minor change in a-diversity indexes (richness
and evenness) only in AUD patients with non-
progressive ALD but not in progressive ALD
(Figure 1le). Overall, microbial profile (B-
diversity) did not change wupon abstinence
(Supplementary Figures 10,11).

These results support and reinforce the concept
of a possible link between fecal microbiota dysbio-
sis and leaky gut but not with ALD progression in
humans.

Our work addresses the link between the gut and
the liver at early stages of ALD in a unique human
cohort. We demonstrate for the first time that
alterations in the duodenal mucosa-associated
microbiota together with elevated translocation of
either microbial products and/or microbes them-
selves are associated with liver disease progression
in a large human cohort of AUD patients.
Intriguingly, the increase of surrogate markers for
Gram+, Gram-, and fungal microbial translocation
in the blood of AUD patients compared to controls
occurred independently from both paracellular and
vascular IP, measured by *'Cr-EDTA and fecal
albumin, respectively. Therefore, one might ask
the question as to whether increased IP is absolutely
required for microbes to cross the gut barrier.
Microbial translocation might involve different
mechanisms that do not necessarily depend on
changes in paracellular and/or vascular gut leaki-
ness. On the other hand, increased IP alone might
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Figure 11. Impact of short time of abstinence on intestinal permeability (IP), microbial translocation, liver damage and microbiota
composition. (a) In AUD patients with both high >'Cr-EDTA urinary excretion and high fecal albumin content, levels returned to those
observed in the control group (indicated with the dotted line) whereas no significant changes were found in AUD subjects with normal/
low IP at T1. (b) Among microbial translocation markers, only serum soluble CD14 (sCD14) levels (middle) decreased upon abstinence but
not LBP and PGRPs. (c) Levels of serum cytokeratin 18 (CK18-M65), a marker of liver cell damage, decreased significantly after abstinence
but remained higher compared to controls (indicated with the dotted line). (d) Evenness (Shannon and Simpson) but not richness
(observed species and Chao1) of the fecal microbiota increased in AUD patients with high intestinal permeability (left) after abstinence but
not in those with initially normal intestinal permeability (right). (e) Observed species and evenness (Shannon and Simpson) were only
slightly modified upon abstinence in AUD patients with non-progressive ALD but not in those with progressive ALD.



also not be sufficient to cause microbial translocation
unless additional mechanisms in the complex inter-
actions between host and microbes in the gut fail.

Inappropriate immune responses and/or transcy-
tosis in the gut, as shown in several situations®>*’
but not investigated in our study, might be one of
those mechanisms also implicated in ALD. We
found a decreased number of immune cells, such
as macrophages and T cells, in the duodenal mucosa
of AUD patients as well as little, if any, upregulation
of gut-specific pro-inflammatory cytokines. This
argues against a major inflammatory component as
a driver for morphological changes and microbial
translocation. Rather, one might speculate that this
unexpected but intriguing decrease in immune effec-
tor cells leads to reduced immunosurveillance that
may allow microbes to cross the gut barrier and
reach the blood circulation. Indeed, an appropriate
immune defense in the intestine should ward off the
translocation and control invasion of bacteria and
fungi into the tissues."’

Goblet cells also contribute to mucosal immuno-
surveillance. They may form the so-called goblet
cell-associated antigen passages (GAPs) to deliver
microbial antigens to antigen-presenting cells
within the lamina propria.* It is tempting to spec-
ulate that under pathological conditions, microbes
might also use this route in order to invade the
intestine and finally enter the blood circulation.
Thus, irrespectively of IP, the relative inefficiency
of innate as well as adaptive components orches-
trating the mucosal defense against microbial inva-
ders, may explain, at least in part, our observation.

Gram-microbial translocation was associated
with progressive ALD and correlated with liver
cell damage marker CK18-M65. In addition,
reduced richness with dominance shift toward
potential ~ pathogenic  bacteria  such  as
Streptococcus, Shuttleworthia, and Rothia charac-
terized the duodenal-associated microbiota of
AUD patients with progressive ALD. Intriguingly,
all these genera belong to the Gram+ instead of
Gram-bacteria. Thus, elevated sCD14 levels in the
serum may not entirely reflect Gram-translocation
because it recognizes ligands at the cell surface of
both Gram- and Gram+ bacteria and it has been
associated with Gram+ sepsis and mortality.***
Several studies reported a higher abundance in
stool or saliva of Streptococcus in association with
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cirrhosis ~ severity, = decompensation,  and
encephalopathy.®>**4° Interestingly, both
Shuttleworthia and Rothia are part of the normal
oral microflora*”*® and are overrepresented in the
distal duodenum of AUD patients with progressive
ALD compared to controls. These findings suggest
a possible extension of the oral microflora further
down into the duodenum as a potential determi-
nant in ALD progression, as already speculated in
advanced stages of liver disease.*” Proton pump
inhibitor (PPIs) the1rapy50 cannot explain the over-
representation of oral microflora components in
the duodenum of AUD patients since only
a minority (<20%; data not shown) took PPIs on
admission. Notably, Rothia spp. are generally con-
sidered organisms of low virulence in immune-
competent hosts but they have emerged as patho-
gens which can cause significant infections, for
example, in patients with severe forms of liver
disease.”’ This predominance shift was accompa-
nied by the diminution of important genera such as
Mycobacterium, Alcaligenes, and Lachnoclostridium
characterizing the mucosa of healthy volunteers.
Interestingly, Alcaligenes spp. have been shown to
be important for the development, maturation, and
maintenance of an appropriate gut immune
system®” and its loss could be deleterious for
immune surveillance in the intestine of AUD
patients. Thus, our results revealed that specific
opportunistic pathogens become dominant in the
patients’ small bowel mucosa who develop progres-
sive ALD. Furthermore, the fact that intestinal per-
meability restores after short-term abstinence in
opposite to microbial translocation (in particular
Gram+) and liver damage indicates that both phe-
nomena might indeed be linked. Our study con-
firms in humans, some observations made in mice
of elevated translocation of microflora products
related to disease severity.’*>’

Neither intestinal inflammation, morphological
changes in the duodenum nor enterocyte damage
provided a convincing explanation for IP changes.
The reduction in villi length found in AUD patients
might be caused by alterations of the differentiation
program in the small intestinal epithelium and
could influence absorption of various important
nutrients.”> Further studies are needed to investi-
gate these processes and whether they result from
toxicity related to alcohol and its metabolites and/
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or are caused by alterations of the intestinal micro-
biome/metabolome. We also reveal important con-
ceptual differences between the duodenal mucosa-
associated and the fecal microbiota in relation to IP
and ALD progression. We found that only
a subgroup of AUD patients is characterized by
increased IP associated with dysbiosis of the fecal
microbiota but not with changes in the microflora
attached to the duodenal mucosa. The present results
confirm our previous observation in a different
cohort of AUD patients with no or mild liver disease
where fecal microbiota changes were associated with
high IP.** Interestingly, metabolic analysis of fecal
samples showed alterations of the metabolic profile
linked to gut barrier dysfunction.”*** *'Cr-EDTA
measurements suggest that the permeability of the
colon is preserved in AUD patients with fecal dys-
biosis (not shown) which raises the question of how
those changes indirectly interfere with events that
occur in the small bowel. One might speculate that
specific microbial metabolites which could reach the
circulation could be linked to increased IP and
appropriate metabolomics analysis together with
a mechanistic approach is needed in order to eluci-
date the mechanisms involved in this intriguing
observation. By contrast, fecal dysbiosis was not
associated with ALD progression. However, we can-
not exclude a potential link given its association with
increased IP which could act as a facilitator of micro-
bial translocation.

An intrinsic limitation of this study is that data
are mainly based on associations/correlations,
which do not formally prove a cause-and-effect
relationship. However, given the difficulties in
accessing tissues at early-stage disease, we believe
our study adds significant insights into the role of
the gut-liver axis in the early pathogenesis of ALD.
Certainly, the main strength of this investigation is
the unique patient cohort of a high number of
heavily, actively drinking AUD patients in whom
distal duodenal biopsies with collections of the
blood, stools, and urine have been performed in
a strict, highly standardized clinical program. We
used point of care noninvasive techniques
(Fibroscan®, controlled attenuation parameter
(CAP), AST, and ALT levels) to diagnose and
stage liver disease in combination with serum
CK18-M65 levels. This allowed the identification

of liver damage with high accuracy even at early
stages of ALD. A recent report underlines a benign
disease course in nonalcoholic fatty liver disease in
patients with normal transaminases.”> Other stu-
dies suggest an added value of CK-18, a component
of the cytoskeleton of hepatocytes which is released
in the blood upon cell damagein nonalcoholic
steatohepatitis and viral disease.”’ > Our study
extends current data on CK-18 also to ALD. The
good diagnostic power of our integrated approach
might prove useful for monitoring liver disease
progression and/or regression in AUD patients.
Our observations may be relevant for clinical
practice in the future since they suggest that many
unfavorable factors are already linking the gut and
the liver at early stages in human ALD. Short-term
abstinence does not fully abolish microbial translo-
cation, which can potentially lead to disease pro-
gression.  Understanding  the  mechanisms
underlying dysbiosis and translocation of microbes
and/or their products into the blood circulation
would provide us with new possible therapeutic
targets at the frontlines of the complex host-
microbes interactions during early human ALD.
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