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Abstract

The effect of Roseburia spp. in
alcoholic liver diseases

and epithelial barrier in the gut

Jeon kyungchan
Dept. of Environmental Health
The Graduate School of Public Health

Seoul National University

The pathogenesis of alcoholic liver disease (ALD) is related to
translocation of endotoxin from alcohol-induced leaky gut to liver, and
such a pathway is called gut-liver axis. Therefore, it is important for ALD
patients to protect gut barrier against alcohol damage. It has been widely
reported that gut microbiota is able to improve gut barrier integrity in

various pathological conditions. However, there has been few studies on
I



effects of individual gut commensals on improving gut barrier function
in ALD. In this study, we observed that the abundance of Roseburia is
reduced in gut and correlated with transcriptional expression levels of
intestinal tight junction-related genes (Occludin and Claudin-2) in ALD
mice. We, thus, hypothesized that Roseburia plays a potential role in
regulation of gut barrier integrity in ethanol-damaged condition, thereby
associating with ALD. To understand strain-dependent properties of
Roseburia, characteristics of three Roseburia spp. (R. intestinalis, R.
hominis, and R. faecis) were examined, showing strain specificity in both
rate of butyrate production and size of flagellin protein. To identify
effects of Roseburia on strengthening gut barrier, in vitro experiments
were performed on human epithelial Caco-2 cell line. The treatments of
live Roseburia spp. at 108, 10%cells/well for 24h resulted in about 1.2-
1.4 fold increase in relative TEER change, and normalized FITC
permeability after subsequent ethanol challenge. Furthermore, their
supernatants, which contain butyrate as metabolites, were investigated,
but not able to improve gut barrier dysfunction. Interestingly, however,
treatments of flagellin extracts derived from R. intestinalis and R.
hominis at 250pg/ml improved TEER value and ethanol-induced hyper-

permeability to the same extent with treatment of live Roseburia,



whereas that of R. faecis had no effect. Consequently, Roseburia had a
beneficial effect on improving ethanol-induced gut barrier dysfunction
and their flagellin would be involved in this effect with a strain-
dependent variation. These findings proposed Roseburia as a novel

probiotic target for alleviating ALD.

Key words: Roseburia, Alcoholic liver disease (ALD), flagellin,
butyrate, Caco-2, ethanol, tight junction, microbiota
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I. Introduction

Alcoholic liver disease (ALD) is a consequence of excess alcohol
consumption, starting from steatosis to fibrosis, hepatitis, and cirrhosis,
serially. Hepatic inflammation basically occurs in every stage of the
disease [1]. Recently, one of the causes of ALD was suggested as Gut-
Liver-TLR4 axis, in which hepatic inflammation gets involved [2].
Alcohol consumption leads to intestinal barrier dysfunction and
increases permeability. Consequently, a variety of luminal antigens, such
as endotoxins and bacteria, are directly translocated into the liver via
portal vein and contribute to hepatic inflammation through the activation
of Toll-like receptor 4 (TLR4) signaling [3]. Therefore, maintenance of

gut barrier function is the key to alleviating ALD.

Gut microbiota has been widely accepted to play a crucial role in the
pathology of various diseases in skin, lung, and even brain [4]. Among
them, the liver disease is highly associated with altered gut microbiota
composition because microbial products can be transferred into the liver
directly through portal circulation during gut barrier dysfunction [5]. Ece
A. Mutlu et al. demonstrated that the patients with ALD had low
abundance of Bacteroidetes and high abundance of Proteobateria, which
were correlated with high serum levels of endotoxins [6]. By contrast,

some of microbiota improve gut barrier dysfunction in ALD. For
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instance, administration of Lactobacillus spp. ameliorated ALD in vivo
by enhancing intestinal barrier and reducing serum endotoxin levels [7,
8]. However, there has been few studies on functions of other
commensals in alcohol-damaged intestinal condition. It is, therefore,
important to figure out the roles of other commensals in ALD pathology
to deeply understand the relationship between gut microbiota and the

pathology of the disease.

Intestinal tight junction is a complex of junctional proteins, such as
Zonula occluden-1 (Zo-1), Occludin and Claudins. It regulates the
passage of gut-derived substance through the paracellular pathway in
between intestinal epithelial cells [9]. However, ethanol consumption
can disrupt tight junction and also down-regulate the transcriptional
expression levels of the tight junction-related genes, increasing intestinal
permeability [7, 10]. To investigate gut barrier function in the epithelial
cells, human colon carcinoma Caco-2 cell line model has been adopted
[11, 12]. In particular, the Caco-2 model was used in ethanol-damaged
condition in order to simulate the gut barrier dysfunction of alcoholics
[13]. Although the effects of gut microbes as well as their metabolites on
ethanol-damaged intestinal tight junction have been studied, the cell
components, such as flagellin, have not been examined as an effector

molecule on improving Caco-2 tight junction.

2



Roseburia is a member of the phylum Firmicutes and Gram-positive
anaerobic bacteria that resides in human colon. Roseburia has
following characteristics: 1) producing butyrate, 2) motile by means of
multiple subterminal flagella, 3) associated with various metabolic
diseases such as obesity and colitis [14]. Butyrate is one of the short
chain fatty acids (SCFAs), which serve as a main energy source of
epithelial cells, and strengthen intestinal tight junction [15]. Roseburia
intestinalis-derived flagellin was recently studied on the anti-
inflammatory properties by regulating host HIF1a-AS gene expression
on Caco-2 cells [16]. Furthermore, Roseburia hominis was associated
with alcohol resistant mice compared to the sensitive one, and
Lachnospiraceae including Roseburia was reduced in cirrhotic and
alcoholic patients [17]. However, the specific health effects of Roseburia
in alcohol-damaged condition and its strain-dependent variation are not

fully understood.

In this study, we observed the association of the abundance of Roseburia
with alcohol consumption and intestinal tight junction related gene
expression using in vivo ALD mouse model fed Lieber-DeCarli diet.
Therefore, the aim of the study was to investigate the improving effects
of Roseburia on ethanol-induced barrier dysfunction and figure out their

strain-specificity. Three of Roseburia spp. were chosen and compared
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the characteristics to understand strain-dependent efficacies. The live
bacteria, the supernatant and flagellin extracts were examined on Caco-
2 monolayer as potential targets of interest. Thus, we demonstrated that
Roseburia-derived flagellin has a beneficial role in enhancing tight
junction, and Roseburia can be used as probiotics on alcohol-damaged

intestinal barrier dysfunction.



I1. Materials and Methods

1 Bacteria culture and preparation

Roseburia intestinalis SNUG30017, Roseburia faecis SNUG33007 and
Lactobacillus ruminis SNUG30021 were isolated from fecal samples of
healthy adult Korean. Roseburia hominis A2-183 was purchased from
DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen).
Roseburia was cultured on YBHI medium at 37°C under anaerobic
condition as described in previous study [20]. Lactobacillus was
cultivated on Lactobacilli MRS medium supplemented with 0.05% L-
cysteine-hydrochloride in the same condition. In order to harvest bacteria
cells, culture media were centrifuged at 8,000 x g at 4°C, and washed
twice with sterile anaerobic PBS, and resuspended in it. After then, live
bacteria were counted with Accuri C6 Flow Cytometer (BD Biosciences,
Franklin Lakes, NJ) using the Live/dead Baclight viability and counting

kit (Molecular Probes, Eugene, OR).



2 Experimental Alcoholic liver disease in vivo

Eight weeks old male C57BL/6 mice was obtained from the Central Lab
Animals Incorporation. Animal experimental procedure was approved
by the Institutional Animal Care and Use Committee (IACUC) of Seoul
National University, Korea (Case Number: SNU-170103-9). For
experimental ALD mouse model, mice was fed Lieber-DeCarli diet ad
libitum (Bio-Serv, [ 18]). Briefly, after acclimatization to a semiliquid diet
for 2days, ethanol-fed group received increasingly higher dose of ethanol
(1% and 3% every 2days; v/v). The final ethanol concentration was 5%
for 10days, whereas pair-fed group received an isocaloric amount of
maltodextrin. Body weights and food intake were checked every day and
these were comparable with each groups (data not shown). To investigate
intestinal permeability, fluorescein isothiocyanate (FITC)-dextran (4
kDa; Sigma-Aldrich) was orally administrated (60mg/100g body weight)
4h before sacrifice on day 16. After sacrificed, blood samples were
collected in EDTA-coated tubes and immediately centrifuged (5,000 x g,
4°C) for 10min to isolate sera. Fluorescence was measured with
spectrophotometer (TECAN) at an excitation wavelength of 485nm and
emission wavelength of 528nm. In addition to blood, both liver and small

intestine were collected for further analysis.



3 Biochemical assays

Serum ALT activity was quantified with the EnzyChrom Alanine
Transaminase Assay kit (BioAssay Systems, Hayward, CA), and serum
AST was measured with the EnzyChrom Aspartate Transaminase Assay
kit (BioAssay Systems) following the manufacturer’s instructions. For
hepatic TG quantification, total lipids were extracted from the liver tissue
as widely-used Folch method [19] and quantified with the EnzyChrom
Triglyceride Assay kit (BioAssay Systems). To determine serum LPS
levels, Limulus Amebocyte Lysate Assay kit (Lonza, Basel, Switzerland)

was used according to manufacterer’s manual.



4 Histological analysis

To wvisualize alcoholic liver lesion, liver tissue was dyed with
hematoxylin and eosin (H&E). Liver tissue was fixed in 10% formalin,

and paraffin-embedded section was stained with H&E.



5 Microbiota composition analysis

Total genomic DNA was extracted from cecum contents with QIAmp
Fast DNA stool mini kit (Qiagen). The V3-4 region of 16S rRNA gene
was  amplified  with  general  bacterial  primers  341F
(CCTACGGGNGGCWGCAG) and 805R
(GACTACHVGGGTATCTAATCC). PCR amplicons were purified
using QIAquick PCR Purification Kit (Qiagen) and sequenced with a
MiSeq platform (illumina. Inc., San Diego, CA, USA). Raw FASTQ files
were demultiplexed and quality filtered, and data was processed by using
Quantitative Insights into Microbial Ecology (QIIME) 1.8.0 software
(QIIME development team; website: http://qiime.org/). The sequences
were clustered into operational taxonomic units (OTUs) using an open-
reference OUT picking and representative sequence sets were picked
using UCLUST. The relative abundance of microbial taxa genus to
kingdom was generated from nonrarefied OTU table. For taxonomic
assignment, the OTUs were aligned using PyNAST and compared with
the Greengenes reference 16S rRNA gene database preclustered at 97%
identity (release gg 13 5.fasta). Chimera checking was performed using
ChimeraSlayer. After removing singletons, rare OTUs found in fewer

than 10% of the samples were excluded, and 9,000 OTUs were observed.



6 Quantitative real-time PCR (qRT PCR)

In order to measure mRNA expression levels of tight junction-related
genes, quantitative real-time PCR was performed. Intestinal tissue was
immediately brought into RNAlater (Thermo Fisher Scientific, Waltham,
MA) and stored at -80°C. Frozen tissue was homogenized in lysis buffer
using MM 400 Mixer Mill homogenizer (Retsch, GmbH., Haan,
Germany). RNA was isolated using an easy-spin total RNA extraction
kit (iNtRON Biotechnology Inc., Seoul, Korea). Total RNA
concentration was measured with NanoDrop Spectrophotometer ND-
1000 (Thermo Fisher Scientific), and RNA was reversely transcribed to
cDNA using High Capacity RNA-to-cDNA kit (Applied Biosystems,
Foster City, CA). qRT PCR was achieved using the Rotor-Gene Q using
the QuantiTect SYBR Green PCR kit (Qiagen). The sets of primer used
were listed in Table 1. Relative gene expression was normalized to
hypoxanthine-guanine phosphoribosyltransferase (HPRT). To quantify
the amount of Roseburia in stool sample, Roseburia-specific sequence
was amplified in total genomic DNA in fecal samples and detected by

qRT PCR as previously studied [20].
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Table 1. PCR primers

Target Sequence (from 5 to 3") Reference

HPRT Forward TTATGGACAGGACTGAAAGAC [21]
Reverse GCTTTAATGTAATCCAGCAGGT

Zo-1 Forward ACCCGAAACTGATGCTGTGGATAG [17]
Reverse AAATGGCCGGGCAGAACTTGTGTA

Occludin Forward GGAGGACTGGGTCAGGGAATA [17]
Reverse CGTCGTCTAGTTCTGCCTGT

Claudin-2 Forward GGCTGTTAGGCACATCCAT [22]
Reverse TGGCACCAACATAGGAACTC

Claudin-3 Forward CAGACGTCCGTCAGTTTTCG [17]
Reverse CATGGCTGCTGGACTTGAAC

Claudin-4 Forward ACTTTTTGTGGTCACCGACT [17]
Reverse GCGAGCATCGAGTCGTACAT

Roseburia- Forward CGKACTAGAGTGTCGGAGG [20]

specific sequence  [Reverse GTCATCTAGAGTGTCGGAGG

11



7 Roseburia characterization

Bacterial genomic DNA was extracted using Wizard genomic
purification kit (Promega Corporation, Madison, WI). Bacterial 16S
rRNA genes of R. intestinalis SNUG30017 and R. faecis SNUG33007
were sequenced. To investigate phylogenetic distance, 16S rRNA gene
sequences of related type strains were obtained from EzTaxon database
and aligned using EzEditor program. Phylogenetic relationships were
inferred on 1430 shared nucleotides based on neighbor-joining method
using the MEGA program version 7.0.26. Evolutionary distances were
computed as Juke & Cantor’s one-parameter model and the stability of
the clustering was estimated by bootstrap analysis with 1,000
replications. All process of phylogenetic analysis were based on
published paper [23].

R. intestinalis SNUG30017, R. faecis SNUG33007 and R. hominis A2-
183 were cultured in broth. Supernatants were collected every three
hours, subsequently measured optical density at 600nm using a
spectrophotometer (TECAN) to set growth curves up, and stored at -80°C
for gas chromatography. In order to measure butyrate production rate,
frozen supernatants were analyzed using a GC flame ionization detector
(FID) system as previously described [24]. 1% 2-methyl pentanoic acid

(Sigma-Aldrich) was used as the internal standard.
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Cell morphology and presence of flagellin was determined by

transmission electron microscopy with negative staining method.
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8 Flagellin extraction

The flagellin extracts was prepared as described previously [16]. Briefly,
R. intestinalis SNUG30017, R. faecis SNUG33007 and R. hominis A2-
183 were incubated in broth. Cells were removed from the culture
medium by centrifugation at 1,750 x g at 4°C for 20 min and resuspended
in cold PBS. The cell suspensions were blended to isolate the flagella
from the cell surface. The homogenization was repeated three times on
ice prior to centrifugation at 10,000 x g at 4°C for 20 min. The
supernatants were ultracentrifuged (Beckman Coulter, Brea, CA) at
100,000 x g at 4°C for 1 h to concentrate the crude flagellin proteins. The
crude proteins were resuspended in triple-distilled water. The protein

fraction was loaded on an SDS-PAGE gel.
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9 Caco-2 cell culture and ethanol-damaged in vitro model

Caco-2 cells were collected from the American Type Culture Collection
(ATCC) and maintained in Minimum Essential Medium (MEM; Gibco,
Grand Island, NY) supplemented with 20% fetal bovine serum (FBS;
GenDEPOT, Barker, TX), 1% nonessential amino acids, 1% HEPES, 1.5%
sodium bicarbonate solution, 50 pg/ml of gentamicin and 10 U/ml of
penicillin-streptomycin at 37°C in a 5% CO2 environment. Caco-2 cells
were subcultured every 7 days and used at passages 35-42. The cells were
seeded onto Transwell inserts (Corning Inc., Corning, NY) at a density
of 3 x 10* cells/well and differentiated for 7 days. Following
starvation of polarized Caco-2 overnight, live bacteria, supernatant, and
flagellin extract were treated for 24h in distinct sets of experiment.
Roseburia live bacterial cells were prepared and co-cultured at a density
of 1x10% or 1 x 10° cells/'well. The supernatants were
supplemented in culture medium at a 1% (v/v) after 0.22-pum filtration.
Flagellin extracts were treated at 250 or 500 pg/ml concentration. The
integrity of the differentiated cells was measured as the
transepithelial/transendothelial electrical resistance (TEER) value using
an EVOM epithelial voltohmmeter (World Precision Instruments,
Sarasota, FL) at 0 h and 24 h after bacterial cell treatment. To determine

the protective effect of the bacterial cells against alcohol challenge,

15



ethanol was administrated at 3%(v/v)/well to the basolateral region and
incubated for 3h. The ethanol was changed every hour to compensate for
evaporation. The permeability of ethanol-damaged Caco-2 monolayer
was quantified by adding FITC-dextran into the apical region at a 1 g/l
concentration. After incubation for an hour, fluorescence from the
basolateral culture medium was detected using a spectrophotometer
(TECAN) at an excitation wavelength of 485 nm and emission
wavelength of 528 nm. Sodium butyrate was compared as a positive
control (1% of 2mM concentration) for TEER upregulation both in the

normal and ethanol-damaged condition [13, 25].
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10 Cell viability test

Caco-2 cell was cultured on 96well plate for 24h. After starvation
overnight, ethanol was challenged at 0-10% concentration with 2%
intervals for 3h. Cell viability was examined using the MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assay. Briefly,
S5mg/ml MTT in PBS was added to each well and incubated for 1h at
37°C. The media were then removed and formazan crystals in the cells
were dissolved in the presence of dimethyl sulfoxide. The plates were
read at 590nm wavelength using a spectrophotometer (TECAN). The
percentage of cell viability was calculated by comparing the optical
densities of the cells treated with different concentrations of ethanol with

that of the control.
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11 Western blot

Caco-2 cell was cultured on 6well plate for 7days. After starvation
overnight, ethanol was challenged at 0-8% concentration for 3h. Cells
were harvested and centrifuge at 850 x g for 10min. After remove
supernatant, the pellet was reconstituted in RIPA buffer with Halt™
Protease Inhibitor Cocktail (100X) (78438, Thermo Fisher Scientific)
and vortexed 3 times for 10sec with intervals of Smin on ice. Protein was
quantified with Pierce™ BCA Protein Assay Kit (23225, Thermo Fisher
Scientific). Lysates were solubilized in Laemmli sample loading buftfer
(Bio-Rad Laboratories Inc., Hercules, CA) with 10% B-mercaptoethanol
and boiled for 10 min at 85°C. Samples with equal amounts of protein
were separated on a 10% SDS-PAGE gel and transferred onto a
nitrocellulose membrane. Then, the membranes were blocked for 1 h in
5% BSA in TBS containing 0.1% Tween 20 and incubated overnight at
4°C with the following specific primary antibodies: mouse monoclonal
anti-B-actin (A5441, Sigma-Aldrich) and mouse monoclonal anti-
occludin (33-1500, Thermo Fisher Scientific). After repeated washing,
the membranes were incubated with corresponding horseradish
peroxidase-labeled secondary antibodies (Thermo Fisher Scientific) for
1 h. The protein bands were visualized using an enhanced

chemiluminescence reaction (170-5060, Bio-Rad Laboratories Inc.) and

18



exposed to Geldak film (Syngene International Ltd., Bengaluru, India) at
an optimized time point. The relative signal intensity was quantified with

GeneTools (Syngene International Ltd.).

19



12 Statistical analysis

Data are expressed as means * standard error of the mean (SEM).
GraphPad Prism 5.04 (GraphPad Software, Inc., La Jolla, CA) was used
to visualize and analyze all other data using t-test. Statistical significance

was given as ‘“*’p <0.05, “**’ p <0.01, “***’p <0.001.
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I11. Results
1. Alcohol consumption induced alcoholic liver disease (ALD) in

mice

To investigate the effect of alcohol consumption, mice was fed Lieber-
DeCarli diet with increasingly elevated concentrations of ethanol for
15days (Fig. 1A). Ethanol consumption considerably increased lipid
droplets and neutrophil infiltration in the liver as shown in H&E staining,
demonstrating steatosis and inflammation (Fig. 1B). Also, AST and ALT
levels in serum and hepatic triglycerides levels were significantly
increased (Fig. 1C-E). Accordingly, it is obvious that alcohol
consumption induced alcoholic liver disease (ALD) in mice.

In order to test gut permeability, FITC-dextran was administrated 4h
before sacrifice and fluorescence was measured in serum. Fluorescence
was substantially detected in serum from ethanol-fed group, indicating
gut barrier dysfunction (Fig. 1F). It allowed microbial antigens to pass
through intestinal barrier and may resulted in hepatic inflammation.
Enhanced levels of LPS in serum confirmed disrupted gut barrier

function and clearly showed endotoxemia (Fig. 1G).
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Figure 1. Alcohol consumption induced alcoholic liver disease (ALD) in mice.

(A) C57BL/6 male mouse were fed an alcohol Lieber DeCarli diet for 15days, whereas pair-fed group additionally received an
isocaloric amount of maltodextrin without alcohol (n=8 per group). Major markers for ALD were compared between pair and
ethanol-fed group). (B) H&E staining of the liver lesion; black arrow indicates lipid droplets and black triangle points neutrophil
infiltration, (C) Serum ALT, (D) Serum AST, (E) Hepatic triglycerides(TG) levels. Intestinal permeability was measured as (F)
FITC-dextran fluorescence and (G) Serum LPS levels. Statistical analysis was performed using t test and error bars represent

SEM. * P<0.05; ** P<0.01; *** P <0.001.
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2. Alcohol consumption altered gut microbial composition and
relative abundance of family Lachnospiraceae was considerably

enriched in pair-fed group.

Recently, it has been widely reported that gut microbiota composition
was associated with alcohol-induced gut barrier dysfunction [5, 6]. We
investigated altered gut microbiota composition to find out possible
microbiota associated with gut barrier dysfunction in ALD. Alcohol
consumption led to reduced alpha diversity based on phylogenetic
distance in the microbial community of ethanol-fed group (Fig. 2A).
Also, beta diversity analysis using an unweighted UniFrac distance
matrix showed great alterations in the microbial composition by alcohol
consumption (Fig. 2B). It indicated that alcohol consumption resulted in
gut microbial dysbiosis.

We next compared taxonomic shifts in gut microbial communities using
univariate analysis to find individual taxa altered by ethanol
consumption (Fig. 2C). In pair-fed group, phylum Firmicutes and its
family Lachnospiraceae were significantly increased compared to
ethanol-fed group. Therefore, we focused on the family Lachnospiraceae
as a target associated with gut barrier function in ethanol-damaged

condition, since the member of the family has been studied as
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regulating intestinal homeostasis in humans by producing butyric acid

[26].
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Figure 2. Alcohol consumption altered gut microbial composition and relative abundance of family Lachnospiraceae was considerably

enriched in pair-fed group.

(A) Alpha diversity based on phylogenetic distance (PD) index was significantly decreased in ethanol-fed group. (B) 3D PCoA plot using the

unweighted UniFrac distance matrix showed distinct distribution in each group. (C) Significantly different taxa were determined by LEfSe with

a sequentially significant ranking (p-value < 0.05) in both the Kruskal-Wallis test among classes and Wilcoxon's test between subclasses. The

threshold for the logarithmic LDA scores was 3.75. Statistical analysis in alpha diversity was performed using one-tailed t test error bars represent

SEM. *, P <0.05.
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3. The abundance of genus Roseburia was correlated with intestinal
transcriptional expression levels of tight junction-related genes in
mice

In the family Lachnospiraceae, genus Roseburia has been focused on its
association with metabolic disease [14]. Likewise, we examined the
relative abundance of Roseburia in fecal samples of both groups using
gRT PCR (Fig. 3A). Indeed, the relative abundance of Roseburia was
significantly reduced in ethanol-fed group. Next, to identify an
association between the abundance of Roseburia and gut barrier function,
relative transcriptional expression levels of tight junction-related genes
in small intestine were measured (Fig. 3B). It was found that the levels
of Occludin were significantly down-regulated, whereas those of
Claudin-2 and Claudin-3 were up-regulated in ethanol-fed group (Fig.
3B). It demonstrated that alcohol consumption affected intestinal
epithelial barrier function by perturbing transcriptional expression levels,
especially in tight junction-related genes. To investigate correlation
between relative Roseburia abundance and the transcriptional expression
levels of tight junction-related genes, heat map was constructed (Fig. 3C).
Significant and positive correlation was detected on Occludin expression,
and negative one was shown on Claudin-2 expression (Fig 3B).

Therefore, it is suggested that Roseburia had a potential role in regulating
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intestinal epithelial barrier function.
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Figure 3. The abundance of genus Roseburia in fecal samples was significantly decreased in ethanol-fed group and intestinal mRNA

expressions of tight junction-related genes were correlated with the abundance

(A) The abundance of genus Roseburia was measured in mouse fecal samples by using qRT-PCR quantification with Roseburia-specific primer
set. (B) Intestinal mRNA expression levels of tight junction-related genes were calculated with qRT-PCR. Primers were listed on Table 1. (C)
Heatmap represented Spearman'’s correlation between two parameters; rows are mRNA expression levels of 5 tight junction-related genes, and
columns are 5 ALD related markers and the abundance of Roseburia in fecal sample. Rows and columns were clustered by the Euclidean distance.

Statistical analysis was performed using t test error bars represent SEM and spearman correlation in heat map. *, P <0.05; **, P <0.01; ***,

P <0.001.
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4. Roseburia spp. had different butyrate production rate and

flagellin

Before investigating the effects of Roseburia on intestinal epithelial
barrier function, Roseburia spp. were characterized to identify potential
targets of the effects and possible strain-dependency. The genus
Roseburia includes five species — R. intestinalis, R. hominis, R. faecis, R.
inulinivorans, and R. cecicola [14]. Among them, three of Roseburia
spp. were selected to subsequent experiments, based on closest
phylogenetic distance (Fig. 4).

First of all, Roseburia is one of the butyrate-producing bacteria belong
to Clostridium cluster XIVa. The growth curves and butyrate production
rates of Roseburia spp. were compared (Fig. SA-B). At 24h of culture, R.
faecis generated the most amount of butyrate, followed by R. hominis,
and R. intestinalis showed the lowest butyrate production. Second,
Roseburia-derived flagellin had been recently studied that it acted as
anti-inflammatory substance via regulating host HIF1a-AS gene in DSS-
induced colitis mouse model [16]. By culturing in soft agar, motility was
detected in all tested Roseburia spp. (Fig. 5C). And also, the presence of
flagella was confirmed in transmission electron microscopy images (Fig.

5D). Then, flagellin extracts were isolated from cell pellet
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of Roseburia spp. by centrifugation, and the size of flagellin fraction was
compared on SDS-gel (Fig. 5E). R. hominis and R. intestinalis-derived
flagellin proteins were comparable to each other in size, whereas that of
R. faecis showed a distinct and larger size. Based on these comparisons
among Roseburia spp., the supernatant in which butyrate is dissolved

and flagellin extracts were further examined as the targets of interests.
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Figure 4. Phylogenetic characterization of Roseburia spp. was shown and three of Roseburia spp. were chosen for subsequent

experiments.

(A) Neighbour-joining tree based on 16S rRNA gene sequences of Roseburia spp. and related species. Numbers at branching points are
percentages of bootstrap support (>70%) from 1,000 replications. Bar, 0.05 nt substitutions per position. Three of Roseburia spp. were

highlighted in bold; two of them were not type species but the isolates.
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Figure 5. Roseburia spp. had different rate of butyrate production and size of flagellin proteins.

(A) Growth curves of Roseburia spp. were measured with 3h intervals. (B) Supernatants were collected at each time point and the rate of butyrate

production was measured using GC-FID. (C) Motility was tested in YBHI soft agar medium (0.5% agar); 1, Ri, 2, Rh, 3, Rf, 4, Lactobacillus

ruminis SNUG30021 (non-motile, control), 5, control medium. (D) Flagella (black arrow) were shown on TEM images; bar, 1 ym (E) Flagellin

protein was extracted and loaded on PAGE-GEL.
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5. More than 3%/ (v/v) of ethanol concentration disrupted tight

junction, but had no cell toxicity

To determine a suitable ethanol concentration to be used in vitro
intestinal barrier disruption, different ethanol concentrations were tested
on Caco-2 monolayer and tight junction-related protein levels and cell
viability were measured by western blot and MTT assay, respectively
(Fig. 6A-B). The protein levels of Occludin at different ethanol
concentrations were decreased in dose-dependent manner, representing
that more than 3% (v/v) of ethanol damaged tight junction. However, the
concentration of ethanol did not affect Caco-2 cell viability, indicating
the absence of cell toxicity. Therefore, it was selected as adequate ethanol

concentration for further in vitro studies.
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Figure 6. More than 3% of ethanol concentration disrupted tight junction, but had no cell toxicity.

(A) Protein expression levels of Occludin was detected at different concentration of ethanol, and (B) quantified (Not performed statistics, n=1).
(C) Cell viability of Caco-2 was measured with different concentrations of ethanol using MTT assay. Statistical analysis was performed using t

test error bars represent SEM.
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6. Live Roseburia bacteria treatment improve tight junction in
ethanol-damaged Caco-2 monolayer

To analyze effect of live bacteria cell on intestinal epithelial tight
junction, live Roseburia were treated to polarized Caco-2 monolayer on
Transwell system. Live Roseburia improved relative TEER change after
24h (Fig. 7A). Subsequently, ethanol was challenged to examine the
capability of live Roseburia to ameliorate tight junction disruption.
Indeed, there was slightly enhancement of relative TEER change after
ethanol exposure (Fig. 7B). Next, FITC-dextran was treated onto Caco-
2 apical compartment to test permeability (Fig. 7C). Although relative
TEER change minimally augmented after ethanol exposure,
permeability was considerably normalized. This effect may result from
enhancement of tight junction by live bacteria treatment for first 24h.
Therefore, live Roseburia can enhance intestinal epithelial tight junction,

although it could not protect directly ethanol-induced barrier dysfunction.
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Figure 7. Live Roseburia spp. increased relative TEER change and mitigated permeability in ethanol-damaged Caco-2 monolayer.

In Caco-2 transwell system, (A) relative TEER change after live Roseburia spp. treatment at 108, 10° cells/ml for 24h was measured. (B) 3%
(v/v) of ethanol was challenged for 3h and relative TEER change was measured. (C) FITC-dextran was treated onto apical region at 1mg/ml for
1h and fluorescence was measured in basolateral region; measured the amount of FITC-dextran passed through the membrane. But, sodium

butyrate (2mM, 1% v/v) as a positive control. Statistical analysis was performed using t test error bars represent SEM.
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7. The supernatant from Roseburia spp. had no effects on

strengthening tight junction in ethanol-damaged Caco-2 monolayer

As one of the possibility influencing intestinal epithelial barrier function,
the supernatant, of which metabolites of Roseburia such as butyrate
composed, was examined in this in vitro scheme. However, following
administration of the supernatants for 24h, relative TEER change had not
been enhanced, but even significantly reduced (Fig. 8A). TEER value
was consistent or decreased after subsequent ethanol challenge (Fig. 8B).
Finally, FITC-dextran permeability test clearly showed that the
supernatant did not reinforce tight junction (Fig. 8C). Accordingly, it was
evident that the supernatants had no effect on improving intestinal

epithelial tight junction, although they contained butyrate.
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Figure 8. The supernatants from Roseburia spp. had no effects on strengthening tight junction in ethanol-damaged Caco-2 monolayer.

In Caco-2 transwell system, (A) relative TEER change after supernatant of Roseburia spp. treatment at 1, 2% (v/v) for 24h was measured. (B)
Ethanol 3% (v/v) was challenged for 3h and relative TEER change was measured. (C) FITC-dextran was treated onto apical region at Img/ml
for 1h and fluorescence was measured in basolateral region; measured the amount of FITC-dextran passed through the membrane. But, sodium

butyrate (2mM, 1% v/v) as a positive control. Statistical analysis was performed using t test error bars represent SEM.
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8. Flagellins derived from Roseburia spp. are differentially effective

on tight junction in ethanol-damaged Caco-2 monolayer

The other possibility of beneficial effects of live Roseburia bacteria on
enhancing Caco-2 tight junction was their flagellin. We examined
Roseburia-derived flagellin extracts in this scheme. After flagellin
extracts were treated for 24h, flagellin extracts from R. intestinalis and
R. hominis (the former) significantly increased relative TEER change
value, whereas that of R. faecis (the later) decreased the value (Fig. 9A).
Moreover, the former reinforced tight junction following ethanol
challenge, but the latter did not (Fig. 9B). Consistently, the former
enhanced FITC-dextran permeability and the latter had no effects (Fig.
9C). Therefore, Roseburia-derived flagellin can enhance intestinal tight
junction in ethanol-damaged Caco-2 monolayer in strain-dependent

manner.
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Figure 9. Flagellin extracts derived from R. intestinalis and R. hominis increased relative TEER change and permeability in ethanol-

damaged Caco-2 monolayer.

In transwell system, (A) relative TEER change after treatment of flagellin extracts derived from Roseburia spp. at 250, 500ug/ml for 24h was
measured. (B) 3% of ethanol was challenged for 3h and relative TEER change was measured. (C) FITC-dextran was treated into apical region
at Img/ml for an hour and fluorescence of FITC-dextran was measured in basolateral region; the amount of FITC-dextran transferred through

membrane. But, sodium butyrate (2mM, 1% v/v) as a positive control. Statistical analysis was performed using t test error bars represent SEM.
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IV. Discussion

In this study, we revealed three major findings. First, Roseburia was
associated with expression levels of intestinal tight junction genes in
ALD mice. Second, live Roseburia had a strengthening effects on
ethanol-damaged Caco-2 monolayer. Third, protective effect of
Roseburia on tight junctions in Caco-2 cell is partly derived from their
flagellin with strain-specificity, rather than their metabolites. These
findings suggested that Roseburia spp. were involved in regulation of
ethanol-induced intestinal barrier dysfunction through their flagellin in

strain-dependent manner.

ALD mouse model using Lieber-DeCarli diet clearly showed clinical
ALD properties, such as elevated levels of serum ALT and AST,
consistent with previous studies [7, 27]. Previous studies have been
focused on gut barrier dysfunction in ALD [7, 28], since translocation of
endotoxin has been proposed as one of the main causes. Likewise, we
observed increased in vivo permeability and serum endotoxin levels in
ethanol-fed group (Fig. 1F-G). Therefore, this ALD mouse model was
well constructed to investigate association between gut microbiota and

intestinal barrier function in ethanol-damaged condition.

It has been recently accepted that composition of gut microbiota is
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altered in ALD [29]. For instance, the abundance of Lactobacillus was
decreased in both ALD patients and mouse [30]. Also, administration of
specific gut microbiota, such as Lactobacillus spp., enhanced gut barrier
function [31], and subsequently alleviated ALD [7]. In this study, we
focused on specific gut microbiota, Roseburia, of which abundance was
significantly decreased in ALD mice (Fig. 3A). We investigated their
protective effects on ethanol-damaged intestinal barrier, which is

important in alleviation of ALD.

Gut microbiota analysis in ALD mice showed expansions of class
Gammaproteobacteria and its family Enterobacteriaceae, which
represent dysbiosis of gut microbiota not only in ALD but also in various
pathological conditions [32-34]. This is because they are composed of
Gram-negative bacteria such as Salmonella, Shigella and Escherichia
coli, which all release endotoxins [35]. Consistently, we observed this
altered gut microbial composition in the ethanol-fed group (Fig. 2C), and
it may contribute to following endotoxemia (Fig. 1G). On the other hand,
phylum Bacteroidetes and its genus Bacteroides were enriched in gut
microbiota from pair-fed mice compared to ethanol-fed mice. It is well
established that genus Bacteroides normally makes up great portion of
mammalian intestinal microbiota and has beneficial effects in various

diseases such as colon cancer [36, 37]. However, the family
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Lachnospiraceae, which also observed as one of the significantly
increased taxa in pair-fed mice (Fig. 2C), has been barely studied in ALD.
In particular, genus Roseburia, which belongs to family
Lachnospiraceae, has been also scarcely examined as target of probiotic
effects in ALD. Therefore, we sought to figure out the effects of

Roseburia on ALD and gut barrier function.

It has been demonstrated that alcohol consumption results in gut barrier
dysfunction by disrupting tight junction [2]. Alcohol itself disrupts tight
junction by not only generating reactive oxygen species (ROS), but also
inhibiting the expression levels of tight junction-related genes such as
Zo-1 and Occludin [1, 7]. In this study, the expression levels of Occludin
were significantly decreased in ALD mice compared to pair-fed mice
(Fig. 3B), and it was significantly correlated with the abundance of
Roseburia (Fig. 3C), indicating the association with gut barrier function
in ethanol-damaged condition. However, transcriptional expression
levels were not sufficient to represent gut barrier function. Therefore,
further evaluation of protein expression levels of tight junction is needed
to confirm this in vivo finding. Nonetheless, it is undeniable that the
evidence is worth to move on to Caco-2 in vitro experiments to figure

out the effects of Roseburia.

Intestinal carcinoma Caco-2 monolayer has been adopted to examine
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intestinal epithelial permeability using transwell system [11]. It
simulates the structure of intestine effectively, as it structurally holds
epithelial monolayer in between two compartments; upper one
represents apical region and bottom represents basolateral region of
intestine. Integrity of tight junction could be measured as TEER value
between apical and basolateral region. Also paracellular permeability
could be evaluated by passing fluorescence-labeled inulin or dextran
through the Caco-2 monolayer [12]. Therefore, it is suitable in vitro
system to analyze the effects of gut microbiota and their metabolites on
epithelial barrier function. Furthermore, Elhaseen E. Elamin et al.
modified the model to assess the intestinal epithelial permeability in
ethanol-damaged condition, and demonstrated the protective effects of
butyrate [13], which has been widely reported as beneficial metabolites
in maintaining intestinal homeostasis [25]. We adopted this in vitro
model to investigate effects of live Roseburia on ethanol-damaged gut
barrier function (Fig. 7). Moreover, as well as live Roseburia cells, their
metabolites and flagellin extracts were also evaluated to find the effector

molecule in ALD (Fig. 8-9).

In this study, however, it is limited that relative change of TEER value
was the only evidence for strengthened tight junction. Many studies

demonstrated both TEER value and protein expression levels of tight
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junction to substantiate the improving effects on gut barrier integrity [7,
10]. Thus, to clarify the effects of Roseburia on intestinal tight junction,
more data should be supported, such as expression levels of tight
junction-related mRNA genes or proteins in Caco-2 cells. Nonetheless,
it is obvious that both TEER value and the subsequent permeability test

are powerful evidence for evaluating gut barrier integrity.

As one of the butyrate-producing bacteria, Roseburia has been associated
with various diseases, such as obesity, diabetes and colitis [ 14]. Recently,
Roseburia hominis has been examined their anti-inflammatory effects on
colitis mouse model [38], and so did Roseburia intestinalis-derived
flagellin [16]. Therefore, strain-specific effects of Roseburia on health
and disease should be understood. In this in vitro study, flagellin extracts
from three Roseburia species improved ethanol-induced barrier
dysfunction in strain-dependent manner (Fig. 9), whereas their
metabolites did not show improving effects (Fig. 8). However, further
study is needed to be performed to clarify the effect of flagellin, such as
elucidating the mechanism of action in signaling pathways containing

TLRS, which is known as a receptor for flagellin.

Flagellin is a globular protein forming the filament in a bacterial
flagellum, rendering bacterial motility. It has been widely accepted as

inflammatory molecules, like endotoxins. For instance, Sal/monella-
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derived flagellin clearly induces inflammation [39]. On the other hand,
recently published study focused on immunomodulatory potency of
flagellin derived from gut commensal [40]. In this context, we suggested
Roseburia-derived flagellin plays a protective role in ethanol-induced
Caco-2 barrier dysfunction. The conflicting potencies of flagellin may
be derived from strain-dependent different structure of flagellin [41].
Indeed, size of flagellin fractions was different among Roseburia spp.
and their strain-specific effects were observed. Thus, these findings
could support understanding beneficial roles of flagellin in intestinal
barrier function. However, it should be further evaluated whether these
effects of Roseburia-derived flagellin are specific in ethanol-damaged
condition or not. Since both R. hominis and R. intestinalis were shown
to alleviate colitis, which are representative to gut barrier dysfunction
[16, 38], it may possible that both effects were partly derived from their

flagellin.

In conclusion, this study showed novel association between particular
gut microbiota, Roseburia, and gut barrier dysfunction in ALD mice.
Moreover, protective effects of Roseburia on ethanol-damaged Caco-2
monolayer were investigated, and the effector molecule of Roseburia
was suggested as their flagellin with strain-specificity. In order to

substantiate the causal effects of Roseburia, Roseburia-fed ALD mouse
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model should be constructed in the future study. Consequently,

Roseburia and their flagellin could be novel therapeutic targets of ALD.
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