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Postbiotics Prepared Using Lactobacillus reuteri
Ameliorates Ethanol-Induced Liver Injury by Regulating the
FXR/SHP/SREBP-1c Axis

Chen Liu, Tianying Cai, Yonglang Cheng, Junjie Bai, Mo Li, Boyuan Gu, Meizhou Huang,*
and Wenguang Fu*

. . . . - _ . 1. Introduction
Scope: While probiotics-based therapies have exhibited potential in alleviating

alcohol-associated liver disease (ALD), the specific role of postbiotics derived Alcohol-associated liver disease (ALD)
from Lactobacillus reuteri (L. reuteri) in ALD remains elusive. This study aims arises from chronic alcohol consumption

. . hei P bioti I . lcohol-induced and is a significant health concern, lead-
to investigate the impact of postbiotics on ameliorating alcohol-induce: ing to liver damage and progressing from

hepatic steatosis and the underlying mechanisms. hepatic steatosis to carcinoma, present-
Methods and results: Using network pharmacology, the study elucidates the ing distinct pathological features. Hep-
targets and pathways impacted by postbiotics from L. reuteri, identifying the atic steatosis is the most common re-

sponse of the liver to alcohol, with over
90% of heavy drinkers developing this re-
versible early stage of ALD.['?] Chronic
alcohol intake contributes to gut barrier

farnesoid X receptor (FXR) as a promising target for postbiotics against ALD,
and lipid metabolism and alcoholism act as crucial pathways associated with
postbiotics-targeting ALD. Furthermore, the study conducts histological and

biochemical analyses coupled with LC/MS to evaluate the protective effects dysfunction, increased intestinal perme-
and mechanisms of postbiotics against ALD. Postbiotics may modulate bile ability, and alterations in intestinal home-
acid metabolism in vivo by regulating FXR signaling, activating the ostasis, all of which are factors contribut-

ing to the development of ALD through
the gut-liver axis.}] Currently, there are
no accepted therapeutics to halt or re-

FXR/FGF15 pathway, and influencing the enterohepatic circulation of bile
acids (BAs). Subsequently, postbiotics regulate hepatic FXR activated by BAs

and modulate the expression of FXR-mediated protein, including short verse ALD in patients, despite the pro-
regulatory partner (SHP) and sterol regulatory element binding protein-1c found economic and health impact of
(SREBP-1c), thereby ameliorating hepatic steatosis in mice with ALD. ALD, and early prevention and treat-

ment can efficiently attenuate the devel-
opment of irreversible lesions.**! There-
fore, there is an urgent need to develop
novel ALD therapies.

Previous studies have focused on the
protective effects of Lactobacillus reuteri

Conclusion: Postbiotics effectively alleviate ethanol-induced hepatic steatosis
by regulating the FXR/SHP/SREBP-1c axis, as rigorously validated in both in
vivo and in vitro.

C. Liu, J. Bai, M. Li, B. Gu, M. Huang, W. Fu T. Cai

Department of General Surgery (Hepatopancreatobiliary surgery) School of Medicine

The Affiliated Hospital Xiamen University

Southwest Medical University Xiamen 361100, China

Luzhou 646000, China Y. Cheng

E-mail: 1314125407 1@ 163.com; fuwg@swmu.edu.cn Department of General Medicine
C.Liu, J. Bai, M. Li, B. Gu, M. Huang, W. Fu West China Hospital

Metabolic Hepatobiliary and Pancreatic Diseases Key Laboratory of Sichuan University

Luzhou City Chengdu 610000, China

Academician (Expert) Workstation of Sichuan Province
Department of General Surgery (Hepatopancreatobiliary surgery)
The Affiliated Hospital

Southwest Medical University

Luzhou, sichuan 646000, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/mnfr.202300927

DOI: 10.1002/mnfr.202300927

Mol. Nutr. Food Res. 2024, 2300927 2300927 (1 of 18) © 2024 Wiley-VCH GmbH


http://www.mnf-journal.com
mailto:13141254071@163.com
mailto:fuwg@swmu.edu.cn
https://doi.org/10.1002/mnfr.202300927

ADVANCED
SCIENCE NEWS

M@llar Nutrition

www.advancedsciencenews.com

(L. reuteri) against ALD. It has been demonstrated that L. reuteri
is beneficial for intestinal barrier function and has properties for
balancing liver lipid metabolism in ALD.[%7] To date, the bene-
ficial effects of probiotics on human health are not necessarily
directly be attributed to living bacteria but rather to their metabo-
lites or components.!®] According to the International Scientific
Association of Probiotics and Prebiotics (ISAPP), inactivated bac-
teria and/or their metabolites or components that have a bene-
ficial effect on the host.°l Postbiotic preparations derived from
Lactobacillus have revealed the presence of numerous bioactive
metabolites, such as organic acids and exopolysaccharides./1%1!]
Studies have not only demonstrated the safety of postbiotics
but have also emphasized their potential benefits in improving
gastrointestinal function and managing systemic metabolic re-
sponses by regulating gut microbial metabolites.!®!?] These find-
ings imply that postbiotics prepared using L. reuteri could repre-
sent a novel target for the prevention and treatment of ALD. How-
ever, the protective effects of postbiotics derived from L. reuteri
against ALD and their associated molecular mechanisms are not
yet fully understood.

Alcohol consumption disrupts the enterohepatic circulation of
bile acids (BAs), which worsens ALD. The Farnesoid X receptor
(FXR) serves as a crucial regulator of BA enterohepatic circula-
tion and is predominantly expressed in the liver and intestines.
It plays a key role in maintaining BA homeostasis and governing
various metabolic processes.['>!*] Activation of intestinal FXR
is essential for suppressing BA synthesis and promoting liver
regeneration by stimulating the production of fibroblast growth
factor 15 (FGF15) in mice. Consequently, FGF15 significantly
influences hepatic FXR activation, lipid metabolism, and en-
terohepatic homeostasis.['>!®) Among the factors influencing
FXR signaling, L. reuteri has demonstrated efficacy in preventing
excessive hepatic lipid accumulation in mice by activating intesti-
nal FXR signaling.l®! Furthermore, the FXR/SHP pathway plays
a critical role in regulating fatty acid homeostasis, wherein SHP
functions as both a transcriptional repressor and a direct FXR
target.l'”] Consequently, FXR suppresses the activity of sterol
regulatory element-binding protein-1c (SREBP-1c), leading to
reduced hepatic triglyceride (TG) levels.[®] These findings hold
significant implications for further elucidating the pathophysi-
ological changes and molecular mechanisms of ALD, as well as
for the development of new treatments for this condition.

Hence, within the scope of this study, early stages of ALD
were induced in both in vivo and in vitro models through
ethanol administration. A comprehensive range of methodolo-
gies, including network pharmacology analysis, targeted bile acid
metabolomics, and histological assessments, were meticulously
employed. The primary focus of this study was to elucidate the
protective attributes and underlying molecular mechanisms as-
sociated with postbiotics derived from L. reuteri against ethanol-
induced early ALD. Notably, significant attention was devoted to
the restoration of intestinal bile acid metabolism and the mitiga-
tion of hepatic steatosis. These findings not only provide novel in-
sights into the dynamic interplay between L. reuteri-derived post-
biotics and ALD but also establish a potential theoretical foun-
dation for the development of innovative therapeutic strategies
targeting early ALD in clinical practice.
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2. Experimental Section

2.1. Network Pharmacology

The study used network pharmacology to predict the treatment of
alcohol-related liver diseases (ALD) using bioactive compounds
or metabolites of L. reuteri. The process involved the following
steps: 1) data collection and collation, including identification of
the chemical composition of bioactive compounds or metabolites
of L. reuteri, screening of candidate compounds, identification of
ALD targets, and intersection of the predicted targets of candidate
compounds with the disease targets; 2) network topology analy-
sis and protein interaction network construction; 3) enrichment
analysis. All retrieved data were obtained as of March 16, 2023.

2.2. Data Collection and Collation
2.2.1. Bioactive Compounds of L. reuteri

It was known that L. reuteri metabolized glycerol to produce a
special antibacterial substance, reuterin, whose main component
was the monomer of 3-hydroxypropionaldehyde (3-HPA).[""! Ac-
cording to a large amount of literature, based on literature
search engines such as PubMed (https://pubmed.ncbi.nlm.nih.
gov/), and Web of science (https://www.webofscience.com/) for
L. reuteri related bioactive compounds or metabolites.

2.2.2. Target Gene Prediction for the Selected Chemicals

The simplified molecular input line entry system (SMILES)
of the selected bioactive compounds were queried using the
PubChem!?®! database (https://pubchem.ncbi.nlm.nih.gov/),
and then the SMILES of the compounds were entered
into the SwissTargetPrediction!?t! web tool (http://www.
swisstargetprediction.ch/) for target gene prediction, and
targets were identified using the probability > 0 as the screening
condition.

2.2.3. Target Gene Screening for ALD

Information on known therapeutic target genes associated
with ALD was retrieved from the GeneCards!??!(https://www.
genecards.org/), Gene Expression Omnibus database (https://
www.ncbi.nlm.nih.gov/gene), and DisGeNET(?}! database (https:
/[www.disgenet.org/).

2.2.4. Venn Analysis

For all of the target genes related with the chosen chemicals and
ALD, a Venn diagram was generated for all target genes asso-
ciated with the bioactive compounds and ALD using Venny 2.1
software showing the intersection of the predicted targets of the
bioactive compounds and known targets of the disease.
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2.3. Network Topology Analysis and Protein Interaction Network
Construction

2.3.1. Network Topology Analysis

Cytoscape 3.9.1 was used to visualize bioactive compounds-target
network diagram of L. reuteri networks. The study systematically
explored the selected bioactive compounds and their potential
molecular mechanisms for treating ALD using L. reuteri related
bioactive compounds or metabolites (postbiotics).

2.3.2. Protein Interaction Network Construction

The target genes obtained from the Venn analysis of intersections
were imported into the Multiple Proteins text box in STRINGI**]
(https://string-db.org/) to construct a protein—protein interaction
network (PPI). This network was constructed to systematically
understand the protein interactions and identify the most im-
portant proteins in the network. Before constructing the PPI
network, the organism was set as a common bovine (Bos tau-
rus), the minimum interaction score was set to “medium confi-
dence” (0.40), and the unconnected protein nodes were excluded.
The constructed PPI network data were mapped using Cytoscape
3.9.1.

2.4. Enrichment Analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses were performed using
DAVIDI®! (https://david.ncifcrf.gov/) bioinformatics resources.
The GO analysis included three categories: biological processes
(BP), cellular components (CC), and molecular functions (MF).
Finally, the bar chart and the Sankey dot pathway enrichment
chart were plotted using the Bioinformatics free online plat-
form (www.bioinformatics.com.cn/) for bioinformatics-related
data analysis.

2.5. Postbiotics Preparation

For preparation of L. reuteri-derived postbiotics,!?! L. reuteri was
obtained from BioGaia (Sweden) and activated to the third gen-
eration in MRS medium. The activated seed solution was inocu-
lated at 2% into the postbiotics preparation medium, where each
liter of water contained 20 g glucose, 10 g peptone, 5 g sodium
acetate, 4 g yeast extract, 2 g ammonium citrate, 2 g K,HPO,-
3H,0, 0.2 g magnesium sulfate, 0.1 g MnSO,-H,0, and 0.05 g
manganese sulfate, and was then cultured for 12 h. The result-
ing fermentation broth was inoculated at 5% in the postbiotics
preparation medium and cultured for 21-25 h. Subsequently, the
fermentation broth was heat-treated (65 °C, 30 min), sonicated
(crushing power 60%, total crushing time 15 min, intermittent
time 4 s), and freeze-dried to obtain postbiotics. The postbiotics
(derived from L. reuteri) and postbiotics preparation media (vehi-
cle) were lyophilized for later use.
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2.6. Cell Culture and Treatment

LO2 cells, a normal human liver cell line, were purchased from
the Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). These cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM,; cat# 11965118, Thermo Fisher Sci-
entific, USA) supplemented with 10% fetal bovine serum (FBS;
cat# C04001-500, Shanghai XP Biomed Ltd., China) and 1%
penicillin—streptomycin (cat# C0222, Beyotime, China). The in-
cubator was maintained at 37 °C with 5% CO,, and the medium
was renewed daily. Experiments were conducted when the cells
reached 80-90% confluency after the third generation.

To evaluate the impact of postbiotics on ethanol-induced dys-
function in LO2 cells, the cells were randomly allocated into four
groups: control, EtOH, postbiotics, and postbiotics control (vehi-
cle). Cells in the control group were incubated in a normal culture
medium for 5 days. Cells in the EtOH group were incubated with
normal culture medium for 3 days and then treated with medium
containing 150 mM ethanol at a fixed time of the day at 5 pm
for an additional 48 h. In the postbiotics group, cells were prein-
cubated with a culture medium containing different concentra-
tions of postbiotics (postbiotics-L: 0.208 mg mL~!, postbiotics-M:
0.3125 mg mL"’, and postbiotics-H: 0.625 mg mL"!) for 3 days,
and then incubated in medium containing 150 mM ethanol at a
fixed time of the day at 5 pm for an additional 48 h. The vehicle
group was identical to the postbiotics group, except that the cells
were cultured in a lyophilized postbiotics preparation medium
(postbiotics-H: 0.625 mg mL!). Three to five independent in vitro
experiments were conducted, with at least three replicates for
each group in every experiment.

Additionally, to investigate the role of farnesoid x receptor
(FXR/NR1H4) in ethanol-induced dysfunction in LO2 cells, cells
were treated with FXR inhibitors glycine-g-muricholic acid (Gly
B-MCA, cat# HY-114392, MedChemExpress, China). Cells were
randomly divided into six groups: control, EtOH, postbiotics,
control + Gly -MCA, EtOH + Gly f-MCA, and postbiotics + Gly
B-MCA. The control group, EtOH group, and postbiotics group
(postbiotics-H: 0.625 mg mL!) were treated as described previ-
ously. In the control + Gly f-MCA group, cells were precultured
with 42.954 uM Gly g-MCA for 24 h and then incubated with the
normal culture medium for 4 days. In the EtOH + Gly g-MCA
group, cells were pretreated with 42.954 uM Gly -MCA for 24 h,
cultured with the normal culture medium for another 48 h, and
then cultured with the medium containing 150 mM ethanol at a
fixed time of 5 pm for 48 h. In the postbiotics + Gly f-MCA group,
cells were pretreated with 42.954 uM Gly g-MCA for 24 h, then in-
cubated with the medium containing 0.625 mg mL" postbiotics
for 48 h, and followed by continued incubation with the medium
containing 150 mM ethanol at a fixed time of 5 pm for 48 h. Three
to five independent in vitro experiments were conducted, with at
least three replicates for each group in every experiment.

2.7. Mouse Strains and Treatments
Wild-type male C57BL/6] mice (8—10 weeks old and without

siblings) weighing 20-22 g, were acquired from Luzhou Yinhui
Biotechnology Co., Ltd. (Luzhou, China). All mice were housed
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under 12 h light/dark cycles in an environment with relative hu-
midity (45—65%) and temperature (22 + 2 °C), and they had un-
limited access to standard rodent diet and water under specific-
pathogen-free (SPF) conditions. Prior to the experiments, the
mice were allowed to acclimatize for at least 1 week. All animal
experiments were conducted in accordance with the “3R” princi-
ple (reduce, replace, and reintegrate).

2.8. Establishment of Mouse Ethanol-Induced Liver Injury and
Drug Treatment

Chronic-binge alcohol feeding was used to induce alcohol-
induced liver injury according to the NIAAA model?’! (three
to four technical replicates). Briefly, 42 mice were randomly
divided into seven groups of six mice each. Mice in each group
were initially fed either a Lieber-DeCarli control diet (TP 4030C,
Trophic Animal Feed High-tech Co., Ltd., Nantong, China) or a
Lieber-DeCarli EtOH liquid diet (5% vol/vol EtOH, TP 4030D,
Trophic Animal Feed High-tech Co., Ltd., Nantong, China). A
schematic overview of ALD mouse model and drug treatment
was shown in Figure S1, Supporting Information. The detailed
grouping was as follows: 1) the control group: Lieber-DeCarli
control diet for 28 days; 2) the EtOH group: Lieber-DeCarli
control diet for 5 days to adapt to the liquid diet, followed by
Lieber-DeCarli EtOH liquid diet for 23 days; 3) the postbiotics
(derived from L. reuteri) groups: Lieber-DeCarli control diet for
5 days, followed by Lieber-DeCarli EtOH liquid diet for 23 days
and gastric perfusion with postbiotics (0.3 g kg day! [postbi-
otics 30 mg mL1], 0.6 g kg day! [postbiotics 60 mg mL1], and
0.9 g kg! day! [postbiotics 90 mg mL™']); 4) the vehicle treated
group (the control postbiotics): Lieber-DeCarli control diet for 5
days, followed by Lieber-DeCarli EtOH liquid diet for 23 days and
gastric perfusion with the lyophilized postbiotics preparation
media (0.6 gkg! day'); 5) the Metadoxine group: Lieber-DeCarli
control diet for 5 days, followed by Lieber-DeCarli EtOH lig-
uid diet for 23 days and gastric perfusion with metadoxine
(11.428 mg kg day™!). Postbiotics, postbiotics preparation media
(vehicle), and metadoxine were administered to mice by gavage at
the appropriate doses dissolved in 0.2 mL of double distilled H,O
(ddH,0) once daily for 23 days. The control and EtOH groups
were administered the same amount of normal ddH,O. All mice
were intragastrically administered a 31.5% v/v ethanol solution
(5 g kg! body weight, alcohol-fed mice) or an equal gavage
volume of 45.0% (wt/vol) maltose dextrin (pair-fed control mice)
in the morning on day 28th, and all mice were sacrificed 9 h
later.

2.9. Sample Collection

Blood samples were collected by heart puncture and centrifuged
at 1500 X g for 20 min at 4 °C for subsequent biochemical anal-
ysis. Serum biochemical indicators were measured using detec-
tion kits. The mice were sacrificed by exsanguination after be-
ing anesthetized with isoflurane. Liver, jejunum, and colon tis-
sues were harvested. These tissues were divided into two parts:
one part was immediately snap-frozen in liquid nitrogen and the
other part was fixed in 4% neutral paraformaldehyde.
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2.10. Serum and Cellular Supernatant Biochemical Assays

The levels of serum and cellular supernatant alanine transam-
inase (ALT) (Cat# C009-2-1), aspartate aminotransferase (AST)
(Cat# C010-2-1), triglyceride (TG) (Cat# A110-1-1), and total
cholesterol (TC) (Cat# A111-1-1) were detected using commer-
cially available detection kits (Nanjing Jiancheng Bioengineering
Institute, China) according to the manufacturers’ protocols.

2.11. Fibroblast Growth Factor 15 ELISA

Fibroblast growth factor 15 (FGF15) was detected in the serum
using mouse fibroblast growth factor 15 (FGF15) enzyme-linked
immunosorbent assay (ELISA) kits (MM-44031M1) according
to the manufacturer’s instructions, which were obtained from
Jiangsu Meimian Industrial Co., Ltd., China.

2.12. Real-Time Polymerase Chain Reaction (RT-PCR)

Total RNA extraction was extracted from ileum tissue using
FastPure Cell/Tissue Total RNA Isolation Kit (cat# RC101-01,
Vazyme, China). Total RNA was subjected to reverse transcrip-
tion into ¢cDNA by using HiScript III All-in-one RT SuperMix
Perfect for qPCR (cat# R333-01, Vazyme, China). Real-time PCR
was performed by using ChamQ Universal SYBR qPCR Mas-
ter Mix (cat# Q711-02, Vazyme, China), and Applied Biosys-
terms StepOne Real-Time PCR system (Thermo Fisher Scien-
tific, USA). The relative gene expression was determined by the
AACT method. All primer sequences used in this study were pro-
vided in Table S1, Supporting Information.

2.13. Histological Analysis

The liver, jejunum, and colon specimens were fixed in 4% neutral
paraformaldehyde and embedded in paraffin. Paraffin-embedded
sections (5-um) were stained with hematoxylin and eosin (H&E)
(cat# DHO0006, Leagene, China). To determine hepatic lipid accu-
mulation, liver sections were embedded in the OCT compound
(cat# 4583, SAKURA, Japan). Frozen liver sections (10-um) were
stained with oil red o (ORO) staining (cat# DL0011, Leagene,
China), and the percentages of hepatocytes involved in steatosis
were assessed by relative lipid content, which was quantified by
Image]. For ORO staining, red staining was quantified above a
preselected threshold, and the average intensities of the images
were normalized to the average of all control samples.

2.14. Immunohistochemistry

All colons and jejuna were fixed in 4% neutral paraformalde-
hyde, embedded in paraffin, and cut into 5-um sections. The
slides were deparaffinized and subjected to antigen retrieval (cat#
P0081, Beyotime, China). The slides were rinsed twice with 1x
TBS (tris buffered saline, cat# 12498, Cell Signaling Technology,
USA) containing 0.025% Triton X-100 (cat# T8200, Beijing So-
larbio Science & Technology Co., Ltd., China) for 5 min each

© 2024 Wiley-VCH GmbH
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time and blocked in 1% bovine serum albumin in TBS for 2 h
at room temperature. Colons were then incubated overnight at
4 °C with rabbit anti-Occludin antibody (cat# ab216327, Abcam,
USA) at dilution of 1:100, and rabbit anti-Muc2 antibody (cat#
ab272692, Abcam, USA) at dilution of 1:100. And jejuna were in-
cubated overnight at 4 °C with rabbit FXR polyclonal antibody
(cat# 25055-1-AP, Proteintech, USA) at dilution of 1:200. The
slides were treated with hydrogen peroxide for 15 min before
treatment with the biotinylated secondary antibody goat antirab-
bit IgG H&L (HRP) (cat# ab6721, Abcam, USA) at 1:800 for 1 h at
room temperature. The slides were then washed with TBS three
times (5 min per time) before treatment with DAB reagent (cat#
P0203, Beyotime, China) for 15 min. Counterstaining was per-
formed using hematoxylin, followed by dehydrated in ethanol
and green transparent liquid wax (cat# YA0031, Beijing Solarbio
Science & Technology Co., Ltd., China).

2.15. Alcian Blue-Periodic AcidSchiff (AB-PAS) Staining

Colons around the most distal fecal pellet in the colon were
excised and fixed in 4% neutral paraformaldehyde, embedded
in paraffin, sectioned into 5-um slices, and stained with AB-
PAS, which was using AB-PAS staining solution (cat# DG0007,
Leagene, China) according to manufacturer’s instructions.

2.16. Cellular ORO Staining

Cells in 6-well plates were washed three times with 1x PBS
(phosphate-buffered saline, cat# 9872, Cell Signaling Technology,
USA) and then stained with ORO staining solution (cat# DL0008,
Leagene, China) according to the manufacturer’s instructions. Fi-
nally, the cells were observed under an inverted fluorescence mi-
croscope.

2.17. Protein Expression Analysis

The expression of FXR, FGF15, short heterodimer partner
(SHP), sterol regulatory element binding protein-1c (SREBP-
1c), platelet glycoprotein 4 (CD36), carbohydrate-responsive
element-binding protein (ChREBP), fatty acid synthase (FASN),
peroxisome proliferator-activated receptors (PPARa), sodium-
dependent bile acid transporter (ASBT), and organic solute trans-
porter beta (OST-f), were evaluated by western blotting anal-
ysis. Briefly, the total protein of the liver and ileum tissues
and LO2 cells from different groups was isolated in RIPA ly-
sis buffer (cat# 9806S, Cell Signaling Technology, USA) with
protease/phosphatase inhibitor cocktail (cat# 5872S, Cell Sig-
naling Technology, USA). After centrifugation of the lysates at
16 000 X g for 15 min at 4 °C, the supernatants were collected
and stored at —80 °C until analysis. The concentrations were
quantified using the BCA method. Proteins were loaded onto
SDS-PAGE (6-10%) gels for electrophoresis and transferred off
the separated proteins onto polyvinylidene fluoride membranes
(Merck Millipore) using standard procedures. Primary antibod-
ies against FXR (1:3000, cat# 25055-1-AP, Proteintech, USA),
FGF15 (1:2000, cat# ab229630, Abcam, USA), SHP (1:4000, cat#
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24546-1-AP, Proteintech, USA), SREBP-1c (1:2000, cat# 66875-
1-Ig, Proteintech, USA), CD36 (1:1000, cat# 18836-1-AP, Pro-
teintech, USA), ChREBP (1:1000, cat# 13256-1-AP, Proteintech),
FASN (1:1500, Abcam ab128856), PPAR« (1:800, cat# 15540-1-
AP, Proteintech, USA), ASBT (1:500, cat# 25245-1-AP, Protein-
tech, USA), OST-f (1:300, cat# bs-2128R, Bioss, China), internal
control f-actin (1:3000, cat# 20536-1-AP, Proteintech, USA), and
GAPDH (1:5000, cat# 10494-1-AP, Proteintech, USA), were in-
cubated with the blots. Horseradish peroxidase-conjugated sec-
ondary antibodies (1:10 000, cat# ab6721, cat# ab6789, Abcam,
USA) were used, and the blots were incubated for 2 h. After wash-
ing with 1x TBST (tris buffered saline with tween 20, cat# 9997,
Cell Signaling Technology, USA), protein bands were visualized
using a highly sensitive ECL chemiluminescence detection kit
(cat# E412-01, Vazyme, China). The band intensities of the pro-
teins of interest were quantified and analyzed using Image]J soft-
ware, and all the results were normalized to the corresponding
internal control of f-actin or GAPDH for eliminating the varia-
tion of the total protein.

2.18. Bile Acid (BA) Quantification

BA in the serum of wild-type mice fed an isocaloric or ethanol-
containing diet for 28 days and BA in postbiotics-treated mice
were quantified using liquid chromatography-mass spectrome-
try (LC/MS) as previously described.[?®} Briefly, serum samples
were extracted in 0.6 mL of methanol (-20 °C) with 100 mg of
glass beads, vortex for 60 s. Centrifuge at 12 000 rpm and 4 °C for
10 min, take 0.4 mL of the supernatant and concentrate it to dry-
ness with a vacuum concentrator. Add 0.10 mL of 30% methanol
to reconstitute. An appropriate amount of the supernatant was
added to the LC-MS bottles. BA separation was achieved using
an ACQUITY UPLC BEH C18 column (2.1 x 100 mm, 1.7 pm,
Waters, USA) for gas chromatography, and the injection volume
was 5 L, the column temperature was 40 °C. The mass spec-
trum conditions were electrospray ionization (ESI) source, nega-
tive ionization mode, and scans were performed using multiple
reaction monitoring (MRM).1?")

2.19. Quantitative and Qualitative Analysis of Postbiotic
Components

The lyophilized postbiotics (derived from L. reuteri) and postbi-
otics preparation media (vehicle) were qualitatively and quanti-
tatively analyzed using UHPLC-MSP3 as previously described.
Briefly, the LC/MS system used a Shimadzu Nexera X2 LC-30AD
with an Acquity UPLC HSS T3 column (1.8 pm, 2.1 X 50 mm, Wa-
ters) and a triple quadrupole mass spectrometer (5500 QTRAP,
AB SCIEX). Metabolites were detected in both negative and posi-
tive ionization modes. Samples of 5 uL were injected sequentially
with an LC autosampler. The Acquity UPLC HSS T3 column was
setat 40 °C with a flow rate of 200 uL min™ and a gradient of 0.1%
formic acid in water (solvent A) and 100% acetonitrile (solvent B).
The gradient started at 100% solvent A for 2.5 min, increased to
70% solvent A over 9 min, then decreased to 0% solvent A over
1 min, with a 5.4 min hold before re-equilibrating. QC samples
were injected periodically.
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For negative-ionization mode, the source temperature was 550
°C, with GAS1 at 40, GAS2 at 50, CUR at 35, and ISVF at-4500 V.
In positive-ionization mode, the source temperature was 550 °C,
with GAS1 at 40, GAS2 at 50, CUR at 35, and ISVF at 5500 V.
Transitions were monitored using MRM mode. Moreover, for
data preprocessing and filtering, MultiQuant 3.0.2 software was
used to extract the original MRM data of MT1000 KIT metabo-
lites and obtain the peak area of each metabolite.

2.20. Statistical Analysis

Results were expressed as mean + SEM. (unless otherwise
stated). The Shapiro-Wilk test was used to test the normality of
the samples. Differences among groups were analyzed using a
one-way analysis of variance (ANOVA). When significance was
achieved, Duncan’s multiple comparisons tests were conducted
to identify the sources of the differences. Statistical analyses were
performed using GraphPad Prism v8.2.1. A p < 0.05 was consid-

ered to be statistically significant.

3. Results

3.1. Identification and Prediction of Bioactive Compounds from
L. reuteri (Postbiotics), with Target Enrichment Analysis for
Postbiotics-ALD

Fourteen bioactive metabolites of L. reuteri (postbiotics) were
identified in PubMed and Web of Science and screened using the
PubChem web tool (Figure 1a). The gastrointestinal absorption
of the compounds was not considered, as it is not known which
means L. reutei and its metabolites act. By intersecting these
metabolites with the ALD targets, 156 relevant targets were iden-
tified (Figure 1b). A protein—protein interaction network was con-
structed using the STRING database and Cytoscape, the nodes
in the network were ranked according to the magnitude of the
degree value, and the top 23 proteins with the highest connec-
tivity were selected (Figure 1c). The GO enrichment analysis
included three biological aspects, revealing that many targets
were involved in the biological processes (BP) regulation of gene
expression, apoptotic process, and cellular response to epider-
mal growth factor stimulus. The cellular components (CC) re-
sults showed that the targets were localized in the presynaptic
membrane, extracellular space, and region, while the MF results
showed that most targets were associated with identical protein
and enzyme binding (Figure 1d). KEGG pathway analysis indi-
cated that lipids, atherosclerosis, and alcoholism were associated
with the key targets (Figure 1le). These results suggest that FXR
may be a potentially important target for postbiotics in the treat-
ment of ALD.

3.2. Postbiotics Alleviated Ethanol-Induced Hepatocellular
Steatosis In Vitro
Steatosis is a primary pathological feature of ALD.! To investi-

gate the potential protective effects of postbiotics on ALD, LO2
cells were subjected to a hepatocellular model of early ALD in
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vitro by treating with EtOH (150 Mm, 48 h). As expected, com-
pared to the control group, EtOH-treated cells exhibited a signif-
icant increase in lipid droplets (p < 0.05, Figure 2d,e) and ele-
vated levels of TG, ALT, and AST (p < 0.001, Figure 2a—c), in-
dicating a disruption in lipid homeostasis and cellular injury.
However, treatment with postbiotics-H and postbiotics-M signifi-
cantly ameliorated ethanol-induced hepatocellular lipid accumu-
lation and cell injury (p < 0.05, Figure 2a—e). These findings indi-
cate that postbiotics may have the potential to mitigate the patho-
logical processes associated with ALD.

3.3. Postbiotics Suppressed Ethanol-Induced Liver Injury in ALD
Mice

In this study, we established an ALD model in C57BL/6] mice us-
ing the NIAAA method and administered different doses of post-
biotics (0.3, 0.6, and 0.9 g kg day!) via gavage for 23 days. Our
findings demonstrated that postbiotics-treated mice exhibited de-
creased liver weight and liver-to-body mass ratios compared to
ethanol-fed and vehicle-treated mice after Lieber-DeCarli EtOH
liquid diet feeding (p < 0.01, Figure 3a,b). Additionally, postbi-
otics treatment mice showed liver lesion reversal, as evidenced
by H&E staining, with reduced liver lipid droplet accumulation
and decreased serum ALT and AST levels (p < 0.05, Figure 3c—e).
These protective effects were comparable with those observed in
mice treated with metadoxine, a commonly used positive control
for studying hepatoprotective drugs.’!l These results suggested
that postbiotics have the potential to ameliorate ethanol-induced
liver injury in mice.

3.4. Postbiotics Alleviated Hepatic Steatosis in ALD Mice

To assess the impact of postbiotics on ethanol-induced hepatic
steatosis, we used serum levels of triglycerides (TG) and total
cholesterol (TC), along with oil red O (ORO) staining. Remark-
ably, postbiotics administration led to a significant reduction
in hepatic lipid accumulation, as indicated by the lower serum
TG and TC levels in postbiotics-treated mice (p < 0.05, Figure
4a,b). Additionally, ORO staining demonstrated a significant de-
crease in liver lipid accumulation in postbiotic-treated mice af-
ter ethanol exposure compared to ethanol-treated mice (p < 0.01,
Figure 4c,d). Collectively, these findings strongly suggested that
postbiotics can mitigate ethanol-induced hepatic steatosis.

3.5. Postbiotics Regulated Intestinal FXR-Mediated BA
Metabolism in ALD Mice

Hepatic lipid metabolism is intricately linked to the enterohep-
atic circulation of BAs, which is regulated by the key factor
FXR.32 The ASBT in the ileum reabsorbs BAs, activating intesti-
nal FXR, which induces IBABP for intracellular transport of BAs
to OSTa/p for excretion, leading to the excretion of BAs into the
portal circulation.['®32] To investigate the role of intestinal FXR
in regulating the intestinal BAs and its contribution to ALD, we
conducted an immunohistochemical analysis and found a de-
crease in FXR expression in the jejunum of ethanol-fed mice,
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Figure 1. Identification of postbiotics derived from L. reuteri, construction of PPl network, GO, and KEGG analysis results of key targets in postbiotics.
a) Bioactive compounds-target network diagram of L. reuteri. b) Veen map of bioactive compounds of L. reuteri and ALD target genes. c) Protein—protein
interaction (PPI) network of targets. d) Histogram of GO function analysis of key targets. e) Sankey dot plot chart of KEGG enrichment analysis of key

targets.
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Figure 2. Postbiotics reduced hepatocellular lipid accumulation in LO2 cells stimulated by ethanol. a—c) The levels of ALT, AST, and TG in cell supernatant,
respectively. d) Quantitative results of ORO staining amount six groups. e) Representative images of oil red O (ORO) staining (scale bars, 20 um) of
different treated groups in LO2 cells (n = 5 replicates for each group) (compared to the control group, **p < 0.05, and ***p < 0.001; compared to the

EtOH group, #p < 0.05, ##p < 0.01, and ###p < 0.001).

which was significantly increased by postbiotics treatment (p <
0.05, Figure 5a). Figure 6 illustrates the mRNA and protein ex-
pression of bile acid metabolism-related genes in the ileum. The
expression levels of ASBT, IBAPB, OST-$, and FXR, representing
BA transporters, showed an anomalous alteration in EtOH-fed
mice, which was significantly mitigated by postbiotics (p < 0.05,
Figure 5c—e).

BAs activate FXR in intestinal cells, leading to the secretion
of FGF15, which then circulates to the liver through the portal
vein to suppress bile acid synthesis. FXR-FGF15 signaling plays
a crucial role in liver FXR activation, hepatic lipid metabolism,

Mol. Nutr. Food Res. 2024, 2300927
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and enterohepatic homeostasis.'%** Our findings showed that
postbiotics treatment resulted in elevated serum FGF15 levels
and ileum FGF15 mRNA and protein expression (p < 0.01,
Figure 5b-e), indicating strengthened FGF15 signaling in en-
terohepatic circulation, which may be involved in the beneficial
effects of postbiotics on intestinal integrity promotion. There-
fore, postbiotics may regulate FXR signaling-mediated bile acid
metabolism in vivo, activating the FXR/FGF15 signal and influ-
encing the enterohepatic circulation of bile acids. These results
suggest that postbiotics have a regulatory effect on intestinal FXR
signaling-mediated BAs metabolism.
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Figure 3. Postbiotics protected mice from ethanol-induced liver injury. a, b) Measurements of the body weight, the ratio of liver weight to body weight
(LW/BW). ¢, d) The levels of serum ALT and AST in different groups. d) Representative images of H&E staining in liver sections from different groups

(n = 4-7 mice per group, 100x and 200x magnification) (compared to the control group, *p < 0.05, **p < 0.07, and ****p < 0.0001; compared to the
EtOH group, #p < 0.05, ##p < 0.01, and ###p < 0.001).
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Figure 4. Postbiotics attenuated hepatic steatosis in ALD mice. a, b) The levels of serum triglyceride (TG) and total cholesterol (TC) in different groups.
¢) Results for ORO-positive staining were analyzed and quantified. d) Representative images of ORO staining in liver sections under different treatments
(n = 4-6 mice per group, 100x and 200x magnification) (compared to the control group, **p < 0.01, and ***p < 0.001; compared to the EtOH group,

#p <0.05, ##p < 0.01, and ###p < 0.001).

3.6. Postbiotics Modulated the Serum Bile Acids Composition

Chronic ethanol intake disrupts the balance of bile acid
metabolism, leading to elevated systemic BAs levels and in-
creased levels of secondary BAs.[3*34] To investigate the effects of
postbiotics on BAs metabolism, we performed a targeted analysis
of BAs composition by using a validated method.*>] Consistent
with previous results,**! we found that ethanol-fed mice had al-

Mol. Nutr. Food Res. 2024, 2300927
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tered total serum BAs and a modified composition with elevated
levels of secondary BAs. Notably, the postbiotics changed the al-
terations induced by chronic ethanol administration (p < 0.05,
Figure 6d—g). Furthermore, separation was observed among the
control, ethanol, and postbiotics groups for the serum samples
analyzed using the PCA and OPLS-DA score plots (Figure 6a—c).
The metabolic upstream and downstream relationships among
the detected substances based on the KEGG database are
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Figure 5. Postbiotics modulated intestinal FXR-mediated BAs metabolism and increased FGF15 levels in the serum of ALD mice. a) Immunohistochem-
istry results of FXR in the jejunum. b) The levels of serum FGF15 in different groups. c—e) lleal relative mRNA and protein expression of gene involved
in BA regulation and transport (n = 4-6 mice per group, 100x and 200x magnification) (compared to the control group, *p < 0.05, and ***p < 0.001;

compared to the EtOH group, #p < 0.05, and ##p < 0.01; ns: no significance).

presented in Figure S2, Supporting Information. These results
suggest that postbiotics may alter the disrupted BAs metabolism
during chronic ethanol administration by modulating total BAs
pool composition and decreasing secondary BAs levels.

3.7. Postbiotics Activated the FXR/SHP/SREBP1c Axis Both In
Vivo and In Vitro

Ethanol consumption has been shown to disrupt hepatic lipid
homeostasis.*”! To better understand the molecular mechanism
underlying the postbiotics-lowering effect on hepatic steatosis,
we used western blotting to measure the hepatic protein levels of
several important proteins involved in lipid homeostasis in mice.
Intriguingly, both in vivo and in vitro alterations were associated
with modulations of SREBP-1¢, CD36, ChREBP, and FASN ex-
pression; however, PPAR-a expression displayed a reverse pat-
tern in vivo (p < 0.05, Figure 7a—f). Because these genes are reg-
ulated by FXRI®*] we further measured the protein expression
of FXR and its downstream target gene, SHP. As expected, both

Mol. Nutr. Food Res. 2024, 2300927
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in vivo and in vitro experiments showed that the postbiotics in-
creased FXR expression and subsequently regulated SHP expres-
sion (p < 0.05, Figure 7a,b,d,e). These results indicate that post-
biotics may ameliorate ethanol-induced hepatic steatosis by reg-
ulating the FXR/SHP/SREBP-1c axis.

3.8. Inhibition of FXR Activation Attenuated the Protective Effects
of Postbiotics in ALD

Based on these findings, we propose that postbiotics exert ben-
eficial effects on ALD by activating the FXR signaling pathway.
To test this hypothesis, we employed Gly f-MCA to inhibit FXR
activation in LO2 cells. Our results showed that postbiotics effec-
tively mitigated ethanol-induced lipid accumulation in LO2 cells,
as confirmed by ORO staining and TG analysis of the cell super-
natants. Notably, the protective effect of postbiotics was abolished
by Gly p-MCA treatment (p < 0.01, Figure 8a—c). In summary,
we found that the protective effect of postbiotics against hepatic
steatosis in ALD was dependent on FXR activation.
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Figure 6. Postbiotics changed the BAs species in the serum of ethanol-induced mice. a—c) Score plot of PCA and OPLS-DA, and permutation test of the
OPLS-DA model for different treatment groups. d, f) Bile acid composition ratio in serum contents from control, EtOH, and postbiotics (postbiotics
90 mg mL™") groups. e) The total amount (ng mL~" dried weight of stool) of taurine-conjugated bile acids, glycine-conjugated bile acids, and unconju-
gated bile acids in serum among control, EtOH, and postbiotics groups, respectively. g) The heatmap showed the relative variations of serum bile acids
(other: other bile acids; compared to the control group, **p < 0.01; compared to the EtOH group, #p < 0.05; ns: no significance).

3.9. Identification and Analysis of Functional Metabolites in
Postbiotics

and their expression changes were analyzed. The metabolites
screened for significant differences between postbiotics and Ve-
hicle were mainly concentrated in Flavonoids, benzene, and sub-
stituted derivatives, Amino acids, peptides, analogues, and Bile
acids, etc. (Figure 9d).

Building upon our previous observations, postbiotics has been
identified as a potential agent in mitigating ALD through the ac-
tivation of FXR signaling. FXR is a crucial regulator responsive to
BAs, acting as an endogenous ligand. Activation of FXR induces

Functional metabolites in postbiotics were detected using
UHPLC-MS. Separation was observed among the control,
ethanol, and postbiotics groups for the serum samples analyzed
using the PCA and OPLS-DA score plots (Figure 9a—c). With
OPLS-DA model VIP > 1 and p value <0.05 as the screening cri-
teria, the metabolites with significant differences were screened
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Figure 7. In vivo and in vitro, postbiotics upregulated protein expression of FXR and SHP, but downregulated protein expression of hepatic lipogenic
markers (SREBP-1c, CD36, and ChREBP). a—c) Representative western blotting and quantification of the protein expression of total FXR, SREBP1-c, SHP,
CD36, ChREBP, FASN, and PPAR-« in the liver of the indicated groups of mice. d—f) Representative western blotting and quantification of the protein
expression of total FXR, SREBP1-c, SHP, CD36, ChREBP, and PPAR-a in LO2 cells of the indicated groups (n = 5 per group) (compared to the control
group, *p < 0.5, **p < 0.01, and ***p < 0.001; compared to the EtOH group, #p < 0.05, ##p < 0.01, and #*##p < 0.001; ns: no significance).
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Figure 8. The anti-ALD effect of postbiotics was dependent on FXR activation. a, b) Representative images and quantitative results of ORO staining
(scale bars, 20 um) of different treated groups in LO2 cells. c) The levels of cell supernatant TG in different groups (n = 5 replicates for each group)
(compared to the control group, ***p < 0.001; compared to the EtOH group, ¥%p < 0.01; compared to the postbiotics group, *$p < 0.01).

the transcription of genes involved in BAs metabolism/transport,
lipid and glucose metabolism, thus contributing to the equi-
librium of these essential substances and influencing various
pathological processes.**! Subsequently, we conducted a detailed
analysis of BAs within the postbiotics, revealing specific en-
dogenous BAs that modulate FXR activation®*°) notably 23-
Nordeoxycholic acid (p < 0.05), deoxycholic acid (p = 0.17), litho-
cholic acid (p = 0.27), and cholic acid (p = 0.28) (Figure 9e,{).
These results suggest that the anti-ALD effects of Postbiotics may
be mediated through FXR activation by endogenous BAs.

4, Discussion

Excessive alcohol consumption causes liver histopathological
changes and dysfunction. ALD is characterized by excessive lipid
accumulation in the liver due to alcohol abuse. Steatosis, marked
by the buildup of triglycerides and cholesterol esters in hepa-
tocytes, is strongly associated with the progression of advanced
stages of ALD.3#1] Studies have demonstrated the potential of L.
reuteri in alleviating ALD; however, it is uncertain whether post-
biotics derived from L. reuteri can also protect against ALD and
the associated molecular mechanisms. In our current study, hep-
atic steatosis was induced by ethanol in vivol?’! and in vitro.[*?]
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Our findings indicate that postbiotics derived from L. reuteri ef-
fectively mitigated steatosis in ethanol-treated mice and L02 cells.
Nonetheless, the specific molecular mechanisms underlying the
effects of postbiotics on lipid regulation in ALD remain unclear.

Furthermore, we employed network pharmacology to predict
the efficacy of postbiotics against ALD while exploring the under-
lying mechanisms. Network pharmacology offers a comprehen-
sive perspective on the molecular-level interactions between com-
ponents and diseases!***! allowing for a theoretical and scien-
tific basis to investigate the effectiveness of postbiotics in treating
ALD. In this study, integrating network pharmacology, we identi-
fied the major bioactive metabolites (postbiotics) in L. reuteri and
their primary targets in ALD, which may exert therapeutic effects.
Interestingly, we revealed that postbiotics reduced hepatic steato-
sis both in vivo and in vitro, and we observed that FXR serve as
a potential target for the two bioactive metabolites of L. reuteri,
potentially exerting protective or harmful effects on ALD. Addi-
tionally, key targets associated with lipids, atherosclerosis, and al-
coholism in the KEGG database were identified. These findings
suggest that FXR stands as a potential therapeutic target for mit-
igating the progression of ALD.

FXR, which is primarily expressed in the liver and intestines, is
an important regulator of bile acid (BA) enterohepatic circulation.
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And hepatic lipid metabolism is closely tied to the enterohep-
atic circulation of bile acids, a process regulated by the key fac-
tor FXR. Studies have revealed that alcohol disrupts the entero-
hepatic circulation of BAs in both mice and humans and that
FXR deficiency in mice exacerbates ALD.[*>*% The ileal brush-
border membrane transporter ASBT reabsorbs bile acids, trig-
gering the activation of intestinal FXR. This activation induces
IBABP to bind with bile acids, potentially facilitating the intracel-
lular transport of bile acids to the basolateral membrane-localized
OSTa/p, ultimately resulting in the excretion of bile acids into
the portal circulation.???*] Additionally, FXR in the liver acts
through a feedback repression mechanism by inducing SHP ex-
pression, which allows the liver to downregulate BA synthesis
in response to maintaining a constant BA pool*’] and intesti-
nal FXR is critical in suppressing BA synthesis and promoting
liver regeneration by strongly inducing the expression of FGF15
in mice.?3] FGF15 plays critical roles in hepatic FXR activation,
lipid metabolism, and enterohepatic homeostasis.?38] Consis-
tent with our results, postbiotics restored disrupted BA home-
ostasis, upregulated SHP expression, and normalized serum
FGF15 levels in alcohol-treated mice. Moreover, the postbiotics
increased the expression of hepatic and intestinal FXR. These
results imply that the protective effects of postbiotics may be
partly mediated by regulation of BA metabolic dysfunction. In
addition, FXR in intestinal epithelial cells plays a vital role in
sensing intracellular bile acid levels and participating in intesti-
nal bile acid metabolism, which helps maintain intestinal barrier
integrity.[*>>% Our results showed that postbiotics may modulate
bile acid metabolism in vivo by regulating FXR signaling, acti-
vating the FXR/FGF15 pathway, and influencing the enterohep-
atic circulation of BAs. Moreover, postbiotics enhanced intesti-
nal barrier integrity by promoting Muc2 and occludin expression
and boosting the regeneration of goblet cells, maintaining nor-
mal structural and function integrity of the gut (Figure S4, Sup-
porting Information). In summary, these results show that post-
biotics regulate intestinal FXR expression and serum FGF15 lev-
els by ameliorating alcohol-induced BA pool disruption which is
essential for maintaining intestinal microecology, liver metabolic
homeostasis.

In addition to bile acid metabolism, both FXR and SHP have
been reported to regulate fatty acid homeostasis. SHP is both a
transcriptional repressor and a direct FXR target.[®*!] Activated
by bile acids in the liver, FXR crucially regulates hepatic lipid
metabolism by activating SHP. This leads to the suppression of
SREBP-1c expression, resulting in decreased synthesis of key en-
zymes in the fatty acid biosynthesis pathway and notable impacts
on overall hepatic lipid metabolism. The FXR/SHP/SREBP-1c
signaling pathway stands out as a central regulatory axis in the
intricate management of hepatic lipid metabolism.!['”*51] More-
over, FXR activation inhibited hepatic de novo lipogenesis and
promoted fatty acid p-oxidation by inducing PPAR-a expression,
thus limiting hepatic lipid accumulation.l**! Consistent with our
findings, postbiotics reversed the effect of alcohol treatment on
SHP, SREBP-1¢, and PPAR-a expression, while no changes in
PPAR-a were observed in vitro. Additionally, both in vivo and in
vitro, postbiotics restored the protein expression alterations as-
sociated with lipid accumulation, including CD36, ChREBP, and
FASN, which were mediated by FXR. Furthermore, we used Gly
B-MCA to block the activation of the FXR to investigate the role
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of FXR in postbiotics reducing ALD. ORO staining and cell su-
pernatant TG results revealed that postbiotics reduced ethanol-
induced lipid accumulation in LO2 cells that was eliminated by
Gly p-MCA treatment, suggesting that the protective effect of
postbiotics on hepatic steatosis was dependent on FXR activation.

Our previous experiments demonstrated that L. reuteri effec-
tively mitigated intestinal and hepatic damage in ALD mice by
activating the FXR signaling.l®) However, the beneficial effects of
probiotics on host health may not be directly attributed to live
bacteria. Instead, it could be the result of postbiotics, which are
the metabolic byproducts or cellular components of live bacteria.
Postbiotics, the fourth generation of microbiome products, mod-
ulate the gut microbiota, improving gastrointestinal function and
systemic metabolism.[*1%] Published literature review revealed
that L. reuteri contains bioactive metabolites similar to prebiotics,
such as 3-HPA,["%] Ergothioneine,*? and aryl hydrocarbon recep-
tor ligands!®3! suggesting their potential involvement in the anti-
ALD process, which requires further research and confirmation.

In this study, we employed UHPLC-MS to detect and analyze
the functional metabolites of postbiotics. Significant differences
were observed in metabolite profiles, including flavonoids, ben-
zene derivatives, amino acids, peptides, analogues, and BAs. Our
current findings indicate that postbiotics alleviate ALD by activat-
ing FXR. Particularly, our analysis identified specific endogenous
bile acids associated with FXR activation by postbiotics, such as
23-deoxycholic acid (p < 0.05), deoxycholic acid, lithocholic acid,
and cholic acid. These results underscore the potential role of en-
dogenous BAs in mediating the anti-ALD effects of postbiotics.
Further research employing advanced strategies, such as small
molecule accurate recognition technology (SMART)P* is needed
to uncover the functional components of postbiotics from natu-
ral sources and enhance our understanding of their mechanisms
of action.

In conclusion, our findings reveal that postbiotics effectively
mitigate ethanol-induced damage, encompassing hepatic steato-
sis, by modulating the FXR/SHP/SREBP-1c axis, both in vivo and
in vitro. It is important to acknowledge certain limitations within
our study, notably the challenge in identifying the specific active
constituents of postbiotics. Nevertheless, this study contributes
novel observations that enhance our understanding of the mech-
anistic underpinnings behind the protective effects of postbiotics
in ethanol-induced liver injury.
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