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ABSTRACT: Gut barrier integrity is indispensable for health and has been recognized as a key mechanism through
which probiotics exert their beneficial effects. Recently, Alistipes indistinctus (A. indistinctus) has attracted increasing
interest due to its pleiotropic benefits on metabolic homeostasis. However, evidence supporting its probiotic properties
remains limited. Here, genomic analysis followed by a series of in vitro and in vivo studies was performed to
systematically evaluate the safety, gastrointestinal tolerance, adhesive capacity, and intestinal barrier protection effect
of A. indistinctus. A. indistinctus exhibited a high genomic sequence similarity with Bifidobacterium spp., an
established probiotic, and encoded a variety of genes related to antioxidation and bile salt hydrolysis. The survival rate
of A. indistinctus in gastric and intestinal fluid was 77.3% and 73.0%, respectively, comparable to most well-known
probiotics. Transmission electron microscopy analysis further demonstrated that only live A. indistinctus exhibited a
high adherence capacity to intestinal villi, which facilitated its colonization. Consistently, oral administration of live A.
indistinctus led to a 1.5-fold increase in the number of goblet cells, which in turn boosted the formation and thickness
of mucus layer in germ-free mice, and enhanced the expression of tight junctions, with no sign of liver and renal
injury. Similarly, co-culture with 4. indistinctus substantially reversed the impaired expression of mucin 2 in LS174T
and zonula occludens-1 and occludin in Caco-2 cells, induced by lipopolysaccharide exposure. Mechanistically, 4.
indistinctus enhanced gut integrity and protected against lipopolysaccharide-induced inflammation by suppressing the
nuclear translocation and activation of nuclear factor kappa-B p65 in both goblet and epithelial cells. Collectively, our
findings provide a mechanistic basis for the protective effects of A. indistinctus on intestinal barrier integrity,
highlighting its potential as a next-generation probiotic.
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1. Introduction

The integrity of intestinal barrier consists of a variety of mucosal structural components and molecules!'!.
The first line of defense is the mucus layer, a gel-like sieve of glycosylated mucins, which contains immune

regulators like antimicrobial peptides and secretory IgA to enhance barrier function'® *. Underneath the
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mucus layer, the intestinal epithelial cells form a continuous monolayer interconnected by junctional
complexes, constituting a physical barrier*l. Defects of intestinal barrier have been associated with various
disorders, such as inflammatory bowel disease, obesity, diabetes, and fatty liver diseasel®!. Thus, restoring
intestinal barrier has been regarded as a promising approach for the management of metabolic disorders.
Probiotics are a group of active microorganisms which can colonize in the gastrointestinal tract and
confer health benefits to the host'], partially through a modulation of intestinal integrity!’!. Recently, Alistipes
indistinctus (A. indistinctus), an anaerobic, gram-negative bacterium, has emerged as a promising candidate
for next-generation probiotics. Initially isolated from healthy infant feces, A. indistinctus is a common
symbiotic microbe without harmful metabolites'®), colonizing in approximately 52%-69% of healthy
individuals®®). As a keystone bacterium, A. indistinctus, together with seven other probiotics, such as
Porphyromonas loveana and Dialister pneumosintes, was capable of restoring the microbial composition of
the nonalcoholic fatty liver disease toward a normal gut microbiome with 92.3% recovery!'%l. Furthermore, a
large-scale metagenomic analysis identified A. indistinctus as the bacterium showing the strongest negative
association with both ulcerative colitis and Crohn's disease!!!l. More importantly, beyond observational
evidence, the beneficial effects of 4. indistinctus have been documented in experimental studies. For instance,
A. indistinctus was found to improve glucose intolerance by enhancing the degradation of complex
monosaccharides, thereby increasing energy harvest and metabolic efficiency in high fat diet-induced

[12] Moreover, gavage of 4. indistinctus attenuated the risk of hyperuricemia via enhancing intestinal

obesity
uric acid excretion!'*). Collectively, these findings underscore 4. indistinctus as a critical regulator of intestinal
health and metabolic homeostasis. However, despite growing evidence regarding its metabolic benefits, it
remains unclear whether A. indistinctus fulfills the criteria for probiotics proposed by the International
Scientific Association for Probiotics and Prebiotics (ISAPP)!'4), which hinders its application as a
next-generation probiotics.

To address this knowledge gap, we investigated the probiotic properties of A. indistinctus using both

germ-free mice and cell lines.

2. Materials and methods
2.1 Comparative genomic analysis

The genomic sequences for A. indistinctus (Alistipes indistinctus YIT 12060) and two established
probiotic bacteria, Bifidobacterium spp. and Lactobacillus spp., were downloaded from the NCBI
(https://www.ncbi.nlm.nih.gov/) references sequence database for comparative genomic analysis. The
alignment and identification of homologous regions were performed using the ProgressiveMauve software,
which utilized a progressive alignment algorithm to detect conserved sequences while accounting for genomic
rearrangements, inversions, and insertions. The alignment was conducted under default settings, including a
minimum locally collinear block (LCB) weight threshold and an optimized seed weight, to ensure an accurate

identification of syntenic and homologous regions across the genomes. Moreover, genes related to probiotic
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characteristics were downloaded from the UniProt database and compared against the genome of Alistipes

indistinctus YIT 12060 to determine its probiotic characteristics at the genetic level.

2.2 In vivo experiments
2.2.1 Animal model

All animal experiments were performed in accordance with the Guidelines for Care and Use of
Laboratory Animals of the Sun Yat-sen University and approved by the Animal Ethics Committee of the Sun
Yat-sen University (No. 2024000544). Eight-week male mice on C57BL/6J background were obtained from
Shenzhen Jingtuo Biotechnology Co., Ltd and housed under germ-free (GF) conditions or purchased from
Vital River Laboratory Animal Technology (Beijing, China) and housed in SPF conditions at Sun Yat-sen
University. All the animals were kept in groups of five mice per cage, with free access to food and water under
a strict 12-h light/dark cycle at a controlled temperature (23+£2°C).

GF mice were randomly divided into three groups and treated with 200 pL of sterile phosphate-buffered
saline (PBS group), live 4. indistinctus (LAI group, 5x10® colony-forming units (cfu) per 200 pL) and
heat-killed A. indistinctus (HKAI group, 5x108 cfu per 200 uL)!'3 131 respectively via oral gavage on a daily
basis for 4 weeks. Serum levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT),
creatinine, and blood urea nitrogen (BUN) were quantified using commercial kits (AST, C010-2-1; ALT,
C009-2-1; Creatinine, CO11-2-1; BUN, C013-1-1; Nanjing Jiancheng Bioengineering Institute, China).

For A. indistinctus colonization, SPF mice were gavaged with live 4. indistinctus (5x108 cfu per 200 pL)
daily for one week. After the cessation of gavage, fecal samples were collected at a fixed time every morning
for another 7 days to evaluate the colonization capacity of A. indistinctus. Genomic DNA was isolated from
fecal samples and colonic mucosal tissues using the MagMAX Microbiome Ultra Nucleic Acid Isolation Kit
(A42358, Thermo Fisher Scientific, USA) following the manufacturer’s protocols. DNA concentrations were
quantified using an Infinite M200 Pro microplate reader (Tecan Group Ltd., Switzerland). For quantitative
PCR (qPCR) analysis, template inputs were standardized at 40 ng (fecal DNA) or 80 ng (mucosal DNA).
Target-specific primer sequences for A. indistinctus and universal bacterial amplification are detailed in Table
S1.

2.2.2 Histological analysis

Liver and kidney were fixed with 4% paraformaldehyde, embedded in paraffin, and sectioned and stained
with hematoxylin and eosin (H&E) for histological evaluation and inflammation assessment. Proximal colon
segments were immediately removed and fixed for 24 h at room temperature in Carnoy's solution (G1120,
Servicebio, China) and embedded in paraffin. Serial sections (5 um) were prepared from the paraffin blocks,
mounted onto glass slides, and stained with either H&E or Alcian Blue-Periodic Acid Schiff (AB-PAS).

2.2.3 Immunofluorescence staining and quantification

Following deparaffinization and antigen retrieval (G1202, Servicebio), paraffin-embedded samples,

including distal colon tissues and cell lines, were permeabilized with 0.5% Triton X-100 for 10 min and
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blocked with 10% goat serum for 10 min at room temperature. Specimens were then incubated overnight at
4°C with primary antibodies, including zonula occludens-1 (ZO-1, 21773-1-AP, Proteintech, China), occludin
(OCLN, 27260-1-AP, Proteintech, China), and mucin 2 (MUC2, 27675-1-AP, Proteintech, China), followed
by an incubation with corresponding fluorescent secondary antibodies for another 2h at room temperature in
darkness. Nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI; C1002, Beyotime
Biotechnology, China). Fluorescence images were acquired using a Zeiss LSM 900 confocal microscope and
analyzed with ZEN imaging software (Carl Zeiss AG, Germany) and ImageJ (National Institutes of Health,
USA).

2.2.4 Reverse transcription and real-time PCR

Total RNA was isolated from tissue samples and cells using TRIzol reagent (15596026CN, Thermo
Fisher Scientific, USA). For each sample, 500 ng of total RNA underwent reverse transcription into
complementary DNA (cDNA) utilizing the HiScript III All-in-one RT SuperMix Kit (R333-01, Vazyme
Biotech Co., Ltd, China). Quantitative real-time PCR (qPCR) analysis was subsequently performed on a
QuantStudio 6 Pro Real-Time PCR System (Applied Biosystems, USA) with Taq Pro Universal SYBR qPCR
Master Mix (Q712, Vazyme Biotech Co., Ltd, China). Primer sequences used in this study were provided in
Table S1.

2.2.5 Western blotting

Total protein (30 pg per sample) was resolved by 10% SDS-PAGE and subsequently transferred to
polyvinylidene fluoride membranes (ISEQ00010, Merck Millipore, USA). The membranes were blocked for
2h at ambient temperature with 5% (w/v) milk in Tris-buffered saline containing Tween-20 (TBST).
Following blocking, membranes were incubated overnight at 4°C with primary antibodies, including ZO-1,
OCLN, MUC2, NF-kB p65 (8242S, Cell Signaling Technology, USA), and phosphorylated NF-kB p65
(p-NF-xB p65; 3033S, Cell Signaling Technology). Following primary antibody incubation, membranes were
probed for 1.5h at room temperature with appropriate horseradish peroxidase (HRP)-conjugated secondary
antibodies. Specific bands were visualized using an enhanced chemiluminescence (ECL) detection kit (34580,
Thermo Fisher Scientific, USA).

2.3 In vitro experiments
2.3.1 Bacterial strains, cells and culture conditions

A. indistinctus was obtained from DSMZ-German Collection of Microorganisms and maintained at 37°C
for 48h in peptone-yeast extract-glucose (PYG) medium under anaerobic conditions (Bactron EZ-2, shellab,
USA). Absorbance at 600 nm was measured using a microplate reader to determine its concentration. The
bacterial cells of A. indistinctus were pelleted via centrifugation at 3,000 rpm at 4°C for 5 min, followed by
washing and resuspension in sterile reduced PBS buffer to achieve a final concentration of 5x108 cfu per 200
uL. A. indistinctus was inactivated by pasteurization for 30 min at 70°C, as previously described!'®). The

bacterial suspensions were prepared freshly for animal experiments. Prior to use, the identity and purity of the
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A. indistinctus culture were confirmed by sequencing and subsequent alignment to type strains using the Basic
Local Alignment Search Tool (BLAST).

LS174T and Caco-2 cells were obtained from American Type Culture Collection, and were cultured in
Minimum Essential Medium (MEM, C11095500BT, Gibco, USA) supplemented with 1%
penicillin-streptomycin and 10% fetal bovine serum (FBS), and MEM supplemented with 1%
penicillin-streptomycin and 20% FBS, respectively. Cells were incubated at 37°C in a humidified atmosphere

containing 5% CO:..
2.3.2 Transit tolerance against simulated gastrointestinal juices

Tolerance to gastrointestinal conditions was assessed using simulated digestive juices (composition
detailed in Table S2). All juices were filtered with 0.22 pm membrane for sterilization prior to use. A.
indistinctus was inoculated into 1 mL simulated gastric fluid and incubated anaerobically at 37°C for 2h.
Gastric survival was determined by viable counts on PYG agar following incubation. For intestinal phase
simulation, 0.5 mL duodenal solution and 0.5 mL bile solution were added to gastric-digested samples,
followed by anaerobic incubation at 37°C for additional 2h. Gastrointestinal tolerance was quantified via

colony-forming units.
2.3.3 BSH activity determination

BSH activity was assessed as previously described!!”). Briefly, 10 uL suspensions with 2x10° cfu of 4.
indistinctus were spot inoculated on a dry surface of Columbia blood agar supplemented with 5 g/L bile salts

and incubated at 37°C for 72 h. Positive BSH activity was recorded when a white precipitate was found.
2.3.4 Cell Viability Assay
Cell viability was evaluated using the Cell Counting Kit-8 (CCK-8; Apexbio, USA) according to the

manufacturer’s instructions. Briefly, Caco-2 and LS174T cells were seeded in 96-well plates at a density of
1x10* cells per well and cultured for 24h. The cells were then treated with 4. indistinctus at concentrations
ranging from 0.6 OD to 2.40D for 24h. PBS-treated cells were used as control. After treatment, supernatant
was aspirated and the cells were washed once with sterile PBS, followed by the addition of MEM. 10 puL of
CCK-8 reagent was added to each well and incubated for 2h at 37°C. The absorbance was measured at 450 nm

using a microplate reader. Cell viability was calculated as follows:

AbSsample - Absblank

Cell Viability (%) = X 100

Abscontrol - AbSblank
where Abssample, AbScontrol and Absbiank represented the absorbance of A. indistinctus-treated groups,

PBS-treated control group, and cell-free background control, respectively.
2.3.5 Detection of inflammatory cytokines

LS174T and Caco-2 cells were seeded in 12-well plates and treated A. indistinctus at 1.0x10® cfu/mL for
1h, followed by stimulation with 1 pg/mL E. coli O55:B5 lipopolysaccharide (LPS; L2880, Sigma-Aldrich,
USA) for another 24h . Supernatants were collected and analyzed for secreted cytokines using commercial

ELISA kits, including tumor necrosis factor-alpha (TNF-a; MM-0122H1), interleukin-1p (IL-1f;
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MM-0181H1), and interleukin-6 (IL-6; MM-0049H1), which were obtained from Jiangsu Meimian Industrial
Co., Ltd.

2.3.6 Intestinal epithelial barrier function assay

The trans-epithelial electrical resistance (TEER) measurements were conducted according to an
established protocol'®!
(14212-1, LABSELECT) at 3x10° cells/mL and cultured for 18 days at 37°C to establish differentiated

intestinal monolayers. TEER values were quantified using a Millicell ERS-2 volt-ohm meter (MERS00002,

with minor modifications. Briefly, Caco-2 cells were seeded onto Transwell inserts

MilliporeSigma, USA). Monolayers demonstrating mean TEER values >400 Q-cm? (triplicate measurements)
were utilized for subsequent experiments. Qualified monolayers were pre-treated with A. indistinctus (1.0x108
cfu/mL) for 1h, followed by stimulation with 100 pg/mL LPS for another 24h before subjected to analysis.
The paracellular permeability assay was assessed via fluorescein isothiocyanate-dextran 4 kDa
(FITC-dextran 4; FD-4, Sigma-Aldrich) flux as previously described!"”). Following PBS washes for two times,
treated monolayers received 0.5 mL pre-heated Phenol Red Free MEM medium (51200038, Gibco)
containing 1 mg/mL FD-4 in the apical chamber. After 2h, 100 puL basolateral medium was collected, and
fluorescence intensity was measured at excitation/emission wavelengths of 492/520 nm to quantify

paracellular flux.
2.3.7 Transmission electron microscopy

Caco-2 cells were seeded in 6-well plates at a density of 1.0x10° cells/mL and exposed to 4. indistinctus
(1.0x10® cfu/mL) for 1h. After treatment, cells were fixed with 2.5% glutaraldehyde followed by 1% osmium
tetroxide post-fixation. Samples underwent dehydration through an ascending ethanol series and propylene
oxide treatment, then embedded in resin. Ultrathin sections (50 nm) were prepared and contrasted with 3%
uranyl acetate and lead citrate. Imaging was performed using a Philips CM100 transmission electron

microscope.
2.4 Statistical analyses

Data were presented as mean + standard error of mean (SEM), and all the analyses were performed by
GraphPad Prism 9.0. Comparison between groups were performed using one-way ANOVA followed by

Tukey’s multiple comparison tests. Two-sided P < 0.05 was considered statistically significant.

3. Results
3.1 Genome properties of A. indistinctus

To investigate the probiotic properties and potential of A. indistinctus, we compared the whole genome
reference sequence of 4. indistinctus YIT 12060 with those of two common probiotic bacteria. Collinearity
analysis revealed substantial homologous and collinear regions between strain A. indistinctus and
Bifidobacterium spp., as well as between A. indistinctus and Lactobacillus spp. (Figure 1). Notably, the
number of homologous and collinear regions was significantly higher between A. indistinctus and

Bifidobacterium spp. than between A. indistinctus and Lactobacillus spp., suggesting that the probiotic
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properties of A. indistinctus might resemble those of Bifidobacterium spp.. Specifically, the shared genomic
regions between A. indistinctus and Bifidobacterium spp. harbored the fuf gene encoding elongation factor Tu
(EF-Tu), which was responsible for the adhesion to intestinal epithelium and suppression of LPS- and
pathogen-induced apoptosis?’). Similarly, the conserved regions also contained the groL gene, which encoded
the chaperonin GroEL protein, a well-known anti-inflammatory protein of established probiotics!?!).
Comparative genomics analysis further demonstrated that A. indistinctus was able to encode mucus-binding
proteins (MUBs), a class of effector molecules involved in the adhesion of Lactobacillus spp. to the host!?% 23,
Additionally, the genome of A. indistinctus also contained genes of Na'/H" antiporter protein, antioxidant
enzymes, bile salt hydrolytic (BSH) enzyme and carbohydrate-active enzymes synthase (Table 1), which
were closely associated with the classical probiotic properties such as digestive tolerance and short-chain fatty

[24, 25

acids production 1. Collectively, the genomic characteristics indicated a strong probiotic potential of A.

indistinctus.
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Figure 1. Genome characteristics of A. indistinctus. (A) Collinearity analysis of A. indistinctus with 3 reference strains of
Bifidobacterium spp.. (B) Collinearity analysis of A. indistinctus with 4 reference strains of Lactobacillus spp..
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Table 1 Encoding gene locus related to probiotic characteristics in the genome of 4. indistinctus.

Protein name Encoding gene locus

Na+/H+-antiporter NQ495 RS05095
NQ495 RS10810
NQ495 RS02880

Bile salt hydrolytic enzyme NQ495 RS03255

NQ495 RS06775
Mucus-binding protein NQ495 RS03110
Carbohydrate-Active Enzymes NQ495 RS09515

NQ495_RS00050
NQ495_RS03060
NQ495_RS05960
Antioxidant Enzymes NQ495 RS05605
NQ495 RS04720

3.2 The safety and colonization capacity of A. indistinctus
3.2.1 The safety of A. indistinctus

Given that the health-promoting effects of A. indistinctus depended on its viability!'*], we first assessed
its safety in vivo. Histological analysis revealed no pathological changes or inflammatory infiltration in either
liver or kidney in mice gavaged with live A. indistinctus (Figure 2A). Moreover, no obvious difference in
common indicators of hepatic and renal injuries, such as AST, serum creatinine, and urea nitrogen, was found
in mice administered with live A. indistinctus compared to PBS control. However, serum ALT was almost
halved in mice gavaged with live A. indistinctus (Figure 2B-2E), suggesting a favorable liver and kidney
safety. Similarly, a negligible effect on cell viability was found in LS174T and Caco-2 cells exposed to an
increasing dose of viable A. indistinctus (Figure 2F and 2G), lending further support to the safety of A.

indistinctus.
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Figure 2. A. indistinctus had minimal hepatotoxicity and nephrotoxicity. (A) Representative H&E staining of liver and
kidney (Scale bars, 25 pm). (B) Aspartate aminotransferase, (C) alanine aminotransferase activity, (D) creatinine, and (E)
blood urea nitrogen level. Cell viability in (F) LS174T cells and (G) Caco-2 cells. Data were presented as mean £ SEM (n=6
per group for A-E, and n=6 independent experiments for F and G), and P values were determined by one-way ANOVA
followed by Tukey’s test. P < 0.05, P <0.01, and P < 0.001.

3.2.2 The gastrointestinal transit tolerance and colonization capability of A. indistinctus

Furthermore, the gastrointestinal transit tolerance and colonization capacity of A. indistinctus was
examined to evaluate its probiotic potential. As a strictly anaerobic microorganism, A. indistinctus exhibited a
relatively slow growth rate, reaching the stationary phase after 36h (Figure 3A). After 2h of incubation, 4.
indistinctus showed strong resistance to both gastric and intestinal fluids, as evidenced by a survival rate of
77.3% and 73.0% in gastric and intestinal fluids, respectively. However, after an incubation in simulated
gastric intestinal juices for 4h, the viable count of A. indistinctus was reduced from 1.0x10° cfu/mL to
5.67x10® cfu/mL (Figure 3B). Of note, such a survival rate was comparable to that observed in well-known
probiotics, such as the Bifidobacterium dentium strain!'), suggesting a high gastrointestinal transit tolerance.
In support of this observation, a variety of genes related to BSH activity, a key enzyme contributing to the
survival and stability of probiotics in the gastrointestinal tract®®!, could be encoded by the genome of 4.
indistinctus (Figure 3C and Table S3). Consistent with the functional inference, distinct white precipitated
circles on blood plates with 0.5% bile acids was found with live A. indistinctus inoculation (Figure. 3D),
further confirming its BSH activity. In line with its high gastrointestinal transit tolerance, live A. indistinctus
could be successfully colonized in the intestine (Figure. 3E) and maintained a substantially higher abundance
in the fecal samples compared to PBS control for at least one week after the cessation of gavage (Figure. 3F),
indicating a strong adhesion capacity of live 4. indistinctus. Consistently, transmission electron microscopy

analysis revealed that live A. indistinctus adhered to the villi, which was absent in heat-killed 4. indistinctus
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(Figure. 3G). Collectively, the above findings demonstrated that A4. indistinctus was resistant to

gastrointestinal juices and could be colonized in the intestine.
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Figure 3. Gastrointestinal transit tolerance, BSH enzyme activity and colonization capacity of A. indistinctus. (A)
Growth curve of A. indistinctus. (B) Survival rate of A. indistinctus in gastrointestinal digestion simulation. (C) Prediction of
bile salt hydrolase activity of A. indistinctus. (D) Enzyme activity of bile salt hydrolase in A. indistinctus. (E) Quantification of

A. indistinctus in feces and colon mucosa. (F) Relative abundance of A. indistinctus one week after the discontinuation of
gavage. (G) Representative transmission electron microscope images of A. indistinctus (the red arrow) attaching to Caco-2
cells (Scale bars, 250 nm for A4. indistinctus; 500 nm for the remaining panels). Data were presented as mean + SEM (n=3
independent experiments for A, D and G, n=8 independent experiments for B, n=6 per group for E and F), and P values were
determined by one-way ANOVA followed by Tukey’s test. "P < 0.05, “P < 0.01, and **"P < 0.001.
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3.3 A. indistinctus enhances intestinal barrier
3.3.1 A. indistinctus-mediated enhancement of intestinal barrier function in germ-free mice

Then, the effects of A. indistinctus on gut integrity, the defect of which contributed to a broad range of
diseases!?’l, were further evaluated in vivo and in vitro. GF mice with impaired mucus secretion were firstly
treated with both live and heat-killed A. indistinctus for 4 weeks to examine its ability to restore the first line of
physical defensel®3%. H&E and AB-PAS staining of colon sections demonstrated that only live A.
indistinctus increased the number of goblet cells by 1.5-fold and enhanced mucus layer thickness by 2-fold
(Figure 4A). Moreover, several mucus-related genes, including muc2, zymogen granule protein 16 (Zg16)
and Fc gamma binding protein (fcgbp), was found to be remarkably higher in mice gavaged with live A.
indistinctus, which was absent in mice treated with pasteurized A. indistinctus (Figure 4B). Consistently, live
but not heat-killed 4. indistinctus supplementation led to a 1.5-fold increase in colonic MUC2 expression
(Figure 4C and 4D), further suggesting that the enhanced MUC2 production depended on the viability of 4.
idistinctus. Additionally, an increasing trend in the expression of tight junction proteins at both the mRNA and
protein levels were also found in GF mice gavaged with live 4. indistinctus (Figure S1A-S1C), suggesting a

protective effect on physical barrier.
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Figure 4. A. indistinctus-mediated enhancement of intestinal barrier function in germ-free mice. (A) Representative
images of H&E and Periodic Acid Schiff-Alcian Blue staining in the colon (Scale bars, 50 um). (B) Relative mRNA
expression of mucin secretion-related genes in the colon. (C) Representative immunoblotting and quantification of MUC?2 in
the colon. (D) Representative immunofluorescence staining of mucus layer in the colon (Scale bars, 50 pm). Data were
presented as mean = SEM (n=6 per group) and P Values were determined by one-way ANOVA followed by Tukey’s test. "P <

sokesk

0.05, P <0.01,and "*P < 0.001.

3.3.2 The promotion of MUC?2 secretion and epithelial integrity by A. indistinctus in vitro

Moreover, LS174T cells were employed to evaluate the potential of 4. indistinctus to promote mucin
secretion in goblet cells. In cells challenged with LPS, A. indistinctus treatment enhanced the expression of
MUC?2 by 88.62%, reversing it to basal conditions. Consistently, immunofluorescence staining demonstrated
that A. indistinctus effectively attenuated LPS-induced impairment in MUC?2 production (Figure SB and 5C).
Subsequently, the potential of 4. indistinctus to enhance intestinal epithelial barrier integrity was assessed in
Caco-2 cells. Co-culture with A. indistinctus increased the TEER by 12.54% under basal conditions, and
reversed LPS-induced epithelial injury by around 20% (Figure 5D). Similarly, A. indistinctus exposure
substantially attenuated LPS-induced paracellular permeability, restoring it to basal conditions (Figure SE).
Compared to PBS control, LPS stimulation downregulated the expression of tight junctions, including ZO-1,
zonula occludens-2 (ZO-2), OCLN and cingulin (CGN), by 35.17%. However, pretreatment with A.
indistinctus prior to LPS exposure almost completely abolished the compromise in tight junctions induced by
LPS and restored the expression of ZO-1 and OCLN (Figure 5F). Consistently, LPS-induced reduction of
Z0-1 and OCLN at protein level was readily reversed by A. indistinctus (Figure 5G and 5H).
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3.3.3 The anti-inflammatory effect of A. indistinctus through NF-kB

Given that nuclear factor kappa-B (NF-xB)-mediated inflammation signaling regulates both mucin
production and tight junction expression!®"> 32 we further explored the anti-inflammatory effects of A.
indistinctus in LS174T and Caco-2 cells. Compared to PBS control, LPS stimulation markedly increased the
transcription of pro-inflammatory markers, such as TNF-a, IL-1f, and IL-6, whereas A. indistinctus treatment
reversed these pro-inflammatory markers to basal levels (Figure 6A and 6F). Consistently, the secretion of
these pro-inflammatory cytokines was reduced by approximately 20% upon A. indistinctus exposure (Figure
6B and 6G), demonstrating a strong anti-inflammatory capacity. Moreover, co-culture of A. indistinctus
substantially suppressed LPS-induced nuclear translocation of NF-kB p65, leading to 60% reduction in
phosphorylated NF-kB p65 in the nucleus (Figure 6C-E and 6H-J). Additionally, the anti-inflammatory
potential of 4. indistinctus was further validated in RAW 264.7 cells. As expected, LPS stimulation resulted in
a remarkable rise in nitric oxide (NO) and prostaglandin E2 (PGE2) production, whereas, pretreatment with A.
indistinctus reduced NO release by 49.50% and PGE2 production by 21.22% (Figure 6K and 6L). Taken
together, the above findings demonstrated that 4. indistinctus enhanced mucus barrier function and epithelial

integrity by suppressing NF-kB-mediated inflammation activation.
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Figure 6. Anti-inflammatory effect of A. indistinctus via a suppression of NF-kB. (A-E) LS174T cells and (F-J) Caco-2
cells pretreated with 4. indistinctus were exposed to LPS challenge for another 24h before analysis. Relative mRNA
expression of /L-1p, IL-6 and TNF-a in (A) LS174T cells and (F) Caco-2 cells, respectively. Quantitation of IL-1p, IL-6 and
TNF-a in the supernatant of (B) LS174T cells and (G) Caco-2 cells, respectively. Representative immunoblotting and
quantification of p-NF-«kB p65 and NF-kB p65 in the cytoplasm and nucleus of (C) LS174T cells and (H) Caco-2 cells,
respectively. Nucleus translocation of p-NF-kB p65 in (D-E) LS174T cells and (I-J) Caco-2 cells, respectively (Scale bars, 10
um). Data were presented as mean + SEM (n=4 or 6 independent experiments), and P values were determined by one-way
ANOVA followed by Tukey’s test. P < 0.05, P <0.01, and ""P < 0.001.

4. Discussion

As a non-sporulating, non-motile, Gram-negative bacterial strain initially isolated from the feces of
healthy Japanese males®), several studies have demonstrated the metabolic benefits of A. indistinctus,
however, its probiotic properties have never been systematically evaluated. In this study, we found that 4.
indistinctus exhibited a high genomic sequence similarity with Bifidobacterium spp.. Oral administration of A.
indistinctus enhanced MUC2 production in goblet cells and tight junction proteins in epithelial cells.
Mechanistically, A. indistinctus enhanced gut integrity and protected against LPS-induced inflammation by
suppressing the nuclear translocation and activation of NF-kB. Additionally, with a strong resistance to gastric
and intestinal juices, 4. indistinctus demonstrated a high adherence capacity to intestinal villi, which
facilitated its effective colonization.

Consistent with the comparative genomic analysis revealing a high similarity to Bifidobacterium spp., A.
indistinctus showed comparable colonization capacity and probiotic properties with Bifidobacterium spp.. For
example, similar to the observation that various species from Bifidobacterium spp., such as Bifidobacterium
longum, Bifidobacterium breve and Bifidobacterium dentium (B. dentium), were able to ameliorate colonic
inflammation through the enhancement of MUC2 protein secretion from goblet celll*® 3334 administration of
A. indistinctus led to a 1.5-fold increase in colonic MUC2 expression (Figure. 4C). Likewise,

Bifidobacterium. bifidum F1.228.1 and Bifidobacterium. animalis subsp. Lactis F'I-7 were found to inhibit the
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expression of inflammatory cytokines in the intestinal tract and relieve intestinal inflammation, thereby
suppressing the overproduction of osteoclasts!'®). Here, in this study, we demonstrated that the enhanced
mucus barrier function and epithelial integrity induced by A. indistinctus was associated with its suppression
of NF-kB nucleus translocation and activation (Figure. 6C-6E and Figure. 6H-6J), further suggesting that
anti-inflammatory property is a common feature of probiotics. Moreover, similar to B. dentium N8, a strain
with survivability in the simulated gastrointestinal conditions!"’!, 4. indistinctus was able to encode a variety
of genes related to the enzyme activity of BSH and exhibited a strong gastrointestinal tract tolerance (Figure.
3B and 3C), which in turn facilitated its colonization. Furthermore, consistent with the positive associations

10,13, 351 4. indistinctus showed no

between A. indistinctus and metabolic health in diverse populations!
cytotoxicity toward Caco-2 cells or histopathological damage in the liver and kidney in murine models
(Figure. 2A-2F), supporting its safety as a probiotic supplementation. While its long-term safety warrants
further investigation in various models, A. indistinctus represents a promising next-generation probiotic.

The intestine is the largest and one of the most important internal barriers in the body, which protects the
host from noxious substance and microbes in the gut lumen!'). Given its indispensable role in health,
maintaining gut barrier integrity has been recognized as a key mechanism through which probiotics exert their
beneficial effects*®). Previous studies demonstrated that the majority of well-established probiotics, primarily
from Lactobacillus spp. and Bifidobacterium spp., positively regulated tight junction gene expression, thereby

37,381 Similarly, specific

enhancing barrier integrity and mitigating LPS-induced intestinal inflammation!
strains of A. muciniphila, Faecalibacterium prausnitzii (F. prausnitzii), Bacteroides xylanisolvens,
Bacteroides uniformis and Pediococcus acidilactici had also been extensively studied for their role in
intestinal integrity****]. Specifically, A. muciniphila increased goblet cell numbers, normalized the thickness
of mucus in the inner layer, and strengthened the intestinal mucus barrier*¥), while F. prausnitzii enhanced
tight junction gene expression and improved barrier function*”. In a similar fashion, A4. indistinctus
suppressed NF-kB-mediated inflammatory signaling activation, thereby promoting the restoration of
intestinal integrity. Given that impaired gut integrity is a shared pathological feature of metabolic disorders!*®!,
like type 2 diabetes and metabolic dysfunction-associated fatty liver disease, the ability of 4. indistinctus to
ameliorate glucose intolerance and hepatic lipid accumulation may also attributable to its reinforcement of the
gut barrier. Though A. indistinctus had been proved to be effective and safe at a dose of 5x108 cfu/day, more
studies with various dosages and longer durations are warranted to further evaluate its safety. Moreover, the
microbial effectors conferring its beneficial effect on gut integrity remain elusive. Given its central role in the
microbial community!*”), 4. indistinctus may promote the growth of other beneficial species, such as
Lactobacillus johnsonii, and Blautia spp., and act in concert to main the integrity of intestinal barrier.
Additionally, considering that metabolites and secretory proteins function as common effectors of

891 4. indistinctus may also exert its

next-generation probiotics, such as F. prausnitzii and A. muciniphilal
protective effect via bioactive molecules. Future studies integrated with multi-omics are warranted to figure

out the bioactive molecules conferring the intestinal barrier repair effect of A. indistinctus.
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The ability to adhere to and colonize in host intestine mucosa both during and after supplementation>’!,
which facilitates the interaction between the host and microorganism, is an indispensable prerequisite for
probiotics to exert their beneficial effects. Consistent with the genomic analysis that A. indistinctus encoded
tuf gene (Figure 1A), a mucus binding protein associated with adhesion and colonization®”, live A.
indistinctus was able to colonize the intestinal mucosa and persisted in the intestine for at least one week after
supplementation ceased (Figure. 3F). In contrast, the heat-killed A. indistinctus failed to colonize the
intestinal mucus, suggesting that the adhesion protein was heat sensitive. Consistently, significant uric
acid-lowering effect was exclusively observed in live 4. indistinctus"3!, further underscoring the importance
of adhesion capability in the probiotic properties of 4. indistinctus. Similarly, only live B. dentium was
reported to be able to colonize in the ileal mucus layer and influenced adult behaviors via its metabolite
acetate, whereas minimal heat-killed B. dentium was detected in the colon, as confirmed by fluorescence in
situ hybridization®®!. Another key probiotic characteristic is survival in the harsh gastrointestinal
environment®?!. Although previous studies suggested that 4. indistinctus was sensitive to 20% bile acid!®), we
found that aligned with its ability to encode BSH enzymes which deconjugated glycine or taurine from the
steroid core®! 4. indistinctus demonstrated a strong gastrointestinal tolerance (Figure. 3B), comparable to
Bifidobacterium spp. and Lactobacillus spp., lending further support to its potential as an oral probiotic!!® >4,
Although influenced by various factors, such as host immune status, gut motility, and resident microbiota
composition™] 4. indistinctus was prevalent in the general population, with an average colonization rate
ranging from 52% to 69%°). To further evaluate the colonization capacity of 4. indistinctus, more research in

diverse populations is warranted.

5. Conclusion

In summary, our results demonstrates that 4. indistinctus holds promise as a next-generation probiotic.
Although more studies are warranted to further evaluate its safety and efficacy, especially in human clinical
trials, and its synergetic effects with resident microbes, we believe that the identification of A. indistinctus as a

next-generation probiotic is attractive in the field of probiotics-based functional foods.
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