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Autoinducer‑2 promotes the colonization 
of Lactobacillus rhamnosus GG to improve 
the intestinal barrier function in a neonatal 
mouse model of antibiotic‑induced intestinal 
dysbiosis
Riqiang Hu1, Ting Yang1, Qing Ai2, Yuan Shi2, Yanchun Ji2, Qian Sun2, Bei Tong1, Jie Chen1* and 
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Abstract 

Background  Human health is seriously threatened by antibiotic-induced intestinal disorders. Herein, we aimed 
to determine the effects of Autoinducer-2 (AI-2) combined with Lactobacillus rhamnosus GG (LGG) on the intestinal 
barrier function of antibiotic-induced intestinal dysbiosis neonatal mice.

Methods  An antibiotic-induced intestinal dysbiosis neonatal mouse model was created using antibiotic cocktails, 
and the model mice were randomized into the control, AI-2, LGG, and LGG + AI-2 groups. Intestinal short-chain fatty 
acids and AI-2 concentrations were detected by mass spectrometry and chemiluminescence, respectively. The 
community composition of the gut microbiota was analyzed using 16S rDNA sequencing, and biofilm thickness 
and bacterial adhesion in the colon were assessed using scanning electron microscopy. Transcriptome RNA sequenc-
ing of intestinal tissues was performed, and the mRNA and protein levels of HCAR2 (hydroxycarboxylic acid receptor 
2), claudin3, and claudin4 in intestinal tissues were determined using quantitative real-time reverse transcription PCR 
and western blotting. The levels of inflammatory factors in intestinal tissues were evaluated using enzyme-linked 
immunosorbent assays (ELISAs). D-ribose, an inhibitor of AI-2, was used to treat Caco-2 cells in vitro.

Results  Compared with the control, AI-2, and LGG groups, the LGG + AI-2 group showed increased levels of intes-
tinal AI-2 and proportions of Firmicutes and Lacticaseibacillus, but a reduced fraction of Proteobacteria. Specifically, 
the LGG + AI-2 group had considerably more biofilms and LGG on the colon surface than those of other three groups. 
Meanwhile, the combination of AI-2 and LGG markedly increased the concentration of butyric acid and promoted 
Hcar2, claudin3 and claudin4 expression levels compared with supplementation with LGG or AI-2 alone. The ELI-
SAs revealed a significantly higher tumor necrosis factor alpha (TNF-α) level in the control group than in the LGG 
and LGG + AI-2 groups, whereas the interleukin 10 (IL-10) level was significantly higher in the LGG + AI-2 group 
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Background
Antibiotic-induced intestinal disorders have become a 
serious threat to human health [1]. Antibiotics disrupt 
the composition of the gut microbiota during the early 
life and development of the immune system, leading to 
long-term diseases such as obesity, asthma, and allergic 
diseases [2–4]. Lactobacillus, an important component 
of the intestinal flora, plays a vital role in maintaining 
intestinal stability [5], including the composition of the 
intestinal microbiota, the intestinal barrier, immune 
function, competitive adhesion with virulence factors 
of pathogens, and the secretion of biologically active 
anti-infective compounds [6]. Unfortunately, antibiot-
ics can decrease the number of Lactobacillus [7], which 
aggravates the severity of intestinal infections, irritable 
bowel syndrome, and inflammatory bowel disease [8–
10]. Therefore, it is crucial to promote the growth and 
colonization of Lactobacillus to maintain a balance that 
could promote the intestinal health.

Autoinducer-2 (AI-2) is a novel autoinducer pro-
duced by the bacterial luxS gene [11], which acts as a 
universal regulator of bacterial gene expression in a 
feedback manner [12]. AI-2 plays a crucial role in the 
intestines [13], where it contributes to the adhesion 
and colonization properties of various probiotics, such 
as Lactobacillus acidophilus, Lactobacillus plantarum, 
and Bifidobacterium bifidum [14–17], and modulates 
intestinal immune function [18]. Studies have shown 
that exogenous AI-2 reshaped the gut microbiota and 
alleviated intestinal inflammation in a neonatal mouse 
model of necrotizing enterocolitis [19, 20]. Neverthe-
less, the detailed mechanisms remain to be determined.

Lactobacillus rhamnosus GG (LGG) possesses unique 
characteristics that allow it to thrive in digestive acid 
pH and bile-containing environments, as well as attach-
ing to enterocytes in intestinal epithelial cells [21]. 
These abilities enable LGG to successfully colonize 
the intestine, making it an effective probiotic option 
[22]. A recent study reported that the colonization of 
LGG is influenced by AI-2 [23]. However, the effect of 
exogenous AI-2 on the colonization of LGG in neona-
tal mice with antibiotic-induced intestinal dysbiosis 
has not been investigated. Therefore, we hypothesized 
that exogenous AI-2 would promote the colonization 

of LGG, correct microbiota dysbiosis, and improve the 
intestinal barrier function.

In this study, the 16S rDNA gene sequences of gut 
microbiota from neonatal mouse with antibiotic-induced 
intestinal dysbiosis were analyzed and then biofilm thick-
ness and bacterial adhesion in the colon were assessed 
using scanning electron microscopy (SEM). Next, tran-
scriptome sequencing of intestinal tissues was performed 
to identify critical genes associated with intestinal barrier 
function. Finally, an inhibitor of AI-2 was used in Caco-2 
cells (immortalized human colon cells) to confirm the 
in vitro effects of AI-2 combined with LGG on gut bar-
rier-associated proteins.

Methods
Animal experiments
C57BL/6 mice were obtained from Chongqing Medi-
cal University and housed in specific pathogen free 
(SPF) conditions. Female and male mice were caged 
together at a 1:2 ratio to obtain pregnant mice. SPF 
neonatal C57BL/6 J pups were given antibiotics via gav-
age on postnatal day 3. Antibiotics were administered 
at 09:00 am daily for 4 consecutive days of treatment at 
0.03  mL/g/day. The antibiotic cocktails were: ampicillin 
sodium (25 mg/kg), metronidazole (50 mg/kg), piperacil-
lin sodium tazobactam sodium (100 mg/kg), and vanco-
mycin (10 mg/kg) (all Meilunbio, Dalian, China) [24, 25].

Preparation of LGG
Lactobacillus rhamnosus GG was grown as described 
previously [26]. In brief, Lactobacillus rhamnosus GG 
(BNCC136673, China) were anaerobically incubated in 
De Man, Rogosa, and Sharpe (MRS) medium (Hope-
bio, Qingdao, China) at 37  °C for 24  h for activation. 
The OD600 of activated LGG was adjusted to 0.5, cor-
responding to approximately ~ 108 colony forming units 
(CFU)/ml, and then centrifuged at 5000  rpm for 5  min 
at 4  °C, washed and resuspended twice in sterile saline 
before use.

LGG and AI‑2 solution gavage
After antibiotic gavage, 7-day-old neonatal mice were 
randomly divided into the control, AI-2, LGG, and 
LGG + AI-2 groups, in which the control and AI-2 groups 

than in the other three groups. In vitro, D-ribose treatment dramatically suppressed the increased levels of Hcar2, 
claudin3, and claudin4 in Caco-2 cells induced by AI-2 + LGG.

Conclusions  AI-2 promotes the colonization of LGG and biofilm formation to improve intestinal barrier function 
in an antibiotic-induced intestinal dysbiosis neonatal mouse model.

Keywords  Autoinducer-2, Lactobacillus rhamnosus GG, Intestinal barrier function, Antibiotics-induced intestinal flora, 
Tight junctions, Butyric acid, Hydroxycarboxylic acid receptor 2, Biofilm
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were gavaged with 50 μL of saline or AI-2 (500 nmol/L) 
solution 5 times per day; the LGG group received 50 μL 
of LGG solution (containing 1 × 108 CFU), or 50 μL (con-
taining both AI-2 and LGG) mixed solution once per 
day; at the remaining four time points they were treated 
with 50  μL of saline (LGG group) and 50  μL of AI-2 
(500 nmol/L; LGG + AI-2 group) solution for 3 consecu-
tive days.

Histological observation
The four groups of pups were decapitated on postnatal 
day 10. Histological examination was performed as pre-
viously described [27]. In brief, intestines were removed 
from the body of each mouse, and a 1 cm distal part of the 
ileum was fixed in paraformaldehyde solution (4%). Then, 
the sample was dehydrated and embedded in paraffin. 
Next, the sample was cut into 4-mm slices. Subsequently, 
the 4-mm tissue slices were stained with hematoxylin and 
eosin (HE). ImageJ software (NIH, Bethesda, MD, USA) 
was used to measure the length of the intestinal tissue 
villi in each group to assess the intestinal development 
and the degree of injury [28].

Detection of AI‑2 activity and LGG in mouse intestines
The method was carried out as previously described [29]. 
In brief, the colon of each mouse was flushed with 400 µL 
of 2216E medium (Hopebio, Qingdao, China). The fecal 
filtrates were collected in sterile tubes, vortexed, and 
centrifuged. Lactobacillus rhamnosus GG (LGG) was 
cultured twice in MRS broth, incubated at 37  °C for 
16 h, washed twice with saline, re-suspended in 0.7 mL 
of fresh MRS broth at 1 × 108  CFU, and 0.2  mL of AI-2 
(500 nmol/L) was added to form a mixture of LGG + AI-2, 
and then 0.1  mL aliquots of different concentrations of 
D-ribose were added, respectively, so that the final 1 mL 
mixture contained 0, 10, 50, or 100  mmol/L D-ribose, 
which was then incubated for 3,6, 9, 16, 24, and 30 h. The 
bacterial supernatant was collected by centrifugation 
at 12,000 × g for 10 min at 4 °C. The sterile supernatants 
were obtained by filtration through a 0.22 µm filter (Mil-
lipore, Billerica, MA, USA). (S)-4,5-dihydroxypentane-
2,3-dione (DPD) (as the AI-2 precursor) was sourced 
from OmmScientific (Dallas, TX, USA). The AI-2 lev-
els in the samples were assayed using the Vibrio harveyi 
BB170 reporter. BB170 was cultured in 2216E medium 
(Hopebio) at 30  °C for 18  h and then diluted 1:5000 in 
fresh 2216E. For the AI-2 test, the samples were com-
bined with the V. harveyi BB170 dilutions. Additionally, 
20 µL of 1 mM AI-2 (as a positive control), fecal filtrate, 
bacterial supernatant, and 2216E medium (as a negative 
control) were pipetted into a 96-well plate (Corning Inc. 
Corning, NY, USA). Then, 180 µL of BB170 dilution was 
added to each well to make a total of 200 µL and the plate 

was agitated at 30 °C and 120 rpm. After 30 min of incu-
bation, the luminescence of the samples was recorded 
using a multimode microplate reader (BioTek Instru-
ments, Synergy H1, Winooski, VT, USA) at intervals of 
30 min until the signal was lowest in the negative control.

Fecal microbiota analysis
Total microbial genomic DNA was extracted using a 
QIAamp FAST DNA Stool Mini-Kit (Qiagen, Hilden, 
Germany) according to manufacturer’s instructions. The 
quality and concentration of the DNA were determined 
using 1.0% agarose gel electrophoresis and a NanoDrop® 
ND-2000 spectrophotometer (Thermo Scientific Inc., 
Waltham, MA, USA) and kept at − 80 ℃ before further 
use. The hypervariable region V3-V4 of the bacterial 16S 
rRNA gene was amplified using primer pair 338F (5ʹ-ACT​
CCT​ACG​GGA​GGC​AGC​AG-3ʹ) and 806R (5ʹ-GGA​CTA​
CHVGGG​TWT​CTAAT-3ʹ) [30] in an ABI GeneAmp® 
9700 PCR thermocycler (ABI, Foster City, CA, USA). The 
amplification procedure was as described previously20. 
The PCR product was extracted from a 2% agarose gel, 
purified, and then quantified using a Quantus™ Fluorom-
eter (Promega, Madison, WI, USA). Novaseq sequencer 
(Illumina, San Diego, USA) was used to carry out 
2 × 250 bp paired-end sequencing, and the corresponding 
reagent is NovaSeq 6000 SP Reagent Kit (Illumina, San 
Diego, USA). Bioinformatic analysis of the gut microbi-
ota was carried out using the Majorbio Cloud platform 
(https://​cloud.​major​bio.​com). Based on the ASVs infor-
mation, the community richness indicators Ace, Chao, 
Simpson, Sobs, and Shannon index were calculated with 
Mothur v1.30.2 [31]. The similarity among the microbial 
communities in different samples was determined by 
principal coordinate analysis (PCoA) based on Bray–cur-
tis dissimilarity using Vegan v2.4.3 package.

Scanning electron microscopy of LGG and mouse colonic 
tissue
The OD600 of the activated LGG culture was adjusted to 
0.8, and 1.5 mL of the culture was poured into a 2 mL EP 
tube and centrifuged at 10,000 × g for 15 min at 4 ℃. The 
supernatant was discarded, and 4% glutaraldehyde was 
gently added along the tube wall, and the tube was stored 
at 4 °C. Colon tissues were isolated and rinsed twice with 
4  °C phosphate-buffered saline (PBS), and then fixed in 
4% glutaraldehyde at 4  °C until they were transported 
to the electron microscopy room of Chongqing Medical 
University. Samples were then washed and sequentially 
dehydrated with increasing concentrations of ethanol 
(30, 50, 70, 90, and 100%) for 35 min and soaked in pure 
tert-butanol. The samples were freeze-dried in a vacuum 
freeze dryer (Ningbo Scientz Biotechnology Co. Ltd., 
Ningbo, China). After drying, the samples were mounted 

https://cloud.majorbio.com
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on holders, gold coated using an MC1000 sputter coater 
(Hitachi, Tokyo, Japan), and examined by SEM (SU8010, 
Hitachi).

Intestinal tissue transcriptome
Total RNA was extracted from the tissue using the 
QIAzolLysisReagent according the manufacturer’s 
instructions (Qiagen, Germany). Then RNA quality was 
determined using a 5300 Bioanalyser (Agilent, Santa 
Clara, CA, USA) and quantified using an ND-2000 
(NanoDrop Technologies, Wilmington, ME, USA). 
Only high-quality RNA samples (OD260/280 = 1.8 ~ 2.2, 
OD260/230 ≥ 2.0, RNA integrity number (RIN) ≥ 6.5, 
28S:18S ≥ 1.0, and > 1  μg) were used to construct the 
sequencing library. RNA purification, reverse tran-
scription, library construction, and sequencing were 
performed at Majorbio Bio-pharm Biotechnology Co., 
Ltd. according to the manufacturer’s instructions (Illu-
mina). Differential expression analysis was performed 
using the DESeq2 [32]. DEGs with |log2FC| ≧0.58 and 
P value ≤ 0.05 (DESeq2) were considered to be signifi-
cantly different expressed genes. In addition, functional-
enrichment analysis including Gene Ontology (GO) was 
performed to identify which DEGs were significantly 
enriched in GO terms and metabolic pathways at Bonfer-
roni-corrected P-value ≤ 0.05 compared with the whole-
transcriptome background (GO, http://​www.​geneo​ntolo​
gy.​org, p < 0.05).

Western blotting
The intestinal tissues and Caco-2 cells were homogenized 
and lysed using radioimmunoprecipitation assay (RIPA) 
lysis buffer (keygen BioTECH, Nanjing, China), supple-
mented with 1% phenylmethylsulfonyl fluoride (PMSF) 
(keygen BioTECH). The concentration of the extracted 
proteins was determined using the Bicinchoninic acid 
assay kit (keygen BioTECH). Protein solutions were 
mixed with sodium dodecyl sulfate (SDS) sample buffer 
(keygen BioTECH) in a 4:1 ratio and denatured in boil-
ing water for 10 min. Protein samples were separated on 
a 10% polyacrylamide gel and then transferred onto a 
polyvinylidene difluoride (PVDF) membrane (Millipore). 
The membrane was blocked in rapid blocking solution 
at room temperature for 10  min, followed by overnight 
incubation at 4  °C with antibodies against hydroxycar-
boxylic acid receptor 2 (Hcar2) (Affinity Biosciences, 
Jiangsu, China), claudin3 (Affinity Biosciences), clau-
din4 (ZENBIO Biotechnology, Chengdu, China), β-actin 
(ABclonal, Wuhan, China), and β-Tubulin (ZENBIO Bio-
technology). Subsequently, the membrane was incubated 
with a labeled secondary anti-rabbit antibody for 1 h, and 
the immunoreactive protein bands were detected using 
an enhanced chemiluminescence (ECL) kit (Millipore) 

and visualized using the Bio-Rad ChemiDoc™ Touch 
Imaging System (Bio-Rad, Hercules, CA, USA). Image 
analysis was performed using Image Lab and ImageJ 
software.

Enzyme linked immunosorbent assay (ELISA)
The levels of tumor necrosis factor alpha (TNF-α) and 
interleukin 10 (IL-10) in intestinal tissue supernatants 
were determined using commercially available kits (Mou
se TNF-α and  IL-10 ELISA Kits; Neobioscience, Shenz-
hen, China) according to the manufacturer’s instructions.

Quantitative real‑time reverse transcription PCR 
of intestinal tissue and caco‑2 cells
RNA from mouse intestinal tissues and Caco-2 cells 
was extracted using an RNA extraction kit (Promega, 
Beijing, China). The RNA was then reverse transcribed 
into cDNA. The quantitative real-time PCR (qPCR) 
step was performed using the CFX96 real-time PCR 
detection system (Bio-Rad). ACTB or Actb (encoding 
beta-actin) was used as the housekeeping gene, and the 
mRNA levels of Hcar2/HCAR2, Cldn3/CLDN3 (clau-
din3), and Cldn4/CLDN4 (claudin4) were normalized 
against it. The following primer sequences were used: 
Actb (mouse) forward, 5ʹ-ACT​GCC​GCA​TCC​TCT​TCC​
TC-3ʹ; Actb (mouse) reverse, 5ʹ-AAC​CGC​TCG​TTG​CCA​
ATA​GTG-3ʹ; Hcar2 (mouse) forward, 5ʹ- CCT​GAC​TGT​
CCA​CCT​CCT​CTA​TAC​-3ʹ; Hcar2 (mouse) reverse, 5ʹ- 
ATC​GTG​CCA​CCT​GAA​GTT​GTAAC-3ʹ; Cldn3 (mouse) 
forward, 5ʹ-GCC​AAC​ACC​ATC​ATC​AGG​GAT​TTC​-3ʹ; 
Cldn3 (mouse) reverse, 5ʹ-GCA​GGA​GCA​ACA​CAG​
CAA​GG-3ʹ’; Cldn4 (mouse) forward, 5ʹ- GGA​TGC​TTC​
TCT​CAG​TGG​TAGGG-3ʹ; Cldn4 (mouse) reverse, 5ʹ- 
AGG​ACA​CGG​GCA​CCA​TAA​TCAG-3ʹ; ACTB (human) 
forward, 5ʹ- CCA​CGA​AAC​TAC​CTT​CAA​CTC​CAT​
C-3ʹ; ACTB (human) reverse, 5ʹ- AGT​GAT​CTC​CTT​
CTG​CAT​CCT​GTC​-3ʹ; HCA2 (human) forward, 5ʹ- CGG​
ACA​GCA​GCC​ATC​ATC​TCTTG-3ʹ; HCAR2 (human) 
reverse, 5ʹ- GCA​TCT​TCT​TCT​TCA​GGA​GGT​GGA​C-3ʹ; 
CLDN3 (human) forward, 5ʹ-TTC​ATC​GGC​AGC​AAC​
ATC​ATCAC-3ʹ; CLDN3 (human) reverse, 5ʹ- AGC​AGC​
GAG​TCG​TAC​ACC​TTG-3ʹ; CLDN4 (human) forward, 
5ʹ- ATC​GGC​AGC​AAC​ATT​GTC​ACCTC-3’; CLDN4 
(human) reverse, 5ʹ’- CAG​CAG​CGA​GTC​GTA​CAC​
CTTG-3ʹ. The results are presented as 2−ΔΔCt ± SEM.

Detection of short‑chain fatty acids (SCFAs)
Solid samples (25  mg) were accurately weighed into 
2 mL grinding tubes and added with 500 µL water con-
taining 0.5% phosphoric acid. The samples were frozen 
and ground at 50 Hz for 3 min, repeated twice, followed 
by ultrasound treatment for 10  min, and centrifuga-
tion at 4  °C and 13000 × g for 15  min. Then, 200  μL of 

http://www.geneontology.org
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the supernatant was removed into a 1.5  mL centrifuge 
tube, and added with 0.2  mL N-butanol solvent con-
taining internal standard 2-ethylbutyric acid (10 μg/mL) 
for exaction. Finally, the sample was vortexed for 10  s, 
treated with ultrasound at low temperature for 10  min, 
followed by centrifugation at 4 °C and 13000 × g for 5 min, 
after which the supernatant was carefully transferred to a 
sample vial for gas chromatography–mass spectrometry 
analysis (Shanghai Meiji Biomedical Technology Co., Ltd, 
Shanghai, China).

Effect of AI‑2 + LGG and D‑ribose co‑culture on caco‑2 cells
Caco-2 cells were inoculated at 2 × 105 cells/well into 
6  cm dishes (Corning) and cultured in an incuba-
tor at 37  °C, 5% CO2, and 95% air until a monolayer 
cell model was formed. Lactobacillus rhamnosus 
(LGG) was cultured in MRS broth at 37  °C for 16  h. 
It was washed twice with saline and resuspended in 
0.7  mL of antibiotic-free Dulbecco’s modified Eagle’s 
medium (DMEM) at 1 × 108 CFU. Then, 0.2 mL of AI-2 
(500  nmol/L) was added to form the LGG + AI-2 mix-
ture. Next, 0.1  mL of 500  mmol/L D-ribose was added 
for the LGG + AI-2 + D-Ribose group; 0.1 ml of saline was 
added for the LGG + AI-2 group; 0.9  mL of antibiotic-
free DMEM with 0.1 mL of D-ribose (500 mmol/L) was 
added for the D-ribose group; and 1 mL of DMEM with-
out added antibiotics was added for the control group. 
All the mixtures were spread on separate cell monolayers, 
followed by incubation at 37 °C for 6 h. The cell monolay-
ers were washed with pre-cooled saline twice to extract 
cellular proteins and RNA.

Adhesion assay to caco‑2 cells
Caco-2 cell culture and adhesion assays were per-
formed as previously described with minor modifica-
tions [33–35]. Caco-2 cells were inoculated into 12-well 
plates at a concentration of 2*105 cells/well and cul-
tured in DMEM medium containing 10% fetal bovine 
serum until monolayers were formed, and 0.9% saline 
was rinsed twice. The aforementioned LGG was resus-
pended in DMEM without added antibiotics at a con-
centration of 1*108  CFU/mL. 12-well plates were added 
containing 1  ml of bacterial resuspension and 0.25  ml 
of sterile saline for the AI-2 0  nm group; containing 
1 ml of bacterial resuspension and 0.25 ml of 50 nmol/L 
AI-2 for the 10 nm group; with 1 ml of bacterial resus-
pension and 0.25 ml of 500 nmol/L AI-2 for the 100 nm 
group; with 1  ml of bacterial resuspension and 0.25  ml 
of 2500  nmol/L AI-2 500  nm group [1]. Plate counting 
method: After 3  h of co-incubation at 37  °C, 5% CO2 
incubator, 0.9% saline rinsed three times to remove the 
bacterial suspension and unadhered bacteria, and then 
the cells were digested with 0.2 ml of trypsin, and 0.3 ml 

of DMEM medium with 10% fetal bovine serum was used 
after the cells were detached, and the adhering bacteria 
were collected. The mixtures were diluted 1000 in saline 
and 50ul of the diluted mixture was taken and inoculated 
on MRS agar to assess the number of adherent bacteria 
surviving. The adhesion of the strains was expressed as 
the adhesion rate, which was calculated according to the 
following formula: adhesion rate (%) = lg CFU Nt/lg CFU 
N0 × 100% (N0 is the number of LGG before treatment 
and Nt is the number of bacteria after treatment). (2) 
Microscopic observation: The procedure was the same 
as the Caco-2 adhesion experiment described above. 
After co-incubation for 3 h at 37 °C, 5% CO2 incubator, 
0.9% saline was rinsed three times to remove unadhered 
bacteria. The adherent bacteria were fixed with 4% para-
formaldehyde for 15 min and Gram stained. The adher-
ent bacteria were counted under a microscope to observe 
the adhesion.

Quantitative real‑time PCR of LGG
Lactobacillus rhamnosus (LGG) was cultured twice in 
MRS broth and incubated at 37 °C for 16 h. The culture 
was then washed twice with saline and re-suspended 
in MRS broth at a concentration of 1 × 108 CFU/mL. In 
96-well plates, 160 μL of the bacterial resuspension was 
added, along with 40  μL of 2500  nmol/L AI-2 for the 
500 nm group; 160 μL of the bacterial resuspension and 
40 μL of 500 nmol/L AI-2 for the 100 nm group; 160 μL 
of the bacterial resuspension and 40  μL of 50  nmol/L 
AI-2 for the 10  nm group; and 160  μL of the bacterial 
resuspension and 40 μL of sterile saline for the AI-2 0 nm 
group. The plates were then incubated for a total of 6 h 
at 37  °C in a 5% CO2 incubator. The bacteria in the 96 
wells were collected by centrifugation at 8000  rpm for 
5 min at 4 °C. Total bacterial RNA was extracted using a 
previously described method [36]. RT-PCR analysis was 
performed using the CFX96 real-time PCR detection sys-
tem (Bio-Rad, USA). GAPDH was used as a housekeep-
ing gene and mRNA levels of spaC, pili, and Pilus444 
were normalized to it. Primer sequences were used as 
described previously [37]: GAPDH (LGG_00933) for-
ward, 5ʹ- GAT​CGT​TTC​TGC​AGG​TTC​TT -3ʹ; GAPDH 
(LGG_00933) reverse, 5ʹ- CCG​TTC​AAT​TCT​GGG​ATA​
AC -3ʹ; spaC (LRHM_0428) forward, 5ʹ- CAA​CTT​GAT​
GGG​ACA​ACG​TA -3ʹ; spaC (LRHM_0428) reverse, 5ʹ- 
TCT​GGT​GCT​TTT​GTT​TCT​GA -3ʹ; pili (LGG_02339) 
forward, 5ʹ- GAT​TAT​CGG​GTT​GAT​TCT​GG-3ʹ; pili 
(LGG_02339) reverse, 5ʹ- AAA​TCG​CCT​TCG​TAC​
ATC​TC-3ʹ; Pilus444 (LGG_00444) forward, 5ʹ- CAA​
CTT​GAT​GGG​ACA​ACG​TA-3ʹ; Pilus444 (LGG_00444) 
reverse, 5ʹ- TTT​GCA​GGA​TTG​CTT​TGA​TA-3ʹ’;. Results 
are expressed as 2^-ΔΔCt ± SEM.
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Statistical analysis
Data are presented as mean ± standard error of the 
mean (SEM), the median, or minimum and maximum 
values according to the normality of the distribution. 
Cohen classified effect size as small (d = 0.2), medium 
(d = 0.5) and large (d = 0.8) [38]. One-way analysis of vari-
ance (ANOVA), Duncan’s test, tests for normality, and 
a logarithmic test (D’) were performed using SPSS 22 
(IBM Corp., Armonk, NY, USA) and GraphPad Prism 9 
(GraphPad Software, San Diego, CA, USA). Statistical 
differences were defined as significant at P < 0.05.

Results
AI‑2 combined with LGG elevated the intestinal AI‑2 
concentration in the antibiotic‑induced intestinal dysbiosis 
neonatal mouse model
The experimental procedure is outlined in Fig. 1a. On the 
fourth day, the LGG + AI-2 group of mice outweighed the 
other three groups, while the control group exhibited the 
opposite trend. However, the differences did not demon-
strate statistical significance (Fig.  1b). The LGG + AI-2 
group of mice had a substantially greater intestinal AI-2 
concentration compared with that in the control group, 

Fig. 1  Effect of AI-2 with LGG on the intestines of the antibiotic-induced neonatal mouse model. a The experimental procedure of the study. The 
variations in b body weight (n = 8 per group), c intestinal AI-2 concentration (n = 7 per group), d pathological morphology of ileal intestines (n = 
3 per group). e Quantification of intestinal villus length (n = 3 per group). Values are presented as the mean± SEM. Significance was tested using 
one-way ANOVA. AI-2, autoinducer-2; LGG, Lactobacillus rhamnosus GG. *P < 0.05, **P < 0.01
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AI-2 group, and LGG group (Fig. 1c, P < 0.01, P < 0.01, and 
P < 0.05, respectively). However, the pathological changes 
and villus length of the ileal intestine (Fig. 1d, e) did not 
differ significantly among the four groups, and other gen-
eral conditions such as mortality, vitality, hair luster, sub-
cutaneous fat, bloating, diarrhea, and gastric retention 
also did not differ among the groups.

The combination of AI‑2 with LGG elevated the proportions 
of Firmicutes and Lacticaseibacillus and decreased 
the fraction of Proteobacteria in the antibiotic‑induced 
intestinal dysbiosis neonatal mouse model
The gut microbiota profile serves as an important regula-
tor of host intestinal homeostasis and the immune system 
[39]. Studies have shown that the mechanical, chemical, 
and immunological barriers of the gut are controlled in 
part by the gut bacteria [40]. Using 16S rDNA sequenc-
ing, the bacterial community structure was examined to 
investigate the effects of AI-2 coupled with LGG on the 
intestinal flora in antibiotic-induced intestinal dysbiosis 
neonatal mouse model. The community richness indica-
tors Ace, Chao, Simpson, Sobs, and Shannon index did 
not indicate variations among the four groups (Addi-
tional file  1: Table  S1). At the phylum, class, and order 
levels, PCoA investigation using the Bray–Curtis model 
showed that the LGG group was considerably separated 
from the LGG + AI-2 group in the direction of the PC1 
axis, and PCoA analysis using weighted UniFrac dis-
tances confirmed this finding (Additional file  5: Fig S1). 
These findings showed a significant difference between 
the LGG + AI-2 group and the LGG group in the gut 
microbial community of neonatal mice with antibiotic-
induced intestinal dysbiosis.

Next, the community composition at the phylum, 
family, and genus levels in the control, AI-2, LGG, and 
LGG + AI-2 groups were examined to identify specific 
alterations in the gut microbiota of antibiotic-induced 
intestinal dysbiosis neonatal mouse model. Firmicutes 
(23.13%), Proteobacteria (76.45%), and Bacteroidota 
(0.15%) were the three dominant phyla in the control 
group, and Firmicutes (23.25%), Proteobacteria (75.36%), 
and Bacteroidota (0.17%) were dominant in the AI-2 
group. However, Firmicutes (6.35%), Proteobacteria 
(93.21%), and Bacteroidota (0.12) were the most prevalent 
phyla in the LGG group. Notably, the most predominant 
phyla in the LGG + AI-2 group were Firmicutes (60.07%), 
Proteobacteria (37.74%), and Bacteroidota (0.11%) (Addi-
tional file 2: Table S2). At the phylum level (Fig. 2a–c), the 
mean relative abundance of Firmicutes was higher in the 
LGG + AI-2 group than in the LGG group (P < 0.05, effect 
size 0.69). However, there was no significant difference 
(P > 0.05) between the AI-2 group and the control group. 
Similarly, the mean relative abundance of Proteobacteria 

was lower in the LGG + AI-2 group than in the LGG 
group (P < 0.05, effect size 0.7), but the difference was 
not significant (P > 0.05) between the AI-2 group and 
the model control group. As shown in Additional file 3: 
Table S3 and Additional file 4: Table S4, the LGG + AI-2 
group had the greatest ratio of Lactobacillaceae family 
and the Lacticaseibacillus  spp. genus (59.08%, 57.85%), 
followed by the control group (8.43%, 2.28%), the AI-2 
group (4.21%, 2.27%), and the LGG group (4.28%, 3.57%). 
At the family level (Fig.  2d–f), the mean relative abun-
dance of Lactobacillaceae in the LGG + AI-2 group was 
significantly higher than that of the control (P < 0.001, 
effect size 0.65), AI-2 (P < 0.001, effect size 0.7), and LGG 
groups (P < 0.001, effect size 0.7), and the mean rela-
tive abundance of Enterobacteriaceae was dramatically 
lower in the LGG + AI-2 group than in the LGG group 
(P < 0.05, effect size 0.68). At the genus level (Fig. 2g–i), 
the mean relative abundance of Lacticaseibacillus spp. in 
the LGG + AI-2 group was substantially greater than that 
in the control (P < 0.001, effect size 0.69), AI-2 (P < 0.001, 
effect size 0.7), and  LGG groups  (P < 0.001, effect size 
0.69), whereas the LGG group exhibited a lower mean 
relative abundance of Streptococcus spp. compared with 
that in the AI-2 group (P < 0.05, effect size 0.57). Moreo-
ver, the LGG + AI-2 group had a lower mean abundance 
of Streptococcus spp. than the AI-2 and control groups; 
however, the difference was not significant (P > 0.05). 
These data showed that AI-2 combined with LGG ele-
vated the percentage of Firmicutes and Lacticaseibacillus 
spp. and lowered the fraction of Proteobacteria, which in 
turn reshaped the flora structure of antibiotic-induced 
intestinal dysbiosis neonatal mouse model.

AI‑2 increased the number of LGG adhesions and biofilm 
formation in the antibiotic‑induced intestinal dysbiosis 
neonatal mouse model
Colonic scanning electron microscopy and fecal flora 
analyses were used to examine the potential effect of AI-2 
on intestinal LGG. Under scanning electron microscopy, 
LGG was typically 0.5–0.6 × 1.6–2.0  μm in size, and the 
organisms were often elongated, rounded rods without 
flagella (Fig. 3a). Additionally, we observed a well-devel-
oped and full-fledged biofilm in the untreated mouse 
colon, as well as diverse types of bacteria adhering to its 
surface, which included rod-shaped and spherical bacilli. 
(Fig. 3b). However, in the control group, biofilm and bac-
terial adhesion on the colonic surface were rarely visible 
(Fig.  3c). Meanwhile, a thin biofilm was visible in the 
colon of the AI-2 group, and the bacteria adhering to the 
surface were spherical and 2.3 × 2.2 μm in size (Fig. 3d). 
Notably, the LGG + AI-2 group had considerably more 
biofilms and LGG on the surface of the colonic mucosa 
than in the LGG group (Fig.  3e, f ). In addition, at the 
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genus level (Fig. 3g), the mean relative abundance of Lac-
ticaseibacillus in the LGG + AI-2 group was greater than 
that in the LGG group (P < 0.05). These results suggested 
that AI-2 might promote the formation of intestinal bio-
films and the adhesion of LGG in the antibiotic-induced 
intestinal dysbiosis neonatal mouse model.

The combination of AI‑2 with LGG altered the expression 
several genes involved in intestinal barrier function
The above results suggested that AI-2 combined with LGG 
might facilitate LGG colonization and remodel the partially 

imbalanced intestinal flora in the antibiotic-induced intes-
tinal dysbiosis neonatal mouse model. Therefore, intes-
tinal tissue transcriptome analysis was performed to 
further investigate the molecular mechanism of AI-2 on 
the incidence of intestinal LGG colonization. Differentially 
expressed genes (DEGs) were identified using the criteria 
of P-value < 0.05 and Fold change > 1.5. First, we analyzed 
the number of DEGs in a two-by-two comparison between 
the control, AI-2, LGG, and LGG + AI-2 groups. As seen 
in Fig.  4a, compared with the control group, 653 genes 
were significantly downregulated and 1444 genes were 

Fig. 2  Changes in the gut microbiota composition following AI-2 combined with LGG treatment. The differences at the a–c phylum level, d–f 
family level, and g–i genus level based on Kruskal-Wallis H test. n = 8 per group. Values are presented as the mean ± SEM. Significance was tested 
using Kruskal-Wallis H test. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 3  Observation of the adhesion of LGG on the surface of intestinal mucosa by SEM. a Morphological observation of LGG under a scanning 
electron microscope. Changes to biofilms and bacterial adhesion in the colon of b untreated mouse, c control, d AI-2, e LGG, f LGG+AI-2 groups 
(n = 3 per group) under the scanning electron microscope. The differences at the g genus level between LGG group and LGG+AI-2 group (n = 8 
per group). Values are presented as the mean ± SEM. Significance was tested using Wilcoxon rank-sum test

Fig. 4  The differences in the intestinal tissue transcriptome in the four groups. a Numbers of differentially expressed genes (DEGs) 
among the control, AI-2, LGG, and LGG+AI-2 four groups. b Venn diagram analysis between the AI-2 vs. control groups and between the LGG+AI-2 
vs. LGG groups. c GO_BP enrichment analysis, GO_MF enrichment analysis, and GO_CC enrichment analysis for DEGs except for the AI-2 vs. control 
groups between the LGG+AI-2 vs. LGG groups. d Heat map analysis of DEGs associated with the cell junction (n = 7 per group). e–g Comparison 
of Hcar2, cldn3, and cldn4 mRNA expression levels among the four groups (n = 9 per group). DEGs were identified according to fold change≥1.5 
and a P-value < 0.05 (DESeq2). Values are presented as the mean ± SEM. Significance was tested using one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001. BP, biological process; MF, molecular function; CC, cellular component

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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significantly upregulated in the LGG + AI-2 group, 244 
genes were significantly downregulated and 473 genes were 
significantly upregulated in the AI-2 group, and 226 genes 
were significantly downregulated and 348 genes were sig-
nificantly upregulated in the LGG group. In the LGG + AI-2 
group compared with the LGG group, 472 genes showed 
a significant upregulation, while 262 genes showed a sig-
nificant downregulation. In the comparison between the 
LGG + AI-2 group and the AI-2 group, 411 genes were 
significantly upregulated and 266 genes were significantly 
downregulated. In the comparison between the LGG group 
and the AI-2 group, 236 genes were significantly upregu-
lated, while 149 genes were significantly downregulated.

Then, we performed Venn diagram analysis of common 
and specific genes between the LGG + AI-2 group, the con-
trol group, and the LGG group. As seen in Fig. 4b, a total of 
597 and 580 unique DEGs, as well as 137 common DEGs, 
were identified in the LGG + AI-2 vs. LGG and the AI-2 
vs. control comparisons. To investigate the mechanism of 
AI-2’s effects on LGG alone, GO analysis was performed 
on the 597 specific DEGs from the LGG + AI-2 vs. LGG 
comparison. As shown in Fig. 4c, the GO categories were 
enriched in biological process that were mostly related 
with cell junction, cell adhesion, biological adhesion, and 
tight junction assembly; similarly, in cellular component, 
the DEGs were primarily linked with cell junction, cellular 
adhesion, and adhesion junction; and in molecular func-
tion, they associated with cellular and matrix adhesion. 
Next, heat map analysis of cell junction-related genes was 
carried out (Fig.  4d), which showed that the expression 
levels of Hcar2, Cldn3, and Cldn4 genes in the LGG + AI-2 
group were higher than those in the control group, the AI-2 
group, and the LGG group. Moreover, the results of qRT-
PCR also confirmed that the expression levels of Hcar2 
(Fig.  4e, P < 0.0001, P < 0.001, and P < 0.01, respectively), 
Cldn3 (Fig.  4f, P < 0.001, P < 0.01, and P < 0.01, respec-
tively), and Cldn4 (Fig.  4g, P < 0.0001) in the LGG + AI-2 
group were substantially higher than those in other three 
groups. These data suggested that the combination of AI-2 
with LGG promoted the expression of cell junction-related 
genes, which in turn improved intestinal barrier function in 
the antibiotic-induced intestinal dysbiosis neonatal mouse 
model.

The combination of AI‑2 with LGG enhanced protein 
expression levels associated with the intestinal 
barrier and repressed inflammatory cytokines 
in the antibiotic‑induced intestinal dysbiosis neonatal 
mouse model
To investigate the effects of AI-2 treatment combined 
with LGG on barrier integrity and immune function in 
antibiotic-induced intestinal dysbiosis neonatal mouse 
model, tight junction proteins and inflammatory factors 

were detected using western blotting and ELISA, respec-
tively. The Hcar2 protein level was considerably greater in 
the LGG + AI-2 group than in the control group (P < 0.05), 
AI-2 group (P < 0.01), and LGG group (P < 0.01). Similarly, 
the levels of claudin3 and claudin4 were significantly 
increased in the LGG + AI-2 group compared with those 
in the other three groups (P < 0.0001, P < 0.0001, and 
P < 0.001, respectively; P < 0.001, P < 0.05, and P < 0.05, 
respectively) (Fig.  5a–d). The ELISA results (Fig.  5e, f ) 
revealed that the TNF-α level was significantly higher 
in the control group than in the LGG and LGG + AI-2 
groups (both P < 0.05), whereas the IL-10 level was sig-
nificantly higher in the LGG + AI-2 group than in the 
control, AI-2, and LGG groups (P < 0.0001, P < 0.001, and 
P < 0.01, respectively). These results suggested that AI-2 
combined with LGG might affect the intestinal barrier 
and immune function in the antibiotic-induced intestinal 
dysbiosis neonatal mouse model.

The combination of AI‑2 with LGG increased 
the concentration of butyric acid in the gut 
of the antibiotic‑induced intestinal dysbiosis neonatal 
mouse model
Acetic acid, propionic acid, and butyric acid are the 
main components of intestinal SCFAs, which are mostly 
generated by anaerobic bacteria utilizing undigested 
and absorbed carbohydrates for fermentation [41]. The 
overall amount of SCFAs was similar among the groups 
(Fig. 6a); however, the butyric acid content was consider-
ably higher in the LGG + AI-2 group than in the control 
group, AI-2 group, or LGG group (Fig. 6b, P < 0.05). Next, 
we further analyzed the proportion of butyric acid among 
total SCFAs (Fig. 6c). The relative proportion of butyric 
acid was higher in the LGG + AI-2 group compared with 
that in the other three groups (Fig. 6d, P < 0.01, P < 0.01, 
and P < 0.05, respectively). Therefore, we concluded that 
AI-2 promotes butyric acid production by intestinal LGG 
in the antibiotic-induced intestinal dysbiosis neonatal 
mouse model.

D‑ribose reduced Hcar2, Claudin3 and Claudin4 expression 
levels in Caco‑2 cells treated by AI‑2 combined with LGG
To identify whether D-ribose (an inhibitor of AI-2) inhib-
ited AI-2 production by LGG, we applied different con-
centrations of D-ribose to LGG-infected Caco-2 cells at 
different time points and examined their relative bioflu-
orescence values. The results showed that LGG had the 
highest biofluorescence value when it was incubated for 
6 h. The biofluorescence value gradually decreased as the 
incubation time was prolonged (Fig. 7a), and 50 mmol/L 
D-ribose showed the strongest inhibition of AI-2 produc-
tion by LGG after 6 h (Fig. 7b). Then, Caco-2 cells treated 
by AI-2 combined with LGG were co-cultured with 
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50 mmol/L D-ribose. The expression of HCAR2, CLDN3, 
and CLDN4 mRNA in the LGG + AI-2 group was signifi-
cantly higher than that in the control group, and when 
D-ribose was added, the mRNA expression levels of these 
genes decreased significantly (Fig.  7c–e). In accordance 
with prior findings, western blotting demonstrated a sig-
nificant increase in Hcar2, Claudin3, and Claudin4 pro-
tein levels within Caco-2 cells of the LGG + AI-2 group 
compared with those in the control group. Subsequently, 
the addition of D-ribose resulted in a significant decrease 
in the levels of these proteins (Fig.  7f–i). These results 
supported the view that treatment with AI-2 combined 
with LGG enhanced the barrier function in Caco-2 cells, 
which could be inhibited by D-ribose.

Effect of different concentrations of AI‑2 on LGG adhesion 
to Caco‑2 cells
While not substantially different from that at 500 nmol/L 
AI-2, the expression levels of the LGG adhesion genes 
spaC (Additional file  6: Fig S2a, P < 0.001, and P < 0.01, 
respectively), pilus444 (Additional file 6: Fig S2b, P < 0.001 
and P < 0.01, respectively), and pili mRNA (Additional 
file  6: Fig S2c, P < 0.01) were considerably higher at 
100 nmol/L AI-2 than those at 0 nmol/L and 10 nmol/L. 

And similarly, LGG adherence rate consistently revealed 
the same outcome (Additional file 6: Fig S2d, P < 0.01, and 
P < 0.05, respectively). The number of LGG strains adher-
ing to Caco-2 cells observed by microscopy was also sig-
nificantly higher at 100 nmol/L AI-2 concentration than 
at 0  nmol/L, 10  nmol/L and 500  nmol/L, as shown in 
Additional file 6: Fig S2e.

Discussion
The mechanisms underlying the potential influence 
of AI-2 on intestinal LGG have not been clarified in an 
antibiotic-induced intestinal dysbiosis neonatal mouse 
model. The present study revealed that exogenous AI-2 
promoted the colonization of LGG and increased the 
concentration of butyric acid to ameliorate the deterio-
rated intestinal mucosal barrier function in mice with 
antibiotic-induced intestinal dysbiosis.

The important role of LuxS/AI-2 in regulating bacte-
rial colonization and biofilm formation has been widely 
studied. Autoinducer-2 (AI-2) is a signal molecule 
produced by the LuxS gene in many bacterial species 
and enables specific intraspecies communication [42], 
which regulates bacterial community behavior in a den-
sity-dependent manner [43]. Studies have shown that 

Fig. 5  Changes in gut barrier-associated protein levels and inflammatory cytokine levels in the antibiotic-induced neonatal mouse model 
after treatment with AI-2 combined with LGG. a Western blotting analysis of Hcar2, claudin3, and claudin4 levels in the intestine among the four 
groups. b–d Quantitative analysis of Hcar2, claudin3, and claudin4 levels normalized to that of β-actin among the four groups (n = 4 per group). e, 
f ELISA-based comparison of TNF-α and IL-10 levels in the intestines among the four groups (n = 5 per group). Values are presented as the mean ± 
SEM. Significance was tested using one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. TNF, tumor necrosis factor; IL-10, Interleukin 
10
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antibiotics severely affect the gut microbiota [44], leading 
to decreased intestinal AI-2 activity [19]. Nevertheless, 
in the current study, we found that the combination of 
AI-2 with LGG significantly increased the concentration 
of AI-2 in the intestines of mice treated with antibiotics 
compared with the same mice only supplemented with 
LGG or AI-2. This suggested that exogenous AI-2 inter-
acts with LGG, resulting in increased concentrations of 
AI-2 in the gut.

Biofilms are intricate structures formed by the aggre-
gation of microorganisms, including bacteria, fungi, 
or other microbial communities [45]. The formation of 
biofilms by probiotics in the gut can prolong bacterial 
residence time and facilitate nutrient exchange between 
the host and the microbiota [46]. Moreover, the biofilm 

formed by probiotics establishes a physical barrier, which 
contributes to maintain the abundance and functional-
ity of beneficial microbiota in the gut while reducing the 
proliferation of harmful microorganisms [47]. Therefore, 
the effective  colonization  of  probiotics in  intestines is 
crucial for their probiotic function, which can improve 
the survival and colonization of probiotics in the gut [48]. 
It has been reported that AI-2 promotes the coloniza-
tion and synergistic effects of probiotics within the bio-
film, thereby enhancing the stability and functionality of 
the gut microbiota [49–51]. Importantly, during the early 
stages of life, especially following antibiotic use, the gut 
biofilm is not fully mature, and the non-biofilm states of 
microbial communities are highly vulnerable to external 
factors [52]. Our research revealed that the combination 

Fig. 6  Levels of short-chain fatty acids in the gut of antibiotic-induced neonatal mice following the combination AI-2 with LGG. a Total short-chain 
fatty acids; b Butyric acid content; c The proportion of acetic acid, propionic acid, butyric acid, and others among total short-chain fatty acids. d The 
proportion of butyric acid in the four groups (n = 6 per group). Values are presented as the mean ± SEM. Significance was tested using one-way 
ANOVA. *P < 0.05, **P < 0.01
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of AI-2 with LGG promotes the colonization of LGG and 
biofilm formation in the gut, significantly increasing the 
proportion of Firmicutes, while competitively decreasing 
the fraction of Proteobacteria. Another study has shown 
that cocktails of Lactobacillus and fructooligosaccharide 

effectively restore the composition of the gut microbi-
ota in cefixime-induced dysfunction in gut microbiota, 
which increase the abundance of Firmicutes and reduce 
Bacteroidetes, Proteobacteria [53]. Likewise, AI-2 dra-
matically altered the composition of the gut microbiota 

Fig. 7  Changes in Hcar2, claudin3, and claudin4 expressions levels in the Caco-2 cells with AI-2+LGG treatment after D-ribose exposure. a, b 
Effects of different concentrations of D-ribose on the AI-2 activity of LGG at different times (n = 4 per group). c–e Comparison of HCAR2, CLDN3, 
and CLDN4 mRNA expression levels among the groups (n = 3 per group). f Western blotting analysis of Hcar2, claudin3 and claudin4 protein 
levels among the groups. g–i Quantitative analysis of Hcar2, claudin3 and claudin4 protein levels normalized with that of the housekeeping gene 
among the four groups (n = 4 per group). Values are presented as the mean ± SEM. Significance was tested using one-way ANOVA. *P < 0.05, **P < 
0.01, ***P <0.001, ****P < 0.0001
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in antibiotic-treated mice, favoring Firmicutes and 
impeding Bacteroides [54]. In our study, the combination 
of AI-2 with LGG significantly increased the intestinal 
AI-2 concentration, resulting in a change in the intestinal 
environment that allows LGG to better colonize the gut 
[55], which partially reshaped the microbiota structure in 
neonatal mouse model of the antibiotic-induced intesti-
nal dysbiosis. Meanwhile, the cell adhesion assay further 
clarified that the LGG adhesion ability was significantly 
increased by the addition of AI-2, suggesting the impor-
tance of AI-2 in biofilm formation and adhesion of LGG. 
A luxS mutant of LGG showed reduced AI-2 activity, bio-
film formation, and adhesion, and the addition of AI-2 
partially rescued these deficiencies in the mutant strain 
[23]. Hence, as a bacterial signaling molecule, AI-2 inter-
acts with LGG, possibly through alteration of specific 
signaling pathways and metabolites. However, the under-
ling mechanism still requires further investigation.

To examine the effect of AI-2 on LGG in antibiotic-
induced intestinal disorders, we performed intestinal 
tissue transcriptome sequencing. The results indicated 
that the effect of AI-2 combined with LGG on the intes-
tines mainly involves genes related to cell junctions and 
barrier function. The three significantly altered genes 
we identified in transcriptome sequencing were Hcar2, 
Cldn3, and Cldn4, whose encoded proteins are all asso-
ciated with intestinal barrier and immune function [55, 
56]. Claudin3 and Claudin4 are important tight junction 
proteins, which act as a barrier to prevent harmful sub-
stances from entering the bloodstream [57]. As reported, 
broad-spectrum antibiotics can decrease expression of 
tight junction proteins and oral supplementation with 
LGG minimizes these losses [58]. The present study 
showed that compared with supplementation with LGG 
or AI-2 alone, the combination of AI-2 with LGG sig-
nificantly enhanced the levels of Claudin3 and Claudin4 
in vivo. More importantly, it was further confirmed that 
treatment with D-ribose, an inhibitor of AI-2, dramati-
cally reduced the increased levels of Claudin3 and Clau-
din4 in Caco-2 cells induced by AI-2 plus LGG. Thus, the 
combination of AI-2 and LGG might contribute to the 
reinforcement of the intestinal barrier function in a syn-
ergistic manner. However, further research is needed to 
determine the mechanism of this combined effect on the 
intestinal barrier function.

Butyric acid, known as a "beneficial" SCFA, exerts 
multifaceted biological roles, encompassing anti-inflam-
matory, antioxidant, and immunomodulatory effects 
[59–61], which play an important role in maintaining 
intestinal health [62]. Hcar2 (also known as GPR109a) 
is a G protein-coupled receptor expressed in the colonic 
epithelium, which is primarily activated by butyric acid 
[63, 64]. It is widely recognized that antibiotics lead to 

a distinct alteration in gut microbiota diversity, char-
acterized by a significant decrease in the prevalence of 
butyrate-producing bacteria, and consequently, a reduc-
tion in intestinal butyric acid levels [65]. It has been 
proven that broad-spectrum antibiotics significantly 
decreased the concentrations of SCFA in the faeces of 
mice and decreased expression of butyrate transporter 
and receptor. However, oral supplementation with LGG 
and/or tributyrin effectively mitigated these losses [53, 
58]. Notably, the administration of LGG also augmented 
the production of butyric acid in cecal contents, which 
attenuated deoxynivalenol (DON)-induced inflamma-
tion and impairment of the intestinal barrier function 
[66]. These effects collectively contribute to enhancing 
the function of the intestinal barrier. In this study, the 
combination of AI-2 with LGG significantly increased 
the butyric acid concentration and the Hcar2 level in 
the intestines compared with those in the LGG or AI-2 
supplementation only. More importantly, in Caco-2 cell 
experiments, we confirmed that AI-2 combined with 
LGG increased Hcar2 levels (and by extension would 
improve the barrier function of intestinal epithelial cells 
in  situ), which was counteracted by D-ribose. Thus, 
AI-2 may allow for better colonization of LGG in the 
gut, which in turn would increase intestinal butyric acid 
production to promote host health. In addition to acti-
vating Hcar2, butyric acid acts as an inhibitor of histone 
deacetylase (HDAC), which reduces histone acetylation 
and stimulates gene expression in host cells [67]. Recent 
studies have reported that butyric acid improves the 
expression of tight junction proteins and intestinal bar-
rier function by inhibiting histone acetylation [33, 68]. 
However, more studies are required to confirm whether 
the combination of AI-2 with LGG modulates the intesti-
nal barrier function by inhibiting HDAC via butyric acid.

TNF-α is a potent driver of inflammation, playing a 
pivotal role in initiating and amplifying inflammatory 
processes that worsen various inflammatory diseases. 
In contrast, IL-10 serves as an anti-inflammatory fac-
tor, known for its ability to mitigate inflammation and 
promote the recovery of damaged tissues [69]. Previ-
ous research has demonstrated that the exogenous 
administration of AI-2 contributes to a reduction in 
intestinal TNF-α and an increase in IL-10, resulting 
in the attenuation of the inflammatory responses in 
mice with necrotizing enterocolitis (NEC) [20]. Simi-
larly, we found that AI-2 combined with LGG signifi-
cantly reduced TNF-α levels and significantly increased 
IL-10 levels, underlining that AI-2 has an important 
regulatory role in intestinal immunity. However, LGG 
supplementation was ineffective in alleviating the 
inflammatory response of the ileal pouch [70]. There-
fore, the combination of AI-2 with LGG might have a 
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more substantial effect on intestinal immune func-
tion. However, it is important to note that precise 
mechanisms still require further investigation and 
clarification.

The present study has certain limitations that need to 
be acknowledged. Firstly, further research is required to 
comprehensively understand the specific mechanism by 
which AI-2 regulates the colonization of LGG in anti-
biotic-induced intestinal dysbiosis. Secondly, additional 
studies are needed to confirm whether the combina-
tion of AI-2 with LGG modulates the intestinal barrier 
function by inhibiting HDAC via butyric acid. Lastly, 
we predominantly focused on the P-value in statistical 
analyses, and we acknowledge the importance of incor-
porating effect size in future research [38, 71].

Conclusions
This study revealed that the combination of AI-2 with 
LGG promoted the colonization of LGG and intestinal 
biofilm formation, and partially reshaped the struc-
ture of the microbiota of antibiotic-induced intestinal 
dysbiosis by enhancing Firmicutes and Lacticaseibacil-
lus spp. and reducing Proteobacteria. In addition, AI-2 
combined with LGG increased the concentration of 
butyric acid, promoted the levels of Claudin3, Clau-
din4, and Hcar2, and improved intestinal immune bar-
rier function. Finally, in  vitro experiments confirmed 
that D-ribose could reverse the increases in Claudin3, 
Claudin4 and Hcar2 levels in Caco-2 cells treated with 
the combination of AI-2 with LGG. These findings sup-
port the potential of AI-2 and LGG in regulating the 
gut microbiota and host intestinal health.
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