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Abstract
Purpose  Numerous studies have found that probiotics benefit the intestinal barrier. However, the prophylactic effects of 
probiotics on the intestinal barrier, i.e., if probiotics exert protective effects in healthy individuals to defend them against 
harmful elements, have seldomly been reported. The present study aimed to investigate the possible mechanisms of potential 
strains with the function of preventing intestinal barrier damage.
Methods  This study investigated nine potential probiotic strains using in vitro and in vivo models on their intestinal barrier-
protecting properties. Transcriptomic was then employed to decipher the underlying mechanisms of action of the strains.
Results  The results showed that the strains, to varying degrees, regulated the ratio of interleukin (IL)-10 and IL-12 in periph-
eral blood mononuclear cells (PBMCs), increased the transepithelial electrical resistance (TEER) values, and decreased 
Caco-2 cell monolayers permeability. Correspondingly, the strains showed different prophylactic efficacies in protecting 
mice from dextran sulfate sodium (DSS)-induced intestinal barrier damage. Remarkably, Bifidobacterium bifidum FL-228.1 
(FL-228.1) showed the best prophylactic efficacies in protecting mice from DSS-induced intestinal barrier damage. Further 
research suggested that FL-228.1 exerted its prophylactic effects by enhancing mucin 2 (Muc2) production and Claudin 
(Cldn)-4 in the colon. Furthermore, the transcriptomic and protein-protein interactions (PPI) analyses indicated that the inhi-
bition of NLRP3 and the activation of PPARγ and TLR2 could be involved in protecting the intestinal barrier by FL-228.1.
Conclusion  Bifidobacterium bifidum FL-228.1 may be developed as a promising probiotic for the prevention of intestinal 
barrier damage via PPARγ/NLRP3/ TLR2 pathways by enhancing Muc2 and Cldn-4.
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Introduction

The intestinal barrier is a dynamic entity mainly consisting 
of epithelial cells, the mucus layer, immune cells in the lam-
ina propria, and commensal bacteria in the lumen [1]. The 
intestinal barrier function is essential in protecting the host 
from the invasion of the commensal bacteria or other harmful 
pathogens in the lumen. Impairment of the intestinal barrier 
increases the risk of intestinal diseases and metabolic diseases 
such as inflammatory bowel disease (IBD) [2], necrotizing 

enterocolitis [3], obesity [4], and diabetic kidney disease [5]. 
Therefore, the intestinal barrier has been considered a prom-
ising prophylactic and therapeutic target in treating intestinal 
conditions such as IBD [6]. Particularly, tight junction (TJ) 
proteins, which connect the epithelial cells, and the mucus, 
are two crucial factors of intestinal barrier function. Altered 
TJs morphological complexity and a decrease in its content 
could lead to increased intestinal permeability, which could 
permit infiltration of pro-inflammatory molecules, contribut-
ing to inflammation and tissue damage [7]. The mucus, mainly 
composed of Mucin 2 (Muc2), plays a vital role in preventing 
commensal microbes and other pathogens from reaching the 
epithelium. Animal studies have shown that Muc2 deficiency 
was prone to colonic inflammation and could maintain the 
damaging effects of inflammation during colitis [8]. Mice lack-
ing Muc2 have altered intestinal flora and increased suscep-
tibility to dextran sulfate sodium (DSS)-induced colitis [9]. 
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Furthermore, human studies have found that the decrease of 
Muc2 contributes to the pathogenesis of ulcerative colitis (UC) 
[10].

Probiotics have been proven to protect or restore the intesti-
nal barrier by regulating TJs, mucus production, and immune 
systems [11]. Probiotics can repair intestinal barrier damage 
by inhibiting the DSS-induced decrease in TJs content and the 
trinitrobenzene sulfonic (TNBS)-induced decrease in zonula 
occludens (ZO)-1, Occludin and claudin (Cldn)-5 [12, 13]. 
Studies have also shown that probiotics could directly alter 
epithelial barrier function by affecting the structure of TJs, 
such as preventing the reduction of TJs phosphorylation with-
out significant changes in total levels [14]. Meanwhile, pro-
biotics can enhance epithelial barrier function by increasing 
the secretion of Muc2 [15, 16]. As for the involved pathways, 
studies showed that probiotics enhanced the activation of 
AMP-activated protein kinase (AMPK) and inhibited nuclear 
factor-κB (NF-κB) activation in regulating TJs by stimulating 
toll-like receptor 2 (TLR2) [17, 18]. The well-known Muc2 
regulation pathways are the TLR pathways and the mitogen-
activated protein kinase (MAPK) signaling pathways, includ-
ing c-Jun N-terminal kinase (JNK) and NF-κB [16, 19]. In 
addition, upregulation of the expression of atonal homolog 
1 (Atoh1) [20] and activation of the EGF receptor (EGFR) 
[21] in intestinal epithelial cells were also found to be associ-
ated with increased Muc2 expression. However, as probiotics 
have strain-specific traits, the mechanisms of their actions are 
not entirely understood [22]. For example, Archana Chandran 
et al. [15] showed that the Muc2 was differentially expressed 
in the host colon under the same conditions stimulated by two 
Lactobacillus plantarum strains, but the mechanism was not 
elucidated. Although numerous studies have demonstrated 
that probiotics could enhance intestinal barrier function, most 
studies have focused on the therapeutic effects or the efficacies 
of probiotics in restoring the injured intestine. Few studies 
have investigated the prophylactic roles that probiotics play 
in enhancing the barrier function to defend against possible 
damages, let alone the involved mechanisms.

This study screened probiotics for preventing intestinal bar-
rier damage by combining in vitro and in vivo approaches. 
Furthermore, the involved genes and pathways in the preven-
tive effect of the potential probiotics were further analyzed by 
transcriptomics and verified by quantitative PCR. This study 
may provide scientific guidance for further use of probiotics to 
prevent intestinal barrier damage and inflammation.

Materials and methods

Bacteria and pretreatment

Strains used in this study including Bifidobacterium bifi-
dum FL-228.1 (FL-228.1), Lacticaseibacillus rhamnosus 

MN45 (MN45), Lacticaseibacillus paracei K14 (K14), 
Lacticaseibacillus paracei M5 (M5), Lacticaseibacillus 
paracei YZX38 (YZX38), Lacticaseibacillus casei YRL577 
(YRL577), Lacticaseibacillus casei K11 (K11), and Lacti-
plantibacillus plantarum YZX21 (YZX21) were stored in 
the Functional Dairy and Probiotics Engineering Laboratory 
of Ocean University of China and reported in our previ-
ous study [23–26]. Bifidobacterium animalis subsp. lactis 
BB12 (BB12, isolated from a commercial probiotic powder 
purchased from Puractive) was used as a reference strain as 
it is a widely used probiotic and shows protective effects on 
the intestine [27]. The strains were subcultured in De Man, 
Rogosa, Sharpe (MRS) for 48 h at 37 ℃ anaerobically. Then, 
the bacteria were collected by centrifugation (6000 r/min, 
15 min, 4 ℃) and washed twice with precooling phosphate-
buffered solution (PBS) and then re-suspended in the Dul-
becco’s modified Eagle’s medium (DMEM; Solarbio) for 
in vitro experiments (2 × 107 CFU/mL) or PBS for in vivo 
experiments (1 × 108 CFU/mL).

Isolation and treatment of peripheral blood 
mononuclear cells (PBMCs)

Human venous blood was obtained from four healthy 
informed donors upon approved agreement by authorized 
medical staff, and PBMCs were isolated according to previ-
ous reports [28, 29]. Then, cells were cultured in a humidi-
fied incubator in the Roswell Park Memorial Institute 1640 
(RPMI1640) medium containing 10% heat-inactivated fetal 
bovine serum (FBS, purchased from Gibco) under an atmos-
phere of 5% CO2 in air at 37 °C. PBMCs were incubated in 
24-well plates with a final concentration of 1 × 106 cells/mL 
in the presence or absence of live-bacterial cell suspensions 
(1 × 107 CFU/mL) at 37 °C in 5% CO2 for 48 h. The levels 
of interleukin (IL)-10 and interleukin (IL)-12 in the culture 
supernatant were measured using enzyme-linked immuno-
sorbent assays (ELISA, Absin, Shanghai, China).

Caco‑2 cells culturing

The Caco-2 cells were purchased from the Type culture 
collection cell bank of the Chinese Academy of Science 
(Shanghai, China). The determination of intestinal perme-
ability was performed according to previous studies [30]. 
Caco-2 cells (2 × 105 cells/cm2) were seeded in 12-well cell 
culture chambers (LABSELECT, China) on Polyester mem-
brane filters (pore size 0.4 μm, surface area 1.12 cm2), and 
the medium (DMEM; Solarbio; containing 10% fetal bovine 
serum, 100 U/mL penicillin and 100 U/mL streptomycin) 
was changed every other day. Every two days, the transepi-
thelial electric resistance (TEER) was measured using a 
transmembrane cell resistance meter (Kingtech, Beijing, 
China). After the TEER value of the Caco-2 monolayers 
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reached 400 Ω cm2, the Caco-2 monolayers were washed 
twice with PBS and incubated with or without the strain 
suspensions prepared above in the apical part of the insert 
for 24 h. TEER values were measured before and after the 
intervention of strains. Afterward, Fluorescein Isothiocy-
anate-dextran (FITC-dextran) (1 mg/mL FD4; Sigma) was 
added to the apical medium of the Caco-2 monolayers for 6 h 
of incubation, and then the fluorescence intensity of the bot-
tom medium was measured at 480 nm excitation wavelength 
and 520 nm emission wavelength.

Animal experiment

A total of 60 specific pathogen-free (SPF) female BALB/C 
mice (6 weeks old, purchased from Beijing Vital River Labo-
ratory Animal Technology Co., Ltd.) were acclimated to the 
environment for 7 days (24 ± 1 ℃ temperature, 50% ± 10% 
relative humidity). All animal protocols used were pre-
approved by the Laboratory Animal Ethics Committee of the 
College of Food Science and Engineering of Ocean Univer-
sity of China (permission number: SPXY2021112601). The 
mice were randomly divided into five groups (n = 12) after 
the following acclimation: the control group (Control), the 
post-treatment group (Post), and the strains-treatment groups 
(MN45, K11, and FL-228.1). MN45, K11, and FL-228.1 
received 0.2 mL bacterial suspension (1 × 108 CFU/mL) via 
oral gavage, respectively, while Control and Post groups 
received PBS solution (0.2 mL). After 3  weeks [31], the 
oral gavage was stopped, and six mice from each group were 
killed after ether anesthesia [32] for the following meas-
urements and transcriptomic analysis. Subsequently, except 
Control group, the remaining mice in the other groups were 
administered 2% (w/v) DSS (molecular weight, 30–50 kDa; 
YEASEN, Shanghai, China) dissolved in drinking water for 
7 days [33].

Determination of indicators of inflammation 
and intestinal permeability

The serum of the mice was separated by centrifugation (4 ℃, 
8000 r/min, 10 min). The levels of tumor necrosis factor-α 
(TNF-α), IL-10, IL-12, lipopolysaccharide (LPS), and 
D-lactic acid (D-LA) in the serum were determined using 
ELISA kits (Calvin, Suzhou, China) according to the manu-
facturer's instructions.

Histological evaluation

The colon length was measured, and a portion of the colon 
tissue was taken and fixed with 4% formalin. Hematoxy-
lin and eosin (H&E) staining were performed according to 
standard methods. Goblet cells were stained with Alcian 
Blue and Periodic Acid-Schiff (AB-PAS) as directed by the 

manufacturer, and goblet cells were counted using Image J 
according to previous reports [34, 35].

Muc2 determination by immunofluorescence 
in mice colon

Colon tissue slides were deparaffinized and rehydrated. 
Tissue sections were antigenically repaired with ethylene 
diamine tetraacetic acid (EDTA) antigen retrieval buffer 
(pH 8.0) and then washed three times with PBS (pH 7.4). 
The blocking solution was added to cover the marked tissue. 
The Muc2 primary antibody (1:100 dilution, Servicebio) 
was added to the tissue sections and incubated overnight 
at 4 °C. Afterwards, the corresponding secondary antibody 
(1: 3000 dilution, Servicebio) was added to the tissue sec-
tions and incubated at room temperature for 50 min in dark 
condition. 4,6-Diamidino-2-phenylindole (DAPI) was added 
dropwise to the section for counterstaining, and after that, a 
spontaneous fluorescence quenching reagent was added to 
the section. The quantitative immunofluorescence staining 
analysis was performed using Image J software [36].

Transcriptome analysis

The total RNA of the colon of mice from the FL-228.1 (mice 
not administered DSS) and Control groups was extracted 
by TRIzol reagent. The purity and concentrations of the 
obtained RNA were determined using NanoDrop2000. The 
integrity of the RNA was detected by agarose gel electro-
phoresis. The Illumina Truseq™ RNA Sample Prep Kit 
was used to construct libraries, and the sequencing of these 
libraries was completed on the Illumina HiSeq platform. 
Gene Ontology (GO) functional enrichment analysis, Kyoto 
Encyclopedia of Genes and Genomes (KEGG) functional 
enrichment analysis, and network of protein–protein interac-
tions (PPI) were performed with the online Majorbio Cloud 
Platform [37].

Quantitative real‑time PCR

A total RNA extraction kit (Solarbio, Beijing, China) was 
used to extract total RNA according to the instructions. RNA 
extraction from colon tissue of the mice was first performed 
by adding 1 mL of lysate and two grinding beads to make 
the tissue fully ground on the Tissue Grinder (Servicebio, 
Wuhan, China). After the concentration determination and 
normalization, RNA was reversely transcribed into cDNA 
using a reverse transcription kit (Toyobo, Shanghai, China). 
Specific primer sequences are shown in Table 1. Using 
Gapdh as a reference gene [3], the mRNA expressions were 
determined by qPCR with a CFX96 Realtime PCR system 
(Bio-rad Co., Hercules, CA, USA).
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Statistical analysis

IBM SPSS Statistics 23 was used for statistical analysis, 
and one-way analysis of variance (ANOVA) followed by 
a Tukey–Kramer posttest was used to analyze the differ-
ences between the groups. A two-tailed unpaired Student’s 
t test was employed to compare gene expressions between 
Control and FL-228.1 group in the validation of transcrip-
tome analysis. When P < 0.05, significant differences were 
found. Data were combined from at least three independent 
experiments unless otherwise stated. Data were expressed 
as mean ± SEM.

Results

The strains showed varying abilities to regulate 
cytokines

The PBMCs were co-incubated with the strains for 24 h, 
and the levels of IL-10 and IL-12 were determined (Fig. 1). 
Compared with Control group, different strains altered 
the secretion of IL-10 and IL-12 to varying degrees. The 
FL-228.1, K11, and BB12 groups significantly increased 
(P < 0.05) the IL-10/IL-12 value compared with Control 
group (Fig. 1C), indicating that different strains differed in 
their abilities to regulate cytokine secretion and immune bal-
ance. Notably, the reference strain BB12 showed the high-
est IL-10/IL-12 value, followed by the strains FL-228.1 and 
K11, but strain FL-228.1 was better than K11.

The strains could reduce the permeability of Caco‑2 
monolayers

As shown in Fig. 2, the YRL577, FL-228.1, BB12, and 
MN45 groups could significantly increase (P < 0.05) TEER 
value of the Caco-2 monolayers (Fig. 2A), and all strains sig-
nificantly decreased (P < 0.05) FITC-dextran transmittance 

(Fig. 2B) compared with Control group. By combining 
these two indicators, strains YRL577, FL-228.1, and MN45 
showed better or similar performances compared to the ref-
erence strain BB12 in reducing the permeability of the mon-
olayers. Therefore, strains FL-228.1, YRL577, and MN45 
were considered to have the potential to enhance intestinal 
barrier function.

Specific strains showed prophylactic effects 
on DSS‑induced damage in mice

The animal experiment procedure is shown in Fig. 3A. After 
7 days of DSS induction, the weight loss rate in the Post 
group was significantly (P < 0.05) higher than that in Control 
group. The strains treatment could ameliorate the weight 
loss, especially the FL-228.1 and K11 (Fig. 3B). Overall, the 
disease activity index (DAI) scores [38] in FL-228.1, K11, 
and MN45 groups were significantly lower than that of the 
Post group (Fig. 3C). Remarkably, the colon length short-
ening was suppressed considerably by FL-228.1 (Fig. 3D, 
E). These results indicated that pre-administration with the 
strains, especially FL-228.1, alleviated the symptoms of 
DSS-induced damage in the mice intestine, showing sig-
nificant prophylactic efficacies. Meanwhile, there were no 
significant changes in serum cytokines except the IL-12 in 
the MN45 group (Fig. 3F–H) after the intragastric admin-
istration for 21 days in the mice. However, intriguingly, the 
strains prevented, to varying degrees, the imbalance between 
the pro-inflammatory and anti-inflammatory cytokines 
caused by the DSS administration by inhibiting the decrease 
of IL-10 and the increase of TNF-α in mice serum. The 
mucosal layers and morphological changes of colon tissues 
were assessed by AB-PAS and H&E staining. The crypt 
status of the Post group showed extensive atrophy, and 
the mucous layer was destroyed seriously with goblet cell 
depletion and inflammatory cell infiltration. Nevertheless, 
the pre-administration of the strains inhibited DSS-induced 
damage to the mucous layer to varying degrees (Fig. 3I–K). 

Table 1   Sequences of primers 
used for Realtime quantitative 
PCR

Gene Primer sense (5ʹ–3ʹ) Primer antisense (5ʹ–3ʹ)

ZO-1 GAA​GGC​GGA​TGG​TGC​TAC​AAGTG​ AGG​CTC​AGA​GGA​CCG​TGT​AATGG​
Occludin TTG​GCT​ACG​GAG​GTG​GCT​ATGG​ CCT​TTG​GCT​GCT​CTT​GGG​TCTG​
Tnfs10 CTG​TGC​TTG​CTG​TTA​AGT​GCC​ATT​C AGG​TGT​CTC​GCT​CTG​TGT​AAC​TCT​C
Il-18 AGC​CGC​CTC​AAA​CCT​TCC​AAATC​ CCA​ACC​TGC​TGT​CTG​CTT​CTGTC​
Nlrp3 GGT​GAC​TGT​TGT​GGC​TGG​TTCC​ CCT​TCT​GCT​GCT​TCC​CTG​GTT​TAG​
Pparg AGG​AGC​CAG​AAC​CCA​CAG​AGAAG​ TCA​ACC​ACA​GCA​CAG​GAC​ATT​CAC​
Muc2 CGA​GCA​CAT​CAC​CTA​CCA​CAT​CAT​C TCC​AGA​ATC​CAG​CCA​GCC​AGTC​
Tlr2 CTC​CCA​GAT​GCT​TCG​TTG​TTCCC​ GTT​GTC​GCC​TGC​TTC​CAG​AGTC​
Claudin-2 CAC​CGT​GTT​CTG​CCA​GGA​TTCTC​ GAT​AAA​GCC​CAG​GAT​GCC​ACC​AAG​
Claudin-4 CTT​GAC​CCA​CCC​ACC​TAC​CCTAC​ AAT​CCA​CCT​CCA​CCC​TTC​TTCCC​
Gapdh TGG​AAT​CCT​GTG​GCA​TCC​ATG​AAA​C TAA​AAC​GCA​GCT​CAG​TAA​CAG​TCC​G
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Noticeably, the pre-administration of the strains, especially 
FL-228.1, showed promising anti-inflammatory and intes-
tinal damage prevention effects in vivo.

The strains protected intestinal barrier function 
from DSS damage

LPS and D-lactic acid (D-LA) levels in the blood were 
used to assess intestinal permeability. As shown in 
Fig. 4A, LPS concentration was significantly reduced in 
FL-228.1, K11, and MN45 groups compared with the Post 
group. The D-LA concentration showed similar results 
except the K11 group (Fig.  4B). The mRNA expres-
sions of the intestinal barrier-associated proteins and 

cytokine including Muc2, ZO-1, Occludin, and IL-10 in 
the colon tissue were measured. The results showed that 
DSS significantly decreased their expressions, whereas 
the strains mitigated the decrease (Fig. 4D–F). Consist-
ently, the strain FL-228.1 showed the best efficacy. Fur-
thermore, in line with the levels of gene expressions, the 
secretion of Muc2 protein in the FL-228.1 group was less 
affected by DSS induction (Fig. 4G, H). Markedly, the 
strain FL-228.1 exhibited better protection of the intes-
tinal barrier.

Fig. 1   Cytokines regulation effects of strains in vitro. Levels of anti-
inflammatory cytokines IL-10 (A), inflammatory cytokines IL-12 
(B), and cytokines IL-10/IL-12 (C) in the supernatant of PBMC 

cells induced by strains (1 × 107  CFU/mL). Data were presented as 
mean ± SD of three independent experiments. a–f means with differ-
ent superscript letters are significant differences (P < 0.05)
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The prophylactic effect may result 
from the enhanced intestinal barrier function

After 21 d of intervention of strains in mice, the mRNA 
expressions of the intestinal barrier-associated proteins, 
including Occludin, ZO-1, and Muc2 in the colon tissue, 
were measured, and the results showed that the strains 
increased the expressions in varying degrees (Fig. 5A–C). 
LPS concentrations in FL-228.1 and K11 were significantly 
lower than those in Control, while LPS concentrations in the 
MN45 group significantly increased (Fig. 5D). The concen-
tration of D-LA in FL-228.1, MN45, and K11 was downreg-
ulated considerably (Fig. 5E). Compared with other groups, 
the secretion of Muc2 protein in the colon of FL-228.1 mice 
was significantly increased (Fig. 5F, G). These findings sug-
gest that pretreatment with strain FL-228.1 could enhance 
intestinal barrier function somehow.

RNA‑sequencing revealed the signaling pathways 
regulated by FL‑228.1 in enhancing intestinal 
barrier function.

To further elucidate the protective mechanism of the strain 
FL-228.1 on intestinal barrier function, genome-wide tran-
scriptional profiling was performed on whole colon tissues 
of mice intervened with the strain FL-228.1 for 21 days. 
The transcriptome analysis showed significant differences 
between Control and FL-228.1 groups (Fig.  6A). The 
DESeq2 software with negative binomial distribution was 
used to analyze the raw data ( |log 2FC| ≥ 2,P < 0.05 ), and 
the processed data were used as scatter plots of expression 
differences. Compared to Control, FL-228.1 had 1196 differ-
entially expressed genes (DEGs), including 506 up-regulated 

genes and 690 down-regulated genes (Fig. 6B). Pathway 
and gene enrichment analyses were performed using GO 
and KEGG based on the 1196 DEGs. The results showed 
that the GO terms bile acid and bile salt transport, immu-
noglobulin production, cellular lipid catabolic process, 
acute inflammatory response, and metabolic processes of 
long-chain fatty acids were significantly enriched in the 
FL-228.1 group (Fig. 6C). Of note, bile acid bile salt trans-
port, lipid, and fatty acid metabolic processes were signifi-
cantly upregulated. As for the KEGG analysis, Amebiasis, 
NF-κB, calcium signaling, peroxisome proliferator-activated 
receptor (PPAR), cytokine–cytokine receptor interaction, 
IgA-producing intestinal immune network, lipid and pro-
tein digestion and absorption, and bile secretion pathways 
were significantly enriched in the FL-228.1 group (Fig. 6D). 
Interestingly, the PPAR signaling pathway down-regulated 
in IBD inflammatory tissues was significantly up-regulated 
here, while the generally up-regulated pathways NF-κB and 
NOD-like receptor thermal protein domain-associated pro-
tein 3 (NLRP3) in IBD were significantly down-regulated 
here. Specifically, 12 key up-regulated genes (Prlr, Tnfsf10, 
Pparg, Ppara, Muc2, Hmgcs2, Nr1h4, Abcg2, Abst, Lep, 
Lpl, Cldn4) and six down-regulated genes (Il12a, Il18, 
Nlrp3, Cldn2, Vcam1, Lta) were screened from these path-
ways. These genes involved in fatty acid metabolism, bile 
acid transport, inflammatory response, and regulation of the 
content of TJs and mucins have been reported to be closely 
related to intestinal barrier function. Then, seven genes were 
selected for qPCR validation, which were among the differ-
entially expressed genes (DEGs) revealed by the transcrip-
tomic analysis and are closely related to intestinal barrier 
function. As shown in Fig. 6E, the seven gene expression 
changes were consistent with the transcriptomic results. The 

Fig. 2   Epithelial barrier protection effects of strains in  vitro. TEER 
(A) and FITC-dextran (B) values of Caco-2 monolayers under the 
intervention of strains (1 × 107 CFU/mL), expressed as % change of 

the control. Data were presented as mean ± SD of three independent 
experiments. a–h means with different superscript letters are signifi-
cant differences (P < 0.05)
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Fig. 3   Preventive effect of strains on DSS-induced damage. The exact 
method of administration (A); Change in body weight (B); DAI score 
(C); Macroscopic pictures of colons (D); Colon length (E); IL-10 (F), 
IL-12 (G) and TNF-α (H) in the supernatant of mice; AB-PAS stain-

ing of colonic tissue (I); H&E staining of colonic tissue (J); Num-
ber of goblet cells (K). Data were presented as mean ± SD (n = 6). 
*P < 0.05, **P < 0.01, ***P < 0.001
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selected DEGs were then subjected to PPI network analysis, 
and the genes Tlr2, Nrlp3, Il18, Il10, Pparg, Cldn-2, Cldn-4, 
and Muc2 showed more interactions and stronger associa-
tions revealed by the inter-gene connectivity (Fig. 6F). These 

results suggested that the strain FL-228.1 may protect intes-
tinal barrier function by regulating the expression of Muc2 
and TJs via the PPARγ/NLRP3/TLR2 pathways.

Fig. 4   Strains reduced intestinal permeability and improved barrier 
function. LPS (A) and D-LA (B) in the DSS-induced mice serum; 
Relative mRNA expression ratio of IL-10 (C), Muc2 (D), ZO-1 (E), 
and Occludin (F); Representative picture of immunofluorescence 

staining (G); Red staining represents Muc2-positive staining and the 
nuclei were stained by DAPI, the average fluorescence intensity of 
mucin in each group (H). Data were presented as means ± SD. n = 4 
to 6 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001
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Discussion

The intestinal barrier is a dynamic and multilayer system. 
Therefore, the dysfunction of the intestinal barrier generally 
implicates multiple elements such as the epithelium, immune 
cells, cytokines, and gut microbiota. Probiotic treatment for 
intestinal barrier dysfunction has been widely studied, with 
different strains targeting different elements. For exam-
ple, two recent studies have shown that Lacticaseibacillus 

strains could maintain intestinal homeostasis and ameliorate 
DSS-induced colitis by regulating the gut microbiota and 
increasing mucin content [39, 40]. However, it is worth not-
ing that the intestinal barrier elements are not independent, 
but, on the contrary, they are implicative of each other. For 
instance, IL-10 is generally considered to be an intestinal 
repair cytokine that regulates the growth and differentiation 
of natural killer cells [41] and epithelial cells [42], which 
can promote the expression of intestinal TJs and inhibit 

Fig. 5   Effects of pretreatment with strains on colonic state and intes-
tinal barrier function. Relative mRNA expression ratio of Occludin 
(A), ZO-1 (B), and Muc2 (C); LPS (D) and D-LA (E) in mice serum; 
Red staining represents Muc2-positive staining, and the nuclei were 

stained by DAPI (F); Average fluorescence intensity of mucin in each 
group (G). Data were presented as means ± SD. n = 4 to 6 mice per 
group. *P < 0.05, **P < 0.01, ***P < 0.001
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the expression of various inflammatory cytokines to main-
tain immune homeostasis. Moreover, one study showed 
that IL-10 also had a preventive effect before the damage 
occurred [43]. In contrast, IL-12 and TNF-α are considered 
destructive cytokines because they increase intestinal perme-
ability when overproduced. Anti-IL-12 and anti-TNF-α ther-
apies are currently effective ways to treat IBD [44, 45]. This 
study evaluated nine strains for their efficacies in enhancing 
intestinal barrier function in vitro and vivo. Considering the 

crucial roles played by the two cytokines in intestinal barrier 
function, they were used for our study’s in vitro screening 
of probiotics, as described in previous studies [46, 47]. The 
commercial probiotic BB12, which was previously reported 
to have the ability to stimulate higher levels of IL-10 pro-
duction in PBMCs and markedly ameliorates DSS-induced 
colitis [27, 29], was used as the reference strain. In this 
study, we found that strains FL-228.1, K11, and BB12 could 
increase IL-10/IL-12 ratio in PBMCs, which suggested that 

Fig. 6   Transcriptomic analysis of sample between FL-228.1 and Con-
trol. Principal coordinates analysis (A); DEGs between Control and 
FL-228.1 (B); Bubble diagram of top 40 ranked GO enrichment anal-
ysis of DEGs (C); Bubble diagram of top 40 ranked KEGG pathway 
enrichment analysis of DEGs (D); qPCR verification results (E); PPI 
network analysis of DEGs (F). Note: The horizontal axis represents 

the Rich factor, the enrichment degree was stronger with a bigger 
Rich factor, and the size of dots indicates the number of genes in GO 
term or KEGG pathway. PPI shows the different colors of nodes are 
divided according to the number of interactions. Data were presented 
as mean ± SD (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001
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the strains possess anti-inflammatory abilities. It is worth 
mentioning that the strains did not increase the IL-10/IL-12 
ratio in vivo. The discrepancy may be explained by that the 
in vivo environment is more complex than the in vitro envi-
ronment, which allows the whole organism to have a better 
regulatory capacity. Meanwhile, strains YRL577, FL-228.1, 
BB12, and MN45 effectively increased TEER values and 
reduced FITC-dextran transmission in Caco-2 monolayers, 
demonstrating their capability to enhance barrier function. 
Taking these two aspects into consideration, strain YRL577 
failed to increase IL-10/IL-12 ratio, thus the three strains, 
FL-228.1, K11, and MN45, were subjected to in vivo studies 
to verify their preventive effects on intestinal barrier dam-
age in DSS-induced mice. Large amounts of luminal LPS 
and D-LA can enter the blood after impairment of intestinal 

barrier function. Therefore, blood levels of LPS and D-LA 
have been employed to reflect changes in intestinal perme-
ability [48]. In this study, the 7 days administration of DSS 
caused tremendous intestinal barrier damage, as increased 
DAI scores, shortened colon, loss of goblet cells, and 
inflammatory infiltrates were observed. Interestingly, the 
pre-administration of strains for 21 days could ameliorate 
the intestinal damage caused by DSS administration, partly 
consistent with the in vitro results. Furthermore, our results 
are also consistent with a recent study in that Lactobacillus 
intervention in advance ameliorated DSS-induced colonic 
length reduction and alleviated subsequent colonic inflam-
mation [49]. The results indicated that although the strains 
were stopped for administration before the DSS induction, 
they still exerted protective effects on the intestinal barrier 

Fig. 6   (continued)
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function, especially FL-228.1. This may be explained by 
the enhanced intestinal barrier function by the strains, indi-
cated by the decreased intestinal permeability and increased 
secretion of Muc2. On the other hand, the relatively stable 
cytokines may also be contributive factors.

To investigate the possible mechanisms of action by 
which strain FL-228.1 exerted its prophylactic effects, 
transcriptomic analysis was performed in the colon tissue 
of mice from Control and FL-228.1 groups. Using RNA 
sequencing, the changes in gene expressions and the rela-
tionship between these genes and the intestinal barrier 
function were analyzed. Surprisingly, Cldn-4 was the only 
TJ-encoding gene significantly up-regulated by FL-228.1. 
Notably, the gene expression of Muc2 was upregulated con-
siderably in FL-228.1, in line with its enhanced secretion 
observed in this study. The GO, KEGG functional enrich-
ment analysis revealed that the genes Tlr2, Cldn-4, Muc2, 
Nrlp3, Il18, and Pparg were significantly altered, and the 
PPI analysis showed that they possessed strong interactions 
with each other. TLR2 reduces susceptibility to intestinal 
damage and inflammation by controlling TJs-associated 
intestinal epithelial barrier integrity [50]. Probiotics can reg-
ulate TJs content and distribution to protect intestinal barrier 
function by acting on the TLR2 pathway [18]. In addition, 
some studies had reported that probiotics could work on 
the TLR2 pathway to increase the secretion of Muc2 and 
thus prevent leaky gut and inflammation [19], which may 
explain the effects of FL-228.1 in this study. It has been 
shown that Nlrp3 activation stimulated the expression of 
Il18, which significantly decreased ZO-1 and E-cadherin 
expression [51]. IL-18 signal transduction prevents the mat-
uration of goblet cells before colitis, leading to decreased 
colonic mucus. It also exacerbates goblet cell depletion dur-
ing colitis [52, 53], which is by the downregulation of the 
Nlrp3 and Il18 genes in our research. Meanwhile, studies 
have revealed that the activation of PPARγ inhibited NLRP3 
inflammasome, resulting in anti-inflammatory effects [54]. 
Furthermore, it has been shown that the expression of Muc2 
was significantly reduced after the knockdown of Pparg 
[55]. In this study, FL-228.1 could dramatically activate the 
PPAR signaling pathway in mice's colonic tissues. Consid-
ering all the above, the strain FL-228.1 may have increased 
the expression of Muc2 and Cldn-4 by upregulating Tlr2 
and Pparg and downregulating Nlrp3 and Il18, and these 
changes, at least partly, prevented the DSS-induced intestinal 
barrier damage. However, further research and verifications 
are warranted to elucidate the underlying mechanisms.

In conclusion, in this study, in vitro, and in vivo inves-
tigations were performed to explore potential probiotics 
for protecting intestinal barrier function. Unlike previous 
studies, we focused on the prophylactic efficacy of the 
strains. Our study found that the pre-administration of the 
strain FL-228.1 exhibited a significant protective effect on 

intestinal barrier function. The mechanisms of action of 
strain FL-228.1 on preventing intestinal barrier function 
damage involved Muc2 and Cldn-4 regulation via PPARγ/
NLRP3/ TLR2 pathways.
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