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ABSTRACT: As a chronic idiopathic inflammatory disease that occurs primarily in the gastrointestinal tract, the cure
rate for ulcerative colitis (UC) has been very low. UC has become a global public health issue with increasing
incidence and recognition. Therefore, finding safe and effective drugs to treat UC is urgent. Meanwhile, different
probiotics have demonstrated beneficial effects on this condition, thus increasing the interest in developing probiotic
treatments. This study investigated the potential therapeutic effects of a novel L. acidophilus strain isolated from
porcine guts on UC using a dextran sodium sulfate (DSS) induced mouse model. Treatment with L. acidophilus
considerably alleviates colitis progression and restores the expression of intestinal barrier structures and functional
proteins. Furthermore, the L. acidophilus increased the abundance of the symbiotic Dbacteria
norank f Muribaculaceae and norank f norank o Clostridia UCG-014 while decreasing that of pathogenic
Escherichia-Shigella to modulate directly microbial homeostasis. Mechanistically, the L. acidophilus largely regulates
the expression of key regulatory proteins of TLR4/NF-«kB, Nrf2/Keapl and NLRP3/caspase-1 signaling pathways in
colon tissue and regulates bile acid metabolism. Especially, L. acidophilus not only maintains the integrity of the
intestinal barrier by upregulating the expression of tight junction proteins (TJPs), reduces metabolic endotoxemia,
thereby inhibiting the activation of inflammatory signaling pathways and alleviating pathological symptoms such as
damage to colonic epithelial cells and infiltration of inflammatory cells, but also modulates bile acid synthesis via the
FXR/FGF15 signaling pathway, thus regulating the levels of cytokines and immune cell differentiation. In addition,
microbiome phenotype prediction and bacterial functional potential prediction analysis demonstrated that the L.
acidophilus supplementation regulated gut microbiota function involving inflammatory injury, metabolism, immune
response, and pathopoiesia. Intriguingly, the L. acidophilus treatment restored the proportion of Th1/Th2 cells and
Th17/Treg cells and the expression of specific inflammatory factors to maintain the immune balance, especially in
intestinal epithelial cells. In conclusion, our results revealed that this novel L. acidophilus may have
anti-inflammatory, antioxidant stress, anti-pyroptosis, regulation of bile acid metabolism, alleviation of endothelial
dysfunction and intestinal dysbiosis effects, and it shows comparable efficacy to mesalazine in alleviating the
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pathological symptoms of UC mice. These findings provide theoretical guidance for the clinical treatment of L.
acidophilus and pave the way for further exploration of its interaction with host immunity.

Keywords: L. acidophilus, Ulcerative colitis, Gut microbiota, Intestinal barrier function, Inflammation, Oxidative
stress, Pyroptosis, Bile acid homeostasis

1. Introduction

Ulcerative colitis (UC) is an idiopathic intestinal inflammatory disease characterized by chronic
inflammatory reactions and intestinal mucosal epithelial damage (1). Typical clinical symptoms are diarrhea,
bloody stools, abdominal pain, and weight loss, and pathology describes numerous open ulcers and
inflammatory infiltrations in the colon and rectum (2-5). Thus, the quality of life of patients with UC declines
(6), and without intervention, patients with long-term UC are more likely to develop colorectal cancer (CRC)
(7), which has become a top medical concern for medical personnel (8). 5-aminosalicylate (5-ASA),
glucocorticosteroids, azathioprine, and cyclosporine are used to treat UC in clinical. However, they are not the
best treatment option due to their low cure and high recurrence rates (9). Furthermore, with the rapid
development of industrialization and modernization, the incidence of UC is increasing in Asia (10).
Nevertheless, the pathogenesis of UC is multifactorial, which is essentially the result of genetic predisposition
(2), immune dysregulation (11, 12), intestinal barrier defects, and microbial disorder (13, 14).

The emerging evidence indicates that intestinal mucosal barrier damage, intestinal microbiome
disturbance, and immune homeostasis imbalance are closely related to the occurrence of UC (15, 16). Damage
to the intestinal mucosal barrier is considered to be a pivotal factor in high susceptibility to UC, manifested by
the breakdown of tight junction structure and goblet cells leading to leakage of inflammatory substances,
which leads to the activation of TLR4/NF-kB pathway, accelerates the expression of a large number of
inflammatory factors, disrupts immune system homeostasis, and ultimately aggravates intestinal mucosal
inflammation (17, 18). UC is related to the inflammatory response driven by the overactivation of immune
cells and the secretion of inflammatory factors (19). In addition, pro-inflammatory cytokines can induce
redox-sensitive transcription factors to increase inflammation through the production of oxidation products
and eventually destroy the intestinal barrier, thus changing the redox balance of intestinal mucosa (20).
Simultaneously, more researchers showed that Nrf2/Keap1 pathway plays a key role in inducing antioxidant
stress and regulating inflammatory response. It has been confirmed that NLRP3 inflammasome activation
induced pyroptosis can promote the progression of UC (21, 22). Bile acids (BAs) have been reported to
regulate various physiological activities and immune responses. Accumulating evidence has suggested that
abnormal BAs metabolism is associated with the development of UC and that FXR plays a vital role in
regulating the degree of inflammatory response, barrier function and prevention of bacterial translocation in
the gut (23). Given that, there is an urgent need to explore more novel, efficient and safe therapeutic strategies
to prevent and treat UC.

Probiotics have been defined and are now ubiquitously referred to as “live microorganisms,” which must

be administered in adequate amounts to provide the health benefits for the host. Since probiotics have been
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found to change the composition of the gut microbiota and improve host health, they are considered to be an
important strategy for maintaining intestinal homeostasis (24-26). Besides, growing evidence has indicated
that probiotics may be the most effective way to treat UC by regulating the gut microbiota balance without
side effects (27-30). Among the probiotics, Lactobacillus is relevant to treating inflammatory diseases to the
greatest extent, and show considerable anti-inflammatory effects in rodents and humans (31, 32).
Accumulating studies have demonstrated that L. acidophilus can increase body weight, food and water intake,
improving intestinal damage and microbial imbalance, reduce aberrant inflammatory responses and thereby
effectively alleviate the pathological symptoms of UC(33). Its beneficial effects may involve multiple
mechanisms, including increasing the beneficial bacteria that produce short chain fatty acids (SCFA),
maintaining intestinal intraepithelial immune homeostasis and protecting the host from metabolic
endotoxemia, most likely by regulating the gut microbiota(25). In this context, the recognition that
Lactobacillus can be used as an alternative therapy to improve UC and related inflammatory diseases has been
recognized by more and more researchers. However, the underlying molecular mechanism of the action of
probiotics remains to be elucidated.

At present, although some studies have demonstrated that L. acidophilus can alleviate UC, their efficacy
has not been compared with that of clinical drugs. Meanwhile, these strains are mainly isolated from humans
and food. In addition, the available strains of L. acidophilus for UC treatment remain limited, highlighting the
pressing need to identify more effective and stable strains for UC management. Recently, a study has found
that native domestic pigs in China exhibit a stable and resilient intestinal microbiota and demonstrate strong
resistance to UC (34). Hence, we attempted to isolate the novel L. acidophilus strains from pig intestines to
investigate their potential therapeutic effects on UC.

Consequently, the primary objective of this study is to determine the efficacy of a novel L. acidophilus
species isolated from the pig intestine in the mouse model of dextran sulfate sodium (DSS)-induced UC to
establish the anti-inflammatory effect and its effect on intestinal barrier and flora stability. Additionally, the
influence of physiological and pathological changes in colitis, intestinal barrier function, intestinal microflora
and their metabolites, immune responses, pyroptosis and oxidative state, and the relevant molecular signaling
pathways are explored. Ultimately, these experimental results have confirmed the great potential of probiotic
L. acidophilus in the clinical application, and provide favorable scientific evidence for the clinical application

of L. acidophilus in UC.

2. Materials and methods
2.1. Preparation and administration of probiotics

The probiotic L. acidophilus (Genbank accession numbers: OL457299) was isolated from porcine guts
and stored in the Department of microbiology and immunology, School of Basic Medical Sciences, Shanxi
Medical University (China, Shanxi). Then, it was grown in DeMan, Rogosa and Sharpe (MRS) media for 48 h
at 37 oC under anaerobic conditions using the Anaerogen system (Oxoid, Basingstoke, UK). After that,

cultured cells (Bacteria) were harvested by centrifugation (2000 g, 4 °C, 10 min), washed three times with
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sterile phosphate buffered saline (PBS), and then resuspended in sterile PBS. For probiotic treatment, it was

suspended using a sterile PBS solution and was diluted to obtain a concentration of 1x10° CFUs in 1 ml.
2.2. Animal experiments and design

All animal experiments were approved by the Ethics Committee of Shanxi Medical University (Shanxi,
China). Six-week-old C57BL/6 male mice obtained from Beijing HuaFuKang Laboratory Animal Co., Ltd.
(Beijing, China) were kept in an environment without pathogens under the condition of 21-25 °C and 55 +
10% humidity on a 12-h light/dark cycle. Mice were provided with distilled water and food ad libitum in the
meantime. After one week of acclimation, the mice were randomly divided into four groups: control group (n
= 7), dextran sulfate sodium (DSS) group (n = 7), mesalazine (DSS-AS) group (n = 7) and probiotics
(DSS-LA) group (n = 7). The experimental flow is graphically illustrated in (Figure 1a). From day 1 to day 8,
mice in the 3 treatment groups were provided with 3.0% (wt/vol) DSS (MP Biomedicals, Santa Ana, CA,
USA, molecular weight of 36,000-50,000) dissolved in distilled water to establish a UC model. From day 8 to
day 16, In the Ctrl and DSS group, mice were given 200 ul PBS by gavage, while mice in the DSS-AS group
and DSS-LA group were orally administrated with mesalazine (Adisha, H20143164, 1mg/kg/per/day) and
probiotics, respectively. And throughout the treatment period, the body weight, food intake, water intake, and
DALI (Table 1) were recorded daily as indicators of the success of UC model construction and probiotics or
ASA treatment. Apart from that, the intestinal permeability test in vivo was conducted on 17 days. Then, all
the mice were sacrificed under anesthesia, blood samples were centrifuged at 3,000 r/min at 4°C for 15 min to
obtain the serum, and serum samples were stored at —80 °C. Immune organs were collected and weighed.
Liver, ileum, and colon tissues were either fixed in 4% paraformaldehyde for immunohistochemical and

histological examination or frozen at—80°C.
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Figure 1. Effect of L. acidophilus on clinical symptoms and pathological injury in mice with DSS induced colitis. (a)
Experimental design grouping and timeline. Effects of L. acidophilus treatment on (b) physiological changes : body weight,
food intake, water intake and disease activity index, (“Modeling ending” refers to the end date of modeling UC with DSS on

days 1 to 8; no DSS water was administered to mice beginning with day 9); (c) representative image and section of colon
tissue in each group and Colon length (cm); (d) The immune organ index (mg/g) of mouse liver, kidney and spleen. The
immune organ index is calculated as immune organ index = immune organ weight (mg)/body weight; (e) Representative
histological observation of hematoxylin & eosin-stained mouse colon at magnifications of 40, 100, and 200; (f) Intestinal
wall thickness (mm); (g) Histopathological scoring of colon tissue. Data are expressed as means = SEM (n = 7). ns > 0.05;
* P<0.05;** P<0.01 and * ** P < (0.001. Color code for animal groups: Ctrl, black DSS, red; DSS-AS: blue; DSS-SY,
green.

Table 1. Disease activity index (DAI) scoring system of dextran sodium sulfate-induced colitis

Score Weight Stool consistency Bloody stool
0 Decrease 0% Normal Negative for FOBT
1 Decrease 1~5% Loose state, which is pasty and semi-formed stool that does Positive for FOBT
not adhere to anus
2 Decrease 6~10%  Obvious loose state, which is a pasty and basically unformed Strongly positive for FOBT
stool that does not adhere to the anus
3 Decrease 11~15% Dilute stool is a watery stool that can adhere to the anus Visible bloody stool
4 Decrease >16%  The degree of loose stool is more obvious, and the thin water ~ Obvious visible bloody stool

sample is more clear and long

2.3. FITC-dextran permeability assay

The intestinal permeability of mice was evaluated by oral administration of fluorescein
isothiocyanate-labeled dextran (FITC-dextran, 4 kDa, New Research Biosciences Co., Ltd., Xian, China)
described previously (35). At the beginning of the experiment, mice were fasted for 4 h and then intestinal
permeability was tracked by intragastric administration of FITC-dextran at 600mg/kg body weight. Serum
was harvested after 4h, centrifuged (4°C, 3000 r/min, 10 min) to obtain the supernatant, followed by being
diluted by adding 5 volumes of PBS and detected by microplate spectrofluorometer (excitation, 490 nm;
emission, 520 nm; SpectraMax iD3, USA). Finally, a standard curve for evaluating the concentrations of

FITC-dextran in each sample was made by diluting the FITC-dextran standard with PBS (1:9 [vol/vol]).

2.4. Histological analysis
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2.4.1. Histological analysis (HE)

Tissues of the distal colon and liver of mice were fixed in 4% paraformaldehyde overnight, dehydrated in
gradient ethanol, embedded in paraffin, sliced into 3 um sections, stained with hematoxylin and eosin.
Subsequently, Images were observed for histopathological changes under a microscope (AxioObser Z1,
Germany) to assess histological damage scores by referring to the method (36) (Table 2). The Image-J
analysis software was used to measure the thickness of the colon mucosal layer in a unified millimeter

standard unit at 6 positions of each layer from the right first, and then the average value was calculated.

Table 2. Histopathology scoring system of dextran sodium sulfate-induced colitis

Project Degree Score
Cryp damage None

1/3 cryptofbasementwasdestroyed

2/3 cryptofbasementwasdestroyed

(e}

Onlyintactsurfacccpithclium
Allcryptsandepitheliumwere destroyed
Goblet cell loss (%) 0
1~25
26~50
51~75
76~100
Inflammation None
Mildorfew
Moderate
Severemassive

Extremclyscvcrcandmassive

Range of inflammation (%) 0
1~25
26~50
51~75
76~100
Depth of inflammation None
Submucosallayer

Muscularlayer
Serouslayer

AW NN = Ol WD = OlhW NN~ Ol WD~ Ol W N

Transmural

2.4.2. Alcian blue and PAS staining

The sections (3 um) were deparaffinized in xylene, rehydrated in decreasing concentrations of ethanol,
and then stained with the Alcian blue kit (Solarbio Science & Technology Ltd. Beijing, China) and PAS kit
(Leagene Biotechnology Co., Ltd. Beijing, China). Then, the positive areas observed under the microscope
(AxioObser Z1, Germany) by Alcian blue and PAS staining are blue and red, respectively, which were
calculated by Image-J software and divided by the total area of the section. Finally, the result was given as a%

area of the section stained positively for Alcian blue and PAS.

2.4.3. Oil-Red-O staining
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To evaluate the lipids within liver tissues, frozen sections were stained with the Oil Red O Saturated
Solution (Solarbio, China). Frozen tissue was embedded in optimal cutting temperature (OCT) and
snap-frozen. The obtained frozen sections (7-um-thick) were fixed in Formaldehyde-Calcium Fixative for 10
min and then rinsed with 60% isopropanol, stained with Oil Red O Working Solution for 10 min. Finally, the

sections were differentiated by 60% isopropanol and re-dyeing with hematoxylin for 3 min.
2.5. Immunohistochemical and Immunofluorescence Staining

The colon and liver tissue were fixed for 24 h, dehydrated in gradient ethanol, embedded in paraffin, and
sliced into 3 um sections that were then deparaffinized, rehydrated, and washed in PBS. The sections were
immersed in the citrate buffer (pH 6.0) for 10 min using microwaves to retrieve antigen. The sections were
then blocked with 5% bovine serum albumin for 30 minutes at room temperature, followed by being stained
overnight with the different primary antibodies. For immunohistochemical staining, sections were incubated
at 4°C overnight with antibodies against Nrf2 (CST, USA), Keap-1 (CST, USA), NLRP3 (Abmart, China),
pro-caspase-1 (Abcam, UK), cleaved-caspase-1 (CST, USA), caspase-1 (Abcam, UK), ASC (Elabscience,
China), GSDMD-N (Bioss, China), FXR (Proteintech, China), CYP7A1(Bioss, China) and FGF15 (Abmart,
China), also incubated with the corresponding secondary antibodies for 30 minutes at room temperature the
next day and stained with 3, 3’-diaminobenzidine. Furthermore, images were obtained under a microscope
(AxioObser ZI1, Germany) and positive results were quantified using Image] software. For
immunofluorescence on tissues, primary antibodies ZO-1(Abcam, UK) and occludin (Abcam, UK) were used
for incubation overnight at 4°C, and followed by fluorescent secondary antibodies coupled with Alexa Fluor
555 (BBI, China) for incubation at room temperature and darkness for 30 min. Nuclear were stained with
DAPI (Bioss, China). Eventually, the position staining of the sections was observed as red signals under a

fluorescence microscope (Nikon, Japan), quantified by ImageJ software.
2.6. Enzyme-linked immunosorbent assay (ELISA)

Inflammatory markers in mouse serum were determined using 1L-4, IL-6, IL-10, IL-18, IFN-y, IL-17,
IL-1B, IL-22, IL-23, TNF-o and MPO kits ((X-Y Biotechnology, Shanghai, China), and all steps were
performed strictly according to the manufacturer instructions. The absorbance was measured at 450 nm using
an enzyme marker (Spectra Max 13x, Molecular Device, USA). Other than that, SOD, MDA, GSH-Px and
CAT activities in the colon tissue were detected using ELISA methods to evaluate the degree of oxidative
stress, according to the instruction of the commercial kits, as previously described (37).

2.7. Quantitative real-time PCR

Total RNA from colonic and liver samples was extracted and purified using Trizol (Seven, China),
following the manufacturer’s recommendations and reverse-transcribed into cDNA using the MonScript
RTHI Mix (Monad, China). In addition, real time quantitative PCR amplification and detection were
performed by using the MonAmp SYBR Green qPCR Mix (Monad, China), and then the QuantStudio 3
systems (Applied Biosystems, USA) were used for RT-PCR analyses. The primers for RT-PCR are listed in
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Table 3. Moreover, Relative gene expression levels were presented as the mean = SEM normalized to B-actin

expression using the AACt method.

Table 3. Primer Sequence in RT-PCR

Gene Name Forward Sequence 5'~3' Reverse Sequence 5'~3’

p-actin CACTGTCGAGTCGCGTCC TCATCCATGGCGAACTGGTG
CYP7A1 CTACTTCTGCGAAGGCATTTGG AGGCATACATCCCTTCCGTG
FXR TGGGTACCAGGGAGAGACTG GTGAGCGCGTTGTAGTGGTA
Occludin GCGGAAGAGGTTGACAGTCC ACTCCCCACCTGTCGTGTAG
70-1 CAGCCGCATCTTCTTGTG AGGAGCGAGACCCCACTAA
70-2 AACGGATGCTGGAAGTTAAT TCTGCTTGCTGTCTCTCAACA
Claudin-1 CTG TGG ATG TCC TGC GTTTC TCATGCACTTCATGC CAATG

2.8. Western blot analysis

Western blot was performed according to previously described method (38). Protein samples from colon
and liver were prepared, subjected to 10% SDS-PAGE, and then transferred to the PVDF membrane, which
was probed with the corresponding primary antibodies against TLR4 (Bioss, China), NF-kB p65 (Bioss,
China), phosphor-NF-kB p65 (Bioss, China), IxB (Bioss, China), phosphor-IkB (Bioss, China), FXR
(Proteintech, China), FGF15 (Abmart, China) and B-actin (BBI, China) at 4 °C overnight, and then incubated
with 1 : 10000 for goat anti-rabbit IgG-HRP (BBI, China) at room temperature for 1 h. Moreover, the target
bands were detected by enhanced chemiluminescence (ECL; Seven, China). The stained membranes were
quantified by employing the Tanon imaging system, and Image-J software was used to analyze the

densitometric of the target bands.
2.9. Flow cytometry analysis

Detailed operational steps for this procedure are outlined in our previous research (39). Briefly, after
animals were humanely sacrificed, the spleen was placed on a 200-mesh sieve moistened with PBS, and a
ImL syringe was used to draw the pre-cooled PBS solution into the spleen and swell the membrane for
collection of the spleen cell suspension. After adding erythrocyte lysate, the suspension was centrifuged and
the supernatant was discarded. The cells were washed with PBS, and ImL of culture solution containing 10%
fetal bovine serum (FBS) was added to the precipitated cells. The cells were counted, and the cell
concentration was adjusted to 1.0 x 107 per mL. To detect Th1, Th2, Th17 and Treg cells, 1 mL of single cells
were seeded per well in 6-well plates; they were then incubated with ionomycin (500 ng/mL), PMA (5
ng/mL), and Brefeldin A (1 pg/mL) for 5 h and harvested. The harvested cells were stained with
APC-conjugated anti-mouse CD4 at room temperature in the dark for 30 min and incubated with
CytoFix/Cyto Perm buffer (BD Biosciences, USA) at room temperature for 15 min. Finally, they were stained
with anti-IFN-y-FITC mAb, anti-IL-4-PE mAb, FITC-IL-17A mAb and PE-Foxp3 mAb (BD Biosciences,
USA), incubated at room temperature in the dark for 30 min, and analyzed by FACS. Data were analyzed
using FlowJo software (BD Biosciences, USA). Lamina propria cells (LPCs) were prepared by consulting the
method of Xie (40). In brief, the intestinal cavity was cut into 0.5 cm fragments after rinsing the contents with

PBS. Then, the fragments were immersed in PBS digestive solution containing 5 mmol/L EDTA and 4%
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serum and digested at 37 °C on a shaker with 250 r/min for 20 min to release the epithelial cells. Afterwards,
LPCs were isolated from the intestine pieces through the treatment of RPMI1640 medium digestion solution
containing 4% FBS, collagenase-D (0.5 mg/mL), DNase I (0.5 mg/mL) and Dispase (1 mg/mL) for 20 min at
37 °C. The concentration of LPCs was adjusted to 1 x 10° cells per mL with PBS-5% FBS and incubated with
anti-CD4-APC, anti-IFN-y-FITC, anti-IL-4-PE or anti-IL-17A-PE to analyze Thl, Th2 and Thl7 cells, and
with anti-CD4-APC and anti-Foxp3-PE to analyze Treg cells using a 14-color BD LSR Fortessa flow
cytometer (BD Biosciences, San Jose, CA, USA).

2.10. Intestinal microflora analysis

The gut microbial diversity of stool specimens was analyzed according to our previous study.(25) The
DNA of feces (n = 7 per group) was derived according to the manufacturer’s instructions (E.Z.N.A. ® Soil
DNA Kit, Omega, USA). The 16S rRNA gene sequencing of DNA samples was undertaken by Majorbio
Bio-Pharm Technology Co., Ltd. (Shanghai, China). In addition, the primers of the variable regions V3 — V4
are as follows: 338F, 5'-ACTCCTACGGGAGGCAGCAG-3’ and 806R,
5'-GGACTACHVGGGTWTCTAAT-3" (ABI GeneAmp® 9700 PCR thermocycler, USA). After that,
bioinformatic analysis was analyzed on an online platform, Majorbio Cloud Platform

(https://www.majorbio.com). The specific analysis method is as follows: Alpha diversity indices and bacterial

abundance data of different groups were compared by performing the Kruskal-Wallis test followed by
Mann—Whitney U test. Then, resulting p-values were corrected with the Bonferroni method. In addition, a
Venn diagram was depicted to show core intestinal flora species, and Beta diversity analysis was conducted to
investigate the structural variation of microbial communities across samples using UniFrac distance metrics
and visualized via principal coordinate analysis (PCoA). Besides, differences in the UniFrac distances among
groups were determined by analyzing similarities (ANOSIM). To compare the relative levels of abundant taxa
at the phylum, family, and genus levels among the groups, the one-way analysis of variance (ANOVA) and
post-hoc least significance tests were carried out by IBM SPSS Statistics software 19.0. Other than that, LEfSe
(linear discriminant analysis (LDA) effect size) was performed to identify biomarkers for both abundant taxa
and functional pathways by calculating the LDA score (more than 4) across groups, while the heatmap was
plotted using R package 3.3.1. A bacterial Co-occurrence network analysis was constructed by Networkx
(versionl.11). Meanwhile, Circos map visualizes the species-sample relationship by Circos-0.67-7
(http://circos.ca/). Furthermore, Phylogenetic Investigation of Communities by Reconstruction of Unobserved
States (PICRUSt) based on OTUs was employed to predict the abundances of functional categories using
Kyoto Encyclopedia of Genes and Genomes (KEGG) orthologs (KO), and at the same time, BugBase was
adopted to forecast bacterial composition based on the sequencing results. Furthermore, Pearson’s correlation
analyses were made to assess correlations between taxa and the factors, whilst the data are expressed as the

mean =+ standard error of the mean (SEM), and P < 0.05 was the threshold of significance.

2.11. Data analysis
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Statistical analysis was performed using SPSS software (IBM SPSS version 19.0), and figures were
generated utilizing Origin software (Origin 2019b). These results were analyzed using one-way analysis of
variance (ANOVA) followed by the Least Significant Difference (LSD) post hoc test and Dunnett’s T3 post

hoc test. Error bars correspond to standard error of mean (SEM). P value < 0.05 was considered significant.

3. Results
3.1 L. acidophilus ameliorated DSS-induced colitis symptoms in mice

DSS-induced impaired intestinal function in UC mice is characterized by malabsorption, decreased
appetite, weight loss, diarrhea, and bloody stools (5, 41, 42). Accordingly, from days 1 to 8, compared with the
control group, the lower the body weight, the lower the amount of water and food intake and the higher the
disease activity index (DAI) score (the scoring criteria are shown in Table 1) were showed in the DSS group,
DSS-AS group and DSS-LA group (Figure 1b), and the blood red feces of the mice were observed in this three
group (Supplementary Figure 1a). In brief, these indicators serve as the preliminary judgment criteria for the
success of UC model construction. Then, on days 9 to 16, the body weight, the food intake and the water
intake of the DSS-AS group and DSS-LA group gradually increased, but the DSS group did not increase as
significantly as in the two groups. Furthermore, after stopping drinking DSS on day 8, the remission effect on
UC in the DSS-AS group and DSS-LA group was much greater than the self-healing range in the DSS group,
suggesting that this probiotic L. acidophilus and ASA can greatly promote the recovery of UC (Figure 1b).

In colitis, the immune organ index will be increased to varying degrees, and the length of the colon will
be severely shortened (43). Our results also showed that the immune organ index was significantly increased,
the colon length was significantly shortened, and the colonic cavity widened, bleeding points increased, and
mucosal shedding in the DSS group. However, intake of L. acidophilus and ASA inhibited the elevation of
immune organ index, prevented the bleeding and shortening of colon, and obviously alleviated the
DSS-induced colitis symptoms (Figure 1c and d). Moreover, histopathological analysis revealed that colon
tissue in DSS group underwent severe injury, including significant inflammatory cell infiltration, structural
damage to the intestinal mucosa with focal villus edema, loss of goblet cells and crypts, and significantly
increased intestinal wall thickness and morphological scores, which were improved to different degrees by the
administration of L. acidophilus and ASA (Figure le-g).

In addition, previous studies have shown that DSS induced UC mice will show symptoms such as
lethargy, abdominal pain, arched back and panic as the course of the disease worsens, and the spleen will also
be congested and edema, infection and blackening (44, 45). Consistent with the results mentioned above,
compared with the normal group, on the eighth day, we observed that the DSS, DSS-AS, and DSS-LA group
of mice developed yellow and smelly urine, blood in the stool and difficulty in defecation, dry hair curling,
slow reaction, easy to panic, arched back and reduced body size, After the treatment of L. acidophilus and
ASA, on the 16th day, the mental state of the mice was improved, lively and active, no hematochezia and
arched back, and the hair was soft and shiny, while the mental state of the mice in the DSS group was still poor

(Supplementary Figure 1b). Simultaneously, we also found that the spleens of mice in the DSS group were
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obviously larger than those in the control group, and gradually returned to normal after the intervention of the
L. acidophilus and ASA (Supplementary Figure 1c). Overall, these results emphasize the palliative effect of
the L. acidophilus on UC is comparable to that of ASA and has excellent application value.

3.2 L. acidophilus protected the integrity of intestinal barrier function in colitis mice

It was well known that the expansion of intestinal inflammation and subsequent destruction of the
functional structure of the epithelial barrier is a primary pathological feature of UC. As expected, the
FITC-dextran permeability experiment showed that DSS drinking dramatically increased intestinal
permeability (plasma FITC-dextran), which were completely restored by the L. acidophilus treatment (Figure
2a). In addition, tight junction proteins (TJPs), including ZO-1, ZO-2, and Occludin, play a crucial role in
maintaining the integrity of the intestinal barrier. They selectively regulate the permeation of nutrients and
water while establishing an endothelial barrier to effectively block pathogens from paracellular entry (25, 46).
In this experiment, we observed a significant down-regulation of colonic TJPs and gene expressions of ZO-1
and Occludin in the DSS group of mice. Additionally, there was a notable decrease in gene levels of ZO-2,
which may play a crucial role in the progression of UC disease. However, treatment with L. acidophilus
demonstrated a significant ability to prevent the reduced expression of these tight-linking proteins, restore
intestinal barrier integrity, and attenuate inflammatory response (Figure 2b, c, d, f, g).

More importantly, the mucus layer that envelops the surface of intestinal epithelial cells is composed of a
complex macromolecular glycoprotein secreted by specialized columnar goblet cells interspersed within the
lining of the intestinal epithelium. This mucus barrier plays a crucial role in safeguarding and preserving the
integrity of the intestinal mucosa (47, 48). Consequently, the quantity of goblet cells directly impacts the
functionality of the intestinal barrier. Compared to the normal group, the DSS group exhibited a significant
reduction in goblet cells and their associated mucin secretion as evidenced by Alcian blue staining and PAS
staining, whereas an increase was observed in the DSS-LA group and DSS-AS group. This phenomenon is

consistent with the analytical results of HE staining mentioned above (Figure 2e).
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f Ctrl DSS-AS DSS-LA

Ctrl DSS-AS DSS-LA

Figure 2. Effects of L. acidophilus on intestinal barrier structure and function in colitis mice. (a) Intestinal permeability
assay: Plasma DX-4000-FITC (ug/ml); (b) Relative expression of gene ZO-1; (c) Relative expression of gene ZO-2; (d)
Relative expression of gene Occludin; (¢) Representative images of colon tissue Alcian blue staining and PAS staining and
quantification of the area of position staining, Scale bar = 100 um; (f) Representative images of colon tissue ZO-1 protein
immunofluorescent staining and position area, Scale bar = 50 um; (g) Representative images of colon tissue Occludin
protein immunofluorescent staining and position area, Scale bar = 50 pm. Data are expressed as means £ SEM (n = 7). ns >
0.05; * P<0.05; ** P< 0.0l and * ** P < 0.001.
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3.3 L. acidophilus modulated the intestinal microbiota in colitis mice

The gut microbiota of individuals with UC and mice induced with DSS exhibit a reduction in a diversity,
alterations in [ diversity, an increased ratio of Firmicutes to Bacteroidetes, elevated levels of
endotoxin-producing bacteria, and a decrease in immuno-homeostatic bacterial species (27, 49-52).
Considering this, the impact of L. acidophilus supplementation on the composition of gut microbiota was
assessed through a MiSeq sequencing-based analysis targeting the V3-V5 region of bacterial 16S rRNA in

fecal samples.
3.3.1. Effects of L. acidophilus supplement on gut microbial diversity and richness

In assessing gut microbial a diversity metrics, richness and evenness were considered by incorporating
the Chao, ACE, Simpson, and Shannon indexes. It is well known that the Chao index and ACE index are
related to richness, while the Simpson Index and Shannon index are related to evenness. Consumption of DSS
significantly reduced gut microbial a diversity, whereas L. acidophilus treatment fully restored this influence
(Figure 3a, Supplementary Figure 2a and b). In order to gain a deeper comprehension of the shared richness
among each group, we present a Venn diagram featuring overlapping circles to visually depict the extent of
overlap between groups. Subsequently, it is demonstrated that out of the total richness of 2075 OTUs, only
170 were found to be shared across all groups, while there existed a greater number of OTUs among three

groups, between two groups, or within each group. Furthermore, supplementation with L. acidophilus
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significantly augmented the abundance of OTUs in DSS mice (Figure 3b). Besides, B diversity quantifies the
dissimilarity between microbial communities through principal component analysis (PCA) and principal
coordinate analysis (PCOA), wherein the proximity of distinct color points reflects similarity in their
respective bacterial community structures. Notably, dots tend to form clusters within their own groups. The
result revealed significant differences in the overall composition of intestinal flora among different groups

(Figure 3c, Supplementary Figure 2c). Collectively, these results boil down to the fact that probiotic L.

acidophilus interventions can significantly increase the richness and diversity of gut microbiota.
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Figure 3. Effects of L. acidophilus on intestinal microbial composition in colitis mice. Effects of L. acidophilus treatment
on a-diversity was determined using (a) Chao index and Simpson index; (b) Venn diagram illustrated overlap of OTUs in
intestinal microbiota among the samples; (c) B-diversity was determined using Euclidean distance based Principal
Component Analysis (PCA); (d) The average relative abundance of the major microbial phyla; (e) The Firmicutes to
Bacteroidetes ratio; (f) Relative abundance of Proteobacteria; (g) Relative abundance of Actinobacteriota; (h) Relative
abundance of the top 15 different family; (i) Relative abundance of the top 15 different genera; (j) Relative abundance of the
top 15 different species. Data are expressed as means £ SEM (n= 7). ns > 0.05; * P < 0.05; * * P <0.01 and * ** P < 0.001
versus Ctrl; & P < 0.05, && P < 0.01 and &&& P < 0.001 versus DSS; # P < 0.05, ## P < 0.01 and ### P < 0.001 versus
DSS-SY.

3.3.2. Effects of L. acidophilus supplement on the gut microbiota composition

Numerous studies have shown that the occurrence and development of UC are closely related to the
decrease of bacterial flora abundance and disproportionate number of probiotics and harmful bacteria (53, 54).
Under the circumstances, by taxonomic classification analysis of the composition of gut microbes at the phyla,
family, genus, and species level, we found that Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria
primarily dominated the gut microbiota in mice (Figure 3d, Supplementary Figure 2d). Accordingly, the
ratio of Firmicutes/Bacteroidetes and the relative abundance of Proteobacteria and Actinobacteriota in the
model group significantly increased. It is worth noting that the addition of L. acidophilus significantly reduced
these effects, and the treatment effect of Lactobacillus acidophilus on Firmicutes/Bacteroidetes and
Actinobacteria was significantly stronger than that of the positive drug ASA, demonstrating the strong
regulatory potential of probiotic (Figure 3e-g). In the top 15 families, ten genera were remarkably impacted
by the DSS. Compared with the Ctrl group, the DSS group had increased relative abundances of
Sutterellaceae, Bifidobacteriaceae, Peptostreptococcaceae, Enterobacteriaceae, Lactobacillaceae and
Bacteroidaceae significantly increased, whereas Rikenellaceae, Prevotellaceae,
norank o Clostridia UCG-014 and Muribaculaceae were decreased drastically. Strikingly, L. acidophilus
supplement considerably restored Rikenellaceae, Prevotellaceae, norank o Clostridia UCG-014, and

Muribaculaceae levels, while reducing the relative abundance of Enterococcaceae and Enterobacteriaceae. It
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is worth noting that compared with the DSS-LA group, the relative abundance of Lactobacillaceae in the
DSS-AS group was observably increased in the DSS-AS group, while the relative abundance of
Rikenellaceae, Prevotellaceae, norank o Clostridia UCG-014 and Lachnospiraceae was decreased visually.
(Figure 3h).

Subsequently, up to 12 of the first 15 genera were significantly affected by DSS. Compared with the
control group, the DSS group had increased relative abundances of norank f Lachnospiraceae,
Ruminococcus _torques group, Romboutsia, Turicibacter, Escherichia-Shigella, Lactobacillus and
Bacteroides significantly increased, whereas norank f norank o Clostridia UCG-014,
unclassified f Lachnospiraceae, Prevotellaceae UCG-001, Lachnospiraceae NK4A136 group and
norank [ Muribaculaceae were decreased remarkably. Surprisingly, L. acidophilus supplement
significantly enhanced norank f norank o Clostridia UCG-014, unclassified f Lachnospiraceae,
Prevotellaceae UCG-001, Lachnospiraceae NK4A136_group, norank fMuribaculaceae and
norank f Lachnospiraceae levels, while decreasing the relative abundance of Escherichia-Shigella.
Besides, compared with the DSS-LA group, the relative abundances of Lactobacillus in the DSS-AS group
were evidently increased, while the relative abundance of norank f norank o Clostridia UCG-014,
unclassified f Lachnospiraceae, Prevotellaceae UCG-001, and Lachnospiraceae NK4A136 group was
decreased markedly (Figure 31). Next, through an analysis of the differences in the species composition of the
gut microbiota, we observed substantial disparities in the relative abundance of gut microbiota among the top
15 species within the model group, with an increase of 7 species (Escherichia_coli g Escherichia-Shigella,
Lactobacillus_murinus, uncultured bacterium g Ruminococcus_torques group,
uncultured bacterium_g  Turicibacter, Romboutsia_ilealis, Bacteroides_thetaiotaomicron and
Bifidobacterium pseudolongum) and a decrease of 8 species
(uncultured_bacterium g norank f Muribaculaceae, unclassified
g norank f _norank o__ Clostridia UCG-014, uncultured bacterium g Prevotellaceae UCG-001,
uncultured bacterium g Prevotellaceae NK3B31 group,
uncultured bacterium_g Lachnospiraceae. NK4A136 group, unclassified f Lachnospiraceae,
uncultured Bacteroidales bacterium_g norank f Muribaculaceae and
uncultured Clostridiales bacterium g Lachnospiraceae NK4A136 group). Nevertheless, after in
tervention with L. acidophilus treatment, it was observed that only a significant decrease in
E.coli_ g FEscherichia-Shigella was observed, while a significant increase in fourteen other species was
observed compared to the model group. Further, there was a significant elevation in the abundance of ten types
of bacteria after ASA treatment compared with the DSS group. Evidently, the relative abundance of all 15
species in the DSS-AS group was significantly different than that in the DSS-LA group. Two species
(Lactobacillus murinus and unclassified g Enterococcus) in the DSS-AS group were noticeably increased,

whereas the others were considerably decreased. Ultimately, we can see that the regulatory effect of L.

acidophilus on DSS-induced intestinal microbiota disturbance is evidently superior to that of ASA (Figure 3j).
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In order to analyze the interactions between these bacterial species, a bacterial network was constructed
Network analysis revealed that

uncultured bacterium_g norank f Muribaculaceae
unclassified g norank f norank o Clostridia UCG-014,

uncultured bacterium g Ruminococcus torques_group, E.coli g Escherichia-Shigella,

uncultured bacterium_g _ Erysipelatoclostrium and

uncultured bacterium g Prevotellaceae UCG-001
Romboutsia lealis may play the crucial roles in interactions (Figure 4a). Meanwhile, Circos map analysis

shown that some beneficial bacteria such as uncultured bacterium g norank f Muribaculaceae
uncultured bacterium_g Prevotellaceae UCG-001

and
uncultured bacterium g Ruminococcus_torques_group, were most prevalent in the DSS-LA group (Figure
4b).
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Figure 4 (a) Species correlation network diagram of each group. Analyzed by Spearman rank correlation analysis. The size of
the circle represents the average abundance of the species; the line represents the correlation between the two species; the
thickness of the line represents the strength of the correlation; and regarding the color of the line, red represents a positive
correlation, and green represents a negative correlation; (b) Circos map visualizing the most abundant classes in the Ctrl
DSS, DSS-AS, and DSS-LA; Others combined the relative abundance of classes <0.01
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In addition, Linear discriminant analysis (LDA) effect size method (LEfSe) was employed to further
investigate the distinct bacterial community structure among the Control group, DSS group, DSS-AS group
and DSS-LA group (Supplementary Figure 3a and b). According to the results, there were prominent
differences in the abundance of different levels of taxa in the four groups. In particular, Bacteroidota,
Bacteroidia, Bacteroidales, Clostridia UCG-014, Oscillospirales, norank o Clostridia UCG-014,
Muribaculaceae,  Prevotellaceae,  Lachnospiraceae NK4A136 group,  norank f Muribaculaceae,
unclassified f Lachnospiraceae, norank f norank o Clostridia UCG-014,
unclassified f Lachnospiraceae, unclassified g norank f norank o__ Clostridia UCG-014,
uncultured Bacteroidales bacterium_g norank f Muribaculaceae
uncultured bacterium g Lachnospiraceae NK4A136 group and
uncultured bacterium g norank f Muribaculaceae played an essential role in the Ctrl group and could be
used as biomarkers, Whereas Proteobacteria, Actinobacteria, Gammaproteobacteria, Bifidobacteriales,
Enterobacterales, Bifibacteriaceae, Enterobacteriaceae,  Escherichia-Shigella, Bifidobacterium,
Ruminococcus_torques _group, Bacteroides_thetaiotaomicron, E.coli g Escherichia_Shigella,
Bifidobacterium pseudolongum  and  uncuitured bacterium g Ruminococcus torques group  were
indispensable and could serve as a biomarker in the DSS group. Further, Bacilli, Erysipelotrichales,
Lactobacillales, Peptostreptococcales-Tissierellales, Lactobacillaceae, Peptostreptococcaceae,
Tannerellaceae, Lactobacillus, Parabacteroides, Romboutsia, Turicibacter, Lactobacillus murinus,
Lactobacillus reuteri, Romboutsia_ilealis, Parabacteroides_distasonis,
uncultured bacterium_g _ Erysipelatoclostridium, uncultured bacterium g Turicibacter and functioned
importantly and could be taken as a biomarker in the DSS-AS group, as well as Bacteroidaceae, Bacteroides,
Prevotellaceae UCG-001, norank f Lachnospiraceae, Bacteroides caecimuris,
unclassified g norank fLachnospiraceae, uncultured bacterium g Prevotellaceae-UCG-001 played a
crucial part and could be employed as a biomarker in the DSS-LA group. Obviously, the DSS group exhibited
a higher number of taxa with differential abundance compared to the DSS-LA group, indicating that L.
acidophilus treatment exerts a restorative effect on specific microbiota alterations in the DSS-induced colitis
model. Last but not least, the L. acidophilus intervention for one week exhibited a positive impact on
enhancing the diversity of the gut microbiota, thereby suggesting its potential in regulating intestinal

microbiota homeostasis.
3.3.3. Effects of L. acidophilus supplement on the gut microbiota function

As the second-largest genome in the human body, the intestinal microbiota plays a crucial role in
maintaining growth, development, and overall health. Consequently, they have garnered significant attention
due to their physiological functions within the host organism (55, 56). Moreover, studies have demonstrated
dysregulation of gut microbiota in UC mice, specifically characterized by alterations in potential metabolic,
immune-related, and disease-associated functions. These changes in microbial physiology may potentially

contribute to the onset of UC (27, 54). Therefore, PICRUSt was conducted to predict the functional potential
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of bacteria, and subsequent analysis was carried out in the context of the Kyoto Encyclopedia of Genes and
Genomes (KEGQG) database. As depicted in Figure 5a and Supplementary Figure 4a-e, the enzyme,
ORTHOLOGY (KO), modules, pathways and COG function classification belonging to KEGG functional
categories were identified. Moreover, the DSS group exhibited six significantly distinct functional categories
compared to the Ctrl group. However, these differences were largely mitigated by the L. acidophilus
intervention. To sum up, the L. acidophilus intervention ameliorates gut microbiota functions related to

inflammatory injury, metabolism, immune response, and pathopoiesia.
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Figure 5 Effects of L. acidophilus on intestinal microbiota function and phentype. microbiota function basing Kyoto
Encyclopedia of Genes and Genomes (KEGG) database in colitis mice. Effects of probiotics L. acidophilus treatment on (a)
COG function classification; (b) Effects of L. acidophilus on gut microbiota phenotype basing BugBase including
Stress_Tolerant, Forms_Biofilms, Aerobic, Facultatively Anaerobic, Contains Mobile Elements, Gram Negative,
Potentially Pathogenic, Gram Positive, and Anaerobic. ns > 0.05; * P < 0.05; * * P <0.01 and * ** P < 0.001 versus Ctrl; &
P <0.05, && P <0.01 and &&& P < 0.001 versus DSS; # P < 0.05, ## P < 0.01 and ### P < 0.001 versus DSS-LA.

3.3.4. Effects of L. acidophilus supplement on the gut microbiota phenotype

The nine potential microbial phenotypes including Stress Tolerant, Forms Biofilms, Aerobic,
Facultatively Anaerobic, Contains Mobile Elements, Gram Negative, Potentially Pathogenic, Gram
Positive, and Anaerobic ones were analyzed by the BugBase to predict the organism-level coverage of
functional pathways and biointerpretable phenotypes of bacteria (Figure 5Sb and Supplementary Figure 4f).
Notably, the relative abundance of Contains Mobile Elements, Facultatively Anaerobic, Forms Biofilms,
and Stress Tolerant in the DSS group was significantly increased compared to that in the Ctrl group.
Conversely, there was a remarkable decrease in the abundance of Gram-negative and Potentially Pathogenic
phenotypes. This data deviate from previous literature reports possibly due to a substantial reduction in
beneficial Gram-negative bacteria such as norank f  Muribaculaceae, Prevotellaceae UCG-001,
Candidatus saccharimonas and Alistipes within the DSS model group (Supplementary Figure 4g).
Additionally, a significant increase in harmful bacteria including Bacteroides, Parabacteroides, Parasutterella,
and Escherichia-Shigella was observed in the DSS model group; however, a significant decrease in several
potential bacteria like norank f  Muribaculaceae, norank f norank o _Clostridia UCG-014, Alistipes

and Prevotellaceae UCG-001 that may be beneficial for maintain body health. This increase was relatively
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minor compared to the decrease mentioned above resulting in lower levels of Potentially Pathogenic
phenotypes within DSS the model group when compared to the control (Supplementary Figure 4g).
Intriguingly, the L. acidophilus treatment had a significant regulatory effect on some specific microbiota
phenotypes that can make the phenotype in a beneficial direction in the DSS group (Supplementary Figure 4f
and g).

3.4 L. acidophilus restored immune imbalance in colitis mice

Previous studies have indicated that immune system dysfunction, including an imbalance of Th1 cells,
Th2 cells, Th17 cells, and Treg cells along with the cytokines they secrete, is considered a major contributor to
UC (57, 58). To investigate whether L. acidophilus play a crucial role in regulating T cell activation and
differentiation in UC mice, splenocytes from different groups were collected and analyzed using flow
cytometry. The results demonstrated that compared to the normal group, there was an increase in the
percentage of Th17 cells in the spleen of the model group mice while there was a decrease in the percentage of
Th2 and Treg cells. However, intervention with L. acidophilus effectively mitigated these effects. Moreover, it
is well-established that both Th17 and Treg cells are important components for maintaining immune balance
alongside Thl and Th2 cells. Imbalances between these subsets are believed to contribute to various
autoimmune and inflammatory diseases (59, 60). In consequently, we observed an evident imbalance between
expression levels of Th1/Th2 as well as Th17/Treg cells in the DSS group where upregulated levels of both
Thl and TH17 were accompanied by downregulated levels of both Th2 and Treg when compared to control
group, while supplement L. acidophilus could somewhat mitigated this influences (Figure 6a).

An increasing number of studies have reported that immune and inflammatory pathways of the intestinal
epithelial barrier serve a critical role in the initiation and progression of UC, and inflammatory cytokines can
significantly modulate the disease progression of UC (61). In our study, we assessed the immune status in vivo
by detecting the expression of 11 cytokine profiles in blood samples by ELISA. As compared with the control
group, the expression levels of 9 cytokines after oral administration of DSS for 8 days were significantly
up-regulated, including IL-4, IL-6, IL-18, IL-17, TNF-a, IL-1p, IL-22, IL-23, and IL-10, After 16 days, the
pro-inflammatory cytokines IL-4, TNF-a, IL-10 were dramatically reduced in the colon tissue of colitis mice
after the L. acidophilus, while the expression levels of IL-17, IFN-y, MPO and IL-1B were notably
up-regulated (Figure 6b—1). These data manifested that the administration of L. acidophilus supplements
results in significant changes to the cytokine profile in mice with DSS-induced colitis, suggesting that its

palliation effect on UC may be attributed to the modulation of specific inflammatory mediators.
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3.5 L. acidophilus regulated Thi17/Treg Balance and maintained the mucosal immune in colitis mice

In immune homeostasis, the gut contains very few CD4 T cells, and only contains scattered interepithelial
lymphocytes and inherent lymphocytes of the intestinal mucosal epithelium (62). However, the presence of
increased CDA4T cell content or normal CD4T cell number in the intestinal mucosal epithelium, but showing
increased activation and phenotypic changes, maybe a potential mechanism for the development of UC
(63-66). Among them, T cell-mediated adaptive immune response can cause the activation of neutrophils,
macrophages and other immune cells, and aggravate intestinal mucosal inflammation, so it plays an important
role in the pathogenesis of UC (67, 68). Hence, phenotypic analyses of T cells in lamina propria and epithelial
cells (LPCs) of colitis mice were performed by flow cytometry. The results suggested that, although the
supplementation of L. acidophilus had no significant effect on the DSS-changed proportion of Th2 cells, the
level of Th1 cells and Th17 cells was distinctly down-regulated and the number of Treg cells was significantly
up-regulated (Figure 7). Simultaneously, it is noteworthy that the L. acidophilus demonstrates a prominent
capacity to restore the balance of Th17/Treg and Th1/Th2. The results suggest that the improvement of colitis
by L. acidophilus may be related to the restoration of intestinal immune homeostasis of Th17/Treg and

Th1/Th2 in DSS-induced colitis mice.
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Figure 7. Effects of L. acidophilus on colonic mucosal immune imbalance in colitis mice. Percentages of Th1 cells, Th2
cells, Th17 cells and Treg cells in colonic LPCs were detected by using flow cytometry assay. Percentage of T-cell
subpopulations gated on CD4+ T cells, and ratio of Th1/Th2 and Th17/Treg cells. Data were showed as mean = SD (n = 7).
ns > 0.05; * P <0.05; ** P<0.01; *** P <0.001.

3.6 L. acidophilus may resisted the oxidative stress by regulating the Nrf2/NF-kB signaling pathways in colitis

mice
Compelling evidence suggests that oxidative stress and inflammatory response, represented by the
nuclear transcription factor Nrf2 and NF-kB signaling pathways respectively, are absolutely correlated and

have a highly cross-linked process that simultaneously play a crucial role in inflammatory diseases (69, 70).

With this in mind, we not only analyzed the expressions of oxidative stress-related proteins (SOD, GSH-Px,



L.P. Li et al. / Food Science and Human Wellness 16 (2027)

MDA) in the colon tissues of mice in each group, but also examined the effect of the L. acidophilus on Nrf2
and NF-kB signaling pathway protein expression in mouse colon tissue by immunohistochemistry and
western blot, respectively. In agreement with previous studies (56), the DSS challenge caused a decrease in
the activities of GSH-Px while increased after L. acidophilus intervention. It is regrettable that SOD and MDA
had changed but did not reach the statistically significant level (Figure 8a). Furthermore, as shown in Figure
8b, as compared with the control group, the expression of nuclear Nrf2 was markedly down-regulated and
Keap-1 was up-regulated acutely in the colon tissues of mice by DSS administration, and these effects were
eliminated by the L. acidophilus rather than ASA, suggesting that the L. acidophilus may alleviate colitis by
unblocking the inhibitory effect of DSS on the antioxidation signaling pathway.

At the same time, given that UC leads to rapid activation of the NF-kB signaling pathway, which leads to
the production of a large number of pro-inflammatory factors, we investigated the effects of L. acidophilus or
ASA treatment on this pathway in colon tissue. As anticipated, compared with the control group, serum LPS
level and TLR4 protein levels, NF-kB P65 and I-xB phosphorylated protein levels were relatively elevated in
the model group (Figure 8c), indicating that DSS induces an inflammatory cascade through activation of the
NF-kB pathway, which was attenuated by L. acidophilus or ASA supplementation. These findings suggest
that the ameliorative effect of L. acidophilus supplementation on colitis may be attributed to activation of the

Nrf2 antioxidative signaling pathway and inhibition of the NF-kB inflammatory signaling pathway.
a 60 85

SOD U/mg protein
GSH-Px U/mg protein
MDA nmol/mg protein

~

b Ctrl DSS DSS-AS DSS-LA

Keap1

N o
g s
4
% 9
c S %, %Y 4 Z d
Y S v 9 - A
TLR4 [ J— | o6kDa > Hsi

P65 | === s S s |55kDa

p-pes (I w5 T ¥ osioa

IKB [wm— e | 32kDa

LPS {ng/ml)

%
%
%

Protein expression
N

P-IkB | " . o s -—— 36kDa

2

B-ACin | e s wn— - | 12\Da

Figure 8. L. acidophilus regulated antioxidative and inflammatory signaling pathways in colitis mice. (a) The expression of
SOD, GSH-Px, and MDA were assessed in colon tissue by ELISA; (b) Immunohistochemistry staining and quantitative
analysis of Nrf2 and Keap-1 proteins in colon tissues from different treatment groups, Scale bar = 100 um; (c)
Representative immunoblots and the relative expression levels of TLR4, P65, P-P65, IkB and P-IkB proteins in colon tissues
from different treatment groups; (d) serum LPS level. Data were showed as mean £ SD (n = 7). ns > 0.05; * P < 0.05; ** P
<0.01; *** P <0.001.
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3.7 L. acidophilus alleviated UC via pathways involving Gut Microbiota-BAs-FXR/FGF15 signaling

Some studies have pointed out that BAs, as pleiotropic signaling metabolites, are closely related to
intestinal microbiota and its metabolites, and disruption of bile acid homeostasis can accelerate the
pathological process of colitis (71, 72). Therefore, in order to explore how the L. acidophilus atfects bile acid
homeostasis in enterohepatic circulation, we preliminarily investigated the expression of bile acid-related
FXR/FGF15 signaling pathway protein in the liver and ileum of colitis mice. Firstly, BAs primarily circulate
in the liver-gut system, and their regulation through the FXR/FGF15 pathway ultimately takes place in the
liver. Therefore, we observed the appearance of mouse livers and found that there was no significant
difference between the four groups (Supplementary Figure 5a). Then, HE staining and oil red O staining were
performed on the livers to evaluate its pathological characteristics. We observed that treatment with L.
acidophilus or ASA was effective in reducing inflammation and lipid deposition in the liver cells of mice with
colitis (Figure 9a, Supplementary Figure 5b). Subsequently, the results indicated a significant increase in FXR
and CYP7A1 mRNA levels in the livers of model group compared to those in the normal group. Following L.
acidophilus intervention, there was a dramatic decrease in these levels. Consistently, the ileal CYP7A1
mRNA level in DSS group was significantly higher than that in normal group, and the FXR mRNA level was
also increased, but the difference was not significant, and there was no significant change in either of them
after L. acidophilus intervention. (Figure 9b). Meanwhile, it was noted that the expression of FXR and FGF15
proteins was significantly elevated while CYP7A1 expression was notably decreased in the livers of
DSS-treated mice compared to those in the Control group. Following administration of L. acidophilus, there
was a significant reduction in FXR and FGF15 protein expression along with an increase in CYP7A1 protein
expression. Although the content of FXR and FGF15 decreased significantly after ASA treatment, the
expression of CYP7A1 protein did not increase evidently (Figure 9c). Besides, we also evaluated the
expression of FXR and FGF15 proteins in the ileum (Figure 9d). Compared to expression in the Control
group, the expression of FXR and FGF15 was clearly upregulated in the DSS group of mice, and significantly
downregulated after the administration of L. acidophilus. Nevertheless, the expression level of FXR in ASA
group mice did not change markedly. Altogether, these data suggest that the L. acidophilus may influence BA
synthesis by modulating FXR-FGF15 signaling pathways in liver and ileum, thereby improving UC in mice.
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Figure 9. L. acidophilus regulated FXR/FGF15 signaling pathways in colitis mice. (a) Photographs of HE-stained sections
of livers, Scale bar = 50 um; (b) The mRNA levels of FXR, and CYP7A1 for each group in the liver and ileum; (c)
Immunohistochemistry staining and quantitative analysis of FXR, FGF15 and CYP7A 1proteins in liver tissues from
different treatment groups. (d) Representative immunoblots and the relative expression levels of FXR and FGF15 proteins
in ileum tissues from different treatment groups. Data were showed as mean = SD (n = 7). ns > 0.05; * P < 0.05; ** P <
0.01; *** P <0.001 group.
3.8 L. acidophilus improved UC by Inhibiting the activation of NLRP3 Inflammasome and reducing

Ppyroptosis

The nucleotide-binding domain-like receptor family pyrin domain containing 3 (NLRP3) is a
prototypical inflammasome that may be involved in the pathogenesis of various inflammatory diseases (73).
Studies have demonstrated that NLRP3-deficient mice exhibited reduced susceptibility to DSS-induced acute
colitis, highlighting the essential role of the NLRP3 inflammasome in UC pathogenesis (74). Recent
investigations have revealed that Gin Rg3 inhibited NLRP3 inflammasome activation and pyroptosis, leading
to the amelioration of UC symptoms in mice (28). To ascertain whether the therapeutic effect of L. acidophilus
on UC mice involves modulation of NLRP3 inflammasome activity, we assessed the expression levels of
pyroptosis-related indicators in the colon of UC mice. Immunohistochemistry results indicated that DSS
treatment elevated the expression levels of NLRP3, ASC, pro-Caspase-1, Caspase-1 and GSDMD-N (Figure
10a and b), as well as increased serum concentrations of IL-18 and IL-1B (Figure 6d and h). However, L.
acidophilus intervention reversed these DSS induced effects to varying degrees. These findings align with a
recent study conducted by Dai et al. (75), who assessed the impact of Bacillus paralicheniformis
HMPM220325 on DSS-induced UC in mice, as evidenced by marked downregulation of IL-1B and IL-18
mRNA levels, and expression levels of NLRP3 inflammasome-associated proteins or genes in colonic tissue

compared to the DSS group.
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Unexpectedly, after L. acidophilus treatment, serum levels of IL-1p were significantly higher than those
in the model group; additionally, there was an increase in serum IL-18 level compared to that in the model
group without reaching statistical significance. Overall, these results suggest that L. acidophilus effectively
alleviate DSS-induced UC in mice through potential inhibition of NLRP3 inflammasome activation and
pyroptosis.
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and quantitative analysis of NLRP3, ASC and pro-Caspase-1 protein content in the distal colon, Scale bar = 100 um; (b)
Immunohistochemistry staining and quantitative analysis of Caspase-1, cleaved-Caspase-1 and GSDMD-N protein content
in the distal colon (scale bar, 100 um). Data were showed as mean £ SD (n = 7). ns > 0.05; * P < 0.05; ** P <0.01; *** P
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3.9 Correlation analysis of gut microbiota, body weight, colon length, bacterial translocation, intestinal

barrier function, inflammation response and BAs metabolism

Using Mantel Test network heat map analyses, the correlations between clinical factors (colitis index,
colon TJPs, serum inflammatory factors levels, bacterial translocation, colon immune cells differentiation,
inflammatory response, and bile acid regulation) and microbial community structure at species level
demonstrated that gut microbiota species played an important role in maintaining gut barrier function,

regulating inflammation, oxidative stress, pyroptosis, and bile acid metabolism immune regulation and bile
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acid metabolism (Figure 11a). Moreover, from heatmap correlation analysis, it is seen that in the 15 top
species, 15 species were notably associated with these clinical factors (Figure 11b).
uncultured bacterium g Erysipelatoclostridium, E.coli g Escherichia-Shigella,
uncultured bacterium g Turicibacter, Romboutsia_ilealis, Parabacteroides _distasonis,
uncultured bacterium g Ruminococcus_torques _group, Lactobacillus murinus were obviously and
positively correlated with serum inflammatory factors, colon Thl cells and Th17 immune cells proportion,
colonic TLR4/NF-kB-related proteins expression as well as colon pyroptosis related proteins expression, but
noticeably negatively correlated with colitis index, colon TIJIPs mRNA expression, colon Th2 cells and Treg
immune cells proportion, colon oxidative stress and liver CYP7AT1 proteins expression (Figure 11b). Thus,
these bacterial species may induce ucC development. In addition,
uncultured bacterium g Prevotellaceae UCG-001,

unclassified g norank f norank o Clostridia UCG-014, uncultured bacterium g
norank f Muribaculaceae were observably correlated with serum inflammatory factors, the proportion of
Thl cells and Th17 immune cells in the colon, colonic TLR4/NF-«kB-related proteins expression and colon
pyroptosis related proteins expression in a negative way, but positively correlated with colitis index, colon
TJPs mRNA expression, colon Th2 cells and Treg immune cells proportion, colon oxidative stress as well as
liver CYP7A1 proteins expression in an obvious manner (Figure 11b). Thus, these bacterial species may
alleviate UC.

To further study the interactions between the top 15 species with clinical factors, we constructed a
species and factors correlation network map. Then, network analyses revealed that the 9 species play an
important role in regulating clinical factors. Details are as follows:
unclassified g norank f norank o Clostridia UCG-014,
uncultured bacterium g norank f Muribaculaceae, E.coli g Escherichia-Shigella and
uncultured bacterium g Ruminococcus_torques_group are most closely related to these clinical factors and
may be the essential player in L. acidophilus mitigation of UC. In particular,
unclassified g norank f norank o Clostridia UCG-014 was strongly positively correlated with body
weight and occludin gene expression, while significantly negatively correlated with 1L-4, IL-6, IL-18, IL-23,
pp65/p65, GSDMD-N, lamina propria Thl cells and Thl7 cells. uncultured bacterium g
norank f Muribaculaceae is significantly positively correlated with body weight, ZO-1 and occludin
mRNA expression, and negatively correlated with liver FGF15, GSDMD-N and PP65/P65 expression. From
this, it can be seen that these two bacteria both contribute to the recovery of UC. On the contrary,
uncultured bacterium g Ruminococcus_torques_group also plays an important role in the development of
colitis. It was positively correlated with IL-17, IL-18, PP65/P65, lamina propria Th1 cells and Th17 cells, and
strongly negatively correlated with body weight and formation of lamina propria Th2 cells. Along the same
lines, E.coli_g Escherichia-Shigella was strongly positively correlated with inflammatory cytokines IL-6,

IL-18, lamina propria Th17 cells and pp65/p65, while strongly negatively correlated with body weight; these
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results suggest that uncultured bacterium g Ruminococcus torques_group and E. coli may be a potential
strain to promote the progression of UC (Figure 11c). All in all, these findings demonstrated that the 9

bacterial species play vital roles in colitis development.
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Figure 11. (a) Variations of gut microbiota species and clinical factors have obvious relationship in the Ctrl, DSS, DSS-AS,
and DSS-LA. The correlation between clinical factors and microbial community structure was evaluated by Mantel Test
network heat map analysis analyze. The lines represent the correlation between gut microbiota species and clinical factors,
and the heat map represents the correlation between clinical factors; the thickness of the line represents the strength of the
correlation, * 0.01 <P <0.05, ** 0.001 <P <0.01, *** P <0.001. (b) The relationship between clinical factors (body
weight, colon length, intestinal barrier function, degree of bacterial translocation, inflammatory response,
Nrf2/NF-kB/NLRP3 pathway and bile acid regulatory pathway FXR/FGF15) and the 15 top species is estimated by
Spearman’s correlation analysis. *, P < 0.05; **, P < 0.01; *** P < 0.001. (c) Network maps between gut microbiota species
and clinical factors were analyzed by Spearman rank correlation analysis (P < 0.05). The size of nodes represents the
average abundance of the species or factors, and different colors represent different species or factors. The line represents the
correlation between the two species. The thickness of the line indicates the size of the correlation coefficient, and the thicker
the line, the higher the correlation between species. The more lines, the closer the connection between the nodes. The color
of the line indicates positive and negative correlation, red indicates positive correlation, green indicates negative correlation.

4. Discussion

Currently, many probiotics, especially L. acidophilus, has been proven to effectively alleviate UC by
regulating intestinal flora, strengthening intestinal wall function and regulating immune imbalances (76).
Consistent with previous studies (25, 28, 77, 78), our discovered that L. acidophilus administration not only
obviously attenuated the severity of colitis in mice, including reducing weight loss, DAI scores, organ index
and histological scores while increasing food intake, water consumption and colonic length; it also mitigated
various pathological injuries such as sparse and shortened microvilli, expanded intercellular space, severe
mucosal damage, loss of goblet cells, deformation of crypts and hyper-infiltration of neutrophils in
comparison to the DSS group. Furthermore, L. acidophilus showed favorable anti-inflammatory effects by
regulating the gut microbiota composition and maintaining the intestinal barrier integrity. Interestingly, L.
acidophilus was somewhat superior to 5-ASA in restoring the gut microecology and improving intestinal
functions, which was an important driver of UC symptom improvement. In conclusion, our results indicate
that L. acidophilus is able to effectively relieve DSS induced UC mice by regulating the gut microbiota,
intestinal barrier function and inflammation.

UC is globally recognized for its high prevalence that is characterized by a chronic dysregulation of the
inflammatory response in the gastrointestinal tract (79). Notably, the precise of the initiation and/or
propagation of the inflammation for UC is still unknown and is difficult to remove, however it is believed to
have a multifactorial etiology. Intestinal permeability increase and Intestinal flora disturbance lead to harmful

substances such as bacteria and LPS into the blood, stimulate lymphocyte differentiation and related
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inflammatory factors secretion, and trigger various inflammatory reactions. Looking at it in reverse, the
excessive release of inflammatory cytokines plays a pivotal role in the destruction of the intestinal barrier,
which further contributes to the development of inflammation (80). This inflammatory cascade leads to a
continuous disruption of the intestinal barrier, fueling the chronic and progressive nature of the disease (7).

It is well known that damage to the structure and function of the intestinal mucosal barrier is closely
related to the occurrence and development of UC (17, 81). Intestinal permeability serves as an indicator for
assessing the intestinal barrier integrity and safeguarding the epithelium from detrimental factors (82, 83).
Goblet cells play a pivotal role in defending the intestinal mucosal barrier by secreting mucus proteins to
counteract the invasion of harmful substances (84). Intriguingly, histological analysis showed that L.
acidophilus and ASA supplementation both prevented neutrophil infiltration, increased the number of goblet
cells and crypts, restored intestinal epithelial permeability and injury. Similarly, TJPs effectively regulate
paracellular transport to prevent bacteria, toxins, and other substances from entering the blood, thereby
maintaining the integrity of epithelial barrier function in the intestinal mucosa. However, DSS treatment
significantly reduces TJPs expression leading to increased intestinal permeability, bacterial translocation,
elevated serum FITC-dextran levels and endotoxin concentration which further exacerbate inflammatory
response. In this study, L. acidophilus intervention can upregulate ZO-1, ZO-2 and Occludin expression,
restore colonic TJs, thus positively impacting the maintenance of structural integrity to prevent colitis
occurrence.

Intestinal flora disturbance in patients with UC and in animals is associated with a decrease in flora
diversity, especially a significant decrease in beneficial bacteria (85, 86), demonstrating that the gut
microbiota plays a pivotal role in the pathogenesis of UC. Probiotics feeding reverses the trend of declining
diversity and effectively improves the symptoms of colitis (87-89), and our study observed that L. acidophilus
treatment the DSS-treated mice effectively improved the alpha diversity and changed the community
composition. Specific manifestation is as follows: at the phylum level, the dominant bacterial groups in each
group were Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria, which accounted for over 97% of
taxonomy general. Specifically, the Firmicutes to Bacteroidetes ratio and the abundance of Firmicutes and
Proteobacteria in the model group were significantly higher but were close to the normal group after L.
acidophilus intervention, which are consistent with the results of a recent study conducted by Ridaura et
al.(32). Moreover, the abundance of the phylum Actinobacteriota was strongly associated with the activity of
intestinal inflammatory diseases (90) and its abundance was significantly reduced after L. acidophilus
supplementation.

At the genus level, the L. acidophilus changed the structure of intestinal bacteria via increasing the
abundance  of  beneficial  bacteria, such as  norank f norank o Clostridia UCG-014,
Prevotellaceae UCG-001, Lachnospiraceae. NK4A136_group, norank f Muribaculaceae and
unclassified f Lachnospiraceae, and reduceing the abundance of harmful bacteria, such as

norank f Lachnospiraceae and Escherichia-Shigella. The genus
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norank f norank o Clostridia UCG-014 demonstrates resilience to gastric acid, promotes beneficial
bacteria growth, inhibits harmful intestinal tract growth, restores intestinal flora, improves immunity, and
facilitates nutrient absorption and digestion (26). Similarly, Prevotellaceae UCG-001, a gram-negative
obligate anaerobic bacillus, has the capacity to ferment carbohydrates and produce SCFAs such as acetate and
butyrate, exerting an anti-inflammatory effect on immune cells and suppressing potentially invasive
pathogenic bacteria (91, 92). Additionally, Lachnospiraceae NK4A136_group is recognized as a significant
butyrate producer that maintains immune homeostasis by regulating Th17/Treg balance (93, 94). As the
potentially beneficial bacterium, unclassified f Lachnospiraceae has the ability to produce SCFAs and
regulate cholesterol metabolism (95, 96), while the role of norank f Muribaculaceae in host physiology
remains unclear, studies suggest its potential positive impact on attenuating oxazolone-induced colitis severity
in mice through improvement of intestinal mucositis (97). These reports support the possibility that L.
acidophilus may help maintain intestinal microenvironment stability by assisting these probiotics mentioned
above colonize, thereby reducing DSS induced intestinal inflammation. On the contrary, the
norank f Lachnospiraceae has been reported to be positively associated with levels of inflammation and
oxidative stress (98). The Escherichia-Shigella, a representative genus of Aspergillus, is an LPS-producing
Gram-negative bacteria. This not only compromises Thl7/Treg conversion and intestinal immune
homeostasis but also can adhere to colonic mucosal epithelial cells and correlates with increased
pro-inflammatory cytokine expression, ultimately leading to impaired intestinal barrier integrity (99, 100).
Therefore, these two types of bacteria are likely key pathogenic agents contributing to the development of UC,
which aligns with previous findings (13, 71).

At the species level, likewise, Our results revealed that augmentation of
uncultured bacterium g norank f Muribaculaceae,
uncultured Bacteroidales bacterium_g norank f Muribaculaceae and
uncultured bacterium g Prevotellaceae UCG-001 along with reduction of E.coli g Escherichia-Shigella
potentially mediated the protective effects of the L. acidophilus treatment on UC. The
uncultured bacterum g norank f muribaculaceae and
uncultured Bacteroidales bacterium_g norank f Muribaculaceae have been identified as the possible
target microorganisms in the occurrence of colitis, which can inhibit the pathogenic bacteria growth and
intestinal colonization by occupying ecological space (101, 102). Additionally, it was noted that
uncultured bacterium g  Prevotellaceae UCG-001 is an advantageous bacterium that was found to enhance
microbial fermentation and facilitate the conversion of polysaccharides into SCFAs and prevent colitis (103).
These results manifest that the impact of supplementation with L. acidophilus may be at least partly due to the
increase in the population of these beneficial species and reduce several types of bacteria associated with
inflammation and intestinal barrier disruption. Therefore, L. acidophilus treatment can relieve UC by

adjusting the composition of the intestinal microbiota and their metabolites in a variety of ways.
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At the onset of UC, intestinal immune homeostasis is significantly compromised, shown by immune
cell infiltration into colonic mucosa and release of inflammatory mediators, which drive UC progression
through positive feedback mechanisms (104-106). It is noteworthy that Thl cells can modulate intestinal
inflammation and prevent pathogen invasion through secretion of TNF-a and IFN -y to stimulate innate
immune cell activation (107, 108), and elevated levels of these factors observed in UC mice support an
association with exacerbated Th1 immune responses and intestinal inflammation. Intriguingly, L. acidophilus
intervention reduced the production of Thl cells and TNF-a to varying degrees, while increasing IFN-y
production. As is well-known, TNF-a promotes intraepithelial cell apoptosis and inflammation, whereas IFN
-y stimulates macrophages and neutrophils recruitment by inducing adhesion molecule expression on
intraepithelial cells (109, 110), but it is now documented that Th17 and Treg cells can also produce IFN-y
(111). Appropriate secretion of IL-1f not only regulates the expression of TJPs and restores intestinal barrier
function, but also enhances the phagocytic capacity of mononuclear phagocytes and plays a pivotal role in the
pyroptosis process with IL-18 to maintain intestinal immune homeostasis (112-115). This may explain the
significant increase in IL-1P observed following the administration of L. acidophilus.

Up-regulation of Th2-related cytokines such as IL-4, IL-6 and IL-10 promotes humoral immune
responses along with mucosal IgA response occurrence (84, 116), and upregulation of Th17 cells in peripheral
blood of UC patients was accompanied by elevated levels of several key inflammatory factors such as IL-17,
IL-22, and IL-23, which was positively correlated with disease activity (117). Critically, IL-17 modulates
intestinal barrier function and induces the release of inflammatory chemokines and cytokines from target cells
(121), while IL-22 activates the proliferation of intestinal stem cells and promotes tissue regeneration, thereby
preserving the integrity of intestinal epithelial cells (118, 119). consistent with elevated levels of IL-22 in both
the model and probiotic treatment groups in this study. Consequently, these data suggest that L. acidophilus
has the potential to regulate the intestinal mucosal immune response, which is beneficial for the enhancement
of host defense mechanisms. Furthermore, Treg cells can inhibit intestinal inflammation caused by abnormal
immune responses of autoantigens and symbiotic bacteria and play an essential role in suppressing immune
responses and maintaining peripheral tolerance and immune homeostasis (120). Likewise, Treg cells in the
lamina propria of the colon specifically express the transcription factor Foxp3, effectively inhibiting
autoimmunity and preventing tissue damage by secreting the anti-inflammatory factor IL-10 (117, 121). In our
experiments, L. acidophilus effectively inhibited the expression of IL-4, TNF-a, IL-10, and corresponding
with remarkerly augment the expression of IFN-y, IL-17 and IL-1p through various mechanisms, thereby
exerting its anti-inflammatory effects. These mechanisms include the regulation of Th1/Th2 and Th17/Treg
balance (71, 122, 123), modulation of bile acid metabolic homeostasis (124), regulation of NLRP3
inflammasomes and pyroptosis (125) and inhibition of Nrf2/NF-«B signal transduction (87).

In addition, it has been reported that MPO, a heme protein, is the main component of neutrophils, as a key
mediator of the innate immune system, neutrophils are rapidly recruited to sites of inflammation, where they

recognize, phagocytose, and inactivate foreign microbes (126). In addition, MPO plays a vital role in
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controlling and terminating the phagocytosis activity of neutrophils, and its oxidants are also involved in
inhibiting the function of lymphocytes. These properties make MPO beneficial for maintaining tissue
homeostasis (127), which is consistent with elevated MPO levels observed in colon tissue from the DSS-LA
group. Therefore, it is acknowledged that the L. acidophilus supplement may enhance the intestinal
self-defense capability, regulate the body's immune dynamic balance, and ultimately alleviate the severity of
colitis.

In general, Nrf2 and NF-«xB are inseparable during anti-inflammatory and antioxidative processes (128).
Under inflammation conditions, activation of IkB kinase (IKK) results in phosphorylation-mediated
degradation release of IkB, leading to nuclear translocation and activation of NF-kB which upregulates
inflammatory cytokine gene expression and induces production of oxygen free radicals causing tissue damage
(129). Similarly, under conditions of oxidative stress, dissociation of Nrf2 from Keap1 allows it to translocate
into the nucleus where it binds to antioxidant response elements (ARE), activating antioxidative enzymes such
as SOD,CAT and GSH-Px (130). As a major ligand of TLR4, LPS from Gram-negative bacteria can cause
severe inflammatory damage and even death by activating the TLR4/NF-«kB p65 inflammatory signaling
pathway (131). In this study, the serum LPS level was noticeably reduced after the intervention of L.
acidophilus or ASA. At the same time, it is mainly due to the fact that L. acidophilus prevents LPS from
entering the bloodstream from the intestine by improving the intestinal barrier function. Moreover, elevated
inflammatory factors TNF-q, IL-6, and IL-1p also promote Keap1 transcription and expression, strengthening
Nrf2 inhibition and degradation, thereby exacerbating UC symptoms (132, 133), which elucidates why Keap1
expression is upregulated in the DSS group while it decreases after the intervention with L. acidophilus.

Additionally, Keapl promotes degradation release of IkK thereby enhancing stability of IxB which
inhibits activation of NF-kB signaling pathway and competition between NF-kB p65 and Nrf2 for binding to
CBP modulates transcriptional activity. However, overexpressed p65 will preferentially bind to CBP,
inhibiting the transcriptional activity of Nrf2, leading to increased inflammation and oxidative stress(134).
Previous investigators treating UC with olmesartan or licochalcone A involved activating the Nrf2 signaling
pathway and inhibiting the NF-xB signaling pathway (130, 135). Inversely, Nrf2”~ mice showed stronger
signs of NF-kB activation following inflammatory stimulation compared to wild type mice (136), and
Nrf2-regulated antioxidant enzymes such as SOD have been demonstrated to regulate NF-xB signal
transduction (137), and in our study the antioxidant enzymes SOD and GSH-Px were also increased. Clearly,
modulating aberrant NF-kB and Nrf2 signaling pathways and maintaining their homeostasis may represent an
effective therapeutic approach for UC, and our data suggest that the effective protective effects of L.
acidophilus are likely to be a universal benefit through reducing oxidative damage and inflammation.

Recent reports suggest that the disturbance of bile acid metabolism could play a significant role in driving
the progression of UC (138). Theoretically, conjugated BAs function as endogenous antagonists for FXR,
while unconjugated BAs act as agonists for the FXR-FGF15 feedback pathway (139). In the liver, activated
FXR induces the expression of SHP, which subsequently binds to LRH-1 and indirectly inhibits the
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expression of CYP7A1 (140). In the ileum, activated FXR upregulates FGF15 expression, which enters the
enterohepatic circulation and binds with FGFR4 mediated by B-KLOTHO to downregulate CYP7Al
expression (141, 142). In this study, the expression of FXR and FGF15 in the liver increased in DSS group
mice and decreased after L. acidophilus administration, and L. acidophilus intervention vastly decreased
DSS-induced increases in hepatic mRNA levels for both FXR and CYP7A1l. In the ileum, although the
expression of FXR and CYP7A1 mRNA was not significantly changed by L. acidophilus treatment, the
changes in FXR and FGF15 expression induced by DSS were significantly reversed, ultimately leading to an
increase in liver CYP7AT1 expression and bile acid synthesis. However, these results are contrary to previous
findings, and we speculate that the likely cause is that the increase in unbound BAs induced by self-metabolic
compensations in UC mice activates the bile acid regulatory pathway FXR/FGF15, which in turn inhibits the
activity of CYP7A1, which is mitigated by L. acidophilus treatment (143, 144). In conclusion, these results
manifest that L. acidophilus can regulate the FXR/FGF15 signaling pathway maintaining bile acid
homeostasis within enterohepatic circulation improving metabolism thus alleviating UC symptoms.
Pyroptosis, a new form of programmed cell death, has been widely studied in inflammatory disease
models in recent years (145). The successfully assembled NLRP3 inflammasome is a key regulator of
pyroptosis and its upregulated expression can promote the development of inflammation (52). NLRP3
inflammasome consists of NLRP3, ASC, and pro-caspase-1 (146). Upon the activation of NLRP3, ASC and
Caspase-1 are recruited. Subsequently, activated NLRP3 and ASC facilitate pro-caspase-1 dimerization and
Caspase-1 activation, which activates and divides GSDMD, resulting in a GSDMD-N terminal fragments that
further bind to cell membranes and perforate, triggering cell pyroptosis and promoting the secretion and
release of IL-1p and IL-18 (147, 148). Further, NLRP3") mice-induced DSS developed less severe colitis
than wild-type mice and produced lower levels of proinflammatory cytokines in colonic tissue (149).
Evidence showed that Live L. acidophilus has already been confirmed to improve UC mice by inhibiting the
NLRP3 inflammasome activation (37). Consistent with previous research, we indeed observed that L.
acidophilus could suppress pyroptosis by down-regulating the expressions of NLRP3, ASC, pro-Caspase-1,
Caspase-1 and GSDMD-N, indicating the anti-colitis effects of L. acidophilus in this research. Therefore, the
inactivation state of the NLRP3 inflammasome could serve as a potential target to ameliorate UC. In addition,
the intervention of L. acidophilus resulted in a reduction of serum IL-18 levels compared to the model group,
although this difference did not reach statistical significance, and there was a significant increase in IL-18
content, which may be attributed to the involvement of multiple regulatory pathways of cytokines.
Intriguingly, a recent study conducted by Ridaura et al. used JSH-23, the inhibitor of NF-«B p65, to prove that
NF-kB controlled NLRP3 and pyroptosis in inflammatory bowel disease (150, 151). This is consistent with
the results we discussed above that L. acidophilus exerts anti-inflammatory effects by inhibiting the activation
of the NF-«xB signaling pathway, thereby alleviating UC. Consequently, our data suggest that the inhibition of
the NLRP3 inflammasome and pyroptosis activation may mediate the protective effect of L. acidophilus

against DSS-induced colitis.
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Last but not least, this study revealed significant differences in the microbiome phenotypes and bacterial
functional potential among the four groups of mice. The BugBase analysis discovered a prominent reduction
in potentially pathogenic traits such as Stress Tolerant and Forms Biofilms following L. acidophilus
treatment. Additionally, predicted bacterial KEGG functional profiles by PICRUSt manifested higher relative
abundance of energy metabolism, inflammatory response, and pathopoiesia across all groups, suggesting their
significant advantages, while L. acidophilus treatment restored these functions to levels comparable to those
observed in normal mice. Simultaneously, supplementation with L. acidophilus alters the composition and
function of the bacteria in the "gut microbiota organ." Within this context, it is reasonable to speculate that
these changes in composition and function may establish a reciprocal relationship between members of the
"new" microbiome, metabolites, and the host immune system, which contributes to the recovery of intestinal
dysbiosis.

On the basis of the above, our work illustrated that L. acidophilus showed a effective amelioration effect
on colitis mice, and its mechanism may be related to preserve intestinal barrier function integrity, modulate
microbial homeostasis, inhibit the TLR4/NF-kB, NLRP3/Caspase-1, and Nrf2/Keap1 signaling pathway, as
well maintain the balance of bile acid metabolism. In addition, microbiome phenotype prediction and bacterial
functional potential prediction analysis demonstrated that the L. acidophilus supplementation regulated gut
microbiota function involving inflammatory injury, metabolism, immune response, and pathopoiesia.
Conspicuously, the L. acidophilus not only optimized microbial composition directly by enhancing beneficial
microbes and reducing potentially harmful bacteria but only rebuilt immune system homeostasis by restoring
the balance of Th1/Th2 cells as well as Th17/Treg cells along with specific inflammatory cytokine expression,
in order to achieve improvement in the complex symptoms of UC. Additionally, although L. acidophilus
demonstrated comparable efficacy to mesalazine in this study, clinical observations revealed a marked
increase in fecal mucus among mice treated with mesalazine, sometimes accompanied by symptoms such as
diarrhea and vomiting. Besides, molecular experiments showed that mesalazine exhibited weaker efficacy in
intestinal barrier repair and microbiota regulation compared to L. acidophilus in UC mice. Above all, these
parameters indicate that this neoteric L. acidophilus possesses the advantages of anti-inflammatory,
antioxidant, anti-pyroptosis, regulates bile acid metabolism, promotes the repair of intestinal epithelial
damage and the restoration of intestinal homeostasis, highlighting its significant potential as a probiotic for the
treatment of colitis. Therefore, it may serve as a promising candidate for the treatment of UC without side

effects.

5. Conclusion

Taken together, this study provides compelling evidence that newly L. acidophilus, isolated from the
porcine intestines, not only enhances intestinal barrier integrity, and reshapes microbial composition but also
reduces colonic inflammation, inhibits pyroptosis, significantly mitigates oxidative stress damage.
Consequently, it effectively reverses colon damage and restores function in mice with UC. Thus, the potential

mechanism may involve the restoration immune balance, inhibition pyroptosis activation and regulation bile
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acid metabolism, and is associated with the Nrf2/NF-«B/NLRP3 signal transducing pathways and the
FXR-FGF15 feedback pathway (Figure 12). More importantly, our data indicated that the new L. acidophilus
was as effective in treating UC as mesalazine but without the side effects. Consequently, the great potential of
probiotics L. acidophilus to alleviate UC will provide promising clinical treatment strategies and greatly

broaden the application prospect of UC in clinical treatment
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Figure 12. The mechanisms underlying the protective effects of novel L. acidophilus against DSS-induced colonic
inflammation in mice are illustrated in a schematic representation. Administration of L. acidophilus resulted in significant
remission in DSS-induced UC models. Firstly, L. acidophilus treatment preserved the intestinal microbial equilibrium by
enhancing the abundance of beneficial bacteria while concurrently diminishing harmful bacterial populations. Secondly, L
acidophilus gavage improved intestinal architecture and reduced permeability through upregulation of TJPs, thereby
preventing translocation of intestinal bacteria and endotoxins into the bloodstream, which could trigger immune responses.
Thirdly, L. acidophilus significantly downregulated Th1/Th2 and Th17/Treg ratios, effectively modulating inflammatory
cytokine levels to maintain immune homeostasis within the body, particularly in the intestinal epithelium, and mitigating
oxidative stress damage; this may involve modulation of Nrf2/NF-kB signaling pathways. Notably, it also inhibited NLRP3
inflammasome assembly to suppress pyroptosis and reduce inflammation further. Additionally, L. acidophilus may reduce
the level of unbound or secondary bile acid levels, inhibit the activation of the FXR/FGF15 signaling pathways within
hepatointestinal circulation, ultimately regulating bile acid metabolism and inflammatory states. Collectively, these findings
underscore that probiotic L. acidophilus plays a pivotal role in restoring gut microbial balance, enhancing intestinal barrier
function, attenuating inflammatory responses, pyroptosis and oxidative stress damage while regulating bile acid
metabolism.
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