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ABSTRACT
Purpose:  This study examined the protective effects and mechanism of Lycium barbarum 
polysaccharides (LBP) in the context of intestinal barrier function and intestinal microbiota in mice 
with dextran sulfate sodium (DSS)-induced chronic ulcerative colitis (UC).
Methods:  C57BL/6J male mice were assigned to a standard normal diet without DSS (control 
group), a normal diet with DSS (DSS group, 2% DSS given discontinuously for 3 weeks) or a 
normal diet supplemented with LBP (1% dry feed weight, LBP group, 2% DSS given discontinuously 
for 3 weeks) for a total of 8 weeks, at which point colonic tissues and caecal contents were 
collected.
Results:  LBP exerted a significant effect against colitis by increasing body weight, colon length, 
DAI and histopathological scores. LBP inhibited proinflammatory cytokines (IL-1β, IL-6, iNOS and 
TNF-α) expression, improved anti-inflammatory cytokine (IL-10) expression, promoted the 
expression of tight junction proteins (Occludin and ZO-1) via nuclear factor erythroid 2-related 
factor 2 (Nrf2) activation and decreased Claudin-2 expression to maintain the intestinal mucosal 
barrier. In addition, the abundances of some probiotics (Ruminococcaceae, Lactobacillus, 
Butyricicoccus, and Akkermansia) were decreased with DSS treatment but increased obviously with 
LBP treatment. And LBP reduced the abundance of conditional pathogens associated with UC 
(Mucispirillum and Sutterella). Furthermore, LBP improved the production of short-chain fatty acids 
(SCFAs), including acetic acid, propionic acid, butyric acid and isobutyric acid.
Conclusion:  LBP can alleviate DSS-induced UC by regulating inflammatory cytokines and tight 
junction proteins. Moreover, LBP promotes probiotics, suppresses conditional pathogens and 
increases SCFAs production, showing a strong prebiotic effect.

1.  Introduction

Ulcerative colitis (UC) is a chronic, relapsing, and 
non-infectious condition characterized by gastrointesti-
nal tract inflammation; it has evolved into a global dis-
ease with an increasing prevalence and represents a 
substantial economic and disease burden on society 
[1–4]. Conventional drugs for UC include corticoste-
roids, 5-aminosalicylic acid and immunosuppressants, 
but these drugs have undesirable side effects and can 
only reduce symptoms in acute episodes instead of 

fundamentally altering relapse episodes [5]. Therefore, 
exploring novel drugs for UC treatment is imperative.

Extensive research has shown that searching for 
novel agents from natural products for the treatment 
of UC is a promising research direction [6]. Goji berries 
are medicinal foods that have been used in Chinese 
medicine since ancient times [7]. Lycium barbarum 
polysaccharide (LBP) is the major active ingredient  
isolated from Goji berries and exerts a strong anti- 
inflammatory effect, constituting a potential prebiotic 
for the treatment of colitis [8]. For instance, Cao et  al. 

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group

CONTACT De-Shan Zhou  zhouds08@ccmu.edu.cn  Capital Medical University, Fengtai District, Beijing 100000, ChinaHui-hong Zhai  
 nxykdx1009@163.com  Xuanwu Hospital Capital Medical University in Xicheng District, Beijing 100000, China

https://doi.org/10.1080/07853890.2023.2290213

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which 
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been 
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

ARTICLE HISTORY
Received 30 August 2023
Revised 17 November 
2023
Accepted 26 November 
2023

KEYWORDS
Lycium barbarum 
polysaccharides; 
ulcerative colitis; tight 
junction proteins; gut 
microbiota

mailto:zhouds08@ccmu.edu.cn
mailto:nxykdx1009@163.com
https://doi.org/10.1080/07853890.2023.2290213
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1080/07853890.2023.2290213&domain=pdf&date_stamp=2023-12-7


2 Z. Y. LI ET AL.

reported that Lycium barbarum arabinogalactan, a sub-
type of LBP, alleviates DSS-induced chronic colitis via 
modulating metabolome [9]. Moreover, LBP combined 
with capsaicin can alleviate DSS-induced colitis by 
inhibiting oxidative stress and inflammatory signalling 
[10]. At present, the alleviation effect of LBP on IBD 
has been preliminarily confirmed, but the exact 
anti-inflammatory mechanism has not been fully 
revealed [11]. The existing literature suggests that  
LBP is fermented to short-chain fatty acids (SCFAs)  
by intestinal microflora in vitro and increases the  
relative abundances of beneficial bacteria such as 
Bifidobacterium and Bacteroides [12]. UC is character-
ized by an overall decrease in microbial diversity, with 
a loss of beneficial symbionts, which may result in 
increased mucosal adherence and translocation of 
symbiotic microorganisms, thus triggering chronic 
inflammation [13]. UC is also associated with a loss of 
microbiota-derived SCFAs metabolites, bile acid dys-
metabolism and increased tryptophan metabolism 
[14]. Therefore, we surmise that LBP could ameliorate 
UC by balancing the intestinal microflora and enhanc-
ing SCFAs production.

Additionally, an in vitro study indicated that  
LBP ameliorated intestinal barrier dysfunction and 
inflammation through the MLCK-MLC signalling 
pathway in Caco-2 cells [15]. The literature suggests 
that epithelial barrier defect is one of the patho-
genic mechanisms of UC [16]. Gut barrier integrity is 
maintained by tight junction (TJ) proteins such as 
claudins, zona occludins, and occludin, which are 
critical for the intestinal mucosa mechanical barrier 
and prevent the spread of pathogens and harmful 
antigens across the epithelium [17]. In addition, 
there is a strong relationship between the intestinal 
microflora and intestinal barrier function. Intestinal 
microflora dysbiosis decreases intestinal mucosal 
barrier function, and intestinal pathogenic bacteria 
damage structural barriers by changing intestinal TJ 
proteins [18]. Thus, in addition to gut microbiota, 
our research will focus on the role of LBP in regulat-
ing intestinal mucosal barrier function for the treat-
ment of UC.

In the present study, the curative effect and 
mechanism of LBP were evaluated in a DSS-induced 
chronic UC mouse model by alterations in the intes-
tinal microflora and the expression of tight junction 
proteins. In addition, we initially validated the role 
of LBP in the regulation of barrier function via the 
Nrf2 signalling pathway. We attempted to provide 
novel insight into the application of LBP in the pre-
vention and treatment of UC as an effective adju-
vant drug.

2.  Materials and methods

2.1.  Animals and the chronic colitis model

C57BL/6J male mice (weight 20-22 g) were obtained 
and housed in the Experimental Animal Laboratory 
Unit at Beijing Friendship Hospital. After a one-week 
acclimatization period, the mice were randomly 
assigned to 3 groups: the CON group (normal water 
and regular chow diet, n = 10), DSS group (DSS water 
and regular chow diet, n = 7) and LBP group (DSS 
water and fed 1% LBP supplemented in rodent chow; 
n = 8; LBP was purchased from Shanxi Ciyuan 
Biotechnology, 98% ultraviolet, No. CY191208). The 
DSS and LBP groups received 2.0% (w/v) DSS (M.W. 
36,000–50,000 Da, MP Biomedicals, Cat. No. 9011-18-1) 
for one week, followed by regular water for fourteen 
days to recover. Model establishment last for three 
cycles (i.e. Day 0 to Day 54) [19]. This project passed 
the experimental animal ethics review of the 
Institutional Animal Care and Use Committee of Beijing 
Friendship Hospital Affiliated to Capital Medical 
University (Permit Number 19-2022).

2.2.  Assessment of colitis severity

Body weight loss, stool consistency, and gross bleed-
ing were included to calculate the disease activity 
index (DAI) [20]. Colonic damage was evaluated on the 
basis of both length assessment and histological scor-
ing of the colon. For colon length, mice were sacrificed 
at day 54, and the colon was excised and measured 
from the ileocecal junction to the anal verge. For his-
tological evaluation, sections from the distal colon 
were stained with H&E. Three fields of view were ran-
domly selected for each slice to be examined micro-
scopically using the scoring system reported by 
Dieleman LA (Table 1) [21] The histological score was 
defined as the sum of the four parameter scores and 
three fields were averaged.

Table 1.  Histological grading of colitis.

Grade Inflammation Extent Crypt damage

Percent 
involvement  

(%)

0 None None None
1 Slight Mucosa Basal 1/3 

damage
1-25

2 Moderate Mucosa and 
submucosa

Basal 2/3 
damage

26-50

3 Severe Transmural Only surface 
epithelium 
intact

51-75

4 Entire crypt and 
epithelium 
lost

76-100
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2.3  Myeloperoxidase (MPO) assay

MPO serves as a marker for colon tissue neutrophil infil-
tration. MPO activity in the distal colon was determined 
using an MPO Colorimetric Assay Kit (Elabscience 
Biotechnology Co., Cat. E-BC-K074-S) with a spectropho-
tometer at 460 nm, according to the manufacturer’s 
instructions. MPO activities are expressed as U/g protein.

2.4.  Cell culture and treatment

Caco-2, a human colonic epithelial cell line, was 
obtained from American Type Culture Collection and 
cultured in DMEM (Gibco, Cat. No. C11995500BT) with 
10% fetal bovine serum and 1% penicillin/streptomy-
cin (Gibco, Cat. No. 15140122) at 37 °C in the presence 
of 5% CO2. Caco-2 cells were seeded in 6-well cell cul-
ture plates (6 × 105 cells per well) and incubated with 
LBP (dissolved in PBS; 100, 200, 400 µg/mL) for 24h to 
examine alterations in tight junction proteins. To inves-
tigate related mechanisms, ML385 (a Nrf2 inhibitor; 
dissolved in DMSO; 20 µM and 50 µM; Selleck Chemicals, 
Cat. No. 846557-71-9) were added to Caco-2 cells 
before treatment with LBP (dissolved in PBS; 400 µg/
ml) for 24 h.

2.5.  Quantitative real-time (qPCR) for cytokine 
levels

The mucosa of the distal colon was carefully separated 
from the muscle layer, and total RNA was extracted by 
grinding frozen mucosa with TRIzol reagent. For in 
vitro experiments, the Caco-2 cells were treated with 
Lipopolysaccharide (LPS, Sigma-Aldrich, Cat. No. L2880, 
1 µg/ml) or LBP (100, 200, and 400 μg/mL) +LPS for 
24 h. The total cellular RNA was isolated by utilizing 
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Then, 
cDNA was synthesized using 5XAll-in-one RT MasterMix 
(Thermo Scientific, Sankt Leon-Rot, Germany). The 

primers for the target products (TNF-α, iNOS, IL-6, 
IL-1β, and IL-10) of mice colon and Caco-2 cells were 
designed as indicated in Table 2.

2.6  Western blot analysis

Total protein of mucosa in the distal colon and cells 
was extracted using RIPA lysis buffer and then sepa-
rated by 10% SDS/PAGE. The separated proteins were 
transferred onto PVDF membranes, which were then 
washed for 10 min with TBS and blocked with 5% 
non-fat dry milk in TBST for 2 h at 25 °C. The blot was 
incubated with a polyclonal primary antibody against 
ZO-1, Occludin, Claudin-2, and Nrf2 (Abcam) overnight 
at 4 °C. After washing in TBST (10 min, three times), the 
blot was incubated with a secondary antibody against 
rabbit IgG (Santa Cruz) for 1 h at 25 °C. The blot was 
finally washed with TBST (10 min, three times), and the 
protein bands were visualized with a chemilumines-
cence system. The resulting image was analysed using 
Image J software.

2.7.  Immunofluorescence staining for fibrous actin 
(F-actin)

To determine the effect of LBP on F-actin, Caco-2 cells 
inoculated onto tablets in 24-well plates were col-
lected after 24 h with LBP. Then, the culture medium 
was discarded, and the cells were washed with PBS for 
5 min. The PBS was discarded, and the Caco-2 cells 
were fixed in 4% paraformaldehyde at room tempera-
ture for 10 min. Next, the Caco-2 cells were treated 
with 0.1% Triton X-100 for 5 min after washing with 
PBS (5 min, three times). Alexa Fluor 594-phalloidin 
(dissolved in PBS to a final concentration of 0.11 mol/L) 
was added (100 μL/well) for 30 min and then washed 
with PBS (5 min, three times). Finally, the samples were 
observed under a laser scanning confocal microscope 
after DAPI sealing, which was used to stain nuclei.

Table 2.  PCR primers of cytokines.

Gene

Primers Primers

(mice colon) (Caco-2 cell)

iNOS F: 5′-AGTCAACTGCAAGAGAACGGA-3′ F: 5′-GTGATGGCAAGCACGACTTC-3′
R: 5′-GAAGAGAAACTTCCAGGGGCA-3′ R: 5′-GTCGATGCACAGCTGAGTGA-3′

TNF-α F: 5′-AAGTGTTCCCACACCTCTCTC-3′ F: 5′-AGTGGACATCAACGGGTTCAC-3′
R: 5′-TGCACTTAGACCCCTTTCCTC-3′ R: 5′-ATGAGAAGCAGGAAAGGCCG-3′

IL-6 F: 5′-AGACGCATCTCAGCTGGTAAA-3′ F: 5′-CCACCGGGAACGAAAGAGAA-3′
R: 5′-TTTGGGGGAGGATGTTTGGAT-3′ R: 5′-TCTCCTGGGGGTATTGTGGA-3′

IL-1β F: 5′-GAAATGCCACCTTTTGACAGTG-3′ F: 5′-TTCGAGGCACAAGGCACAA-3′
R: 5′-TGGATGCTCTCATCAGGACAG-3′ R: 5′-TGGCTGCTTCAGACACTTGAG-3′

IL-10 F: 5′-GCTCTTGCACTACCAAAGCC-3′ F: 5′-GACTTTAAGGGTTACCTGGGTTG-3′
R: 5′-CTGCTGATCCTCATGCCAGT-3′ R: 5′-TCACATGCGCCTTGATGTCTG-3′

GAPDH F: 5′-AGACGCATCTCAGCTGGTAAA-3′ F: 5′-GGAGCGAGATCCCTCCAAAAT-3′
R: 5′-TTTGGGGGAGGATGTTTGGAT-3′ R:5′-GGCTGTTGTCATACTTCTCATGG-3′
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2.8.  Permeability assay

Caco-2 cells incubated with or without LBP were cul-
tured on Millipore Millicell plates, which were used for 
permeability experiments. After forming a confluent 
monolayer, the cells were assayed using fluorescein 
isothiocyanate-dextran FD4 (dissolved in PBS, 100 μg/
mL, M.W. 3,000–5,000, Sigma-Aldrich, Cat. No. 46944) 
for 30 min in the incubator, and then the culture 
medium with FD4 leakage in the bottom plates was 
removed for fluorescence measurements (excitation 
485 nm, emission 530 nm). In vivo, mice were fasted for 
16 h followed by gavage with FD4 (dissolved in PBS, 
0.5 μg/kg). After 3h, blood was sampled from mouse 
eyes for fluorescence measurements to evaluate intes-
tinal permeability.

2.9  16S rRNA Gene and bioinformatics analysis

2.9.1  DNA extraction
The caecal contents of mice from caecum were col-
lected quickly. Total genomic DNA samples were 
extracted using the OMEGA Soil DNA Kit (M5635-02) 
(OmegaBio-Tek, Norcross, GA, USA) following the man-
ufacturer’s instructions and stored at −20 °C prior to 
further analysis. The quantity and quality of extracted 
DNA were measured using a NanoDrop NC2000 spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA, 
USA) and agarose gel electrophoresis, respectively.

2.9.2  16S rRNA Gene amplicon sequencing
PCR amplification of the bacterial 16S rRNA gene 
V3-V4 region was performed using the forward primer 
338 F (5′-ACTCCTACGGGAGGCAGCA-3′) and the reverse 
primer 806 R (5′-GGACTACHVGGGTWTCTAAT-3′). Sample- 
specific 7-bp barcodes were incorporated into the 
primers for multiplex sequencing. The PCR compo-
nents contained 5 μl of buffer (5×), 0.25 μl of Fast pfu 
DNA Polymerase (5 U/μl), 2 μl (2.5 mM) of dNTPs, 1 μl 
(10 µM) of each forward and reverse primer, 1 μl of 
DNA template, and 14.75 μl of ddH2O. Thermal cycling 
consisted of initial denaturation at 98 °C for 5 min, fol-
lowed by 24 cycles consisting of denaturation at 98 °C 
for 30 s, annealing at 52 °C for 30 s, and extension at 
72 °C for 45 s, with a final extension of 5 min at 72 °C. 
PCR amplicons were purified with Vazyme VAHTSTM 
DNA Clean Beads (Vazyme, Nanjing, China) and quan-
tified using the Quant-iT PicoGreen dsDNA Assay Kit 
(Invitrogen, Carlsbad, CA, USA). After the individual 
quantification step, amplicons were pooled in equal 
amounts, and paired-end 2 × 250 bp sequencing was 
performed using the Illumina NovaSeq platform with a 

NovaSeq 6000 SP Reagent Kit (500 cycles) at Shanghai 
Personal Biotechnology Co., Ltd. (Shanghai, China).

2.9.3  Sequence analysis
Microbiome bioinformatics was performed with QIIME2 
according to the official tutorials, with slight modifica-
tion (https://docs.qiime2.org/2019.4/tutorials/).

2.10.  Determination of SCFAs

The caecal contents of mice were collected quickly on a 
clean bench, and 30 mg was placed into a 1.5 mL EP 
tube. After grinding and homogenate with 300 μL ultra-
pure water, the samples were centrifuged at 18000 g for 
20 min at 4 °C. Next, 200 μL of supernatant was extracted, 
and 50 μL of 50% H2SO4 and 200 μL of ether solution 
were added; the samples were shaken for 1 min, soni-
cated for 1 min, centrifuged at 12,000 rpm for 20 min at 
4 °C and allowed to stand for 10 min. Finally, the super-
natant (ether extract) was filtered by anhydrous sodium 
sulfate and tested on the instrument. The GC-MS 
(Pegasus HT, Leco Corp., USA) parameters used to detect 
SCFAs (acetic acid, propionic acid, n-butyric acid, isobu-
tyric acid, n-valeric acid, isovaleric acid and hexanoic 
acid) were as follows: GC: Column: DB-FFAP (30 m × 
0.25 mm × 0.25 µm), Oven Programmed Temp: 100 
(1 min), 100-160 (5 °C/min),160-240 (40 °C/min), 240 
(10 min), Inlet Temp: 250 °C, Injection Vol: 1.0 μL, Carrier 
Gas: Helium (99.9999%), Transfer Line Temp: 240 °C, and 
Flow Rate: 1.0 mL/min; MS: Ionization Mode: electron 
impact, Electron Energy: 70 ev, Detector Voltage: 1700 V, 
Source Temp: 220 V, Mass Range: 33-400 Da.

2.11.  Statistical analysis

All data are expressed as the mean ± SEM. The differ-
ences between groups were analysed by two-way 
analysis of variance (ANOVA) or one-way ANOVA (post 
hoc analysis: Tukey’s multiple comparison test) and the 
Kruskal-Wallis test. Statistical analysis was performed 
with GraphPad Prism V.8.0.2 (San Diego, California, 
USA). A value of p < 0.05 was considered to indicate 
statistical significance.

3.  Results

3.1.  LBP administration ameliorated the 
symptoms of DSS-induced colitis in mice

To investigate whether LBP supplementation exerts a 
protective effect on UC, a DSS mouse model was 
induced in C57BL/6J mice at the age of 6-8 weeks in 

https://docs.qiime2.org/2019.4/tutorials/
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three cycles (Day 0 to Day 54) by using 2% DSS in 
drinking water for one week, followed by 14 days of 
remission. LBP (1% of dry feed weight) was added to 
the rodent chow fed to the mice during the whole 
chronic colitis induction period. The control group 
received a regular chewing diet and normal drinking 
water (Figure 1A). The DSS group exhibited serious 
inflammation symptoms compared to control group 
and LBP supplementation could alleviate DSS-induced 
colitis, as indicated by body weight gain (p < 0.05), 
colon length (p < 0.05), DAI score (p < 0.05), MPO 
(p < 0.05) and histopathological scores (p < 0.05) (Figure 
1B–G). Furthermore, HE staining indicated less neutro-
phil infiltration and better mucosal integrity in mice 
supplemented with LBP than in the DSS group (Figure 
1H). Together, these results indicated that LBP treat-
ment significantly ameliorated DSS-induced colitis.

3.2.  Effect of LBP on the levels of pro-
inflammatory and anti-inflammatory cytokines in 
colon tissues and Caco-2 cells

The overproduction of inflammatory cytokines, such as 
IL-1β, IL-6, TNF-α and iNOS, is known to play a key role 
in the pathogenesis of colitis [22]. In this study, expres-
sions of pro-inflammatory cytokines (IL-1β, IL-6, iNOS 
and TNF-α) in the distal colonic tissues were signifi-
cantly increased in the DSS group compared with the 
CON group (p < 0.05), whereas LBP reversed these 
changes (p < 0.05) (Figure 2A–D). Anti-inflammatory 
cytokine IL-10 expression in the DSS group was signifi-
cantly decreased (p < 0.05), but increased in the LBP 
group (p < 0.05) (Figure 2E). To further reveal the effect 
of LBP on the production of inflammatory factors, the 
expression levels of IL-1β, IL-6, iNOS, TNF-α and IL-10 
were analyzed in Caco-2 cells treated with LPS or LBP 
(100, 200, and 400 μg/mL) +LPS for 24 h. LPS increased 
the expressions of IL-1β, IL-6, iNOS and TNF-α, but 
decreased the expressions of IL-10(p < 0.05). However, 
expressions of IL-1β, IL-6, iNOS and TNF-α in Caco-2 
cells were significantly downregulated in a dose- 
dependent manner by LBP (LPS vs. LPS + LBP-400 μg/
mL, p < 0.05) (Figure 2F–I). IL-10 expression was signifi-
cantly upregulated in a dose-dependent manner 
(p < 0.05) (Figure 2J). Above results indicated that LBP 
can alleviate DSS-induced colitis via modulating 
anti-inflammatory and pro-inflammatory cytokines.

3.3.  LBP regulated gut microbiota and ameliorated 
microflora dysbiosis of DSS-induced colitis in mice

To investigate whether the gut microbiota is altered by 
LBP administration, we performed the gut microbial 

alpha diversity indices, including the Chao1, Shannon, 
Simpson, and observed species (OTUs). The results 
showed that the Chao1, Shannon, and OTUs were signifi-
cantly decreased in DSS-treated mice compared to the 
CON group (p < 0.05), and these changes were reversed 
after LBP treatment (p < 0.05) (Figure 3A–D). Based on the 
weighted UniFrac distance, PCoA showed distinct cluster-
ing of microbiota composition for the CON, DSS and LBP 
groups, which indicated that DSS induced a significant 
change in the gut microbiota composition, but LBP 
shifted this change toward the CON group (Figure 3E). In 
addition, the OTU differences between the three groups 
are depicted in the Venn diagram, which showed that 
LBP obviously reshaped the gut microbiota (Figure 3F). 
Modification of the microbial community was quantified 
at the phylum level by 16S rRNA gene sequencing 
(Figure 3G). The three groups mainly consisted of 
Bacteroidetes and Firmicutes, which composed approxi-
mately 90% of the total bacterial community according 
to total relative abundance. Compared to the CON group, 
the abundance of Firmicutes was decreased (p < 0.05), 
while the abundances of Deferribacterias and Bacteroidetes 
were dramatically increased in DSS group (p < 0.05), and 
LBP treatment can significantly reversed the abundance 
changes of Firmicutes, Verrucomicrobia and Deferribacterias 
(p < 0.05) (Figure 3H). The abundance of Bacteroidetes 
showed no difference between DSS group and LBP 
group (p > 0.05) (Figure 3H). In conclusion, LBP amelio-
rated intestinal microflora dysbiosis in DSS-treated mice 
by significantly altering the gut microbiota diversity and 
composition.

3.4.  LBP showed a strong prebiotic effect and 
increased the abundance of SCFAs-producing 
bacteria

Alteration of the microbial community was measured at 
the genus level by determining the dominant genus 
(Figure 4A). Compared to the CON group, the relative 
abundance of Lactobacillus, Butyricicoccus and Akkermansia 
in the DSS group was decreased (p < 0.05), while the rela-
tive abundance of Sutterella and Mucispirillum significantly 
increased (p < 0.05), and these changes were reversed by 
LBP treatment (p < 0.05) (Figure 4B–G). Recent report indi-
cated that intestinal inflammation may be alleviated by 
Akkermansia [23]. Butyricicoccus, a butyrate- 
producing bacterium, was seen as the next generation of 
probiotics and a promising candidate for IBD treatment 
[24]. Nevertheless, Mucispirillum and Sutterella may drive 
the development of colitis [25,26]. The LEfSe analysis 
revealed that LBP significantly impacted 21 kinds of  
bacteria and the top group increased by LBP feeding  
was Ruminococcaceae (LDA score = 4.3098, p < 0.05) 
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Figure 1.  The symptoms and inflammation of DSS-induced colitis can be ameliorated by LBP supplementation. (A) Schematic 
diagram illustrating the animal study design. (B) Changes in body weight were recorded every six days during the disease process. 
(C, D) Representative pictures of colon gross appearance and colon length. (E) DAI scoring of DSS-induced colitis. (F) Distal colonic 
MPO levels were measured by a MPO colorimetric assay kit. (G, H) Distal colon tissues were collected for histopathologic exam-
ination after haematoxylin and eosin (HE) staining at 40× and 200×; a and b: the colonic structure of the control group was 
normal, the glands were neatly arranged, the crypts were normal, and there were no inflammatory cell infiltration; c and d: the 
DSS groups indicated disturbed architecture of colon and extensive glandular defects, crypt destruction and inflammatory cell 
infiltration; e and f: the LBP groups showed reduced numbers of infiltrating cells, a lesser degree of glandular and crypt damage 
and repaired partial mucosal injury. Statistical analysis was performed using two-way ANOVA (weight) and one-way ANOVA (post 
hoc analysis: Tukey’s multiple comparison test). Data indicate the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 2. L BP inhibited the expression of pro-inflammatory factors and improved the expression of anti-inflammatory factors. 
(A-E) Levels of pro-inflammatory factors (IL-1β, IL-6, iNOS and TNF-α) and anti-inflammatory factors (IL-10) were measured by 
RTq-PCR in distal colon tissues from the DSS and LBP groups. (F-J) Levels of pro-inflammatory factors (IL-1β, IL-6, iNOS and 
TNF-α) and anti-inflammatory factors (IL-10) were measured by RTq-PCR in Caco-2 cells that were treated with LPS (1 μg/mL) or 
LBP (100, 200, and 400 μg/mL) + LPS for 24 h. NC: negative control. Statistical analysis used unpaired t-test and one-way 
ANOVA (post hoc analysis: Tukey’s multiple comparison test). Data indicate the mean ± SEM. ns: p > 0.05, * p < 0.05, **p < 0.01, 
***p < 0.001.
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(Figure 4G). Previous studies had confirmed that Ruminoco 
ccaceae families were classified in the Clostridium cluster 
XIVa, a major SCFAs-producing group [27]. The above 
findings implied that LBP may play a prebiotic role by 
modulating abundances of intestinal beneficial and patho
genic bacteria, and increasing the production of SCFAs.

3.5.  LBP treatment increased the levels of 
microbial SCFAs metabolites

To further investigate whether LBP had an impact on 
microbial metabolic output, the SCFAs concentrations 

in cecal contents were assessed by GC-MS. The con-
centrations of certain microbial metabolites, such as 
SCFAs, have been shown to be reduced in IBD patients 
[28]. Consistent with these changes, the DSS group 
showed a significant reduction in acetic acid (p < 0.05), 
propionic acid (p < 0.05), butyric acid (p < 0.05), and 
isobutyric acid (p < 0.05) levels compared to the con-
trol group (Figure 5A–D). Previous 16S rRNA sequenc-
ing analysis showed that the gut microbiota in the LBP 
group displayed a predominance of Ruminococcaceae, 
Lactobacillus and Butyricicoccus, which were associated 
with SCFAs metabolism. In accordance with the 

Figure 3. L BP mitigated intestinal microflora dysbiosis in DSS-treated mice. (A-D) Alpha diversity boxplot (Chao1, Shannon, and 
Simpson indices and observed species). (E) Principal coordinate analysis (PCoA) using Bray-Curtis metric distances of beta diversity. 
(F) Venn graph of the OTUs from gut microbiota of CON (orange), DSS (purple), and LBP (green) groups. (G) Average percentage 
of community abundance at the phylum level in the CON, DSS and LBP groups. (H-K) Relative abundance of Firmicutes, 
Deferribacterias, Verrucomicrobia and Bacteroidetes in the CON, DSS and LBP groups. Statistical analysis used the Kruskal-Wallis 
test. Data indicate the mean ± SEM. ns: p > 0.05,*p < 0.05, **p < 0.01.
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Figure 4. L BP treatment regulated the gut microbiota at the genus level. (A) The dominant genera were compared between the 
different groups. (B-F) Changes in the relative abundances of Lactobacillus, Butyricicoccus, Akkermansia, Mucispirillum and 
Sutterella. (G) LEfSe analysis of the gut microbiota differed among the three groups. The statistical test was performed using the 
LDA effect size method. Statistical analysis used the Kruskal-Wallis test. Data indicate the mean ± SEM. ns: p > 0.05, *p < 0.05, 
**p < 0.01.
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changes in microbial community structure and compo-
sition, the LBP group had higher amounts of acetic 
acid (p < 0.05), propionic acid (p < 0.05), butyric acid 
(p < 0.05), and isobutyric acid (p < 0.05) in the faeces 
(Figure 5A–D). However, there were no significant dif-
ferences in valeric acid, isovaleric acid or hexanoic acid 
levels (p > 0.05) (Figure 5E,F). These results suggested 
that LBP can enhance the production of beneficial 
microbial SCFAs metabolites.

3.6.  LBP treatment reduced intestinal permeability 
in vivo and in vitro

It is generally considered that intestinal mucosal bar-
rier damage plays a major role in UC occurrence and 
development [29]. Thus, to characterize the effect of 
LBP on gut barrier function, the intestinal permeability 
of the DSS and LBP groups was measured via the 
detection of FD4 in serum 3 h post FD4 gavage. The 
LBP group showed a smaller amount of FD4 perme-
ated through the intestinal epithelium than the DSS 
group (p < 0.05) (Figure 6A). Moreover, consistent with 
this finding, FD4 flux to the Caco-2 monolayer (100% 
confluency) was measured after LBP treatment for 
24 h. LBP decreased the amount of FD4 that perme-
ated through the Caco-2 cell monolayer (p < 0.05) 
(Figure 6B). Previous research confirmed that the 

integrity of the gut barrier can also be assessed by 
measuring the F-actin filaments of the intestinal epi-
thelium [30]. Therefore, to investigate the effect of LBP 
on F-actin, the F-actin filaments of Caco-2 cells were 
labeled with phalloidin after treatment with 400 μg/mL 
LBP for 24 h. Compared with the NC cells, the Caco-2 
cells treated with LBP displayed a more exaggerated 
and prolonged F-actin phenotype (Figure 6C). These 
findings indicated that LBP can reduce intestinal per-
meability in vivo and in vitro.

3.7.  LBP enhanced intestinal mucosal barrier 
function by regulating the expression of tight 
junctions

TJ proteins are involved in maintaining intestinal bar-
rier function, and a decrease in its expression level can 
lead to barrier dysfunction and increase intestinal epi-
thelial paracellular permeability [31]. Indeed, Western 
blotting analysis showed that the expression levels of 
ZO-1 and Occludin in distal colonic mucosa were sig-
nificantly increased in the LBP treatment group com-
pared with the DSS group. In addition, the expression 
of Claudin-2 was significantly decreased in this group 
(p < 0.05) (Figure 7A,B). Further in vitro experiments 
demonstrated that LBP treatment increased the ex
pression of ZO-1 and Occludin and decreased the 

Figure 5. L BP treatment increased the production of microbial SCFA metabolites. Concentration differences measured by GC-MS 
among the CON, DSS and LBP groups in fecal levels of (A) acetic acid, (B) propionic acid, (C) butyrate acid, (D) isobutyric acid, (E) 
valeric acid, (F) isovaleric acid and (G) hexanoic acid (boxplot). Statistical analysis used the Kruskal-Wallis test. ns: p > 0.05, 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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expression of Claudin-2 in a concentration-dependent 
manner (p < 0.05) (Figure 7C,D). The above results  
indicated that LBP can enhance intestinal mucosal bar-
rier function by regulating the expression of tight 
junctions.

Some reports have indicated that mice lacking Nrf2 
are more susceptible to colitis than wild-type mice [32]. 
Interestingly, LBP exerts protective effects against oxi-
dative stress by up-regulating Nrf2/HO-1 signaling [33]. 
In addition, Nrf2 was involved in enhancing gut barrier 
integrity via the upregulation of Occludin and Claudin-4 

[34]. To evaluate the role of Nrf2 in the regulation of  
TJ proteins by LBP, the Nrf2 inhibitor ML385 was  
added to Caco-2 cells before LBP treatment. The results 
showed that the expression of Nrf2 was significantly 
downregulated by ML385 (LBP vs. LBP + ML385-50 μM: 
p < 0.05) and that LBP-induced ZO-1 and Occludin 
expression was significantly repressed by ML385 (LBP 
vs. LBP + ML385-50 μM: p < 0.05) (Figure 7E,F). Overall, 
these results indicated that LBP may improve the 
expression of ZO-1 and Occludin via activating Nrf2 
signalling pathway.

Figure 6. L BP treatment decreased intestinal permeability in vivo and Caco-2 cell monolayer permeability in vitro. (A) The gut 
barrier permeability of the DSS and LBP groups was measured by detection of FD4 in serum 3 h post FD4 gavage. (B) Effect of 
LBP on Caco-2 cell monolayer permeability to FD4. (C) The F-actin filaments of Caco-2 cells were labeled with Alexa Fluor 
594-phalloidin after treatment with 400 μg/mL LBP for 24 h. Scale bar = 50 μm. NC: negative control. Statistical analysis was 
performed using one-way ANOVA (post hoc analysis: Tukey’s multiple comparison test). Data indicate the mean ± SEM. 
**p < 0.01, ****p < 0.0001.
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Figure 7. L BP upregulated TJ protein expression in Caco-2 cells via activation of Nrf2. (A, B) Relative expression of TJ proteins 
(ZO-1, Occludin, and Claudin-2) was measured by Western blotting in the distal colon mucosa of the DSS and LBP groups. (C, D) 
Relative expression of TJ protein (ZO-1, Occludin, Claudin-2) were measured by Western blotting in Caco-2 cells after treatment 
with LBP 0, 100, 200, or 400 μg/mL for 24 h. (E, F) Caco-2 cells were pretreated with 20 μmol/L and 50 μmol/L ML385 (Nrf2 inhib-
itor) respectively for 1 h and then treated with 400 μg/mL LBP for 24 h. Relative expression of TJ proteins (ZO-1 and Occludin) and 
Nrf2 in Caco-2 cells was measured by Western blot. The gray value was calculated using ImageJ software. Statistical analysis 
was performed using one-way ANOVA (post hoc analysis: Tukey’s multiple comparison test). Data indicate the mean ± SEM. 
*p < 0.05, **p < 0.01.
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4.  Discussion

UC has become a health problem of global concern, 
and its prevalence is on the rise [35]. Conventional 
drugs for UC have undesirable side effects and cannot 
alter relapse episodes [36]. Therefore, exploring novel 
natural drugs for IBD treatment is imperative. Previous 
researches have demonstrated that LBP can have a 
protective effect on DSS-induced chronic colitis [37,38]. 
However, the functional mechanisms of LBP in colitis 
remission remain largely unclear. This study showed 
that LBP can alleviate DSS-induced colitis by regulat-
ing the levels of inflammatory cytokines and promot-
ing the expression of tight junction proteins. In 
addition, LBP could modulate the intestinal microbiota 
in UC mice by exerting a prebiotic effect. This finding 
adds to the evidence that LBP could be developed as 
an adjuvant drug or potential prebiotic for the preven-
tion and treatment of UC.

The intestinal mucosal barrier dysfunction has 
been considered as one crucial factor driving IBD 
pathogenesis [39]. Tight junction proteins, mainly 
including ZO-1, Occludin and Claudin-2, are key mol-
ecules that regulate the integrity of the intestinal epi-
thelial barrier [40]. Among them, ZO-1 and Occludin 
are crucial barrier protector and alterations in their 
expression and distribution result in direct impair-
ment of intestinal epithelial mechanical barrier [41]. 
Zhou et  al. also found that LBP mitigated the intesti-
nal barrier damage by up-regulating the expression 
of ZO-1 [42]. Li et  al. demonstrated that LBP treat-
ment restored the protein expression of Occludin in 
TNF-α-evoked Caco-2 cell barrier dysfunction [15]. 
Conversely, several studies have documented that 
excess Claudin-2, a tight junction protein part of the 
paracellular barrier, typically increased intestinal per-
meability through the pore pathway [43,44]. Moreover, 
Claudin-2 was overexpressed in the inflamed gut of 
patients with IBD, while ZO-1 and Occludin were 
down-regulated [45,46]. Similarly, our findings showed 
that under LBP treatment, the expression levels of 
ZO-1 and Occludin were up-regulated, while Claudin-2 
expression was down-regulated. It might suggest a 
potential reparative and mitigating role of LBP in 
chronic UC.

Nrf2, a central regulator of cellular antioxidant stress 
and anti-inflammatory reactions, plays a potent role in 
the pathogenesis of UC [47]. In addition, activation of 
the Nrf2 pathway could lead to the up-regulation of 
epithelial TJ proteins [34,48]. It was documented that 
LBP can relieve inflammatory kidney injury or acute 
lung injury, protect against neurotoxicity, and attenu-
ate acute pancreatitis via Nrf2 pathway [49–51]. The 

above evidence suggests that LBP may alleviate UC by 
regulating TJ proteins via the Nrf2 pathway. Indeed, 
our findings demonstrated that LBP could improve  
the expression of ZO-1 and Occludin via Nrf2 activa-
tion in Caco-2 cells. In addition, our results showed 
that LBP exerted a significant anti-inflammatory effect 
by enhancing anti-inflammatory cytokine (IL-10) pro
duction while down-regulating the proinflammatory 
cytokines (IL-1β, IL-6, iNOS and TNF-α). Collectively, LBP 
can alleviate DSS-induced chronic colitis by restoring 
epithelial barrier function and reducing intestinal 
inflammation.

Gut microbiota is commonly considered to be 
another key factor in UC [52]. In this study, we also 
found that the anti-inflammatory effect of LBP is mainly 
mediated by the gut microbiota. At the family level, 
the abundance of butyrate-producing Ruminococcaceae 
was increased by LBP feeding, which was consistent 
with a report from Kang et  al. who found that  
dietary Goji markedly increased Lachnospiraceae and 
Ruminococcaceae abundance in IL-10-deficient mice 
[27]. At the genus level, LBP administration increased 
the emergence of some potential probiotic genera (e.g. 
Akkermansia, Lactobacillus, and Butyricicoccus) in mice 
with UC, which are butyrate-producing bacteria. Among 
them, Akkermansia (phylum Verrucomicrobia) has been 
widely accepted as a new generation of probiotics 
because of its potential anti-inflammatory properties 
[53]. Conversely, a considerable decrease in Akkermansia 
abundance was generally observed in UC [54]. 
Butyricicoccus is a butyrate-producing genus in clostrid-
ial cluster IV that shows reduced abundance in the 
stool of patients with UC, and many studies have con-
firmed that Butyricicoccus pullicaecorum could reduce 
intestinal inflammation [55,56]. In addition, Lactobacillus, 
a traditional probiotic, has been mixed with various 
symbiotic bacteria to treat UC patients [57]. Besides, it 
was reported that LBP treatment could enhance the 
abundance of Lactobacillus in normal mice or in media 
[58,59]. In fact, Lactobacillus was reported to protect 
the intestinal mucosa of rats from enteropathy by pre-
venting reduced expression of ZO-1 and Occludin [60]. 
It has been reported that butyrade can effectively 
reverse intestinal barrier damage by increasing the 
expression of ZO-1 and Occludin and reducing the 
expression of Claudin-2, indicating that the butyrate- 
producing bacteria may exert barrier repair effects 
through butyric acid [61,62]. In other words, LBP may 
regulate the expression of TJ proteins by increasing the 
level of butyrate-producing bacteria and their-derived 
butyrate. In contrast, we found that LBP treatment sig-
nificantly reduced the abundance of Mucispirillum and 
Sutterella, which are conditional pathogens associated 
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with UC. Thus, LBP could be used as a potential prebi-
otic for UC treatment by boosting beneficial bacterial 
levels and reducing conditional pathogen levels.

Although the prebiotic effects of LBP are well 
researched, few reports have focused on the use of 
LBP as a ‘synbiotic’, which refers to a mixture of probi-
otics and LBP to make its prebiotic effect more effec-
tive and lasting. According to our findings, we can 
infer that combining LBP with Akkermansia, Lactobacillus 
or Butyricicoccus may generate a highly potent synbi-
otic for UC therapy. Therefore, further animal experi-
ments and clinical studies should be undertaken to 
investigate the development of LBP synbiotics. In addi-
tion, to investigate the barrier regulation role of LBP, 
we only detect the expression of Nrf2 under LBP treat-
ment in vitro. Thus, there is a lack of animal experi-
ments to validate this preliminary result. It is necessary 
to conduct further experiments to explore the exact 
mechanisms by which LBP and its metabolites improve 
the intestinal barrier in future research.

4.  Conclusion

In conclusion, we found that LBP alleviated DSS-induced 
chronic colitis mainly by promoting the expression of 
tight junction proteins to enhance intestinal barrier 
function. In addition, LBP showed a strong prebiotic 
effect: enhancing the abundance of probiotics (e.g. 
Ruminococcaceae, Lactobacillus, Butyricicoccus and 
Akkermansia), reducing the abundance of conditional 

pathogens (e.g. Mucispirillum and Sutterella) and 
increasing short-chain fatty acid (e.g. acetic acid, pro-
pionic acid, butyrate acid and isobutyric acid) produc-
tion (Figure 8). Thus, LBP could be developed as an 
adjuvant drug for the prevention and treatment of UC.
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