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Polysaccharide from Schisandra chinensis alleviates ulcerative
colitis by improving intestinal microbiota abundance and
inhibiting the TLR4/p65/IxBa pathway in Dextran sodium

sulfate-induced mice

Caihong Wu'* Yang Yang! Peng Liu! Bin Zhang! Hui Lu!
Abstract

Schisandra chinensis polysaccharides (SCP) are isolated from Schisandra chinensis with a mean molecular weight of
32.401 kDa. Previous studies have demonstrated that Schisandra chinensis extract effectively prevented colitis and
modulated gut microbiota in dextran sulfate sodium (DSS)-induced mice. In this study, 3% DSS was used to induce
acute ulcerative colitis in mice, and then the SCP with different doses (50 mg/kg, 100 mg/kg, 200 mg/kg) and 5-
aminosalicylic acid (5-ASA) were used to treat mice by oral gavage for one week. Here, we report for the first time that
SCP presents outstanding protective effects on colon damage induced by DSS in mice. Firstly, SCP decreased oxidative
stress, downregulated the expression of inflammatory factors, and inhibited the TLR4/p65/IxBa pathway in the colon.
Then, SCP reversed DSS-induced intestinal barrier damage by improving the tight junction proteins. Moreover, SCP
improved the levels of SCFA in the intestine of mice. Furthermore, SCP increased the diversity of gut microbiota and
the abundance of beneficial bacteria, especially Lactobacillus and Akkermansia. Our results indicated that the protective
effect of SCP on colitis caused by DSS may be due to inhibiting the TLR4/p65/IxBa pathway and the regulation of gut
microbiota.
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Introduction

Ulcerative colitis (UC) is a chronic inflammatory
bowel disease characterized by inflammation and
ulceration of the colonic mucosa. The etiology of UC
involves a complex interplay of genetic,
environmental, and immunological factors (Kobayashi
et al., 2020; Schlegel et al., 2021). The severity of colitis
can be assessed using the disease activity index (DAI),
histological analysis, and cytokine secretion
measurements (Wen ef al.,, 2013; Xiao et al., 2022).
Dextran sodium sulfate (DSS)-induced colitis model in
mice has been widely used to study UC due to its
similarities to the human disease (Gobert et al., 2022).
Understanding the mechanisms and therapeutic
interventions in DSS-induced colitis can contribute to
the development of effective strategies for managing
UC in humans.

Toll-like receptor 4 (TLR4) is a key receptor
involved in recognizing microbial components and
initiating the immune response. Upon activation by
DSS, TLR4 triggers downstream signaling through the
p65 subunit of NF-kB, resulting in the activation of pro-
inflammatory cytokines and chemokines (Zhang et al.,
2022). Several studies have demonstrated the crucial
role of the TLR4/p65 pathway in the pathogenesis of
DSS-induced colitis (Shi et al., 2019; Xue et al., 2019).
production of pro-inflammatory cytokines, such as
tumor necrosis factor-alpha (TNF-a) and interleukin-6
(IL-6), which contribute to the development and
progression of colitis (Mei ef al., 2022). Inhibition of the
TLR4/p65 pathway has shown promising therapeutic
effects in DSS-induced colitis (Xue et al., 2019; Yan et al.,
2022). Therefore, targeting the TLR4/p65 pathway
may hold therapeutic potential for treating DSS-
induced colitis.

The intestinal barrier is the first and key line of
defense against harmful bacteria, toxins, and
pathogens, crucial for protecting the host's health
(Spencer and Bemark, 2023). The gut microbiota's
abundance affects the intestinal barrier function and
the physiological function of extraintestinal organs
(Glorieux et al., 2023). Dysbiosis, characterized by an
imbalance in the composition and diversity of the gut
microbiota, has been implicated in the pathogenesis of
DSS-induced colitis. Several studies have shown
alterations in the gut microbiota composition and
function in this model (Lu et al.,, 2023; Yang et al.,
2023a). Dysbiosis leads to a disrupted intestinal barrier,
increased mucosal permeability, and immune
activation, ultimately contributing to the development
and progression of colitis (Sinha et al., 2020).
Modulating the gut microbiota has emerged as a
potential therapeutic approach for DSS-induced colitis.
Probiotics, prebiotics, and postbiotics have been
investigated for their ability to restore gut microbial
balance and ameliorate colitis severity (Shi et al., 2020).
These interventions have shown promising results in
attenuating inflammation, improving gut barrier
function, and modulating immune responses in DSS-
induced colitis. Furthermore, specific bacterial strains,
such as Bifidobacterium and Lactobacillus species,
have been found to exert protective effects in this
model (Liu et al., 2023; Wu et al., 2023).

Polysaccharides are complex macromolecules that
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are non-toxic, affordable, and have strong activity,
making them ideal for use in the food and
pharmaceutical industries (Mukherjee et al., 2022).
Naturally derived polysaccharides exhibit a wide
range of beneficial effects, including
immunomodulation,  anti-oxidation, and anti-
inflammation (Li et al., 2018; Mukherjee et al., 2022).
Their mechanisms often involve the regulation of
immune cell functions, scavenging of reactive oxygen
species, and the protection of intestinal mucosal
barriers (Mei et al, 2022; Yang et al, 2023).
Furthermore, many plant polysaccharides serve as
prebiotics, selectively promoting the growth of
beneficial gut bacteria such as Lactobacillus and
Bifidobacterium, which is crucial for maintaining gut
homeostasis and alleviating colitis (Su et al., 2020; Lu et
al., 2023). Schisandra chinensis, a traditional Chinese
medicinal herb commonly known as Wu Wei Zi or
Five-Flavor Berry, has been recognized for its diverse
pharmacological properties. Studies have
demonstrated that Schisandra chinensis (Turcz.) Baill
can inhibit the TLR4/p65 pathway, thereby reducing
inflammation in colitis (Bian et al., 2022). Schisandra
chinensis polysaccharides (SCP) have been shown to
possess anti-inflammatory, antioxidant, and
immunomodulatory properties (Li et al., 2018; Su et al.,
2020). Polysaccharides derived from Schisandra
chinensis have gained attention for their potential
therapeutic benefits in various diseases, including
colitis (Su et al., 2020). Additionally, SCP have been
found to modulate the composition and abundance of
the gut microbiota, promoting a balanced microbial
community (Fu et al., 2023). However, whether SCP
could alleviate DSS-induced colitis by regulating the
abundance of gut microbiota and TLR4/p65 pathway
was still unclear.

In this study, we aimed to investigate the
therapeutic potential of polysaccharides from
Schisandra chinensis in DSS-induced colitis. We
hypothesized that the SCP could alleviate colitis by
improving the abundance of intestinal microbiota and
inhibiting the TLR4/p65 pathway. To address this
hypothesis, we established a DSS-induced colitis
mouse model and evaluated the effects of
polysaccharide treatment on colitis severity, intestinal
microbiota composition, and TLR4/p65 pathway
activation. Understanding the mechanisms underlying
the beneficial effects of SCP in colitis could provide
novel insights into the development of targeted
therapies for UC. These results provide new insights
into the health benefits of polysaccharides extracted
from Schisandra chinensis.

Materials and Methods

Extraction and purification of Schisandra chinensis
polysaccharides: Schisandra chinensis was purchased
from Bozhou Hengyi Traditional Chinese Medicine
Technology = Co., Ltd.  Schisandra  chinensis
polysaccharides (SCP) were isolated from the
Schisandra chinensis as previously described (Yang et al.,
2023b). Briefly, remove lipophilic components from
Schisandra chinensis (1.0 kg) by refluxing anhydrous
ethanol for 2 hours. After drying the collected
Schisandra chinensis, the supernatant was extracted by
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water extraction and alcohol precipitation, and the
extracted solution was then diluted with 5000 x g for
10 min to obtain the crude product of SCP. Next, the
protein in the crude polysaccharide was removed by
Sevag (chloroform/n-butanol 4:1), and finally, SCP
was obtained through freeze-drying.

SEM analysis of SCP: The microstructural features of
SCP were observed by a field emission scanning
electron microscope (SEM) Regulus 8100 system
(Tokyo, Japan). The samples were coated with gold
and detected with a 5 kV accelerating voltage.

Fourier transform-infrared (FT-IR) analysis of SCP:
FT-IR was analyzed according to previously reported
(Yang et al., 2023b). In brief, five milligrams of the SCP
sample were mixed with 300 mg of potassium bromide
and pressed into a Imm thick sheet. The UV spectra of
SCP were determined using FT-IR spectrometer
(Nicolet iZ-10, USA) in the frequency range of 400-4000
cm-1 by Sanshu Biotech. Co., LTD (Shanghai, China).

Molecular weight analysis: The molecular weight of
SCP was determined according to a previously
reported (Yang et al., 2023b). Dissolve the SCP in a 0.1
M NaNO3 solution with a concentration of 1mg/mL
and then filter through a filter (0.45 pm) before
detection. Then the molecular weight of SCP was
determined using a GPC-MALLS system.

Monosaccharide composition analysis of SCP: The
monosaccharide composition of SCP was examined by
high-performance anion-exchange chromatography
(HPAEC) according to previous research (Yang ef al.,
2023b). In short, 5 mg of SCP was supplemented with
5 mL of 2 M TFA and then mixed at 121 °C for 4 h. The
SCP was washed with methanol and then volatilized
under nitrogen, repeated 3 times, then examined by
HPAEC.

Animal experiment: Forty-eight ICR mice (6-week-old,
male) were obtained from Yangzhou University
(Yangzhou, China). This study was approved by the
Ethics Committee of Animal Experiments Center of
Jiangsu Agri-Animal Husbandry Vocational College
(Approval Number jsahvc-2023-10). After adapting to
the laboratory conditions, mice were separated into six
groups as follows: 1) Control group (CON); 2) model
group (DSS); 3) positive control group (5-ASA); 4)
Low-dose SCP group (DSS+50 mg/kg SCP); 5)
Medium-dose SCP group (DSS+100 mg/kg SCP); 6)
High-dose SCP group (DSS+200 mg/kg SCP). The
mice were housed for 3 weeks. The behavioral tests (8
mice per group) were performed at the end of the
experiment, after which all the mice were sacrificed.
Except for the control group, which was given pure
water during the experiment, the other five groups
were given 3% DSS solution orally for 7 days to
establish the inflammatory colitis mouse model. The
experiment groups administered different doses of
SCP once a day, respectively. Mice in the positive
group (5-ASA  group) were intragastrically
administered 5-aminosalicylic acid (200 mg/kg)
(Shanghai Maclin Biochemical Co., LTD.). Other
groups were intragastrically given 0.9% NaCl for 7

3

days. The DAI score was determined by weight loss,
stool consistency, and blood in the stool. After the
experiment, the mice were sacrificed by cervical
dislocation after carbon dioxide absorption anesthesia.
The Colon tissues were collected, and the length of the
colon from the cecum to anus was measured and
recorded. Cecum contents were collected and stored at
-80 °C. Then, the colon tissue was washed with
phosphate-buffered saline (PBS) and cut into two parts.
One part was fixed with 4% paraformaldehyde for
histological evaluation, and the other part was stored
at -80 °C for subsequent study.

Histopathological analysis: Colon was fixed with 4%
paraformaldehyde, and 4 pm sections of embedded
tissues were cut and stained with hematoxylin and
eosin (H&E) or periodic acid-schiff (PAS). The
observation was made under optical microscopy at an
appropriate magnification.

Analysis of biochemical parameters: The plasma
concentrations of glucose, lactic dehydrogenase
(LDH), triglyceride (TG), Total protein (TP), albumin
(ALB), and globulin (GLOB) were measured by
commercially available kits (Ningbo Meikang
Biotechnology Co., Ltd, Zhejiang, China).

Analysis of inflammatory factors: The levels of tumor
necrosis factor a (TNF-a, EK282), interleukin-6 (IL-6,
EK206), and interleukin-1p (IL-1p, EK201B) in plasma,
colon, duodenum, and jejunum were measured by
ELISA kit (Multisciences Biotech, Hangzhou, China)
according to the manufacturer’s instructions.

Analysis of DAO, MDA, SOD, T-AOC activity:
Diamine  oxidase  (DAO, A088-2-1)  and
Malondialdehyde (MDA, A003-1-2) levels, Superoxide
dismutase (SOD, A001-3-2) and total antioxidant
capacity (T-AOC, A015-2-1) activities were evaluated
by commercially available kits (Nanjing Jiancheng
Bioengineering Institute, Jiangsu, China).

Immunofluorescence staining: To determine the
colonic levels of tight junction proteins,
immunofluorescence staining was performed. Briefly,
the histological sections were first deparaffinized and
subjected to antigen retrieval, and then treated with
PBS (0.1 M, pH 7.2) containing 5% goat serum to block
nonspecific protein binding. After that, the colon
sections were incubated with primary antibodies (ZO-
1 and Occludin), and then ZO-1 and Occludin proteins
were detected by fluorescence microscopy using the
Z0O-1-CY3 and  Occludin-Alexa488  secondary
antibodies in a Leica SP5 (Leica Microsystems, Wetzlar
GmbH, Germany).

16S rRNA sequencing and analysis: Total genomic
DNA from caecum contents was extracted by the
CTAB method following a previous report (Wang et al.,
2022). Total bacterial DNA was extracted from the fecal
samples using the QIAamp DNA stool minikit
(Qiagen, Hilden, Germany). Illumina NovaSeq
sequencing analysis was performed by Genesky
Biotechnologies, Inc. (Shanghai, China). 16S ribosomal
RNA (16S rRNA) genes in the hypervariable region
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(V3-V4 region) were amplified using specific primers.
All PCR reactions were conducted using the Phusion®
High-Fidelity PCR Master Mix (New England Biolabs).
The PCR products were mixed in equidensity ratios,
separated by gel electrophoresis, and purified with a
gel extraction kit (Qiagen, Germany). The sequencing
library was built up using the TruSeq® DNA PCR-free
sample preparation kit (Illumina, USA) with reference
to the manufacturer's instructions. Lastly, the library
was sequenced on an Illumina NovaSeq platform to
generate 250 bp paired-end reads. The compositional
alteration of the gut microbiota at different taxonomic
levels was analyzed using the Metastats method.
Bioinformatics analyses of microbial data were
performed by Genesky Biotechnologies, Inc.

RNA isolation and RT-PCR: Total RNA of the mouse
colon was isolated using TRizol reagents (TSP401,
Tsingke Biotechnology Co., Ltd, China). The procedure
of RT-PCR, according to a previous study (Yang ef al.,

Tablel  Nucleotide sequences of specific primers.
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2021). The primers (Table 1) were synthesized by
Tsingke Biotechnology Co., Ltd (Nanjing, Jiangsu,
China).

Protein extraction and Western blotting: Colon
protein was acquired by RIPA, and the concentration
was detected with Bradford Protein Assay Kit (PC0010,
Solarbio, China). Western blotting was performed
according to a previous study (Yang et al., 2021). The
antibody information for Western blot analysis is
shown in Table 2.

Statistical analysis: Statistical analyses of data were
performed using GraphPad Prism 8.0 (GraphPad
Software, USA) and SPSS 20.0 (IBM, Armonk, NY), and
data were presented as means + SEM. The differences
were analyzed using t-test or 2-way analysis. The
differences were considered statistically significant
when P<0.05.

Target genes

Primer sequences (5 to 3')

GenBank accession

Tlr4 F: GCAAAGTCCCTGATGACATTCC
p65 F: CAAGTGGCCATTGTGTTCCG

Ixba F: TTTGCCACTTTCCACTTAT

Zo-1 F: ACCTCTGCAGCAATAAAGCAG
Occludin F: TTCAGGTGAATGGGTCACCG
Tnfa F: ATGTCTCAGCCTCTTCTCATTC
1-6 F: TTCTTGGGACTGATGCTGGT

1I-1p F: CTTACTGACTGGCATGAGGATCA
PPIA F: GCAAGACCAGCAAGAAGA

R: GGTGGTGTAAGCCATGCCA NM_021297.3
R: TGGCGATCATCTGTGTCTGG NM_009045.4
R: AATCCTGACCTGGTTTCG NM_010907.2

R: GAAATCGTGCTGATGTGCCA
R: AGATAAGCGAACCTGCCGAG

XM_036152893.1
NM_001360536.1

R: GCTTGTCACTCGAATTTTGAGA  NM_013693.3

R: AGACAGGTCTGTTGGGAGTG NM_001314054.1
R: GCAGCTCTAGGAGCATGTGG NM_010548.2

R: CAGTGAGAGCAGAGATTACA NM_008907

Table2  Antibody information for Western blotting.

Antibody Cat. Number Company Dilution ratioion
TLR4 66350-1-Ig Proteintech 1:1000
P65 8242 Cell Signaling Technology 1:1000
p-P65 3033 Cell Signaling Technology 1:1000
IxBa AF6239 Affinity 1:500
p-IxBa AF3239 Affinity 1:1000
Z0O-1 21773-1-AP Proteintech 1:1000
Occludin 27260-1-AP Proteintech 1:500

B-actin ATP0060 Bioworld 1:10,000

Results

Purification and characterization of SCP: The
morphological characteristics of Schisandra chinensis
polysaccharide were measured using SEM at
magnifications of x 500 (Fig. 1A) and x 5 K (Fig. 1B),
which showed irregular slices. The FT-IR spectra of
SCP demonstrated typical absorption peaks of
carbohydrate polymers (Fig. 1C). The stretching
vibration absorption peak of -OH in the absorption
band of 3600-3200 cm-1 is considered a characteristic
peak of sugars.

In this study, a broad peak at 3388.72 cm-1, a
characteristic peak of sugars, was ascribed to the
stretching of the O-H group. The peak at 2938.00 cm-1

was assigned to the stretching vibrations of C-H
groups. The peak at 1735.66 cm—1 was attributable to
the stretching vibrations of C=O groups. The peaks at
1103.88 and 1017.98 cm-1 were attributable to the
stretching vibrations of C-O groups. The average
molecular weight (Mw) and number molar masses
(Mn) were closely related to its biological activities and
functions (Liu et al., 2020). In this study, GPC-MALLS
results presented that the Mw and Mn of SCP were
32.401 kDa and 18.155 kDa, respectively (Fig. 1D). The
monosaccharide composition of SCP was analyzed by
HPAEC. The results showed that SCP consisted of
rhamnose, arabinose, galactose, glucose, glucuronic
acid, and had the molar proportion of
8.26:11.96:8.83:45.91:25.04 (Figs. 1E and 1F).
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Extraction of polysaccharides from Schisandra chinensis (SCP) and physicochemical characteristics of purified

polysaccharides (A-B) SEM images of SCP. (C) Fourier transforms infrared (FTIR) spectra of SCP; (D) GPC-MALLS elution
patterns of the molecular weight distribution of SCP. (E-F) Monosaccharide composition of a standard mixture and SCP.
(1, Fug, fucose; 2, Rha, rhamnose; 3, Ara, arabinose; 4, Gal, galactose; 5, Glc, glucose; 6, Xyl, xylose; 7, Man, mannose; 8,
Fru, Fructose; 9, Rib, Ribose; 10, Gal-UA, Galacturonic acid; 11, Gul-UA, Guluronic acid; 12, Glc-UA, Glucuronic acid; 13,

Man-UA, Mannuronic acid).

The effect of SCP on body weight, colon length, and
DAI score in DSS-treated mice: In this study, after
seven-day oral administration of DSS, the body weight
decreased significantly compared to that of the CON
group (P<0.01). However, compared with DSS group,
weight loss was significantly reversed after treatment
with 5-ASA, M-SCP, and H-SCP (Fig. 2A). In addition,
compared with the CON group, the colon length (Figs.
2B and 2C) was significantly decreased (P<0.01) in the
DSS group, while the DAI score (Fig. 2D) was

significantly ~ increased. =~ However, SCP  dose-
dependently inhibited colonic shortening in colitis
mice, and the DAI score was significantly reduced
(P<0.05). In addition, DSS treatment did not influence
serum Glu level, while significantly increased (P<0.01)
serum TG and LDH levels, as well as decreased
(P<0.01) serum TP, ALB and GLOB levels, which was
significantly reversed (P<0.05) by SCP and 5-ASA
supplementation (Fig. 3).
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The effect of SCP on inflammatory factors levels in
serum and colon of DSS-treated mice: Inflammatory
cytokine storm is a typical feature of UC pathogenesis.
To further assess the effects of SCP on colonic
inflammation, the ELISA and RT-qPCR were
performed, respectively. Compared with the CON
group, serum pro-inflammatory cytokines TNF-a (Fig.
4A), IL-6 (Fig. 4B), and IL-1p (Fig. 4C) levels were
significantly increased (P<0.01) in the DSS group.
While SCP and 5-ASA supplementation significantly
decreased the concentrations of pro-inflammatory
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cytokines. In addition, the expression of colon TNF-a
(Fig. 4D), IL-6 (Fig. 4E), and IL-1p (Fig. 4F) mRNA was
significantly increased (P<0.01) in the DSS group,
which was significantly reversed (P<0.01) by SCP and
5-ASA supplementation. Furthermore, colon TNF-a
(Fig. 4G), IL-6 (Fig. 4H), and IL-1p (Fig. 4I) levels were
significantly increased (P<0.01) in the DSS group,
which were significantly reversed (P<0.01) by SCP and
5-ASA supplementation.
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Effect of SCP on the secretion of cytokines and the expression of related genes in DSS-treated mice. Serum inflammatory
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The effect of SCP on antioxidant enzyme activities in
serum and colon of DSS-treated mice: Oxidative stress
is involved in the onset and development of UC, and
antioxidant enzymes (such as T-AOC and SOD)
contribute to alleviating the intestinal inflammatory
response (Zhu et al., 2022). To evaluate the effects of
SCP on oxidative stress in serum and colon, the content
of MDA, DAO, SOD, and T-AOC was measured. As
shown in Fig. 4, compared with the CON group, serum
MDA (Fig. 5A) concentration was significantly
increased (P<0.01) in the DSS group, which was
significantly reversed (P<0.01) by SCP and 5-ASA
supplementation. Meanwhile, compared with the

CON group, serum SOD (Fig. 5B) and T-AOC (Fig. 5C)
activities were significantly decreased (P<0.01) in the
DSS group. In addition, compared with the CON
group, colon DAO (Fig. 5D) activity and MDA (Fig. 5E)
level were significantly increased (P<0.01) in the DSS
group, which was significantly reversed (P<0.01) by
SCP and 5-ASA supplementation. Also, colon SOD
(Fig. 5F) activity was significantly decreased (P<0.01)
in the DSS group, which was significantly reversed
(P<0.01) by SCP and 5-ASA supplementation. These
results suggested that SCP could effectively alleviate
oxidative stress damage in the colonic tissues of colitis
mice.



8
=
3 g
£ 2
5 8
3 2
= E
£ 2
= 3
& 7]
w
= 15
7 g
o a
> g
(=]
£ 3"
3 E
o < °
g 3
c =
o c
[=] o
(8} ©°
5}
» =3 < < { >
& &F F L F L J
(O x,,,v- x"'% g *.‘:» “,a?: <
=] =)
FELS S
Figure 5

Wu C. et al. / Thai | Vet Med. 2025. 55(4): 3.

Serum T-AOC (U/L)

=
2
e g
PR £
o o o0 =
oo [=]
o
7]
c
o
<]
o
R R & T e I s ]
[ o) 8 o O & O
) )
!Vzv"‘. l‘,‘&» < Ox,{v-,‘vbl‘,, .3'9
& o o B 8 &
& & FEEF S

Effect of SCP on oxidative stress in DSS-induced mice. (A) Serum MDA level. (B) Serum SOD activity. (C) Serum T-AOC

activity. (D) Colon DAO activity. (E) Colon MDA level. (F) Colon SOD activity. Data are expressed as meansSEM; n=6
for each group. **P<0.01 compared with CON group; #P<0.01 compare with DSS group.

The effect of SCP on colon morphology and mucin
content in DSS-treated mice: The histological changes
of colon tissue were shown in Fig. 6. The result showed
that DSS induced severe damage in colon tissues, such
as loss of goblet cells and crypt structure, submucosal
edema, and inflammatory cell infiltration. Compared
with DSS group, the colon damage was significantly
reduced (P<0.01) in the SCP or 5-ASA groups,
including improved histological structure, more
complete colitis mucosa epithelium, reduced epithelial

DSS + L-SCP DSS + M-SCP

Figure 6

disintegration, reduced inflammatory cell infiltration,
and most goblet cells maintained normal physiological
morphology (Fig. 6A). These results were further
confirmed by histological scores (Fig. 6B). The number
of colon goblet cells in DSS group was significantly
lower (P<0.01) than that in CON. The number of goblet
cells in SCP and 5-ASA groups was significantly
recovered (P<0.01) as compared to the DSS group
(Figs. 6C and 6D). These results suggested that SCP
was effective in relieving acute colitis induced by DSS.

DSS + 5-ASA

Histological Score

Mucin density

Effect of SCP on colon morphology in DSS-induced mice. (A) Representative H&E staining of colon tissues. (B)

Histopathological scores of colons in each group. (C) AB-PAS staining. (D) Mucin density. Data are expressed as means +
SEM; n=6 for each group. **P<0.01 compare with CON group; #P<0.05, #*P<0.01 compare with DSS group.
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The effect of SCP on colon tight junction proteins
expression in DSS-treated mice: Impaired epithelial
barrier function plays an important role in the
pathogenesis of UC. To evaluate the protective effect of
SCP on the intestinal barrier, the immunofluorescence
staining was used to detect the expression of ZO-1 and
occluding protein. The results showed that DSS
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intervention disrupted the epithelial barrier and
significantly decreased (P<0.01) the mRNA and
protein expression of ZO-1 (Figs. 7A, 7B, and 7C) and
occludin (Figs. 7D, 7E, and 7F) as compared to the CON
group. In contrast, SCP treatment significantly
increased the expression of these proteins in colonic
tissues as compared to the DSS group (Fig. 7).

Occludin Herle

DAPI

59 kDa

practin [ e e ] 43 kDa

Effect of SCP on tight junction protein expression in colon of DSS-treated mice. (A) Immunofluorescence analysis of ZO-

1 (n = 3). (B) Abundances of ZO-1 mRNA (n=6). (C) Content of ZO-1 protein (n = 3). (D) Immunofluorescence analysis of
Occludin (n = 3). (E) Abundances of Occludin mRNA (n=6). (F) Content of ZO-1 protein (n = 3). Data are expressed as
means + SEM; n=6 for each group. *P<0.05, **P<0.01 compare with CON group; #P<0.05, #/P<0.01 compare with DSS

group.

The effect of SCP on TLR4/p65/IxBa pathway in the
colon of DSS-treated mice: To further explore the
mechanism of the mitigating effect of SCP on colon
inflammation induced by DSS, the expression of
TLR4/p65/IxBa pathway in the colon was detected.
DSS markedly increased (P<0.001) the mRNA
expression of TLR4 (Fig. 8A), p65 (Fig. 8B), and IxBa
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Colon p65 mRNA
(Fold change)

Colon p-p65/p65 protein
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(Fig. 8C) in the colon. Meanwhile, it significantly
increased (P<0.001) the protein content of TLR4 (Figs.

8D and E), p-p65/p65 (Figs. 8D and F), and p-
IxkBa/IxBa (Figs. 8D and G). However, SCP
significantly (P<0.01) reversed the activation of

TLR4/p65/IxBa pathway in a dose-dependent
manner in the colon of DSS-treated mice.
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Effect of SCP on the expression of TLR4/p65/IxBa pathway in DSS-treated mice. (A) Abundances of TLR4 mRNA (n=6).

(B) Abundances of p65 mRNA (n=6). (C) Abundances of IkBa mRNA (n=6). (D) Content of TLR4, p65, p-p65, IxBa and p-
IxBa protein in Western blot analyses. (E) Content of TLR4 protein (n = 3). (F) Content of p-p65/p65 protein (n = 3). (G)
Content of p-IxkBa/IxBa protein (n = 3). Data are expressed as means + SEM; n=6 for each group. *P<0.05, **P<0.01
compare with CON group; #P<0.05, #P<0.01 compare with DSS group.

The effect of SCP on intestinal microbial diversity in
DSS-treated mice: To investigate the influence of DSS
on the abundance of intestinal microbial, cecum
microbiota was analyzed by 16S rRNA sequencing.
Based on PCoA analysis, the abundance of microbial in

the DSS group was clearly separated from other
groups, while the DSS-SCP and 5-ASA group was
closer to the CON group (Fig. 9A). In addition,
LEfSe  analysis indicated that p_Firmicutes,
o_Clostridiales, c_Clostridia, s_Lactobacillus_intestinalis,
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g_Anaerotruncus,  f _Clostridiaceae_1, ~ g_Roseburia,
g_Roseburia.s_uncultured_bacterium, g _Marvinbryantia,
and g Marvinbryantia.s_uncultured_bacterium  was
highly expressed in the CON group. However,
p_Bacteroidetes, o_Bacteroidales, ¢_Bacteroidia,
f_Bacteroidaceae, §_Bacteroides, s_Bacteroides_acidifaciens,
s_Bacteroides_sartorii, s_Bacteroides_stercorirosoris,
s_Bifidobacterium_animalis and s_Bacteroides_uniformis
were high abundance expression in DSS group.
Whereas f_Ruminococcaceae, g_Odoribacter.s_
uncultured_bacterium, g_Odoribacter, g§_Anaerovorax.s_
uncultured_bacterium and s_Parabacteroides_distasonis

A B

oon

Cadogram
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were high abundance expression in DSS_SCP group.
And, c_Bacilli, o_Lactobacillales, f_Lactobacillaceae,
g_Lactobacillus,  c_Actinobacteria,  p_Actinobacteria,
f_Bifidobacteriaceae, g_Bifidobacterium and
o_Bifidobacteriales were high abundance expression in
5-ASA group (Figs. 9B and 9C). According to alpha
diversity analysis, DSS significantly (P<0.05) reduced
the richness (Chaol and Observed index) and Shannon
index of cecum microbiota and increased the Simpson
index. However, SCP markedly (P<0.05) reversed the
change of alpha diversity index induced by DSS (Figs.
9D and 9I).
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Figure 9

Effect of SCP on the composition of gut microbiota in DSS-treated mice. (A) PCoA of microbiota communities in the cecum.

(B) LEfSe multi-level tree map. (C) LDA analysis (log10 LDA > 2.0). (D) Observed index. (E) Chao 1 index. (F) ACE index.
(G) Shannon index. (H) Simpson index. (I) Coverage index. Data are expressed as means + SEM; n=6 for each group.
**P<0.01 compare with CON group; #P<0.05, ##P<0.01 compare with DSS group.

The effect of SCP on the composition of gut microbiota
and SCFA levels in DSS-treated mice: At the phylum
level, DSS markedly (P<0.05) reduced the abundance
of Firmicutes and Verrucomicrobia, while significantly
(P<0.05) increasing Bacteroidetes and Actinobacteria.
Interestingly, the abundance of Firmicutes and
Verrucomicrobin was up-regulated (P<0.05) and
Bacteroidetes and Actinobacteria were down-regulated
(P<0.05) in SCP-treated mice (Figs. 10A, 10B, 10C, 10D,
10E, 11A, and 11B). At the genus level, SCP markedly
(P<0.05) reversed the decrease of Lactobacillus,
Akkermansia, Anaerobacterium, and Ruminococcus
relative abundance induced by DSS, as well as reversed
(P<0.05) the increase of Bacteroides and Intestinimonas
induced by DSS (Figs. 10F, 10G, 10H, 101, 10J, 10K, 10L,

11C, and 11D). In addition, compared with CON
group, the level of acetic acid, propionic acid, butyric
acid, isobutyric acid, valeric acid were significantly
decreased in DSS group, which was significantly
reversed by SCP and 5-ASA supplementation (Fig. 12).
Furthermore, the correlation between the key gut
bacteria altered by SCP and inflammation, antioxidant
related enzyme activity and SCFA was further
analyzed Spearman correlation analysis. At the
phylum level, Firmicutes was significantly (P<0.05)
enhanced by SCP, were positively correlated with
body weight, the levels of SOD, TP, ALB and T-AOC in
serum, acetic acid, propionic acid, butyric acid and
valeric acid in cecal contents, SOD in colon, while
negatively correlated with the levels of AST, LDH in
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serum, DAO in colon, MDA, TNF-q, IL-6 and IL-1f3 in
serum and colon (Fig. 13A). In contrary, Bacteroidetes
was significantly (P<0.05) decreased by SCP, were
positively correlated with body weight, the levels of
SOD, TP, ALB and T-AOC in serum, acetic acid,
propionic acid, butyric acid and valeric acid in cecal
contents, SOD in colon, while negatively correlated
with the levels of AST, LDH in serum, DAO in colon,

11

MDA, TNF-q, IL-6 and IL-1p in serum and colon (Fig.
13A). Similarly, at the genus level, the correlation
between the relative abundance of Lactobacillus,
Anaerotruncus,  Bacteroides and  inflammation,
antioxidant related enzyme activity and SCFA present
the same pattern with phylum level (Fig. 13B).
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Figure 10

Effect of SCP on the composition of gut microbiota in DSS-treated mice. (A) Heatmap of the differential abundance of gut

microbiota at the phylum level. The colors in the figure represent the relative abundance of the species, with a gradient
from blue to red indicating the relative abundance of the species from small to large; (B) The relative abundance of
Firmicutes; (C) The relative abundance of Bacteroidetes; (D) The relative abundance of Actinobacteria; (E) The relative
abundance of Verrucomicrobia; (F) Heatmap of the differential abundance of gut microbiota at the genus level. (G) The
relative abundance of Bacteroides; (H) The relative abundance of Lactobacillus; (I) The relative abundance of Akkermansia;
(J) The relative abundance of Anaerobacterium; (K) The relative abundance of Ruminococcus; (L) The relative abundance of
Intestinimonas. Data are expressed as means + SEM; n=6 for each group. *P<0.05, **P<0.01 compare with CON group;

#P<0.05, #P<0.01 compare with DSS group.
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Figure 12  Effect of SCP on SCFA level in DSS-treated mice. (A) Acetic acid level. (B) Propionic acid level. (C) Butyric acid level. (D)
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Discussion

Colitis is not only common but also experiencing an
increasing prevalence worldwide, and it has become
an increasingly common condition. Colitis is clinically
characterized by  prominent  gastrointestinal
symptoms, namely diarrhea, abdominal pain, and
bloating. Pathologically, there are distinct changes
within the colon, such as colon shortening, mucosal
inflammation, crypt architectural distortion, and
significant alterations in the gut microbiota
composition. Many scholars are actively exploring
treatment plans to alleviate colitis symptoms,
including dietary adjustments, maintaining water-
electrolyte balance, and traditional drug therapies.
Among them, the application of natural substances
such as polysaccharides in alleviating colitis symptoms
has received significant attention. In the present study,
we report for the first time the protective effect of
polysaccharide from Schisandra chinensis (SCP) on DSS-
induced colitis in mice. The monosaccharide
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Correlation analysis between microbial abundance at the phylum and genus levels and environmental factors.

composition analysis revealed that our SCP
preparation is rich in glucose (45.91%), glucuronic acid
(25.04%), and arabinose (11.96%). It is worth noting
that the biological activity of polysaccharides is largely
determined by their constituent monosaccharides and
glycosidic linkages (Bian et al., 2022; Mukherjee et al.,
2022). The high content of glucuronic acid, an acidic
monosaccharide, is frequently associated with
significant anti-inflammatory and immunoregulatory
capacities (Liu et al, 2020; Mei et al, 2022).
Polysaccharides containing glucuronic acid have been
reported to enhance the intestinal barrier function and
mitigate inflammatory responses by modulating key
signaling pathways such as NF-«xB (Mei et al., 2022; Xue
et al., 2023). Similarly, arabinose-rich polysaccharides
often exhibit potent antioxidant activities (Yang et al.,
2023b). Therefore, the unique monosaccharide profile
of SCP, characterized by a high proportion of
glucuronic acid and arabinose, likely serves as a
fundamental material basis for its observed efficacy in
alleviating oxidative stress and inflammation in DSS-
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induced colitis (Su et al., 2020; Bian et al., 2022). Similar
studies have shown the positive impacts of
polysaccharides obtained from different sources, such
as Armillariella tabescens (Yang et al, 2023a) and
Hericium erinaceus (Ren et al., 2023), on alleviating
colitis symptoms. These studies, in combination with
our current work, jointly underscore the crucial role of
polysaccharides as potential therapeutic candidates for
colitis, highlighting their structural diversity and
functional versatility derived from natural sources.

In this study, our findings align with previous
research that has shown the ability of polysaccharides
to modulate antioxidant enzymes and inflammatory
factors in colitis. DSS-exposed mice showed enhanced
serum and colon inflammatory factors, such as TNF-a,
IL-6, and IL-1§3, which were reversed by treatment with
SCP. This finding was consistent with previous studies
reporting that SCP alleviated the increased ileum and
colon TNF-a, IL-6, and IL-1p levels in antibiotic-
associated diarrhea rats (Qi et al., 2019). This suggests
that SCP can suppress inflammation and attenuate
colitis severity. MDA levels are a key marker of
oxidative damage in the serum and colon. In this study,
we found that DSS exposure significantly increased
MDA and DAO levels and inhibited SOD and T-AOC
activities in the serum and colon of mice. However,
treatment with SCP was effective in down-regulating
MDA levels and up-regulating SOD and T-AOC
activities. These findings indicate that SCP exerts
antioxidant effects, which may contribute to its
protective role against colitis-induced oxidative stress.

In addition, the activation of the TLR4/p65/IxBa
pathway has been reported to be involved in DSS-
induced colon inflammation in mice (Yan et al., 2023).
Consistent with previous studies, we also found that
both acute and chronic exposure to DSS led to the
activation of the TLR4/p65/IxBa pathway in the colon
of mice. Interestingly, SCP markedly inhibited the
TLR4/p65/IxBa pathway in the colon induced by DSS.
These results indicated that the TLR4/p65/IxBa
pathway may mediate the protective effect of SCP on
DSS-induced colon inflammation.

It was reported that DSS induced intestinal barrier
damage by disrupting the tight junction proteins (Hu
et al., 2023). SCP markedly up-regulated the expression
of tight junction proteins (e.g., ZO-1 and Occludin) in
the colon of DSS-exposed mice. These results suggest
that SCP could assume the role of an anti-inflammatory
therapy by sustaining the integrity of the intestinal
mucosal barrier. Moreover, gut microbiota has been
reported to play a critical role in regulating colitis (An
et al, 2023). The Chaol, Observed, and Shannon
diversity indices by OTU analysis indicated that DSS
exposure markedly decreased the diversity and
richness in cecum microbiota, whereas SCP
supplementation  reversed  these  differences.
Consistent with our results, SCP administration
reversed the decreased alpha diversity in antibiotic-
associated diarrhea rats (Qi ef al., 2019). At the phylum
level, DSS exposure increased the abundance of
Bacteroidetes and Actinobacteria, and reduced Firmicutes
and Verrucomicrobia, while the changes were reversed
by SCP administration. Similarly, Qi et al. (2019)
reported that SCP markedly reversed the increase in
Bacteroidetes and decrease in Firmicutes in antibiotic-
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associated diarrhea rats. Also, Yang et al. (2023a)
reported that DSS exposure increased the abundance
of Bacteroidetes and reduced Firmicutes abundance in
mice. In addition, Verrucomicrobia has been reported to
be involved in nutrient metabolism regulation and
exert beneficial effects (Shuoker et al., 2023). The
abundance of Verrucomicrobia was markedly down-
regulated in DSS-treated mice and was elevated by
treatment with SCP. Consistent with our results, Bain
et al. reported that Schisandra chinensis extract markedly
reversed the increase of Verrucomicrobia in DSS-
induced mice (Bian et al., 2023). At the genus level, DSS
exposure reduced the abundance of Lactobacillus and
Akkermansia in mice. Most Lactobacillus species are
probiotic microorganisms that produce enzymes with
anti-biotic, anti-cancer, and immunosuppressant
properties (Maria Remes Troche et al., 2020). Recent
studies have found that Akkermansia muciniphila, a
next-generation probiotic, plays a crucial role in
improving host metabolic health and maintaining
intestinal homeostasis (Jian et al., 2023). Akkermansia
has been reported to improve obesity, inflammation,
neurodegenerative diseases, and cancer through the
gut-liver axis and gut-brain axis (Cani et al., 2022).
Interestingly, in our study, SCP supplementation
markedly enhanced the relative abundance of
Lactobacillus and Akkermansia in DSS-treated mice.
Altogether, based on these results, we infer that the gut
microbiota, especially Lactobacillus and Akkermansia,
contribute to the protective effect of SCP on colon
inflammation in DSS-treated mice.

In conclusion, this study, SCP, a novel
polysaccharide with a molecular weight (Mw) of
32.401 kDa, was extracted from the Schisandra chinensis.
Our study provides evidence that SCP can alleviate
DSS-induced colitis by improving intestinal microbiota
abundance and inhibiting the TLR4/p65 pathway. The
regulatory effects of SCP on body weight and colon
inflammation may be ascribed to several factors.
Firstly, SCP alleviated DSS-induced intestinal injury
and oxidative stress. Secondly, SCP downregulated the
expression of inflammatory factors and inhibited the
TLR4/p65/1xBa pathway in the colon. Thirdly, SCP
reversed DSS-induced intestinal barrier damage by
improving the tight junction proteins. Finally, SCP
improved the composition of gut microbiota, increased
the diversity of gut microbiota, and the abundance of
beneficial bacteria, especially Lactobacillus and
Akkermansia. Nevertheless, the in-depth mechanism of
Lactobacillus and Akkermansia in regulating colitis needs
further evaluation.
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