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Sijunzi decoction alleviates
inflammation and intestinal
epithelial barrier damage and
modulates the gut microbiota in
ulcerative colitis mice

Hailun Li*, Xing Pu', Yongtao Lin?!, Xinxin Yu?, Jing Li*, Lin Bo?,
Hongwu Wang?, Yong Xu®*, Xiang Li** and Donghui Zheng'*

Department of Nephrology, Affiliated Huai'an Hospital of Xuzhou Medical University, Huai'an, Jiangsu,
China, 2School of Nursing and Midwifery, Jiangsu College of Nursing, Huai'an, Jiangsu, China

Ethnopharmacological relevance: As a representative classical prescription,
Sijunzi decoction has powerful therapeutic effects on spleen—stomach qi
insufficiency. Ulcerative colitis (UC) is a chronic, diffuse, and non-specifically
inflammatory disorder, the etiology of which still remains unclear. In the
traditional Chinese medicine (TCM) perspective, splenic asthenia is the primary
cause of UC. Based on this, Sijunzi decoction has been extensively used in TCM
clinical practice to alleviate UC in recent years. However, the pharmacological
mechanism of Sijunzi decoction in modern medicine is still not completely clear,
which limits its clinical application.

Aim of the study: The purpose of this study was to investigate the Sijunzi
decoction’s curative effect on acute UC mice and probe into its potential
pharmacological mechanism.

Materials and methods: The UC mouse model was set up by freely ingesting a 3%
dextran sulfate sodium (DSS) solution. The relieving role of Sijunzi decoction on
UC in mice was analyzed by evaluating the changes in clinical parameters, colon
morphology, histopathology, inflammatory factor content, intestinal epithelial
barrier protein expression level, and gut microbiota balance state. Finally,
multivariate statistical analysis was conducted to elucidate the relationship
between inflammatory factors, intestinal epithelial barrier proteins, and gut
microbiota.

Results: First, the research findings revealed that Sijunzi decoction could visibly
ease the clinical manifestation of UC, lower the DAl score, and attenuate colonic
damage. Moreover, Sijunzi decoction could also significantly inhibit IL-6, I1L-1p,
and TNF-a while increasing occludin and ZO-1 expression levels. Subsequently,
further studies showed that Sijunzi decoction could remodel gut microbiota
homeostasis. Sijunzi decoction was beneficial in regulating the levels of Alistipes,

Abbreviations: 5-ASA, 5-aminosalicylic acid; BPC, base peak chromatogram; DAI, disease activity index;
DSS, dextran sodium sulfate; FD-4, FITC-dextran (MW: 4,000); FITC, fluorescein isothiocyanate; H&E,
hematoxylin and eosin; IBD, inflammatory bowel disease IL-10, interleukin-10; IL-1p, interleukin-1p; IL-6,
interleukin-6; LEfSe, linear discriminant analysis effect size; NMDS, non-metric multidimensional scaling
analysis; SCFAs, short-chain fatty acids; SD, standard deviation; SJZD, Sijunzi decoction; TCM, traditional
Chinese medicine; TJP1, tight junction protein 1; TNF-a, tumor necrosis factor-a; UC, ulcerative colitis.
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Akkermansia, Lachnospiraceae_NK4A136_group, and other bacteria. Finally,
multivariate statistical analysis demonstrated that key gut microbes were closely
associated with inflammatory factors and intestinal epithelial barrier proteins.

Conclusion: Sijunzi decoction can significantly prevent and treat UC. Its
mechanism is strongly associated with the improvement of inflammation and

intestinal epithelial barrier damage by regulating the gut microbiota.

KEYWORDS

Sijunzi decoction, gut microbiota homeostasis, inflammation, ulcerative colitis, intestinal

epithelial barrier

1 Introduction

Ulcerative colitis (UC) is a major type of inflammatory bowel
disease (IBD), and it is a chronic, diffuse, and unspecific
inflammatory state of the human gastrointestinal tract with
unknown etiology (Chams et al., 2019). Clinically, UC usually
manifests as intermittent diarrhea, abdominal discomfort,
tenesmus, bloody or purulent feces, and body weight loss (Tian
etal,, 2021). Multiple etiologies are involved in UC pathogenesis and
progression, such as environmental and luminal factors, hereditary
predisposition, and mucosal immune disorders (Kobayashi et al.,
2020). So far, a variety of therapeutic drugs, for example,
immunomodulators,  aminosalicylic ~ acid,  glucocorticoids,
biologics, and even surgeries, have been used to treat UC (Hirten
and Sands, 2021). However, these treatment strategies are often
adverse reactions, resistance, and

accompanied by drug
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unsatisfactory clinical curative efficacy (Hirten and Sands, 2021;
Liu et al,, 2022). Hence, it is imperative to find a novel, safe, and
more effective treatment approach.

Due to its safety and effectiveness, traditional Chinese medicine
(TCM) has been receiving increasing attention in the clinical
practice of gastrointestinal diseases. There is no ‘UC’ in ancient
Chinese medicine books. According to the clinical manifestations,
there are many ways to name the disease, such as diarrhea, intestinal
wind, dysentery, and dirty poison (Liu et al., 2022). From the
perspective of TCM, spleen-qi insufficiency is the principal
pathogenesis of UC (Tian et al., 2021). Sijunzi decoction from
the Song Dynasty’s ‘Tai Ping He Ji Ju Fang’ is a celebrated classic
formula in TCM for strengthening the spleen, containing four kinds
of Chinese botanical drugs, namely, Panax ginseng C. A. Mey.
(Renshen in Chinese), Atractylodes macrocephala Koidz. (Baizhu
in Chinese), Wolfiporia cocos (F.A. Wolf) Ryvarden & Gilb. (Fuling
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in Chinese), and Glycyrrhiza uralensis Fisch. ex DC. (Gancao in
Chinese) (Wang et al., 2020). Hence, Sijunzi decoction, as a basic
prescription to invigorate the spleen and qj, is a preferred choice for
the therapy of UC (Lu et al, 2017; Tian et al, 2021). Sijunzi
decoction has recently been extensively and widely utilized in the
clinical practice of TCM and has been proven to be beneficial for UC
(Wu et al., 2023). Nevertheless, the potential mechanism of Sijunzi
decoction in preventing UC has not been elucidated.

The gut microbiota plays a pivotal role in disease development,
especially in multifarious gastrointestinal disorders (Guo et al., 2020;
Feng et al., 2022; Wang et al., 2023). The composition of the gut
microbiota in UC patients changes dramatically (Franzosa et al.,
2019; Zhang et al, 2020; Zhang et al, 2021). An increase in
pathogenic microorganisms
probiotics has been identified as one of the characteristic features
of UC (Dai et al., 2021). Gut microbiota disorder, the imbalance
between pathogenic bacteria and normal flora, will damage the

combined with a decrease in

epithelial barrier. Then, the weakened barrier would cause bacterial
translocation, which further aggravates epithelial barrier
disturbance (Zhang et al, 2020; Guo et al, 2023). These
processes would form a vicious cycle, resulting in further
deterioration of UC. At present, the regulation of the gut
microbiota has become a crucial step in UC therapeutic options.
Studies have shown that Sijunzi decoction and its main chemical
metabolites, including polysaccharides and saponins, can not only
regulate the gut microbiota but also affect intestinal bacterial
metabolites (Gao et al., 2018; Shi et al.,, 2019). It is inferred that
Sijunzi decoction may have an anti-UC effect by remodeling the gut
microbiota. However, there is still a need to experimentally assess
this hypothesis.

The effectiveness of Sijunzi decoction in the prevention and
treatment of UC was thoroughly assessed in this study. Furthermore,
its potential mechanism was also systematically demonstrated from
the perspective of remodeling gut microbiota homeostasis in
improving epithelial barrier function and reducing inflammation.
Both theoretical and clinical studies were carried out in this study to
fully illustrate the above information.

2 Materials and methods
2.1 Materials and reagents

The Chinese medicinal materials used in Sijunzi decoction
were sourced from the Bozhou Medicinal Materials Market in
Anhui Province, China, and met the standards set by the
Pharmacopoeia of the People’s Republic of China. Interleukin-
10 (IL-10), tumor necrosis factor-a (TNF-a), interleukin-6 (IL-
6), and interleukin-1p (IL-1B) were purchased from Meimian
Biotechnology (Yancheng, Jiangsu Province, China). Dextran
sulfate sodium (DSS, molecular weight: 36-50 kDa) was
obtained from Santa Ana MP Biomedicals in California, USA.
Occludin and ZO-1 monoclonal antibodies were bought from
Santa Cruz Biotechnology companies in California, USA. The
water and methanol used in the experiment were of HPLC grade.
Ultrapure water was obtained by filtration of distilled water using
a Milli-Q system (Millipore, USA). LC-MS-grade acetonitrile
was purchased from Thermo Fisher Scientific (Fair Lawn, New
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Jersey, USA), and LC-MS-grade formic acid was purchased from
Sigma-Aldrich (St. Louis, Missouri, USA). RNAex Reagent, Evo
M-MLV RT Mix Kit, and SYBR@ Green Premix Pro Taq HS
qPCR Kit were

(Changsha, China).

acquired from Accurate Biotechnology

2.2 Preparation of the Sijunzi
decoction extract

The four kinds of Chinese botanical drugs, including Panax
ginseng C. A. Mey. (90 g), Atractylodes macrocephala Koidz. (90 g),
Wolfiporia cocos (F.A. Wolf) Ryvarden & Gilb. (90g), and
Glycyrrhiza uralensis Fisch. ex DC. (60 g), following a 9:9:9:
6 ratio were pulverized to pass a 40-mesh sieve and then
extracted by reflux three times with deionized water (material:
solvent = 1:10, m:v, g/mL). Next, the extraction solution was
concentrated to 1 mL/g equivalent of medicinal materials. Finally,
the concentrated extract was vacuum freeze-dried to obtain the
Sijunzi decoction (SJZD) extract. To sum up, a standardized
research

manufacturing process was established by our

group (Figure 1A).

2.3 Instruments and conditions

To ensure the quality of the SJZD extract, the UHPLC-QTOF/
MS method was used in our research group. Chromatographic
separation was performed on an ExionLC system (AB Sciex,
Foster City, CA, USA). A Waters ACQUITY UHPLC HSS
T3 Column (2.1 x 100 mm, 1.8 um) was applied at a temperature
of 35°C. The mobile phase A was water with 0.1% formic acid (v/v),
and B was acetonitrile. The gradient was optimized as follows:
0-5min from 3% to 8% B, 5-11min from 8% to 30% B,
11-20 min from 30% to 80% B, 20-21 min from 80% to 95% B,
21-27 min at 95% B, then back to the initial ratio of 3% B, and
maintained for an additional 10 min for re-equilibration. The
injection volume of all samples was 2 pL.

To provide high-resolution detection, an X500B QTOF Mass
Spectrometer (AB Sciex, Foster City, CA, USA) equipped with an
electrospray ionization source (turbo ion spray) was applied. MS
detection was implemented in both negative and positive ion modes.
The parameters of the mass spectrometer were summarized as
follows: gasl and gas2, 45 psi; curtain gas, 35 psi; heat block
temperature, 550°C; ion spray voltage, —4.5kV in the negative
mode and 5.5kV in the positive mode; declustering potential,
60 V; collision energy, +35 V; and the collision energy spread
(CES) was 15 V.

2.4 Animals

Male BALB/c mice (18-22 g) at 6 weeks of age were obtained
from the Xuzhou Medical University Animal Center. Animals were
fed in transparent plastic cages on a 12-h diurnal light cycle, and
simultaneously, the surrounding environment was controlled with
humidity (50%-55%) and temperature (22°C + 2°C). All mice
received sterile water and a standard diet during the first week
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Preparation procedure of SJZD and experimental design. (A) Standardized preparation procedure for SJZD. (B) Characteristic chemical structure
formula. (C) Schematic illustration of the experimental design for SJZD administration. (D) Base peak chromatogram of SJZD: (a) negative ions and (b)

positive ions.

(the adaptation period). Animal experimental procedures followed
the rules established by the Experimental Animal Ethics Committee
of Xuzhou Medical University (Ethics Approval Number:

120210226229).
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2.5 UC model and intervention

After acclimatization feeding for 1 week, all mice were randomly

distributed into six groups (n = 9), namely, the control group, model
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group (DSS group), positive group (5-ASA group), and low- (SJZD-
L), medium- (SJZD-M), and high- (SJZD-H) dose groups of
SJZD (Figure 1C).

Before the experiment, the administration dosages of SJZD and
5-ASA were first determined. Based on the yield of SJZD and its
clinical dosage, the dosage in mice was determined according to the
human-to-mouse dose conversion principle. Details are as follows:
the daily clinical dosage of SJZD for adults is 33 g, and the dose per
unit weight for a 70-kg human is approximately 47 mg/kg. Referring
to the pharmacological experimental methodology edited by
Professor Shuyun Xu, the equivalent dose coefficient between
mice and humans was 9.1. Thus, the dose of SJZD administered
to mice is calculated as follows: A = 47 (mg kg ™) x 9.1 x Z (where Z
is the yield of SJZD). The calculations were rounded approximately
to give a final result of 400 mg/kg. Then, the exact dose of SJZD is
B = A xW (where W is the body weight of the mice: 18-22 g).
Moreover, SJZD of 400 mg/kg was considered the medium-dose
group in this study. According to the two-fold correlation, half of the
medium-dose group comprised the low-dose group, while the high-
dose group was twice the size of the medium-dose group. As a result,
the doses administered to SJZD-L, SJZD-M, and SJZD-H mice were
200, 400, and 800 mg/kg of SJZD, respectively. Meanwhile, the dose
of 5-ASA was set to 100 mg/kg based on the previous literature (Le
Berre et al., 2020).

During the experiment, to set up the mouse model of UC, the
control group took standard food and sterile water, while the other
five groups took standard food and sterile water containing 3% DSS
(w/v, g/mL) (Wirtz et al., 2017). At the same time, SJZD-L, SJZD-M,
and SJZD-H groups were administered SJZD of 200, 400, and
800 mg/kg/d by gavage (10 mL/kg/d), respectively. The positive
group (5-ASA group) was given 100 mg/kg/d 5-ASA. The control
and model (DSS group) groups were fed the same amount of sterile
water. The intervention period lasted for 7 days. During this
experiment, body weight, bloody stools, and loose stools were
noted daily. All mice were anesthetized by inhalation of an
overdose of isoflurane on the eighth day. After removing the
eyeballs to collect blood, the mice were sacrificed using cervical
dislocation. Immediately afterward, the colon tissues of mice were
promptly dissected. The colonic length was measured and
photographed for recording. Then, one part of the colon was
fastened to a 4% concentration of paraformaldehyde, and the
other was immediately reserved in an —80°C refrigerator for the
next research.

Furthermore, the colonic permeability of UC mice was evaluated
by oral administration of fluorescein isothiocyanate (FITC)-labeled
dextran (FD-4, MW, 4 kDa) at 10 mg/kg. The mice were deprived of
liquid and fasted for 4 h on the eighth day and were subsequently
given intragastric administration with a 10 mg/kg FITC-dextran
solution. Serum samples were collected after 4h to measure
fluorescence strength using a microplate reader (SpectraMax i3x)
(Dong et al., 2022a).

2.6 Disease activity index

The same method previously outlined in the literature was used
to determine the disease activity index (DAI) score (Hua et al,
2021). According to the recorded results of body weight, bloody
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stools, and loose stools, the DAI values were scored separately
against each rating scale. DAI scores are described as follows: (a)
body weight loss scoring criteria: 0 = no body weight loss; 1 = lose
weight S < 5%; 2 =1loss of weight 5 < S < 10%; 3 =lose weight 10 < S <
15%; and 4 = over 15% weight loss. (b) bloody stools scoring criteria:
0 = no abnormalities; 2 = hemoccult test positive; and 4 = gross
bloody stool. (c) stool consistency scoring criteria: 0 = no
abnormalities; 1 = fluffy but shaped; 2 = loose stool; 3 = quite
floppy and shapeless; and 4 = liquid stools or diarrhea.

The DAI score was evaluated based on formula (1):

Sl +Sz +S3

DAI = (1)
In formula (1), S; indicates the body weight loss score, S,
represents the diarrhea score, and S; shows the bloody stool score.

2.7 Histological evaluation

Colon tissues were fixed to paraformaldehyde, dewatered,
embedded in paraffin wax, and sectioned with a microtome. The
obtained slices were dyed with hematoxylin and eosin (H&E),
encapsulated airtight with resinene, then observed under a light
microscope and blindly assessed by a gastrointestinal expert.
Similarly, the scoring for colonic damage was carried out using a
previously reported method (Erben et al., 2014).

2.8 Cytokine detection

After homogenizing the tissues with precooled PBS, the
supernatant fluid was gathered after centrifugation at 3,000 x g
for 15 min at 4 °C. The cytokines, labeled as IL-6, TNF-a, IL-10, and
IL-1P, were measured using an appropriate ELISA Kit (Meifan
Biotechnology, China), following the manufacturer’s product
instruction manuals.

2.9 Immunofluorescence assay

Colon tissue sections were dewaxed with xylene and successively
hydrated with various alcoholic concentrations (100%, 95%, 85%,
and 75%) for 10 min. The obtained slices were repaired with citrate
antigen, followed by blocking with BSA (0.1%) and Triton X-100 for
half an hour. Then, they were rinsed three times with PBS and
cultivated at 4 °C overnight with occludin/ZO-1 antibody diluted 1:
200.  Tissues further cultivated with the Alexa
Fluor“488 antibody, which lasted 2 hours at ambient temperature

were
in the dark. At last, these slices were dyed with 4,6-diamino-2-
phenylindole for 5 minutes and then examined using a microscope.
2.10 Real-time PCR for mRNA expressions
Total RNA from tissues and cells was extracted using TRIzol.
Reverse transcription was conducted using an RT-PCR kit, and then

the RT-qPCR was performed on the CFX96 Real-Time PCR
Detection System (Bio-Rad, USA). The expressions of target
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genes were measured using the 27**“T method, and the expressions
of B-actin were used as an internal control. The mouse primer
sequences were designed as follows: B-actin: GGCTGTATTCCC
CTCCATCG (forward) and CCAGTTGGTAACAATGCCATGT
(reverse); occludin: TGAAAGTCCACCTCCTTACAGA (forward)
and TGAAAGTCCACCTCCTTACAGA (reverse); and tight
junction protein 1 (TJP1): GCCGCTAAGAGCACAGCAA
(forward) and GCCCTCCTTTTAACACATCAGA (reverse).

2.11 Gut microbiota analysis

Analysis of colonic contents deposited at —80 "C was obtained
with 16S rRNA sequencing from Gidio Biotech Co., Ltd.
(Guangzhou, China). In brief, DNA in stool samples was
extracted using DNA extraction kits and determined on a
nanodrop spectrophotometer. 16S rRNA (V3-V4 region) was
amplified by polymerase chain reaction with the primers (341F:
CCTACGGGNGGCWGCAG; 806R: GGACTACHVGGGTATCT
AAT). Amplification products were purified and detected with a
platform named NovaSeq from San Diego Illumina Inc. Sequences
with 97% similarity were OTU-clustered using UPARSE software.
Species composition and relative abundance were analyzed using
Heml (v1.0.3.7). The OTU table
(Supplementary Table S1) was used to draw a Venn diagram to

software abundance
analyze the similarity and specificity of OTU composition. Species
abundance (ACE, Chao 1 index) and diversity (Shannon, Simpson
index) of the gut microbiota among samples were described by an a-
diversity analysis. The reliability of the number of samples for
sequencing data was assessed using dilution curves. Non-metric
multidimensional scaling (NMDS) analysis was used to compare the
otherness in the gut microbial structure. The influence of differential
microorganisms between groups was determined by linear
discriminant analysis (LEfSe analysis) (LDA score (Log(10) = 2)).
Enteric microbiota function was evaluated using Kruskal-Wallis
analysis and Wilcoxon analysis.

2.12 Statistical analysis

The experiment data were analyzed using GraphPad Prism
9.5.1 and SPSS 17.0. and expressed in mean + standard deviation
form. The intergroup difference was estimated using a one-way
ANOVA, followed by Tukey’s multiple comparison test. A
multivariate statistical analysis was applied to test the correlation,
with statistical significance denoted by p < 0.05.

3 Results

3.1 Basic characterization of the chemical
metabolites of SJZD

In order to ensure the quality of SJZD, the UHPLC-QTOF/MS
method was used to analyze and identify the complex metabolites of
botanical drugs. Unknown metabolites were classified and assigned
according to the cleavage rules and diagnostic ions of plant metabolites
of different structural types. A total of 118 metabolites were identified in
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SJZD. A total of 67 chemical metabolites were detected in Glycyrrhiza
uralensis Fisch. ex DC., mainly flavonoids such as liquiritin and
triterpenoids such as glycyrrhizic acid. Seventeen metabolites were
detected in Panax ginseng C. A. Mey., all of which were triterpene
saponins such as ginsenosides. A total of 18 metabolites were detected in
Atractylodes macrocephala  Koidz., including lactones (such as
atractylenolides), polysaccharides, and other chemical types. Eight
chemical metabolites were extracted from Wolfiporia cocos (F.A.
Wolf) Ryvarden & Gilb, including triterpene acids such as
tumulosic acid. In addition, some common chemical metabolites,
such as amino acids and nucleosides, were detected. The base peak
chromatogram (BPC) of SJZD is shown in Figure 1D. The numbers of
metabolites are marked in the figure, and the corresponding chemical
composition characterization results are shown in Supplementary Table
S2. The representative chemical-type structural formula is shown
in Figure 1B.

3.2 SJZD relieved clinical symptoms

The UC mouse model was set to drink a 3% DSS solution freely
for 7 days (Figure 1C). Food intake was significantly reduced in the
DSS group relative to the control group, and there was no obvious
difference (p > 0.05) in water intake (Figures 2A, B). A survival study
revealed that DSS had a much lower survival rate than other groups
(Figure 2C). In Figures 2D,F, G, mice in the DSS group displayed a
conspicuous decrease in weight compared to those in the control
group; however, it could be significantly reversed by 5-ASA or SJZD
treatment. The mice in the 5-ASA or SJZD (SJZD-L, SJZD-M, and
SJZD-H) group reduced their loss on days 6 and 7 relative to the DSS
group, especially in the 5-ASA, SJZD-M, and SJZD-H groups. The
DAI score comprehensively reflected weight loss, hematochezia, and
diarrhea scores. Therefore, DAI is a significant characteristic
indicator for determining the severity of UC. In Figures 2E, H-J,
the mice in the DSS group had significant increases in the diarrhea
score and bloody stool score compared to those in the control
group. As a result, the DAI score for the DSS group was manifestly
higher than that of the control group, and simultaneously, the
pathological indications evoked by DSS could be effectively
reversed by 5-ASA or SJZD interventions. In addition, the
therapeutic outcome of SJZD showcased an apparent dose-
dependent relationship. The above results implied that the
clinical symptoms of UC could be effectively reduced by SJZD.

3.3 SJZD alleviated colonic injury

DSS intervention can cause colon injury and atrophy, which are
common phenomena in DSS-induced UC models (Hua et al., 2021).
From Figures 3A, B, by comparison of the controls, the colonic length
was markedly shortened in the DSS group, while 5-ASA or SJZD
treatment inhibited the colonic atrophy, especially in the SJZD-H
group, which showed the best inhibitory effect. From Figures 3C, D,
it was observed that the DSS group exhibited more severe colon injuries
compared with the controls, including edema, adhesions, and
ulceration, whereas the severity of these colon injuries induced by
DSS was reversed by 5-ASA or SJZD treatment. Meanwhile,
histopathological analysis also suggested that DSS-induced UC mice
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FIGURE 2

Relieving effect of SJZD on the symptoms. (A) Food ingestion (G). (B) Water ingestion (mL). (C) Probability of survival (%). (D) Representative images
of animals. (E) Picture of a loose stool remaining in the anus. (F) Body weight change (%). (G) Body weight loss score. (H) Bloody score. (l) Loose score. (J)
DAl score. The data were denoted as the mean + SD (n = 9). *p < 0.05, **p < 0.01, and ***p < 0.001 in comparison with the DSS group.

had colonic injuries, such as a decrease in goblet cells, morphological
changes in crypts, and inflammatory cells that diffused tissue
infiltration, resulting in increased histopathological scores compared
to those of the controls (Figures 3E, F). However, as shown in Figures
3E, F, the administration of 5-ASA or SJZD significantly improved
colonic injury. Moreover, the ameliorating effect of SJZD on colonic
injury appeared in a significant dose-dependent manner. The data
confirmed that SJZD could ameliorate colonic injury.

3.4 SJZD-reqgulated inflammatory
factor secretion

The level of inflammatory factors has a significant impact on the
progression of UC. In Figures 4A-D, the levels of pro-inflammatory
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factors (IL-6, TNF-q, and IL-1p) in the DSS group were observably
increased compared with the controls, while the anti-inflammatory
factor (IL-10) did not change significantly. In contrast, 5-ASA or
SJZD intervention remarkably reduced tissue infiltration of these
pro-inflammatory cytokines but had only little effect on the amount
of anti-inflammatory cytokine expression (the change in anti-
inflammatory factors was not obvious because the mice were in a
state of stress.). To explore whether SJZD ameliorated UC by
regulating colonic mucosal inflammation, we deeply analyzed the
pro-inflammatory to anti-inflammatory cytokine ratio. In Figures
4E-G, increased secretion of pro-inflammatory cytokines after DSS
intervention led to an inflammatory imbalance. However, IL-1B/IL-
10, TNF-o/IL-10, and IL-6/IL-10 in colon tissue were remarkably
reduced after treatment with 5-ASA or SJZD. These beneficial effects
of SJZD also exhibited a clear dose-dependent pattern. The above
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DSS group.

results demonstrated that SJZD could regulate the colonic
inflammatory response and attenuate inflammatory factor secretion.

3.5 SJZD enhanced the intestinal epithelial
barrier function

Increased intestine epithelial permeability is a marker of gut
barrier dysfunction (Schoultz and Keita, 2020). Thus, serum FITC-
Dextran (MW: 4,000) was detected to uncover whether SJZD could
adjust intestinal barrier function by improving intestinal epithelial
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permeability. As shown in Figure 4H, there is an apparent increase
in serum FITC-dextran in DSS-treated mice after 4h of FITC-
dextran intragastric administration, implying that DSS treatment
could result in colonic barrier damage. Interestingly, SJZD (200, 400,
and 800 mg/kg/d) groups in a dose-dependent manner attenuated
serum FITC-dextran levels (Figure 4H). Occludin and ZO-1 both
belong to tight junction proteins (Fang et al., 2021) and serve as
mechanical barrier molecules that maintain intestinal mucosa
integrity, thereby The
changes in the expression of ZO-1 and occlusion could directly

safeguarding intestinal homeostasis.

mirror the intestinal barrier function. An immunofluorescence assay
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FIGURE 5

Expression of intestinal compact junction protein. (A) Representative immunofluorescence pictures of ZO-1 expression. (B) Representative

immunofluorescence pictures of occludin expression. (C) ZO-1 expression level statistics. (D) Occludin expression level statistics. (E) mMRNA expressions
of TIP1 (relative to control). (F) mRNA expressions of occludin (relative to control). The data were denoted as the mean + SD (n = 3). *p < 0.05, **p < 0.01,
and ***p < 0.001 compared to the DSS group.

was applied to test occludin and ZO-1 in colon tissue. In Figures
5A-D, occludin and ZO-1 in the DSS group were inferior to those in
the control group. In contrast, the expression of occludin and ZO-1
in the SJZD (200, 400, and 800 mg/kg/d) treated groups increased in
a dose-dependent manner. Consistent with the expression of serum
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FITC-dextran, SJZD could enhance the intestinal barrier function to
protect the tissue against UC. In addition, to further illustrate the
effect of SJZD on the intestinal epithelial barrier, we performed a
real-time PCR assay. As shown in Figures 5E, F, the mRNA
expressions of occludin and TJP1 in the SJZD groups also
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SJZD effect on gut microbiota diversity. (A) Dilution curves. (B) Venn diagram (n

index analysis.

increased in a dose-dependent manner. These results suggested that
SJZD could enhance tight junction proteins and reduce colon
permeability the of
barrier function.

to induce improvement intestinal

3.6 SJZD restored intestinal dysbacteriosis in
the UC mouse model

Research has revealed that enteric microorganism disorders are
related to decreased gut barrier function and the pathogenesis of UC
(Guo et al., 2020; Wang et al.,, 2023). Hence, 16S rRNA sequencing
was applied to draw the gut microbiota profile in UC mice and to
investigate the interventional role of SJZD on it. The dilution curves
are displayed in Figure 6A. Each curve in the dilution curve verges to
a plateau, which indicates that the sequencing data are sufficient, and
adding data only yields thimblefuls of new OTUs. On this basis,
566 OTUs were clustered from four groups of mouse fecal samples
(control, DSS, 5-ASA, and SJZD-H groups), and then a VENN map
was drawn using the OTU abundance table. As shown in Figure 6B,
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= 6). (C—=F) Simpson index, Chao l index, ACE index, and Shannon

there were 204 common OTUs in the four groups. Our results
indicate that relative to the control group, the diversity and
abundance of enteric microorganisms in mice treated with DSS
decreased (Figures 6C-F). Nevertheless, the SJZD intervention
ameliorated the decrease in gut microbiota diversity (Figures 6C-F).

NMDS was used to compare the microbial differences between
the groups. The results indicated a marked separation between the
DSS and control groups, confirming a significant difference in the
overall composition of the enteric microorganisms between the
control and DSS groups (stress = 0.091 < 0.2; NMDS analysis
results were reliable) (Figure 7A). Although there is a certain

degree of crossover between the 5-ASA, SJZD, and DSS groups,
some OTUs in the 5-ASA and SJZD groups are outside the range the
area of the DSS group. Then, the microbial composition in UC mice
was evaluated at both the phylum and genus levels. Figures 7B,C
show the top 10 gut microbes at the phylum level. In comparison to
the control group, the proportion of Bacteroidetes, Firmicutes, and
reduced, while the Proteobacteria and
Epsilonbacteraeota were increased in the DSS group. The 5-ASA

Actinobacteria was

or SJZD groups increased the abundance of Verrucomicrobia and
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the genus level between groups (n = 6).

Actinobacteria and decreased the abundance of Proteobacteria and
Epsilonbacteraeota with respect to the DSS group. Interestingly,
Verrucomicrobia was evidently enriched in the 5-ASA and SJZD
groups compared to the control and DSS (Figures 7B,C). Meanwhile,
the top 20 bacterial groups at the genus level are exhibited in Figures
7D,F. In comparison to the control group, the DSS group increased
Bacteroides, Helicobacter pylori, and Enterococcus while reducing
Leptospiraceae. NK4A136_

UCG-006.
Helicobacter in the SJZD group were much less than those in the

Group, Enterobacteriaceae, and

Leptospiridae_ Furthermore,  Bacteroides and
Turicibacter, Parabacteroides,
Lachnospiraceae_ NK4A136_group, Akkermansia,

and Lachnospiraceae_UCG-006 were more abundant in the SJZD

DSS group. Erysipelotrichia,
Lactobacillus,

groups compared to the DSS group (Figures 7D-F). The data
implied that SJZD could remodel gut microbiota homeostasis to
a certain extent.

Linear discriminant analysis effect size analysis (LEfSe) obtained
the evolutionary branch diagram and LDA value distribution
histograms shown in Figures 8A,B (LDA >2, p < 0.05).
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Enterobacteriaceae,  Enterobacteriales, =~ Gammaproteobacteria,
Enterococcaceae, and Enterococcus were enriched in the DSS
group. It can be used as a biomarker for the DSS

group. Verrucomicrobiales, Verrucomicrobiae, Verrucomicrobia

Akkermansiaceae, Akkermansia, Actinobacteria,
Corynebacterium_1, Corynebacteriaceae, and Corynebacteriales
were enriched in the 5-ASA group and could be used as
biomarkers in the 5-ASA group. At the same time, Escherichia_
Shigella,

distasonis, Erysipelotrichia, Erysipelotrichales, Erysipelotrichaceae,

Parabacteroides, Tannerellaceae, Parabacteroides_
and Lactobacillus_murinus were enriched in the SJZD group and
could be used as biomarkers of SJZD. Gut microbiota, a new
biomarker, is crucial in maintaining intestinal homeostasis (Chen
et al,, 2020). Bacteroidetes (Wang et al., 2021a), Lactobacillus (Pang
etal., 2021), Muribaculaceae (Hiraishi et al., 2022), Verrucomicrobia
(Kim et 2021), Akkermansia (Si et al, 2022), and
Erysipelotrichaceae (Mao 2021) can regulate pro-
inflammatory factor levels, short-chain fatty acids (SCFAs), and

al.,
et al,

butyrate production to maintain the gut barrier. Thus, the increase
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FIGURE 8

SJZD effect on the differential markers of the microbiota. (A) LDA scores histogram (LDA>2.0) (n =

of these probiotic bacteria is a pivotal sign reflected in UC recovery
after SJZD intervention. Meanwhile, the lack of probiotics or the
presence of pernicious bacteria such as Enterobacteriaceae (Lupp
et al., 2007), Proteobacteria (Wang et al., 2021b), Helicobacter
(Salvatori et al., 2023), and Enterococcus (Fiore et al.,, 2019) may
elevate the risk of amplifying inflammation and intestinal epithelial
injury. Taken together, SJZD could modulate or reverse the gut
microbiota composition.

3.7 Effect of SJZD on gut
microbiota functions

Enteric microorganisms play an essential role in an organism’s
physiology and disease development and can also regulate biological
functions in vivo (Wu et al., 2021). In this study, PICRUSt2 analysis
further predicts the impact of SJZD on microbiota functions
(Figures 9A,C). Metabolism, a functional category, was mainly
affected and abundance after DSS
intervention, thereby participating in the pathogenesis and
progression of UC. The abundance of metabolic markers, such as

increased in relative
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6). (B) LEfSe analysis cladogram (n = 6)

secondary bile acid biosynthesis, streptomycin biosynthesis,
D-glutamine, and D-glutamate
of vancomycin-group

peptidoglycan  biosynthesis,
metabolism, the biosynthesis
antibiotics, was notably increased in the DSS group compared to
the controls. However, SJZD intervention successfully suppressed
the abundance of these metabolic markers, but the results were not
significantly different (Figure 9B).

The impact of SJZD on the microbiota’s phenotypic function was
explored based on BugBase analysis. As shown in Figures 9D,F, Stress_
Tolerant, Contains_Mobile_Elements, Forms_Biofilms, Facultatively_
Anaerobic, Contains_Mobile_Elements, and Potentially_Pathogenic
had a higher abundance ratio in the DSS group compared to the
controls. The abundance of Gram_Negative and Aerobic did not change
much, while that of Gram Positive and Anaerobic decreased.
Interestingly, in comparison with the DSS group, the abundance
ratio of Stress_Tolerant, Potentially_Pathogenic, Facultatively_
Anaerobic, and Contains_Mobile_Elements was reduced after 5-ASA
and SJZD treatment. Meanwhile, the relative abundance levels of Gram_
Positive, Forms_Biofilms, Anaerobic, and Aerobic were enriched. These
results indicated that SJZD could modulate the microbiota phenotype
and functions in the intestine of UC mice.

and
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FIGURE 9

SJZD effect on microbiota function and phenotype in UC mice gut. (A) Abundance heatmap of microbiota function among samples (n = 6). (B)
Kruskal—Wallis analysis for the microbiota function (n = 6). (C) Abundance heatmap of the microbiota function between groups (n = 6). (D) Stream analysis
plot of phenotypic abundance. (E) Wilcoxon analysis of the microbiota phenotype (n = 6).

3.8 Analysis of data distribution
characteristics

Based on the clinical symptom parameters, inflammatory
factors, pathological scores, intestinal barrier function, intestinal
epithelial permeability indicators, and gut microbiota, the data of
each group were standardized relative to the DSS group, and then
statistical and cluster analyses were performed to investigate the
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regulation of data variation. As illustrated in Figures 10A,C, there
were clear differences in the distribution of data on intestinal barrier
function, intestinal epithelial permeability, and gut microbiota
between different interventions. Meanwhile, the cluster analysis
in Figure 10D showed that the indicators of each group showed
an obvious clustering phenomenon. Broadly speaking, the data in
the different treatment groups were classified into two clusters.
Therein, DSS belongs to one cluster, while control, 5-ASA, and SJZD
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belong to the other cluster. The above results suggested that SJZD
could reverse DSS-induced UC.

3.9 Correlation analysis between epithelial
barrier, inflammation, and gut microbiota

According to the LEfSe analysis, among bacteria with different
characteristics (LAD >2), the genus level occupied the largest
proportion, which implied that the genus level played a crucial
role in this research. On this basis, the top five genus-level bacteria
with the highest relative abundance were selected for analysis (Figures
10B, 11A). Compared to the control group, the abundance of
Bacteroides and  Helicobacter — increased, while that of
Lachnospiraceae_NK4A136_group and Alistipes decreased in the
DSS group. Interestingly, there was little change in Akkermansia
between the control and DSS groups. Compared with the DSS group,
the SJZD group increased the abundance of Akkermansia and
Lachnospiraceae_NK4A136_group while decreasing that of
Bacteroides and Helicobacter. In addition, the correlation between
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genus-level key microbiota and clinical parameters (such as UC
characteristics, inflammatory factors, intestinal barrier, and
permeability) was investigated to determine the latent effects of gut
microbiota in UC (Figure 11B). The results found that Bacteroides,
Lachnospiraceae_NK4A136_group, Akkermansia, Alistipes, and
Helicobacter were strongly correlated with clinical characteristics,
inflammatory factors, intestinal barrier proteins, and intestinal
epithelial permeability of UC. These outcomes indicated that those
microorganisms play an essential role in UC. However, whether there
is a correlation between the different indicators is unknown. Hence,
we further investigated the correlation between the significantly
enriched microbes, inflammatory cytokines and gut barrier
proteins, and clinical parameters based on Pearson correlation
analysis, respectively. As shown in Figures 12A,B, the genus-level
significant microbiota, inflammatory factors, and intestinal epithelial
barrier markers were both positively correlated with clinical features
(food ingestion, water ingestion, body weight variation, and colon
length). In contrast, these indices were negatively correlated with
colonic injury parameters (DAI score, histopathology score, and
morphology score). To ascertain the underlying association
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Pearson correlation analysis and differential genus-level microbiota. (A) Relative abundance (%) of Helicobacter, Bacteroides, Lachnospiraceae_
NK4A136_group, Akkermansia, and Alistipes. (B) Correlations among differential genus-level microbiota, UC clinical parameters, inflammatory cytokines,
gut mucosal barrier, and permeability indicators. The data were denoted as the mean + SD (n = 5) pattern. *p < 0.05, **p < 0.01, and ***p < 0.001 relative

to the DSS group.

between gut microbiota, gut barrier proteins, and inflammatory
cytokines, Pearson correlation analysis was performed on these
indicators (Figure 12C). The results displayed that the gut
microbiota was remarkably correlated with inflammatory cytokines
and gut barrier proteins. Similarly, the Sankey plot showed that there
was a prominent correlation between clinical parameters, gut
microbiota, inflammatory factors, and intestinal epithelial barrier
markers (Figure 12D). Therefore, the results presented by
Pearson’s analysis tentatively suggested that SJZD alleviated UC by
alleviating gut microbiota-mediated inflammation and intestinal
epithelial barrier damage.

4 Discussion

Increasing evidence suggests that the pathogenesis of UC is
connected with hereditary factors, intestinal barrier injury,
inflammatory disequilibrium, and microbial dysregulation. Based
on the reported regulatory effect of gut microbiota by SJZD in
disease prophylaxis and treatment, this paper proposed a reasonable
hypothesis that SJZD alleviates UC via improving gut microbiota-
mediated colorectal barrier dysfunction and inflammatory
disequilibrium. Our research findings found that SJZD could
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reduce inflammation, restore colorectal barrier function, and
improve the enteric permeability of UC mice by restoring
intestinal microbial balance. These data proved the feasibility of
this hypothesis with indisputable facts.

SJZD has been used in the clinical practice of gastrointestinal
diseases for more than 1,000 years (Huang et al, 2017). In the
preliminary preparation work, the research group conducted a
systematic study on the extraction, concentration, and drying of
SJZD and established a standardized preparation process. To ensure
the stability of SJZD, the present study investigated its chemical
metabolites using UHPLC-QTOF/MS. Thus, the controllability and
reproducibility of this study were ensured. Based on the TCM
theory, the primary pathogenesis of UC involves spleen-stomach
weakness and disorders of transport and digestion, which will
dissipate heat and change fire as time passes. It follows that
spleen-qi insufficiency is the fundamental reason for the
pathogenesis and pathogenic processes of UC. Therefore, SJZD,
as a traditional prescription for invigorating the body and
strengthening the spleen, should be the first choice for the
therapeutic regimen of UC (Tian et al., 2021). Our findings
confirmed that SJZD can indeed effectively prevent and treat UC.

Previous studies have shown that the DSS-induced UC mouse
model and UC patients similar ~ clinical

have extremely
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Correlations between multiple data points. (A) Correlations between significant flora and clinical parameters of UC. (B) Correlation analysis among

UC clinical parameters, inflammation factors, gut barrier, and permeability indicators. (C) Correlations between significant flora, inflammation, gut barrier,
and permeability indicators. (D) Sankey diagram of Pearson coefficients between significant flora, UC clinical parameters, inflammation, gut barrier, and
permeability with each other. *p < 0.05, **p < 0.01, and ***p < 0.001 relative to the DSS group.

manifestations (weight loss, bloody stool, and loose stool) and
histological changes (inflammatory factor infiltration, intestinal
epithelial barrier damage, and increased intestinal epithelial
permeability) (Guo et al., 2022). Therefore, the mouse model of
DSS-induced UC is the most widely applicable and easily described
IBD model (Dong et al., 2022b). Based on this, the impact of SJZD
on UC mice could be evaluated by key indicators such as clinical
parameters and histopathological changes. The research findings
showed that the DSS group showed clinical characteristics such as
bloody stool, loose stool, diarrhea, and weight loss, which could be
regarded as successful modeling. SJZD could reduce these clinical
characteristics in a dose-dependent manner. DSS could inhibit
enterocyte proliferation and damage intestinal immunologic
function to cause epithelial barrier dysfunction, colon length
shortening, and colon inflammation, which eventually leads to
UC (Yu et al,, 2016). Interestingly, SJZD and 5-ASA have similar
therapeutic effects in inhibiting colonic atrophy, reducing intestinal
mucosal edema, and preventing ulceration in mice. All those results
suggested that SJZD could be a vital drug to alleviate UC. However,
the UC mouse model used in our study was an acute UC model
caused by DSS, which did not reflect the dynamic process of disease
progression compared to the chronic UC model. Hence, the impact
of SJZD on DSS-induced chronic UC remains to be further studied.

UC is characterized by diffuse injury to the colonic mucosa and
an imbalance of inflammation (Dong et al., 2022a). The integrity of

Frontiers in Pharmacology

16

the intestinal epithelial barrier is influenced by the inflammatory
response. For example, inflammatory factors can aggravate tissue
infiltration of neutrophils and macrophages. The imbalance in the
inflammatory response contributes to the destruction of the
intestinal barrier, edema of the intestinal cavity, erosion of the
large intestinal mucosa, and finally the formation of ulcers (Li
et al., 2020). Therefore, the inflammatory response is a key link
in UC pathogenesis. Several studies have found that the presence of
pro-inflammatory cytokines and an imbalance in anti-inflammatory
cytokines hinder the elimination of inflammation (Wang et al.,
2021a). Our research uncovered that 5-ASA or SJZD dramatically
reduced the infiltration of inflammatory factors into mucosal or
submucosal tissues. In addition, SJZD in a dose-dependent manner
decreased pro-inflammatory cytokines. Although 5-ASA or SJZD
did not noticeably affect IL-10, it obviously decreased IL-6/IL-10, IL-
1B/IL-10, and TNF-a/IL-10. Taken together, these data confirmed
that SJZD could attenuate UC colonic injury by attenuating
inflammation, and the effect of ameliorating colonic injury was
dose-related.

The intestinal barrier is critical to protecting the host from
invasion by exogenous pathogens. The destruction of this barrier
may result in an increase in intestinal epithelial permeability and
intestinal leakage and promote the release of pathogenic bacteria
and toxins from the intestine into the blood (Guo et al., 2022). Tight
junctions are the structural basis of the mechanical barrier.
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Membrane-spanning protein (occludin) and cytosolic protein (ZO-
1) are involved in the construction of tight junctions (Fang et al.,
2021). The tight junction is a significant component in the
maintenance of the homeostatic balance of the colorectum, which
is able to resist pernicious substances and microorganisms. The
DSS-induced UC model is characterized by intestinal epithelial cell
injury and intestinal barrier dysfunction (Rui et al, 2021). The
present study showed that ZO-1 and occludin proteins were
evidently upregulated after SJZD intervention. The upregulation
of tight junction protein expression, a major determinant of
intestinal barrier function, offers another description of the SJZD
effect on anti-UC. Thus, SJZD has a favorable impact on intestinal
barrier ~ reconstruction in  addition to  the  anti-
inflammatory response.

The enteric microorganism constitutes the intestinal microbial
barrier. Increasing evidence has shown that gut microbiota plays a
pivotal role in the pathogenesis and progression of UC (Guo et al.,
2020; Wang et al., 2023). When the homeostasis between pathogenic
and probiotic bacteria is destroyed, the pathogen-induced
inflammatory response damages the tight junctions between
enterocytes (Lu et al, 2022). Meanwhile, the intact epithelial
barrier function hinges on the mutual effects among enteric
microbes (Guo et al, 2022). In short, enteric dysbacteriosis
results in an increase in enteral mucosal permeability, the release
of inflammatory cytokines, and the induction of gut barrier
which the pathogenesis
progression of UC. The imbalance of the gut microbiota is the
initial link and persistent factor for UC (Tian et al., 2021). Therefore,

re-establishing microbial homeostasis has been identified as one of

dysfunction, then promotes and

the key therapies for UC. It has been reported that a variety of drugs
can alleviate UC by remodeling the gut microbiota (Feng et al., 2022;
Wang et al., 2023). Based on this, we explored whether SJZD has an
advantage in reconstructing the microbiota in the UC mouse model.
According to the reports, the increased relative abundance of
Proteobacteria (Rizzatti et al., 2017), Helicobacter (Salvatori et al.,
2023), Enterobacteriaceae (Baldelli et al., 2021), and Enterococcus
(Fiore et al., 2019) is strongly associated with the massive activation
of inflammatory responses.

Proteobacteria, Epsilonbacteraeota, Bacteroides, Helicobacter,
and Enterococcus were enriched in the DSS group, suggesting an
imbalance of the gut microbiota in mice after DSS intervention.
Bacteroidota, Deferri-bacterota, Proteobacteria, Actinobacteria,
Firmicutes, and Desulfobacterota were the six center phyla of the
gut microbiota, of which Bacteroidetes and Firmicutes accounted for
over 95% of all (Wang et al., 2022). The literature has demonstrated
that Firmicutes/Bacteroidetes are positively related to intestinal
health (An et al, 2023). The present study shows that SJZD
could markedly increase the Firmicutes/Bacteroidetes ratio
compared to DSS, which implies that SJZD could regulate the
transformation of enteric microorganisms into normal gut
microbiota and promote gut health. Butyrate, the dominant
energy source for enterocytes, can stimulate enterocytes to
produce mucus, rearrange tight junction proteins, and improve
intestinal barrier function (Silva et al,, 2018). In this study, SJZD
enriched  several  butyrate-producing  florae, such as
Lachnospiraceae_NK4A136_group, Muribaculaceae (Dong et al.,
2022b), and Lachnospiraceae_ UCG-006.

pernicious bacteria with higher abundances were also found in

However, some

Frontiers in Pharmacology

17

10.3389/fphar.2024.1360972

the SJZD group, such as In addition,

Akkermansia, a bacterium of the phylum Verrucomicrobia that

Erysipelotrichia.

uses mucin as the main energy source, is considered to be a
candidate for
integrity,

metabolism and immunity (Si et al, 2022). We found that

promising  probiotic reducing inflammation,

maintaining  intestinal and  ameliorating  host
Verrucomicrobia was enriched after treatment with 5-ASA and
SJZD compared with DSS treatment. Our research suggested that
SJZD could reverse the imbalance of gut microbiota by enriching
probiotics or lessening pathogenic bacteria, thereby treating UC.

PICRUSt and BugBase were applicable to forecasting the
intestinal function and phenotype of the microbiota (Rottjers and
Faust, 2018). Although these two methods have limitations in some
aspects, PICRUSt gains the KEGG homology/pathway abundance
tables of samples (Douglas et al., 2020), and BugBase offers 16S-
based annotation and community genomics datasets. For this paper,
DSS mainly affected metabolic function categories, and most of
these effects were eliminated after SJZD intervention. Concurrently,
the phenotypes of the control, 5-ASA, DSS, and SJZD groups were
significantly different. The relative abundance of Stress_Tolerant,
Potentially_Pathogenic, Facultatively_Anaerobic, and Contains_
Mobile_Elements was higher in the DSS group. After 5-ASA and
SJZD treatment, these phenomena could be improved, and the
relative abundance of Gram_Positive, Forms_Biofilms, Anaerobic,
and Aerobic bacteria increased.

In order to understand the distribution of the study data, we
conducted data statistics and clustering analysis to find the data
distribution rule. The results confirmed that the distribution of
indicators in different intervention groups was different and that
there were obvious clustering phenomena. Among them, DSS
belongs to one cluster, while the control, 5-ASA, and SJZD groups
belong to another cluster. It is worth mentioning that in the control, 5-
ASA, and SJZD clusters, the control group belongs to one category,
while the 5-ASA and SJZD groups belong to the other, which indicates
that SJZD has the same effect as 5-ASA in relieving UC. To elucidate the
latent effect of the gut microbiota in UC, we performed a correlation
analysis between clinical parameters of UC and genus-level important
flora. The literature indicates that the correlation gets stronger as the
coefficient approaches an absolute value of 1 (Schober et al., 2018). Our
studies showed that Bacteroides, Helicobacter, Alistipes, Akkermansia,
and Lachnospiraceae_ NK4A136_group were strongly correlated with
UC characteristics, inflammatory factors, and intestinal barrier protein,
which suggests that SJZD could improve UC by regulating the gut
microbiota. To further clarify the relation between significant
microbiota, intestinal barrier proteins, and inflammatory factors, we
performed Pearson correlation analysis on these indicators separately.
The results implied a strong correlation among epithelial barrier
proteins, inflammatory factors, and gut microbiota. Therefore, we
can tentatively conclude that SJZD can alleviate UC by improving
gut
impairment.

microbiota-mediated  inflammation and intestinal barrier

Some limitations arising from limited time and space should be
mentioned. For example, the extract of SJZD in the present research
was a mixture of several metabolites. However, the most effective
anti-UC plant metabolite and its absorption and metabolism in vivo
are still unknown. Due to the short administration time of SJZD
administration in this experiment, whether there is organ toxicity

after long-term administration of SJZD has not been elucidated.
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Furthermore, the exact mechanism of the SJZD pathway for the
treatment of UC should be further investigated in detail. Therefore,
future studies could place emphasis on the isolation and metabolism
of key metabolites of SJZD and explore the mechanism of SJZD-
anti-UC in depth by gene silencing or gene knockout experiments.
Moreover, we also hope, in the future, to use metagenomics
sequencing techniques or fecal microbiota transplantation
experiments to further determine the role of gut microbiota in

the treatment of SJZD.

5 Conclusion

In conclusion, SJZD has a significantly curative effect on DSS-
induced acute UC. The relieving effect of SJZD on UC was achieved
by regulating the gut microbiota. The regulation of SJZD in the gut
microbiota can inhibit inflammation, remodel the intestinal barrier,
reduce intestinal epithelial permeability, and alleviate the clinical
symptoms of UC. Therefore, our findings suggest that SJZD, as a
potential medicine for UC, offers a novel curative approach for
relieving UC symptoms in modern medicine.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The animal study was approved by the Experimental Animal
Ethics Committee of Xuzhou Medical University. The study was
conducted in accordance with the local legislation and institutional
requirements.

Author contributions

HL: funding acquisition, methodology, project administration,
writing-original draft, and writing-review and editing. XP: data
curation, formal analysis, methodology, software, validation,
writing-original draft, and writing-review and editing. YL:
conceptualization, writing-original draft, and writing-review and
editing. XY: conceptualization, software, and writing-review and
editing. JL: conceptualization and writing-review and editing. LB:

References

An, J., Kwon, H., and Kim, Y. J. (2023). The firmicutes/bacteroidetes ratio as a risk
factor of breast cancer. J. Clin. Med. 12 (6), €2216. doi:10.3390/jcm12062216

Baldelli, V., Scaldaferri, F., Putignani, L., and Del Chierico, F. (2021). The role of
Enterobacteriaceae in gut microbiota dysbiosis in inflammatory bowel diseases.
Microorganisms 9 (4), 697. doi:10.3390/microorganisms9040697

Chams, S., Badran, R, Sayegh, S. E., Chams, N., Shams, A., and Hajj-Hussein, L.
(2019). Inflammatory bowel disease: looking beyond the tract. Int. J. Immunopathol.
Pharmacol. 33, 2058738419866567. doi:10.1177/2058738419866567

Frontiers in Pharmacology

18

10.3389/fphar.2024.1360972

conceptualization and  writing-review and editing. HW:
conceptualization and  writing-review and editing. YX:
conceptualization, funding acquisition, and writing-review and
editing. XL: conceptualization, funding acquisition, and

writing-review and editing. DZ: conceptualization, funding

acquisition, resources, and writing-review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. The research
was partly sustained by the Huai’an City Science and Technology
Program Project (HAB202211), the Natural Science Research Plan
of Huai’an (No. HAB202116), and the Project of Science and
Technology Development of the Affiliated Hospital of Xuzhou
Medical University (XYFM202248).

Acknowledgments

The authors are grateful to Professor Liang Jian Chinese
Medicine University of Guangzhou for assistance in the experiment.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors, or the
reviewers. Any product that may be evaluated in this article, or
any claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1360972/
full#supplementary-material

Chen, H,, Li, H,, and Liu, Z. (2020). Interplay of intestinal microbiota and mucosal
immunity in inflammatory bowel disease: a relationship of frenemies. Ther. Adv.
Gastroenterol. 13, 1756284820935188. doi:10.1177/1756284820935188

Dai, Z. F.,, Ma, X. Y., Yang, R. L., Wang, H. C,, Xu, D. D,, Yang, J. N, et al. (2021).
Intestinal flora alterations in patients with ulcerative colitis and their association with
inflammation. Exp. Ther. Med. 22 (5), 1322. doi:10.3892/etm.2021.10757

Dong, L., Du, H,, Zhang, M., Xu, H,, Pu, X,, Chen, Q, et al. (2022a). Anti-
inflammatory effect of Rhein on ulcerative colitis via inhibiting PI3K/Akt/mTOR

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2024.1360972/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2024.1360972/full#supplementary-material
https://doi.org/10.3390/jcm12062216
https://doi.org/10.3390/microorganisms9040697
https://doi.org/10.1177/2058738419866567
https://doi.org/10.1177/1756284820935188
https://doi.org/10.3892/etm.2021.10757
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1360972

Li et al.

signaling pathway and regulating gut microbiota. Phytother. Res. 36 (5), 2081-2094.
doi:10.1002/ptr.7429

Dong, L., Xie, J., Wang, Y., Jiang, H., Chen, K,, Li, D,, et al. (2022b). Mannose
ameliorates experimental colitis by protecting intestinal barrier integrity. Nat. Commun.
13 (1), e4804. doi:10.1038/s41467-022-32505-8

Douglas, G. M., Maffei, V.., Zaneveld, J. R., Yurgel, S. N., Brown, J. R,, Taylor, C. M.,
etal. (2020). PICRUSt2 for prediction of metagenome functions. Nat. Biotechnol. 38 (6),
685-688. d0i:10.1038/s41587-020-0548-6

Erben, U., Loddenkemper, C., Doerfel, K., Spieckermann, S., Haller, D., Heimesaat,
M. M, et al. (2014). A guide to histomorphological evaluation of intestinal
inflammation in mouse models. Int. J. Clin. Exp. Pathol. 7 (8), 4557-4576.

Fang, J., Wang, H., Zhou, Y., Zhang, H., Zhou, H., and Zhang, X. (2021). Slimy
partners: the mucus barrier and gut microbiome in ulcerative colitis. Exp. Mol. Med. 53
(5), 772-787. doi:10.1038/s12276-021-00617-8

Feng, W., Zhu, L., and Shen, H. (2022). Traditional Chinese medicine alleviates
ulcerative colitis via modulating gut microbiota. Evid. Based. Complement. Altern. Med.
2022, €8075344. doi:10.1155/2022/8075344

Fiore, E., Van Tyne, D., and Gilmore, M. S. (2019). Pathogenicity of enterococci.
Microbiol. Spectr. 7 (4), e10. doi:10.1128/microbiolspec. GPP3-0053-2018

Franzosa, E. A, Sirota-Madi, A., Avila-Pacheco, J., Fornelos, N., Haiser, H. J., Reinker,
S., etal. (2019). Gut microbiome structure and metabolic activity in inflammatory bowel
disease. Nat. Microbiol. 4 (2), 293-305. doi:10.1038/s41564-018-0306-4

Gao, B, Wang, R, Peng, Y., and Li, X. (2018). Effects of a homogeneous polysaccharide
from Sijunzi decoction on human intestinal microbes and short chain fatty acids in vitro.
J. Ethnopharmacol. 224, 465-473. doi:10.1016/j.jep.2018.06.006

Guo, M., Xing, D., Wang, J., Zhang, Y., Li, Z., and Jiao, X. (2023). Potent intestinal
mucosal barrier enhancement of nostoc communevaucher polysaccharide
supplementation ameliorates acute ulcerative colitis in mice mediated by gut
microbiota. Nutrients 15 (13), €3054. doi:10.3390/nu15133054

Guo, X, Xu, Y., Geng, R,, Qiu, J., and He, X. (2022). Curcumin alleviates dextran
sulfate sodium-induced colitis in mice through regulating gut microbiota. Mol. Nutr.
Food. Res. 66 (8), €2100943. doi:10.1002/mnfr.202100943

Guo, X. Y, Liu, X. ], and Hao, J. Y. (2020). Gut microbiota in ulcerative colitis: insights on
pathogenesis and treatment. J. Dig. Dis. 21 (3), 147-159. doi:10.1111/1751-2980.12849

Hiraishi, K., Zhao, F., Kurahara, L. H., Li, X,, Yamashita, T., Hashimoto, T., et al.
(2022). Lactulose modulates the structure of gut microbiota and alleviates colitis-
associated tumorigenesis. Nutrients 14 (3), €649. doi:10.3390/nu14030649

Hirten, R. P., and Sands, B. E. (2021). New therapeutics for ulcerative colitis. Annu.
Rev. Med. 72, 199-213. doi:10.1146/annurev-med-052919-120048

Hua, Y., Liu, R., Lu, M., Guan, X, Zhuang, S., Tian, Y., et al. (2021). Juglone regulates
gut microbiota and Th17/Treg balance in DSS-induced ulcerative colitis. Int.
Immunopharmacol. 97, €107683. doi:10.1016/j.intimp.2021.107683

Huang, C,, Zhu, Z.,, Cao, X,, Chen, X,, Fu, Y., Chen, Z, et al. (2017). A pectic
polysaccharide from Sijunzi decoction promotes the antioxidant defenses of sw480 cells.
Molecules 22 (8), e1341. doi:10.3390/molecules22081341

Kim, S., Shin, Y. C, Kim, T. Y., Kim, Y., Lee, Y. S, Lee, S. H., et al. (2021). Mucin
degrader akkermansia muciniphila accelerates intestinal stem cell-mediated epithelial
development. Gut. Microbes. 13 (1), 1-20. doi:10.1080/19490976.2021.1892441

Kobayashi, T., Siegmund, B., Le Berre, C., Wei, S. C., Ferrante, M., Shen, B., et al.
(2020). Ulcerative colitis. Nat. Rev. Dis. Prim. 6 (1), €74. doi:10.1038/s41572-020-0205-x

Le Berre, C., Roda, G., Nedeljkovic Protic, M., Danese, S., and Peyrin-Biroulet, L.
(2020). Modern use of 5-aminosalicylic acid compounds for ulcerative colitis. Expert.
Opin. Biol. Ther. 20 (4), 363-378. doi:10.1080/14712598.2019.1666101

Li, C, Ai, G, Wang, Y., Lu, Q,, Luo, C,, Tan, L., et al. (2020). Oxyberberine, a novel gut
microbiota-mediated metabolite of berberine, possesses superior anti-colitis effect:
impact on intestinal epithelial barrier, gut microbiota profile and TLR4-MyD88-NF-
kB pathway. Pharmacol. Res. 152, €104603. doi:10.1016/j.phrs.2019.104603

Liu, Y., Li, B. G, Su, Y. H,, Zhao, R. X, Song, P., Li, H,, et al. (2022). Potential activity
of traditional Chinese medicine against ulcerative colitis: a review. J. Ethnopharmacol.
289, €115084. doi:10.1016/j.jep.2022.115084

Lu, X,, Jing, Y., Zhang, N., and Cao, Y. (2022). Eurotium cristatum, a probiotic fungus
from fuzhuan brick tea, and its polysaccharides ameliorated dss-induced ulcerative
colitis in mice by modulating the gut microbiota. J. Agric. Food. Chem. 70 (9),
2957-2967. doi:10.1021/acs.jafc.1c08301

Lu, Y., Lin, H,, Zhang, J., Wei, J,, Sun, J., and Han, L. (2017). Sijunzi decoction
attenuates 2, 4, 6-trinitrobenzene sulfonic acid (tnbs)-induced colitis in rats and
ameliorates tnbs-induced claudin-2 damage via NF-kB pathway in caco2 cells. Bmc.
Complement. Altern. Med. 17 (1), e35. doi:10.1186/s12906-016-1549-3

Lupp, C., Robertson, M. L., Wickham, M. E., Sekirov, I., Champion, O. L., Gaynor, E.
C., et al. (2007). Host-mediated inflammation disrupts the intestinal microbiota and
promotes the overgrowth of Enterobacteriaceae. Cell. host. Microbe. 2 (3), e204. doi:10.
1016/j.chom.2007.08.002

Mao, J., Wang, D., Long, J., Yang, X,, Lin, ], Song, Y., et al. (2021). Gut microbiome is
associated with the clinical response to anti-PD-1 based immunotherapy in

Frontiers in Pharmacology

19

10.3389/fphar.2024.1360972

hepatobiliary cancers. J. Immunother. Cancer 9 (12), €003334. doi:10.1136/jitc-2021-
003334

Pang, B, Jin, H,, Liao, N,, Li, ], Jiang, C., Shao, D., et al. (2021). Lactobacillus
rhamnosus from human breast milk ameliorates ulcerative colitis in mice via gut
microbiota modulation. Food. Funct. 12 (11), 5171-5186. doi:10.1039/d0fo03479g

Rizzatti, G., Lopetuso, L. R, Gibiino, G., Binda, C., and Gasbarrini, A. (2017).
Proteobacteria: a common factor in human diseases. Biomed. Res. Int. 2017,
€9351507. doi:10.1155/2017/9351507

Réttjers, L., and Faust, K. (2018). From hairballs to hypotheses-biological insights from
microbial networks. FEMS. Microbiol. Rev. 42 (6), 761-780. doi:10.1093/femsre/fuy030

Rui, X,, Li, J,, Yang, Y., Xu, L, Liu, Y., Zhang, M,, et al. (2021). Painong San, a
traditional Chinese compound herbal medicine, restores colon barrier function on DSS-
induced colitis in mice. Evid. Based. Complement. Altern. Med. 2021, €2810915. doi:10.
1155/2021/2810915

Salvatori, S., Marafini, I, Laudisi, F., Monteleone, G., and Stolfi, C. (2023).
Helicobacter pylori and gastric cancer: pathogenetic mechanisms. Int. J. Mol. Sci. 24
(3), €2895. doi:10.3390/ijms24032895

Schober, P., Boer, C., and Schwarte, L. A. (2018). Correlation coefficients: appropriate
use and interpretation. Anesth. Analg. 126 (5), 1763-1768. doi:10.1213/ANE.
0000000000002864

Schoultz, I, and Keita, A. V. (2020). The intestinal barrier and current techniques for
the assessment of gut permeability. Cells 9 (8), €1909. doi:10.3390/cells9081909

Shi, Y., Zhu, H,, Li, R, Wang, D., Zhu, Y., Hu, L, et al. (2019). Effect of
polysaccharides from Sijunzi decoction on Ca*" related regulators during intestinal
mucosal restitution. Phytomedicine. 58, €152880. doi:10.1016/j.phymed.2019.152880

Si, J., Kang, H., You, H. J,, and Ko, G. (2022). Revisiting the role of akkermansia
muciniphilaas a therapeutic bacterium. Gut. Microbes. 14 (1), €2078619. doi:10.1080/
19490976.2022.2078619

Silva, J. P. B., Navegantes-Lima, K. C., Oliveira, A. L. B., Rodrigues, D. V. S., Gaspar, S.
L. F, Monteiro, V. V. S, et al. (2018). Protective mechanisms of butyrate on
inflammatory bowel disease. Curr. Pharm. Des. 24 (35), 4154-4166. doi:10.2174/
1381612824666181001153605

Tian, S. W., Zhang, Y. L., Wang, B,, Liu, J. P, Wang, C., and Zhang, J. (2021). Clinical
efficacy and safety of modified Sijunzi decoction for the treatment of ulcerative colitis: a
protocol for a systematic review and meta-analysis. Medicine 100 (4), €23703. doi:10.
1097/MD.0000000000023703

Wang, M, Fu, R, Xu, D,, Chen, Y, Yue, S, Zhang, S,, et al. (2023). Traditional Chinese
medicine: a promising strategy to regulate the imbalance of bacterial flora, impaired intestinal
barrier and immune function attributed to ulcerative colitis through intestinal microecology.
J. Ethnopharmacol. 318, e116879. doi:10.1016/j.jep.2023.116879

Wang, Q., Wang, C,, Tian, W., Qiu, Z., Song, M., Cao, Y., et al. (2022). Hydroxytyrosol
alleviates dextran sulfate sodium-induced colitis by modulating inflammatory
responses, intestinal barrier, and microbiome. J. Agric. Food. Chem. 70 (7),
2241-2252. doi:10.1021/acs.jafc.1c07568

Wang, T., Feng, Y., Wang, H., Huo, G., Cai, Y., Wang, L., et al. (2020). The
mechanisms of Sijunzi decoction in the treatment of chronic gastritis revealed by
network pharmacology. Evid. Based. Complement. Altern. Med. 2020, ¢8850259. doi:10.
1155/2020/8850259

Wang, Y., Tao, H., Huang, H., Xiao, Y., Wu, X, Li, M,, et al. (2021a). The dietary
supplement Rhodiola crenulata extract alleviates dextran sulfate sodium-induced colitis
in mice through anti-inflammation, mediating gut barrier integrity and reshaping the
gut microbiome. Food. Funct. 12 (7), 3142-3158. doi:10.1039/d0f0o03061a

Wang, Y., Zhu, H., Wang, X,, Yu, Y., and Xie, J. (2021b). Natural food polysaccharides
ameliorate inflammatory bowel disease and its mechanisms. Foods 10 (6), €1288. doi:10.
3390/foods10061288

Wirtz, S., Popp, V., Kindermann, M., Gerlach, K., Weigmann, B., Fichtner-Feigl, S.,
et al. (2017). Chemically induced mouse models of acute and chronic intestinal
inflammation. Nat. Protoc. 12 (7), 1295-1309. doi:10.1038/nprot.2017.044

Wu, T, Shen, M., Yu, Q,, Chen, Y., Chen, X,, Yang, J, et al. (2021). Cyclocarya
paliurus polysaccharide improves metabolic function of gut microbiota by regulating
short-chain fatty acids and gut microbiota composition. Food. Res. Int. 141, e110119.
doi:10.1016/j.foodres.2021.110119

Wu, Y., Zheng, Y., Wang, X,, Tang, P., Guo, W., Ma, H,, et al. (2023). Ginseng-
containing Sijunzi decoction ameliorates ulcerative colitis by orchestrating gut

homeostasis in microbial modulation and intestinal barrier integrity. Am. J. Chin.
Med. 51 (3), 677-699. doi:10.1142/S0192415X23500325

Yu, W, Lu, B,, Zhang, H.,, Zhang, Y., and Yan, J. (2016). Effects of the Sijunzi
decoction on the immunological function in rats with dextran sulfate-induced ulcerative
colitis. Biomed. Rep. 5 (1), 83-86. doi:10.3892/br.2016.678

Zhang, Q., Guo, J.]., Yau, Y. M., Wang, Y. ], Cheng, Y. B., Tuo, X,, et al. (2021). Effect
of Huanglian Decoction on the intestinal microbiome in stress ulcer (su) mice. Evid.
Based. Complement. Altern. Med. 2021, €3087270. doi:10.1155/2021/3087270

Zhang, W., Zou, G,, Li, B, Du, X,, Sun, Z,, Sun, Y., et al. (2020). Fecal microbiota
transplantation (FMT) alleviates experimental colitis in mice by gut microbiota
regulation. J. Microbiol. Biotechnol. 30 (8), 1132-1141. doi:10.4014/jmb.2002.02044

frontiersin.org


https://doi.org/10.1002/ptr.7429
https://doi.org/10.1038/s41467-022-32505-8
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1038/s12276-021-00617-8
https://doi.org/10.1155/2022/8075344
https://doi.org/10.1128/microbiolspec.GPP3-0053-2018
https://doi.org/10.1038/s41564-018-0306-4
https://doi.org/10.1016/j.jep.2018.06.006
https://doi.org/10.3390/nu15133054
https://doi.org/10.1002/mnfr.202100943
https://doi.org/10.1111/1751-2980.12849
https://doi.org/10.3390/nu14030649
https://doi.org/10.1146/annurev-med-052919-120048
https://doi.org/10.1016/j.intimp.2021.107683
https://doi.org/10.3390/molecules22081341
https://doi.org/10.1080/19490976.2021.1892441
https://doi.org/10.1038/s41572-020-0205-x
https://doi.org/10.1080/14712598.2019.1666101
https://doi.org/10.1016/j.phrs.2019.104603
https://doi.org/10.1016/j.jep.2022.115084
https://doi.org/10.1021/acs.jafc.1c08301
https://doi.org/10.1186/s12906-016-1549-3
https://doi.org/10.1016/j.chom.2007.08.002
https://doi.org/10.1016/j.chom.2007.08.002
https://doi.org/10.1136/jitc-2021-003334
https://doi.org/10.1136/jitc-2021-003334
https://doi.org/10.1039/d0fo03479g
https://doi.org/10.1155/2017/9351507
https://doi.org/10.1093/femsre/fuy030
https://doi.org/10.1155/2021/2810915
https://doi.org/10.1155/2021/2810915
https://doi.org/10.3390/ijms24032895
https://doi.org/10.1213/ANE.0000000000002864
https://doi.org/10.1213/ANE.0000000000002864
https://doi.org/10.3390/cells9081909
https://doi.org/10.1016/j.phymed.2019.152880
https://doi.org/10.1080/19490976.2022.2078619
https://doi.org/10.1080/19490976.2022.2078619
https://doi.org/10.2174/1381612824666181001153605
https://doi.org/10.2174/1381612824666181001153605
https://doi.org/10.1097/MD.0000000000023703
https://doi.org/10.1097/MD.0000000000023703
https://doi.org/10.1016/j.jep.2023.116879
https://doi.org/10.1021/acs.jafc.1c07568
https://doi.org/10.1155/2020/8850259
https://doi.org/10.1155/2020/8850259
https://doi.org/10.1039/d0fo03061a
https://doi.org/10.3390/foods10061288
https://doi.org/10.3390/foods10061288
https://doi.org/10.1038/nprot.2017.044
https://doi.org/10.1016/j.foodres.2021.110119
https://doi.org/10.1142/S0192415X23500325
https://doi.org/10.3892/br.2016.678
https://doi.org/10.1155/2021/3087270
https://doi.org/10.4014/jmb.2002.02044
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1360972

	Sijunzi decoction alleviates inflammation and intestinal epithelial barrier damage and modulates the gut microbiota in ulce ...
	1 Introduction
	2 Materials and methods
	2.1 Materials and reagents
	2.2 Preparation of the Sijunzi decoction extract
	2.3 Instruments and conditions
	2.4 Animals
	2.5 UC model and intervention
	2.6 Disease activity index
	2.7 Histological evaluation
	2.8 Cytokine detection
	2.9 Immunofluorescence assay
	2.10 Real-time PCR for mRNA expressions
	2.11 Gut microbiota analysis
	2.12 Statistical analysis

	3 Results
	3.1 Basic characterization of the chemical metabolites of SJZD
	3.2 SJZD relieved clinical symptoms
	3.3 SJZD alleviated colonic injury
	3.4 SJZD-regulated inflammatory factor secretion
	3.5 SJZD enhanced the intestinal epithelial barrier function
	3.6 SJZD restored intestinal dysbacteriosis in the UC mouse model
	3.7 Effect of SJZD on gut microbiota functions
	3.8 Analysis of data distribution characteristics
	3.9 Correlation analysis between epithelial barrier, inflammation, and gut microbiota

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


