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Background: Traditional Chinese medicine (TCM) has the advantage of multi-component and multi-target, which becomes a hot spot
in the treatment of numerous diseases. Shaoyao decoction (SYD) is a TCM prescription, which is mainly used to treat damp-heat
dysentery clinically, with small side effects and low cost. However, its mechanism remains elusive. The purpose of this study is to
explore the mechanism of SYD in the treatment of mice with ulcerative colitis (UC) induced by dextran sulfate sodium (DSS) through
metabolomics and network pharmacology, and verify through molecular docking and immunohistochemistry, so as to provide
a scientific basis for the role of SYD in the treatment of UC.

Materials and Methods: Firstly, DSS-induced UC models were established and then untargeted metabolomics analysis of feces,
livers, serum and urine was performed to determine biomarkers and metabolic pathways closely related to the role of SYD. Besides,
network pharmacology was applied to screen the active components and UC-related targets, which was verified by molecular docking.
Finally, metabonomics and network pharmacology were combined to draw the metabolite-pathway-target network and verified by
immunohistochemistry.

Results: Metabolomics results showed that a total of 61 differential metabolites were discovered in SYD-treated UC with 3 main metabolic
pathways containing glycerophospholipid metabolism, sphingolipid metabolism and biosynthesis of unsaturated fatty acids, as well as 8
core targets involving STAT3, IL1B, IL6, IL2, AKT1, IL4, ICAM1 and CCND1. Molecular docking demonstrated that the first five targets
had strong affinity with quercetin, wogonin, kaempferol and baicalein. Combined with metabolomics and network pharmacology,
sphingolipid signaling pathway, PI3K/AKT-mTOR signaling pathway and S1P3 pathway were identified as the main pathways.
Conclusion: SYD can effectively ameliorate various symptoms and alleviate intestinal mucosal damage and metabolic disorder in DSS
induced UC mice. Its effect is mainly related to sphingolipid metabolism, PI3K/AKT-mTOR signaling pathway and S1P3 pathway.
Keywords: metabolomics, UPLC-Q-TOF-MS, network pharmacology, Shaoyao decoction, ulcerative colitis

Introduction

UC is a chronic, nonspecific intestinal inflammatory disease that belongs to category of “diarrhea” and “dysentery” in TCM,'
with typical clinical symptoms of recurrent diarrhea, mucopurulent bloody stools, and abdominal pain.” The etiology is
unknown, mainly related to the interaction of multiple factors such as environment, genetics and intestinal microecology,
which lead to an abnormal immune imbalance in the intestinal tract.’ Currently, the drug treatments of UC mainly include
5-aminosalicylic acid drugs, steroids, immunomodulators and biological agents.> ® However, complementary and alternative
therapies, containing TCM, dietary supplements, probiotics, and mind/body interventions,” are becoming a novel strategy for
treating UC, due to the side effects and adverse reactions such as drug dependence, drug resistance and decreased immune

function. Among them, TCM has been manifested to have potential advantages owing to its clinical application and low

s, 1,2,8-11
tOXlClty. ?
Drug Design, Development and Therapy 2022:16 3739-3776 3739
Received: 18 May 2022 © 2022 Wu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 27 September 2022
P b|'ph d: 27 O p[ ber 2022 you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
ublished: ctober permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-1269-7883
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Wu et al Dove

SYD, a well-known traditional Chinese medicine formula, possesses the functions of clearing heat and drying
dampness, as well as regulating Qi and blood, and mainly focus on the treatment of damp-heat dysentery clinically.®
SYD consists of nine herbs, containing Paconiae Radix Alba (Chinese name: Shaoyao), Angelicae Sinensis Radix
(Chinese name: Danggui), Coptidis Rhizoma (Chinese name: Huanglian), Scutellariae Radix (Chinese name: Huangqin),
Glycyrrhizae Radix et Rhizoma (Chinese name: Gancao), Arecae Semen (Chinese name: Binglang), Aucklandiae Radix
(Chinese name: Muxiang), Rhei Radix et Rhizome (Chinese name: Dahuang), Cinnanmomi Cortex (Chinese name:
Rougui), in a ratio of 30:15:15:15:6:6:6:9:5.°

Many studies have shown that these herbs contained many bioactive compounds with anti-inflammatory and
antioxidant activities.'® A study has indicated that glycyrrhizic acid extract and its active ingredients are able to inhibit
the free of pro-inflammatory mediators NO, IL1p and IL6 by mouse macrophages.'? Berberine, the active ingredient of
Coptidis Rhizoma, can reduce the inflammatory response in UC and protect intestinal epithelial cells from damage.'* One
of the main components of Rhei Radix et Rhizome, rhein, can eliminate the enhanced intestinal permeability caused by
uric acid, regulate the intestinal microbiota, and relieve intestinal inflammation.'* SYD protects gut barrier function by
adjusting the mucus layer genes MUC1, MUC2, MUC4 and TFF3, along with the epithelial barrier genes zonula
occludens-1 (ZO-1) and Occludin.?

It is noteworthy that the key active components and targets of SYD are still unknown. Moreover, despite the known
therapeutic effects of SYD, its molecular mechanism has not been fully elucidated and requires further study.’

Based on the complex chemical compositions and multi-target as well as multi-level characteristics of TCM, new
methods such as network pharmacology and metabolomics have been created to explore the mechanism of drugs on diseases.

On the one hand, metabolomics is a new discipline that simultaneously conducts qualitative and quantitative analysis
of all low-molecular-weight metabolites of a certain organism or cell in a specific physiological period. Ultra-
performance liquid chromatography-quadrupole-time of flight-mass spectrometry (UPLC-Q-TOF-MS) has been widely
used in drug multicomponent analysis and metabolite research owing to its high resolution, precision and sensitivity,'>
which can provide primary and secondary fragment ion information of small molecule metabolites, with the ability to
help us quickly analyze metabolite structures, laying the foundation for metabolite identification. Through metabolomic
analysis, we can understand which metabolic pathways are mainly restored by SYD, such as glycerophospholipid
metabolism and sphingolipid metabolism. Notably, plasma, feces, urine, et cetera can all be detected by metabolomics.

It has been confirmed that UC pathogenesis is associated with metabolic disorders,'*'®

the gut microbiota also
produces many important metabolites containing short-chain fatty acids, biotin and vitamin K.'” However, there are few
studies on metabolic changes during the treatment of colitis with SYD. Therefore, it is beneficial to study the metabolite
changes during the pathogenesis and treatment of UC to help us further understand the pathogenesis of UC and the
underlying therapeutic mechanisms of SYD.

On the other hand, network pharmacology is a new discipline, which discusses the mechanism of drug therapy by
constructing a component-target network, suitable for the study of Chinese medicine compounds.

Molecular docking is a method to predict the binding affinity between protein receptors and small molecule ligand.'®
Binding energy lower than 0 indicates that the two molecules have the ability to bind spontaneously, and the smaller the
binding energy, the more stable the conformation.”

In this study, UC model was established in mice, and untargeted LC-MS-based metabolomic approach and network
pharmacology were used to evaluate the protective effect of SYD on UC, and to explore its mechanism. The flow chart of
the research process is displayed in Figure 1.

Materials and Methods

Main Chemicals and Reagents

DSS was purchased from MP Biomedicals (Irvine, CA, USA). LC-MS grade methanol and acetonitrile for extraction or
analysis were purchased from Merck KGaA (Darmstadt Germany). Ultrapure water was prepared by a Milli-Q water
purification system (Millipore, Bedford, MA, USA). LC-MS grade formic acid was obtained from Shanghai Aladdin
Biochemical Technology (Shanghai, China).
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After mixing Paeoniaec Radix Alba (30g), Angelicae Sinensis Radix (15g), Coptidis Rhizoma (15g), Scutellariae Radix
(15g), Glycyrrhizae Radix et Rhizoma (6g), Arecae Semen (6g), Aucklandiae Radix (6g), Rhei Radix et Rhizome (9g),
Cinnanmomi Cortex (5g), we soaked them in distilled water (1:10, w/v) for 30 minutes, boiled them for 1h, filtered them
with gauze, collected the filtrate, decocted the residue with distilled water (1:6, w/v) in the above method, then combined
the two filtrates, and concentrated them to 1 g/mL with a rotary evaporator at 60 °C.> Finally, the SYD oral solution was
stored in the refrigerator at 4 °C before intragastric administration to mice. All herbs were purchased from the Second
Affiliated Hospital of Zhejiang Chinese Medical University (Hangzhou, Zhejiang, China).
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Animals and Groups

A total of 40 8-week-old healthy male C57BL/6 mice (no specific pathogen, SPF) weighing 16-20g were bought from
Zhejiang Chinese Medical University Laboratory Animal Research Center. All mice were fed with standard pelleted feed
and free drinking water ad libitum under the standard laboratory conditions of controlled temperature (22 = 2 °C),
humidity (50 + 10%) and 12-hour light/dark cycle.® In addition to the above, they were acclimatized for 7 days before the
experiments we started. Moreover, the study was approved by the Ethics Committee of Zhejiang Chinese Medical
University (IACUC-20210531-02).

Forty mice were randomly divided into three groups: normal control (NC), model (UC), and SYD group, with 10
mice in the normal control group and 15 mice in the model group and SYD group. Then mice in the model group and
SYD group were given 3% DSS in drinking water for 7 days, respectively, to establish the DSS-induced UC model,
while mice in the normal control group were treated with water.” After the UC model was established, mice in the SYD
group were gavaged with 0.02mL/g SYD, whereas those in the control and model groups were gavaged with the same

volume of normal saline for 7 consecutive days, and all mice returned to normal drinking water.

Specimen Collection
Fecal samples of mice were gathered and stored at —80 °C on four time periods: Day 0, Day 7, Day 10 and Day 14. At
the end of the experiment, urine samples were collected after a 12-hours fast, after which all mice were sacrificed and
liver, serum samples were collected and stored at —80 °C for subsequent metabolomic analysis. The mouse colon tissues
were taken for histopathological analysis. During the experiment, the daily body weight and disease activity index (DAI)
of mice in each group were recorded.

During the experiment, the percentage of daily weight loss, stool consistency and occult blood or gross bleeding of mice in
each group were recorded to calculate the disease activity index (DAI). The scoring criteria of DAI are shown in Table 1.>'

Evaluation of Hematoxylin-Eosin (H-E) Staining

The colon tissues were fixed in polyoxymethylene solution. After fixation, dehydration, paraffin infiltration and embed-
ding, the sections were stained with H-E, and the histological score was calculated according to the degree of mucosal
epithelial injury and inflammatory cell infiltration. The pathological scoring criteria are displayed in Table 2.°

Preparation of Samples

Part of the prepared SYD samples were centrifuged at 12000g for 10 minutes, the supernatant was diluted to 100mg/mL
with methanol, sonicated for 15 minutes and centrifuged at 12000g for 10 minutes. Transfer the supernatant (80 pL) to
autosampler vials for subsequent analysis, and repeated for 3 times.

Prior to analysis, 100 uL of each collected serum sample per group was thawed at 4°C, and subsequently aliquoted
with 400 uL methanol to precipitate proteins. Stir the mixture ultrasonic for 15 minutes and centrifuge at 12,000 g for 10
minutes at 4°C. The supernatant (400 puL) was transferred to the EP tube and evaporated to dryness in a nitrogen stream
at 4 °C. Dissolve the residue with 100 pL methanol followed by vortexing for 60s and centrifuge at 12,000 g for 10

Table | Criteria for Scoring Disease Activity Index

Score Weight Loss (%) Stool Consistency Occult Blood or Gross Bleeding
0 None Normal Negative

| 1-5

2 5-10 Loose stool Hemoccult positive

3 10-15

4 >|5 Diarrhea Gross bleeding

Notes: Disease activity index = (combined score of weight loss, stool consistency and occult blood or gross bleeding)/3. Normal
stools: shape of pellets; loose stools: pasty stools that does not stick to the anus; diarrhea: liquid stools that sticks to the anus.
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Table 2 Evaluation of Pathological Score

Score Epithelial Cells Inflammatory Cell Infiltration

0 Normal form No infiltration

| Goblet cell loss Infiltration in basal layer of crypt

2 Large area loss of goblet cells Infiltration reaches the mucosal muscle layer

3 Crypt cells loss Infiltration deep into the mucosal muscle layer, accompanied by mucosal thickening and edema
4 Large area loss of crypt cells Infiltration to the submucosa

Note: The pathological score = combined score of epithelial score and inflammatory cell infiltration.

minutes. Transfer the supernatant (80 uL) to autosampler vials and run the instrument. Urine was processed in the same
way as serum.

100mg of each fecal sample was collected and thawed at 4°C, extracted with 1mL methanol, sonicated for 15
minutes, and then was centrifuged at 12,000g for 10 minutes, and the supernatant was obtained for UPLC-Q-TOF-MS
analysis. The liver samples were ground into powder separately in liquid nitrogen, and 100mg of each sample was
collected, following the same procedure as stool samples.

Standardization correction adopts the method of quality control (QC) sample standardization, and 10 puL of each
prepared sample was mixed as QC samples.'* QC samples have the ability to display the signal offset law in the process
of data acquisition, which is convenient to assess the constancy of the system in the whole process.

UHPLC-Q-TOF-MS Conditions

All samples were analyzed in both negative and positive mode on an ACQUITY UPLC HSS T3 column
(100 mm % 2.1 mm, 1.8 um; Waters Corporation, Ireland) at a flow rate of 0.3 mL/min, sample injection volume of 2.0
pL, the autosampler temperature of 4 °C and the column temperature of 40 °C.

Mobile phase A was 0.1% (V/V) formic acid/water and mobile phase B was 0.1% (V/V) formic acid/acetonitrile. The
linear gradient elution processes of SYD, fecal, liver, serum and urine samples were displayed in Tables 3 and 4. The
mass spectrum conditions of SYD, fecal, liver, serum and urine samples in positive and negative modes, respectively, are
shown in Table 5.

Before the start of the analysis, a blank sample was injected three times, after which a blank sample was injected
every 8 times and a QC sample every 10 times. All samples were randomly sequenced.

Untargeted Metabolomics Analyses

All data were obtained on MassLynx V4.1 (Waters Corporation, Milford, MA, USA) software, and then imported into
Progenesis QI V2.0 (Waters Corporation, Milford, MA, USA) software for data preprocessing, including baseline
filtering, peak identification, integration, retention time correction, peak alignment and normalization. Furthermore, on
the basis of accurate mass number, secondary fragments and isotopic distribution, the Human Metabolome Database

Table 3 The Gradient Elution Process of SYD

Time (Min) Elution Gradient
A% B%
0 98.0 2.0
2.00 95.0 5.0
10.00 85.0 15.0
15.00 75.0 25.0
18.00 50.0 50.0
23.00 0.0 100.0
25.00 98.0 2.0
30.00 98.0 2.0
Drug Design, Development and Therapy 2022:16 https: 3743
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Table 4 The Gradient Elution Process of Fecal,
Liver; Serum, Urine Samples

Time (Min) Elution Gradient
A% B%
0 80.0 20.0
2.00 80.0 20.0
12.00 48.0 52.0
18.00 350 65.0
22.00 10.0 90.0
26.00 80.0 20.0
30.00 80.0 20.0

Table 5 The Mass Spectrum Conditions of All Samples

Mass Spectrum Parameters SYD, Serum and Urine Samples Fecal and Liver Samples
Positive Mode Negative Mode Positive Mode Negative Mode

Capillary voltages (kV) 3.0 2.5 3.0 2.5
Sampling Cone (V) 40.0 40.0 40.0 40.0
Source Temperature (°C) 100.0 100.0 100.0 100.0
Desolvation Temperature (°C) 500.0 500.0 500.0 500.0
Cone Gas Flow (L/h) 100.0 100.0 86.0 100.0
Desolvation Gas Flow (L/h) 1000.0 1000.0 815.0 1000.0
Scan Time (s) 0.10 0.10 0.10 0.10
Interscan Time (s) 0.014 0.014 0.014 0.014
Mass range (m/z) 50-2000 50-2000 50-2000 50-2000

(HMDB, http://www.HMDB.ca), Lipid Maps (http://www.lipidmaps.org), NIST (https://www.nist.gov/) and ChemSpider
(http://www.chemspider.com/) were used to speculate and identify the compounds.

Later, import the data stabilized as normal distributions (Figures S1 and Q)B into SIMCA-pl4.1 software, select
pareto scaling for multivariate statistical analysis, including Principal Component Analysis (PCA), Partial Least Squares
Discriminant Analysis (PLS-DA) and Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA). The quality
of PLS-DA and OPLS-DA models were assessed by 10-fold cross-validation, analysis of variance of the cross-validated
residuals (CV-ANOVA), 200 permutation tests and Q> value.

Differential metabolites were screened by the combination of univariate analysis and multivariate analysis.
Metabolites with variable importance in the projection (VIP) >1 in OPLS-DA analysis and g-value less than 0.05 in
two sample #-test followed by false discovery rate (FDR) were selected as the differential compounds between the two
groups. Furthermore, metabolites with fold-change (FC) >2 or FC <0.5 were selected from the above differential
metabolites as significantly differential metabolites in this study. Receiver operating characteristics (ROC) curves were

applied to verify the accuracy of potential biomarkers.

These significantly altered metabolites were analyzed by MetaboAnalyst 5.0 (http:/www.metaboanalyst.ca/)'® for
20,21

pathway analysis.

Network Pharmacology Analysis
In the three databases of the gene map of the Online Mendelian Inheritance in Man (OMIM, https://OMIM.org/),
Therapeutic Target Database (http://db.idrblab.net/TTD/) and GeneCards (https://www.genecards.org/, score>20),
“ulcerative colitis” was used as the search term to screen candidate targets.

Through Traditional Chinese Medicine Systems Pharmacology (TCMSP, https://tcmspw.com/tcmsp.php) database, take the
names of various traditional Chinese medicines in SYD as the search words, drug-like properties (DL) >0.18 and oral availability
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(OB) >30% as the screening conditions to screen the effective components of every traditional Chinese medicines.”> The
predicted targets of the screened compounds were acquired from the DrugBank (https://www.drugbank.ca/) database and verified
literature.” After summarizing the targets, import them into UniProt database (https://www.uniprot.org/) to standardize the names

of genes and proteins.

Combine UC-related targets with SYD-related targets in Venny (htttps://bioinfogp.cnb.csic.es/tools/venny/), choose
the intersection genes as the key genes. In addition, use STRING 11.5 (https://STRING-db.org/) and Cytoscape 3.8.2 to
structure the protein—protein interaction (PPI) network. At the same time, the relevant active components were screened

by using the intersection target, the active component-target network was drawn by Cytoscape, and the connection
number between each node was calculated by NetworkAnalyzer, an analytical tool in Cytoscape. Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) were ran by R 4.1.0.

The identified metabolomic differential metabolites and targets were introduced into Integrated Molecular Pathway
Level Analysis (IMPaLA, http://impala.molgen.mpg.de/) and Cytoscape, then a compound-pathway-target network was

constructed to manifest the interaction between metabolites, pathways and genes.”’

Molecular Docking
Through the active component-target network, the four active ingredients with the largest degree were selected as the
ligands for molecular docking, and the three-dimensional structures of these active ingredients were obtained in
PubChem (https://www.ncbi.nlm.nih.gov/). The crystal structures of targets were acquired from the RCSB Protein
Data Bank (https://www.rcsb.org/). Altogether five targets were selected in this study, containing AKT1 (PDB ID:
1h10), IL1B (PDB ID: 2nvh), IL2 (PDB ID: 1m48), IL6 (PDB ID: 4ni9) and STAT3 (PDB ID: 6njs).

First of all, active ingredients were converted to pbdqt format using The Open Babel GUI 3.1.1 and AutoDockTools
1.5.7. Next, the target protein was imported into Pymol 2.5.2 and AutoDockTools for structural optimization, including

removal of water molecules, removal of small molecule ligands, and addition of hydrogen atoms and charges. Then,
molecular docking was performed using Autodock Vina, and the docking parameters are indicated in Table 6. Finally, the

highest scoring docking results were visualized in Pymol.>*

Immunohistochemistry

Colon tissue was taken to make paraffin sections (4um) for immunohistochemical staining. After deparaffinization to
water, the sections were repaired by microwave in citrate buffer (10mM citric acid, pH6.0). The sections were cooled
naturally and then transferred to Tris buffered saline (TBS; pH 7.4). Endogenous peroxidase activity was then blocked by
treatment with 3% hydrogen peroxide for 20 minutes and incubated with 5% BSA at room temperature for 30 minutes.
Next, the sections were treated with p-PI3K (YP0224, dilution ratio of 1:100, immunology), p-AKT (YP0864, dilution
ratio of 1:100, immunology), p-mTOR (YP0176, dilution ratio of 1:200, immunology) overnight at 4°C, respectively, and
the next day with HRP*Goat Anti Rabbit IgG (H+L) (RS0002, dilution ratio of 1:500, immunology) for 1 hour at room

temperature. Finally, color was developed with DAB and counterstained with hematoxylin.>>*

Table 6 The Molecular Docking Parameters

Targets X y z
STAT3 (6njs) Grid center 13.5 54.1 0.1
Size 20.0 30.7 22.0
ILIB (2nvh) Grid center 30.2 13.8 50.7
Size 12.4 12.4 1.9
IL6 (4cni) Grid center 1155 -21.9 -16.9
Size 11.8 12.4 12.4
IL2 (Im48) Grid center 1.3 14.3 =5.1
Size 14.7 25.6 20.3
AKTI (Ih10) Grid center 15.1 243 16.3
Size 154 18.7 19.9
Drug Design, Development and Therapy 2022:16 htps: 3745
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Statistical Analysis

All data were analyzed by SPSS 21.0 statistical software (IBM, USA). Two sample ¢-test was used for the comparison

between the two groups and one-way analysis of variance (ANOVA) was used for the comparison between the three

groups followed by a least significant difference (LSD) test. Kruskal-Wallis statistical test was used for the data of skew

distribution, and Bonferroni method was used to correct the p-value. The p-value less than 0.05 was considered

statistically significant.

Results
Components Analysis of SYD

For the purpose of identifying the main chemical comp

onents of SYD, the samples were analyzed by UPLC-Q-TOF-MS.

The total ion chromatograms (TIC) of SYD sample in positive and negative modes demonstrated the chemical

composition of all compounds.?” The results manife
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Figure 2 Identification of chemical components of SYD. SYD samples were examined by UPLC-Q-TOF-MS. Total ion chromatography (TIC) in positive (A) and negative (B)

modes for SYD samples are shown. (C) Molecular structure of compounds.
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The Effect of SYD on DSS-Induced UC
The weight of DSS-induced UC mice decreased significantly from the day 4 (P-value < 0.001). After SYD treatment, the weight
loss trend of mice was slightly improved (Figure 3A). In addition, the DAI score (Figure 3B) in the model group was significantly
higher than normal group and SYD group (P-value < 0.05), and the colon length (Figure 3C and D) in the model group was
significantly shorter than that in the normal group and SYD group (P-value < 0.05), accompanied by a certain degree of edema.
The results of H-E staining (Figure 4A) displayed that inflammatory cell infiltration and crypt loss or deformation
appeared in the colon tissue of the model group, and the pathological injury score (Figure 4B) of the model group was
significantly higher than that of the normal group (P-value < 0.05). The related symptoms in the colon of SYD mice were
alleviated compared with the model group (P-value < 0.05).
Taken together, SYD is capable of effectively treating UC in mice and improve the symptoms of UC related bloody
stool and mucosal damage.

Untargeted LC-MS-Based Metabolomic Analysis of Fecal, Liver, Serum and Urine
Samples of Mice After SYD Treatment

After sample collection, untargeted metabolomics analysis was conducted on fecal, liver, serum and urine samples,
respectively, by LC-MS in both positive and negative ion mode. Subsequently, 15838, 7853, 11534, 9088 features
were detected in positive ion mode, as well as 13435, 8601, 5452, 11682 features in negative ion mode, respectively.
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A
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e
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Figure 3 SYD ameliorated UC mice induced by DSS. (A) Body weight change. (B) Disease activity index. (C) Colon length. (D) Representative colon images from each
group. ¥¥p<0.01, ¥p<0.001, compared to normal group; #p<0.05, *p<0.01, #*p<0.001, compared to model group.
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Figure 4 Histopathological changes. (A) H-E staining images of colonic tissues in normal group, model group and SYD group. Arrows refer to more inflammatory cell
infiltration and crypt loss. (B) Histological score. *p<0.001, compared to normal group; “*#p<0.001, compared to model group.

Figure 5 shows that the change trend of fecal samples on Day 0, Day 7, Day 10, and Day 14 was consistent with each
node of this experiment. Before modeling (Day 0, Figure SA and E), the PCA images of the three groups were clustered
together without obvious separation; after modeling (Day 7, Figure 5B and F) and during the SYD treatment (Day 10,
Figure 5C and G), the UC group and the SYD group gradually separated, and they were obviously separated from the NC
group. After treatment (Day 14, Figure 5D and H), the three groups were well separated, suggesting that there were
significant differences in metabolites among the three groups.

Surprisingly, our experimental results showed that Day 7 (Figure 5B and F) had better between-group separation than
Day 10 (Figure 5C and G). As far as we are concerned, it may be because ulcerative colitis tends to heal on its own. On
the Day 7 (Figure 5B and F), the content of some metabolites in the feces of ulcerative colitis mice had begun to turn to
normal, with similar changes with the Day 10 (Figure 5C and G), resulting in a less obvious separation trend on the
10th day. However, on the Day 14 (Figure 5D and H), the therapeutic effect of the SYD exceeded the self-healing effect
of ulcerative colitis, leading to a very obvious separation trend.

QC samples were used to evaluate the stability and reproducibility of metabolomics, and the results revealed that the
instrument had high stability and the method was reproducible. Simultaneously, the PCA images of the SYD group at Day 0,
Day 7, Day 10 and Day 14 (Figure 6) indicated that the samples at the four time points were well separated as well.

The PCA plots (Figure 7) show that the serum samples in positive ion mode, liver and urine samples in each group can be
separated, suggesting that the metabolites in the above tissues in UC mice were different from those in normal tissues and can be
regulated by SYD. It can be seen in the figure that most of the QCs were clustered together, indicating that the instrument ran
stably and the data was reliable during the analysis process, and the differences in the metabolic profiles obtained in the
experiment can reflect the biological differences between the samples. It is worth noting that the three groups of PCA plots in
serum negative ion mode did not manifest a clear separation trend. Figure S3 indicates the representative TIC plots of each group,
respectively. These results indicated that the endogenous metabolic spectrum of serum, urine, feces and liver in mice with
ulcerative colitis has significantly changed compared with that of normal mice, and has obvious changes after SYD treatment.**

A supervised multivariate statistical analysis was performed using OPLS-DA plot to screen for differential metabo-
lites. In the OPLS-DA diagrams of most samples, there was a clear separation between NC group and UC group, as well
as UC group and SYD group (Figures 8-11). P-value was tested with the CV-ANOVA method. The PLS-DA plots are
shown in Figures S4-S7.

3748 e Drug Design, Development and Therapy 2022:16

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=375281.docx
https://www.dovepress.com/get_supplementary_file.php?f=375281.docx
https://www.dovepress.com/get_supplementary_file.php?f=375281.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Wu et al

A Minc B Binc
20000 a i
L4 e 200001 Wso
150009 Wuc HWuc
[ ]
100004
10000
5000
T )
-5000
10000
-100009 0000
-150004
-20000
-200009
-30000  -20000  -10000 0 10000 20000 30000 40000 50000 -50000 -40000 -30000 -20000 -10000 O 10000 20000 30000 40000 50000
11 11
R2X[1] = 0.204 R2x[2] = 0.123 R2X[1] = 0.346 R2X[2] = 0.124
Minc Minc
° Qc ac
40000 Mo Mo
" 40000 uc
30000 u -
20000 20000
[
10000
s @ [ ] ° s
S ‘ L J
-100009 -20000-
-20000
-40000-]
-30000
-50000 -40000 -30000 -20000 -10000 O 10000 20000 30000 40000 50000 -60000 -40000 -20000 0 20000 40000 60000
11 1)
R2X[1] = 0.312 R2X[2] = 0.199 R2X[1] = 0.29 R2X[2] = 0.254
Binc BWinc
Qc ac
200009
Mso 300007 . Wso
150009 Wuc Wuc
100009 200007
5000
10000+
g S
-50009
-10000 ~10000
-150009
~20000
-200009
-30000 -20000 ~10000 0 10000 20000 30000 -40000  -30000  -20000  -10000 0 10000 20000 30000 40000
Lyl 11
R2X[1] = 0.282 R2X[2] = 0.172 R2X[1] = 0.358 R2X[2] = 0.144

G Binc H Binc

[ ]
1 Qc Qc
40000 Msvo Wso
20000 Huc 40000 Huc
20000
20000

100009

[ONNE g

~10000

20000 -20000

-30000
-40000

-40000 L]

-60000  -40000  -20000 0 20000 40000 60000 80000 ~100000 -80000 -60000 -40000 -20000 O 20000 40000 60000 80000 100000
1] (1]
R2X[1] = 0.355 R2X[2] = 0.264 R2X[1] = 0.363 R2x[2] = 0.139

Figure 5 PCA score plots of feces metabolic profiling between normal, model and SYD group during the day 0, day 7, day 10 and day 14. (A) Fecal samples collected in
the day 0 in positive mode. (B) Fecal samples collected in the day 7 in positive mode. (C) Fecal samples collected in the day 10 in positive mode. (D) Fecal samples collected
in the day 14 in positive mode. (E) Fecal samples collected in the day 0 in negative mode. (F) Fecal samples collected in the day 7 in negative mode. (G) Fecal samples
collected in the day 10 in negative mode. (H) Fecal samples collected in the day 14 in negative mode.

From Table 7, P-value was less than 0.05 in most of the models, demonstrating that the model is valid. However, the
P value of the serum samples of the SYD group vs UC group was more than 0.05 in the positive ion mode in both PLS-
DA model and OPLS-DA model, which may be due to the fact that the sample size was so small as to reduce the test
efficiency. It can be known from the 200 permutation tests that the R2 and Q2 values of different groups (Table 7)
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Figure 6 PCA score plots of feces metabolic profiling in SYD group during the day before the experiment, day 7, day 10 and day 4. (A) Fecal samples of SYD group
detected in positive mode. (B) Fecal samples of SYD group detected in negative mode.
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Figure 7 PCA score plots of livers, serum and urine metabolic profiling between normal, model and SYD group. (A) Liver samples detected in positive mode. (B) Liver
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Urine samples detected in negative mode.
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Figure 8 Metabolite changes in fecal samples. (A and B) OPLS-DA plot of the normal and model groups in positive mode. (C and D) OPLS-DA plot of the SYD and model
groups in positive mode. (E and F) OPLS-DA plot of the normal and model groups in negative mode. (G and H) OPLS-DA plot of the SYD and model groups in negative
mode. (B, D, F and H) Validation of the corresponding OPLS-DA model by the 200-time permutation test.

demonstrated that the PLS-DA model and the OPLS-DA model were not overfitted, and the results had high accuracy,
indicating that this analysis was reliable and effective.

Next, in order to dig out the different metabolites in each tissue, we combined the positive and negative ion mode to
analyze each sample separately.
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Figure 9 Metabolite changes in liver tissues. (A and B) OPLS-DA plot of the normal and model groups in positive mode. (C and D) OPLS-DA plot of the SYD and model
groups in positive mode. (E and F) OPLS-DA plot of the normal and model groups in negative mode. (G and H) OPLS-DA plot of the SYD and model groups in negative
mode. (B, D, F and H) Validation of the corresponding OPLS-DA model by the 200-time permutation test.

A total of 124 metabolites with significant difference (VIP>1, Q-value<0.05, FC(NC/UC)>2 or <0.5, Table S1) were
found in fecal samples between NC group and UC group, among which 58 metabolites were up-regulated (FC(NC/UC)
<0.5) and 66 metabolites were down-regulated (FC(NC/UC)>2). These altered metabolites were subjected to pathway
analysis in MetaboAnalyst (Figure 12A, Table 8), based on impact>0.1, we discovered that 2 metabolic pathways were
significantly affected, including glycerophospholipid metabolism and sphingolipid metabolism.
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Figure 10 Changes in sera metabolites. (A and B) OPLS-DA plot of the normal and model groups in positive mode. (C and D) OPLS-DA plot of the SYD and model groups
in positive mode. (E and F) OPLS-DA plot of the normal and model groups in negative mode. (G and H) OPLS-DA plot of the SYD and model groups in negative mode. (B,

D, F and H) Validation of the corresponding OPLS-DA model by the 200-time permutation test.

There were 59 significantly different metabolites (VIP>1, Q-value<0.05, FC(SYD/UC)>2 or <0.5) in fecal samples
between UC group and SYD group, of which 17 were up-regulated (FC(SYD/ UC)>2), 42 down-regulated (FC(SYD/

UC)<0.5).
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Figure Il Changes in urine metabolites. (A and B) OPLS-DA plot of the normal and model groups in positive mode. (C and D) OPLS-DA plot of the SYD and model
groups in positive mode. (E and F) OPLS-DA plot of the normal and model groups in negative mode. (G and H) OPLS-DA plot of the SYD and model groups in negative

mode. (B, D, F and H) Validation of the corresponding OPLS-DA model by the 200-time permutation test.

By comparing the fecal differential metabolites between the NC/UC and the SYD/UC, 46 metabolites were found to
be common to these groups, of which 24 were first up-regulated (FC(NC/UC)<0.5) and then down-regulated (FC(SYD/
UC)<0.5). Four metabolites were first down-regulated (FC(NC/UC)>2) and then up-regulated (FC(SYD/UC)>2). At the
same time, among the 124 differential metabolites in NC/UC, 11 metabolites had FC(SYD/UC) between 0.5 and 2, and
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Table 7 Validation Parameters of PCA, PLS-DA and OPLS-DA Models for Mice Feces, Livers, Serum and Urine

Samples NC vs UC SYD vs UC NC vs UC vs SYD
PLS-DA OPLS-DA PLS-DA OPLS-DA PCA
ESI (+) ESI (-) ESI (+) ESI (-) ESI (+) ESI (-) ESI (+) ESI (-) ESI (+) ESI (-)

Feces Significant components 3 3 3 4 2 2 2 2 6 6
R2X 0.605 0.615 0.605 0.650 0.480 0.424 0.480 0.424 0.735 0.717
Q? 0.935 0.900 0.926 0.898 0.811 0.709 0.822 0.723 0.546 0.496

p <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 - -

Livers Significant components 3 4 2 8 3 2 5 3 5 6
RZX 0.652 0.690 0.596 0.843 0.525 0.348 0.690 0.512 0.758 0.770
Q? 0.972 0.862 0.961 0.930 0.747 0.354 0.846 0.477 0.466 0.533

p <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 - -

Serum Significant components 3 4 3 2 2 3 3 3 3 2
R2X 0.729 0915 0.729 0.824 0.480 0.562 0.626 0.562 0.733 0.753
Q? 0.912 0.909 0.904 0.677 0.132 0.395 0.264 0.412 0413 0.273

p <0.05 <0.05 <0.05 <0.05 >0.05 <0.05 >0.05 <0.05 - -

Urine Significant components 2 2 5 2 3 2 2 3 3 5
R2X 0.493 0.521 0.747 0.521 0.655 0.535 0.585 0.618 0.622 0.759
Q? 0.908 0.900 0.943 0.907 0.933 0.882 0.900 0.891 0.402 0.445

p <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 - -

Notes: R2X represents the goodness of fit of models; Q? represents the predictability of models; p values were calculated by CV-ANOVA; PLS-DA and OPLS-DA model is valid when p < 0.05. NC vs UC: compare Normal Control group

with Model group; SYD vs UC: compare SYD group with Model group; NC vs UC vs SYD: compare Normal Control, SYD group with Model group.
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Figure 12 Summary of pathway analysis of differentially expressed metabolites in feces (A), livers (B), serum (C) and urine (D). (A) a-Glycerophospholipid metabolism;
b-Sphingolipid metabolism. (B) a-Pentose phosphate pathway. (C) a-alpha-Linolenic acid metabolism; b-biosynthesis of unsaturated fatty acids (P<0.05); c-linoleic acid
metabolism (P<0.05). (D) a-Phenylalanine, tyrosine and tryptophan biosynthesis; b-Tyrosine metabolism; c-Arachidonic acid metabolism; d-Pantothenate and CoA
biosynthesis.

10 metabolites had the same trend as NC group. It was suggested that these metabolites also had the potential to play
a role in SYD therapy.

Majority (65.8%) of these 38 differential metabolites (Table 9) belonged to lipids and lipid-like molecules, and a heat
map (Figure 13A) was used to visualize the changes of these metabolites. The metabolic profiles of most candidate
metabolites were reversed in SYD group, suggesting that SYD can alleviate metabolic disorders, and this effect was
mainly through the down-regulation of metabolites.

The main metabolites related to pathways were

PC(18:0/20:4(5Z,8Z,11Z,14Z)), sphingosine 1-phosphate (S1P) and sphinganine, whose contents were all down-
regulated after SYD treatment. PC(18:0/20:4(5Z,8Z,11Z,14Z)) was related to glycerophospholipid metabolism, linoleic
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Table 8 Differential Metabolites in Fecal Tissues

Metabolite Classification Metabolite NC/UC SYD/UC
Superclass Class P value | Q value | VIP | Fold Change | P value | Q value | VIP Fold Change
(NC/UC) (SYD/UC)
Fatty Acyls Fatty aldehydes Pentadecanal 0.001 | 0.0023 3.37 0.00 0.0025 0.0102 4.05 0.29
Lipids and lipid-like Fatty Acyls 15-Hentriacontanol 0.0000 0.0000 7.32 6.63 0.0118 0.0332 4.10 2.27
molecules DG(13D5/11D5/0:0) 0.0000 0.0000 2.08 0.02 0.0000 0.0002 2.48 0.36
Heptadecanoic acid 0.0006 0.0015 .13 0.02 0.001 | 0.0055 1.49 0.28
Glycerolipids MG(0:0/16:0/0:0) 0.0025 0.0049 1.79 0.00 0.0164 0.0427 1.71 041
Glycerophospholipids LysoPE(0:0/15:0) 0.0000 0.0002 1.17 0.41 0.0056 0.0187 1.01 0.71
PE(P-16:0e/0:0) 0.0013 0.0028 I.51 0.25 0.0115 0.0326 2.03 0.50
PC(18:0/20:4(5Z,8Z,11Z,14Z)) 0.0015 0.0031 1.79 0.00 0.0033 0.0126 2.14 0.28
LysoPC(17:0) 0.0064 0.0110 1.37 0.20 0.0004 0.0024 2.64 0.20
LysoPC(18:0) 0.0000 0.0000 I.16 3.16 0.0007 0.0038 1.04 2.15
Prenol lipids Soyasaponin V 0.0002 0.0005 2.63 0.09 0.0001 0.0012 3.73 0.27
Jujuboside B 0.0000 0.0000 9.03 0.0l 0.0000 0.0002 12.21 0.28
Soyasaponin | 0.0001 0.0002 .11 0.03 0.0001 0.0008 1.60 0.29
Pisumsaponin | 0.0000 0.0000 223 4.74 0.0068 0.0217 1.18 1.75
Myricolal 0.0000 0.0000 2.83 0.02 0.0000 0.0001 3.60 0.34
Pisumsaponin Il 0.0002 0.0005 4.29 0.02 0.0003 0.0022 5.59 0.29
(17alpha,23S)-Epoxy-28,29-dihydroxy-27- 0.0000 0.0001 2.54 0.35 0.0043 0.0155 2.19 0.69
norlanost-8-ene-3,24-dione
Camellenodiol 0.0038 0.0069 1.36 0.00 0.0052 0.0178 1.65 0.24
Glyuranolide 0.0032 0.0061 I.14 0.00 0.0045 0.0160 1.50 0.26
Sphingolipids Sphingosine |-phosphate 0.0000 0.0001 1.42 0.35 0.0003 0.0020 1.37 0.60
Steroids and steroid 7-Sulfocholic acid 0.0000 0.0000 11.19 2.70 0.0141 0.0383 7.61 1.54
derivatives 1-a,24R,25-Trihydroxyvitamin D2 0.0000 0.0000 1.41 0.09 0.0000 0.0002 1.50 0.39
(3beta,5alpha,6alpha,7alpha,22E,24R)- 0.0000 0.0000 1.51 3.6l 0.0039 0.0142 1.14 1.86
5,6-Epoxyergosta-8, 14,22-triene-3,7-diol
Ganodosterone 0.0000 0.0000 1.25 0.02 0.0001 0.0007 1.38 0.37
6-Deoxohomodolichosterone 0.0000 0.0000 1.29 0.05 0.0051 0.0174 1.50 0.49
7-Ketodeoxycholic acid 0.0000 0.0000 1.35 0.03 0.0000 0.0003 1.70 0.31
Organic acids and Keto acids and Phaseolic acid 0.0000 0.0001 1.03 0.47 0.0006 0.0033 1.08 0.68
derivatives derivatives
Organic nitrogen Organonitrogen Sphinganine 0.0002 0.0005 248 0.01 0.0000 0.0004 3.60 0.15
compounds compounds
Organic oxygen Organooxygen I-Phenyl-1,3-heptadecanedione 0.0000 0.0001 1.26 0.36 0.0002 0.0013 1.35 0.60
compounds compounds

(Continued)
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Table 8 (Continued).

Metabolite Classification Metabolite NC/UC SYD/UC
Superclass Class P value | Q value | VIP | Fold Change | P value | Q value | VIP Fold Change
(NC/UC) (SYD/UC)
Organoheterocyclic Benzopyrans Austalide | 0.0001 0.0002 1.55 0.04 0.0005 0.0023 1.79 0.34
compounds Heteroaromatic Ethyl 3-[(2-furanylmethyl)thio]propanoate 0.0130 0.0208 1.54 0.04 0.0020 0.0086 2.61 0.11
compounds
Tetrapyrroles and (-)-Stercobilin 0.0000 0.0000 6.8l 826 0.0074 0.0231 4.19 2.86
derivatives
Piperidines Repaglinide 0.0000 0.0000 2.34 4.66 0.0200 0.0498 1.66 2.29
Organosulfur Organic trisulfides Allitridin 0.0001 0.0003 1.03 0.50 0.0002 0.0013 1.54 0.64
compounds
Phenylpropanoids Flavonoids Naringenin 0.0003 0.0009 4.70 0.00 0.0028 0.0112 5.07 0.35
and polyketides Homoisoflavonoids 7-Hydroxy-3-(3-hydroxy-4-methoxybenzyl)- 0.0212 0.0321 1.76 0.06 0.0021 0.0088 3.18 0.05
5-methoxy-4-chromanone
Isoflavonoids Ganoderic acid L 0.0000 0.0001 6.39 0.0l 0.0000 0.0002 8.52 0.27
Phenylpropanoic Suprofen S-oxide 0.0002 0.0005 1.56 0.02 0.0001 0.0009 2.14 0.21
acids
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Table 9 Differential Metabolites in Liver Tissues

Metabolite Classification Metabolite NC/UC SYD/UC
Superclass Class P value | Q value | VIP | Fold Change | P value | Q value | VIP | Fold Change
(NC/UC) (SYD/UC)
Glycerophospholipids Glycerophosphocholines LysoPC(20:5 0.0000 0.0003 .16 0.50 0.0202 0.0524 1.32 1.23
(52,82,11Z,14Z,17Z))
Lipids and lipid-like molecules Fatty Acyls Stearidonyl carnitine 0.0001 0.0028 2.48 0.10 0.2112 0.6138 1.27 0.72
Steroids and steroid Tauroursodeoxycholic acid 0.0005 0.0100 7.54 3.35 0.4498 0.7873 1.98 1.40
derivatives Taurocholic acid 0.0020 0.0243 13.34 331 0.1212 0.5066 | 5.00 0.6l
Glycerophospholipids PC(16:1(92)/18:2(9Z,12Z)) 0.0000 0.0001 6.13 0.27 0.0160 0.0455 | 5.13 0.82
Organic acids and derivatives Carboxylic acids and Histidinyl-Proline 0.0001 0.0030 272 2.31 0.0011 0.0529 | 2.07 1.6l
derivatives
Organooxygen compounds Arabinonic acid 0.0000 0.0000 3.71 0.16 0.0047 0.0196 | 4.59 0.64
Phenylpropanoids and Phenylpropanoic acids 20-Dihydrodydrogesterone 0.0056 0.0459 1.31 0.24 0.0350 0.3232 1.14 0.52
polyketides
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Figure 13 The heat maps of the results of differential metabolites in feces (A), livers (B), serum (C), and urine (D) analyzed by untargeted metabolomics with UPLC-
Q-TOF-MS.

acid metabolism, a-linolenic acid metabolism and arachidonic acid metabolism, while S1P and sphinganine were
involved in sphingolipid metabolism.

In liver samples, 8 significantly different metabolites were observed between NC and UC groups (VIP>1,
Q-value<0.05, FC(NC/UC)>2 or <0.5, Table S2, Table 10), 5 were up-regulated and 3 were down-regulated. The heat
map was displayed in Figure 13B. Pathway analysis (Figure 12B, Table 8) indicated that these differential metabolites
mainly affected pentose phosphate pathway (impact>0.1). Two of the above metabolites were reversed (VIP>1,
Q-value<0.05) after SYD therapy. Among them, PC(16:1(9Z)/18:2(9Z,12Z)) belonged to glycerophospholipids in lipids
and lipid-like molecules, mainly related to linoleic acid metabolism, a-linolenic acid metabolism, arachidonic acid
metabolism and glycerol phospholipid metabolism.

In serum samples, there were 26 significantly different metabolites between NC group and UC group (VIP>1,
Q-value<0.05, FC(NC/UC)>2 or <0.5, Table S3), of which 19 were up-regulated and 7 were down-regulated. Pathway
analysis (Figure 12C, Table 8) revealed that these differential metabolites mainly affected o-linolenic acid metabolism
(impact>0.1, P<0.05), biosynthesis of unsaturated fatty acids (P<0.05) and linoleic acid metabolism (P<0.05). After SYD
therapy, 14 of the above metabolites were reversed (VIP>1, P-value<0.05, Table 11), of which 10 were down-regulated
(1 with FC(SYD/UC)<0.5), 4 were up-regulated. The heat map is shown in Figure 13C, and the vast majority (71.4%) of
them belonged to lipids and lipid-like molecules. The metabolite related to the pathway was 8,11,14-Eicosatrienoic acid,
which belonged to fatty acyls in lipids and lipid-like molecules, and mainly affects biosynthesis of unsaturated fatty acids.
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Table 10 Differential Metabolites in Serum Tissues

Metabolite Classification Metabolite NC/UC SYD/UC
Superclass Class P value | Q value | VIP Fold Change P value | Q value | VIP Fold Change
(NC/UC) (SYD/UC)
Benzenoids Benzene and substituted 2-(10-Heptadecenyl) 0.0003 0.0019 1.87 0.27 0.0080 0.1623 2.84 0.60
derivatives -6-hydroxybenzoic acid
Propofol 0.0001 0.0005 | 4.87 0.12 0.0040 0.1118 | 5.8l 0.53
Acidissiminol epoxide 0.0002 0.0016 1.32 0.15 0.0007 0.0557 | 2.43 0.40
Lipids and lipid-like Fatty Acyls Octadecanedioic acid 0.0000 0.0001 2.70 0.20 0.0263 0.1873 273 0.67
molecules 8,1 1,14-Eicosatrienoic acid 0.0000 0.0000 1.94 0.20 0.0035 0.1118 2.35 0.64
MG(0:0/18:3(9Z,12Z,15Z)/0:0) 0.0001 0.0008 1.20 3.04 0.0176 0.2140 1.56 1.60
Polysorbate 20 0.0001 0.0008 1.96 241 0.0373 0.2111 1.87 1.54
Docosapentaenoic acid (22n-6) 0.0000 0.0002 | 3.30 0.33 0.0083 0.1533 3.92 0.68
Steroids and steroid 3-keto Fusidic acid 0.0089 0.0269 | 2.10 2.11 0.0426 0.2200 1.79 1.72
derivatives 3-Oxo-4,6-choladienoic acid 0.0001 0.0009 3.04 0.17 0.0180 02147 | 4.88 0.62
7-Ketodeoxycholic acid 0.0005 0.0034 1.70 0.24 0.0153 0.2042 | 3.10 0.57
Glycerolipids MG(0:0/15:0/0:0) 0.0128 0.0357 | 2.02 0.16 0.0202 0.1749 | 2.04 0.39
Glycerophospholipids PI(16:0/16:1(9Z)) 0.0000 0.0000 | 2.48 0.23 0.0126 0.1862 | 2.66 0.75
Organic acids and Carboxylic acids and N-(1-Deoxy- | -fructosyl)tyrosine 0.0000 0.0000 1.61 3.12 0.0009 0.1058 1.51 1.75
derivatives derivatives
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Table I 1 Differential Metabolites in Urine Tissues

Metabolite Classification Metabolite NC/UC SYD/UC
Superclass Class P value | Q value | VIP | Fold Change | P value | Q value | VIP Fold Change
(NC/UC) (SYD/UC)
Lipids and lipid-like Fatty Acyls (R)-3-hydroxybutyrylcarnitine 0.0004 0.0075 2.79 6.09 0.0028 0.0437 .16 232
molecules 3-hydroxyhexanoyl carnitine 0.0022 0.0192 1.26 0.17 0.0010 0.0158 1.91 0.47
Sebacic acid 0.0006 0.0094 | 6.59 251 0.0016 0.0303 1.54 345

Organic acids and Carboxylic acids and Jubanine B 0.0093 0.0470 1.65 2.75 0.0012 0.0254 1.06 2.06
derivatives derivatives Capryloylglycine 0.0034 0.0243 1.06 0.48 0.0048 0.0427 | 2.29 0.25
Organic oxygen Organooxygen 2-[4-(3-Hydroxypropyl)-2-methoxyphenoxy]- 0.0002 0.0047 | 2.35 0.30 0.0019 0.0235 221 0.39
compounds compounds 1,3-propanediol |-glucoside

Foeniculoside VIII 0.0012 0.0135 1.56 248 0.0000 0.0009 | 2.88 37.40
Phenylpropanoids and Flavonoids Apigenin 0.0056 0.0323 6.02 0.39 0.0001 0.0029 3.28 0.27
polyketides
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In the urine samples, 244 metabolites (VIP>1, Q-value<0.05, FC(NC/UC)>2 or <0.5, Table S4) were significantly
different between NC group and UC group, among which 82 were up-regulated and 162 were down-regulated. Pathway
analysis (Figure 12, Table 8) indicates that, based on impact>0.1, a total of 4 metabolic pathways were significantly
affected, involving phenylalanine, tyrosine and tryptophan biosynthesis, tyrosine metabolism, arachidonic acid and
pantothenate and CoA biosynthesis.

There were 163 significantly different metabolites in UC group and SYD group (VIP>1, Q-value<0.05, FC(SYD/UC)
>2 or <0.5), of which 155 were up-regulated (FC(SYD/UC)>2), 8 down-regulated (FC(SYD/UC)<0.5).

By comparing the significantly different metabolites between NC/UC and SYD/UC in the urine samples, 19
metabolites were found to be common to these groups, of which 4 were up-regulated first (FC(NC/UC)<0.5) and then
down-regulated (FC(SYD/UC)<0.5), 4 metabolites were down-regulated first (FC(NC/UC)>2) and then up-regulated (FC
(SYD/UC)>2). The heat map (Figure 13D) was applied to visualize the changes of these 8 metabolites, among which 3
belonged to lipids and lipid-like molecules, 4 belonged to organic acids and derivatives, and 1 belonged to phenylpro-
panoids and polyketides. Their specific information is displayed in Table 12. The sensitivity and specificity of the above
differential metabolites were evaluated by ROC curve, and the area under curve (AUC) was calculated to test the
accuracy of ROC diagnostic test results. When AUC > 0.7, the metabolite had moderate or higher diagnostic value, and
AUC > 0.9 indicates that the metabolite has high diagnostic value. Figures 14 and 15 are the ROC curve analysis results
and histograms of some differential metabolites.

To sum up, the metabolomics results proved metabolic alterations in the feces, livers, serum and urine of mice with
UC. SYD mainly relieves UC symptoms and reduces metabolic disorders by down-regulating metabolites. There were 61
potential endogenous markers, involving 38 in feces, 2 in liver, 14 in serum and 8 in urine, of which 7-Ketodeoxycholic
acid coexisted in fecal and serum samples. Most of these differential metabolites belong to lipids and lipid-like
molecules. Furthermore, glycerophospholipid metabolism, sphingolipid metabolism and biosynthesis of unsaturated
fatty acids were the main metabolic pathways for SYD to play a therapeutic role.

Network Pharmacology

To further explore the mechanism by which SYD treats UC, we collected 393 UC-related primary targets from the
OMIM, TTD, and GeneCards databases using a network pharmacology approach. Later, in the TCMSP database, SYD
contains 129 active ingredients in total, involving 4 in Paeconiae Radix Alba, 2 in Angelicae Sinensis Radix, 9 in Coptidis
Rhizoma, 28 in Scutellariae Radix, 83 in Glycyrrhizae Radix et Rhizoma, 4 in Arecae Semen, 3 in Aucklandiae Radix, 6
in Rhei Radix et Rhizome and 0 in Cinnanmomi Cortex. The targets were predicted by the DrugBank database and
UniProt database.” Eventually, 2541 targets, containing 101 in Paconiae Radix Alba, 56 in Angelicae Sinensis Radix, 239
in Coptidis Rhizoma, 431 in Scutellariae Radix, 1545 in Glycyrrhizae Radix et Rhizoma, 35 in Arecae Semen, 39 in
Aucklandiae Radix and 95 in Rhei Radix et Rhizome.

After matching UC targets and active ingredient targets, a total of 15 potential targets related to SYD in the treatment
of UC were identified (Figure 16A). All intersecting target names were converted into gene symbols in the UniProt
database.

There were 13 active components corresponding to potential targets. In order to better show the complex relationship
between SYD active components and potential UC targets, we constructed an active component-target network
(Figure 16B). According to degree, the top four were quercetin, wogonin, kaempferol, baicalein, and the basic
information of these components is manifested in Table 13.

Furthermore, in order to identify the key targets of SYD in the treatment of UC, we constructed PPI network
(Figure 16C) by using String database and Cytoscape. Taking degree greater than the average as the screening standard,?®
STAT3, IL1B, IL6, IL2, AKT1, IL4, ICAM1 and CCNDI were screened as key targets (Table 14).

For the sake of understanding the ability of potential targets to resist UC symptoms, we performed KEGG enrichment
analysis (Figure 17A) and GO enrichment analysis (Figure 17B) on these targets. The pathways affected significantly in
KEGG enrichment analysis were JAK-STAT signaling pathway, Th17 cell differentiation, C-type lectin receptor signaling
pathway and TNF signaling pathway. These results indicated that SYD probably acted on UC in a multi-target, multi-pathway,
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Table 12 Metabolic Pathways of SYD During the Treatment of UC

Sample Pathway P value -LOGI10(p) Impact
Feces Glycerophospholipid metabolism 0.0273 1.56 0.22
Sphingolipid metabolism 0.0563 1.25 0.18
Drug metabolism - other enzymes 0.5143 0.29 0.07
Primary bile acid biosynthesis 0.5838 0.23 0.02
Glycosylphosphatidylinositol (GPI)-anchor biosynthesis 0.2320 0.63 0.00
Linoleic acid metabolism 0.0897 1.05 0.00
Taurine and hypotaurine metabolism 0.1397 0.85 0.00
Alpha-Linolenic acid metabolism 0.2173 0.66 0.00
Retinol metabolism 0.2605 0.58 0.00
Arachidonic acid metabolism 0.4952 0.31 0.00
Livers Pentose phosphate pathway 0.0710 .15 0.13
Glycerophospholipid metabolism 0.1141 0.94 0.09
Primary bile acid biosynthesis 0.1439 0.84 0.02
Linoleic acid metabolism 0.0165 1.78 0.00
Taurine and hypotaurine metabolism 0.0263 1.58 0.00
Alpha-Linolenic acid metabolism 0.0425 1.37 0.00
Pentose and glucuronate interconversions 0.0584 1.23 0.00
Arachidonic acid metabolism 0.1141 0.94 0.00
Serum Alpha-Linolenic acid metabolism 0.0019 2.73 033
Glycerophospholipid metabolism 0.1764 0.75 0.09
Biosynthesis of unsaturated fatty acids 0.0142 1.85 0.00
Linoleic acid metabolism 0.0263 1.58 0.00
Arachidonic acid metabolism 0.1764 0.75 0.00
Urine Phenylalanine, tyrosine and tryptophan biosynthesis 0.1643 0.78 0.50
Tyrosine metabolism 0.2785 0.56 0.26
Pantothenate and CoA biosynthesis 0.5755 0.24 0.24
Arachidonic acid metabolism 0.4742 0.32 0.10
Drug metabolism - other enzymes 0.8218 0.09 0.07
Steroid hormone biosynthesis 0.8633 0.06 0.06
Citrate cycle (TCA cycle) 0.5943 0.23 0.04
Pyruvate metabolism 0.6295 0.20 0.03
Phenylalanine metabolism 0.0941 1.03 0.00
Ubiquinone and other terpenoid-quinone biosynthesis 0.3326 0.48 0.00
Glyoxylate and dicarboxylate metabolism 0.7653 0.12 0.00
Tryptophan metabolism 0.8448 0.07 0.00
Fatty acid biosynthesis 0.8823 0.05 0.00
Aminoacyl-tRNA biosynthesis 0.8877 0.05 0.00
Metabolism of xenobiotics by cytochrome P450 0.9467 0.02 0.00

Note: Metabolic pathways with impact > 0.1 are indicated in bold.

and overall integrative mode. In addition, the signaling pathways related to UC were extracted from KEGG database, and
target-pathway network was generated by using Cytoscape software (Figure 16D).

In terms on GO analysis (Figure 17B), there were several pathways involving cytokine activity, cytokine receptor
binding, receptor ligand activity and signaling receptor activator activity in molecular function (MF), as well as adaptive
immune response, leukocyte cell—cell adhesion, regulation of leukocyte cell-cell adhesion, T cell activation, positive
regulation of cell—cell adhesion, positive regulation of leukocyte cell-cell adhesion and extrinsic apoptotic signaling

pathway in biological process (BP).
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(16:1(9Z)/18:2(9Z,12Z)) (J-L). (B) ROC curve between model group and normal group for SIP. (C) ROC curve between model group and SYD group for SIP. (E) ROC
curve between model group and normal group for sphinganine. (F) ROC curve between model group and SYD group for sphinganine. (H) ROC curve between model group
and normal group for PC(18:0/20:4(5Z,8Z,11Z,14Z)). (I) ROC curve between model group and SYD group for PC(18:0/20:4(5Z,8Z,11Z,14Z)). (K) ROC curve between
model group and normal group for PC(16:1(9Z)/18:2(9Z,12Z)). (L) ROC curve between model group and SYD group for PC(16:1(9Z)/18:2(9Z,12Z)). **p<0.01, **p<0.001,
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Figure 15 Histogram and the corresponding ROC curves of 8,11,14-Eicosatrienoic acid (A—C), PI(16:0/16:1(9Z)) (D-F) and apigenin (G-I). (B) ROC curve between model
group and normal group for 8,11, 14-Eicosatrienoic acid. (C) ROC curve between model group and SYD group for 8,11,14-Eicosatrienoic acid. (E) ROC curve between
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Molecular Docking

To further study the possibility of the interaction between the active components of SYD and the key targets of UC, we
screened 4 key components, involving quercetin, wogonin, kaempferol, baicalein by degree in Cytoscape, and obtained 5
key targets by searching the RCSB Protein Data Bank database.**

Through molecular docking, the binding energy between small ligand molecules and receptor protein macromolecules
is calculated to predict the affinity between them.? In this study, molecular docking confirmed that the active compounds
of SYD had significant regulatory effects on STAT3 (Figure S§8A-D), IL1B (Figure SSE-H), IL6 (Figure S9A-D), IL2
(Figure S9E-H) and AKT1 (Figure S10A-D). The absolute values of the binding energies between active compounds
and target proteins were all greater than 5 (Table 15), indicating a strong affinity between them, and all of which may
play a key role in the treatment of UC.?**° Among them, IL6 had very binding activity with four active components and
the strongest affinity with quercetin (—7.9kcal/mol), while IL1B had good binding power with components, and its
affinity with quercetin and kaempferol was the weakest (—5.1kcal/mol).
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Figure 16 Venn diagram and various networks. (A) Venn diagram showing the intersection of UC-related genes and SYD-related genes. (B) The compound-target network.
The circles represent the active components, in which red represents Paeoniae Radix Alba, Orange represents Rhei Radix et Rhizome, yellow represents Glycyrrhizae Radix
et Rhizoma, green represents Scutellariae Radix, purple represents common component, and blue squares represent genes. The line between two nodes represents the
interaction, and the size of each node indicates the number of connections. (C) The PPl network of 15 potential targets. The line width between two nodes represents the
interaction. (D) The target-pathway network. Orange squares represent genes and red arrows represent KEGG pathways. This network shows the relationship between the
enriched 20 pathways and |3 genes, and the size of the graph shows the number of pathways or genes connected.

Network Analysis of Differential Metabolites and Genes Associated with UC
Combined with the above metabolomics data and network pharmacology results, 61 differential metabolites and 15
potential targets were jointly analyzed, and the results were visualized with Cytoscape to create a compound-pathway-
target network (Figure 18A). The network graph displayed the interactions of 12 pathways, 11 targets and 4 metabolites,
totaling 27 nodes. Finally, 3 related signaling pathways were screened, including sphingolipid signaling pathway, PI3K/
AKT-mTOR signaling pathway and S1P3 pathway, indicating that SYD may function through these 3 pathways. In
addition, AKT1 was involved in the above three signaling pathways, and BAX was involved in the sphingolipid signaling
pathway. The main metabolites involved are S1P, sphinganine and PI1(16:0/16:1(9Z)). In the aggregate, AKT1 was the
core target of SYD therapy.
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Table 13 Degree and Basic Information of |3 Active Components

Mol ID Molecule Name Drug OB (%) | DL | Degree
MOL000098 Quercetin Glycyrrhizae Radix et Rhizoma; Coptidis Rhizoma 46.43 0.28 13
MOL000173 Wogonin Scutellariae Radix 30.68 0.23 6
MOL000422 Kaempferol Glycyrrhizae Radix et Rhizoma; Paeoniae Radix Alba 41.88 0.24 5
MOL002714 Baicalein Scutellariae Radix 33.52 0.21 4
MOL000471 Aloe-emodin Rhei Radix et Rhizome 83.38 0.24 3
MOL000497 Licochalcone a Glycyrrhizae Radix et Rhizoma 40.79 0.29 3
MOLO001689 Acacetin Scutellariae Radix 34.97 0.24 2
MOLO001924 Paeoniflorin Paeoniae Radix Alba 59.29 0.21 2
MOL004328 Naringenin Glycyrrhizae Radix et Rhizoma 53.87 0.79 2
MOL000354 Isorhamnetin Glycyrrhizae Radix et Rhizoma 3691 0.75 |
MOL000358 Beta-sitosterol Angelicae Sinensis Radix; Rhei Radix et Rhizome; Scutellariae Radix; Paeoniae 69.67 0.21 |
Radix Alba

MOL000392 Formononetin Glycyrrhizae Radix et Rhizoma 49.6 0.31 |
MOL002928 Oroxylin a Scutellariae Radix 4137 0.23 |

Note: Sort by degree value, bold represents the first four active ingredients.

Table 14 The Potential Hub Proteins

Targets Degree Betweenness Centrality | Closeness Centrality
STAT3 13 0.13 0.93
ILIB 13 0.08 0.93
IL6 13 0.08 0.93
L2 12 0.06 0.88
AKTI I 0.02 0.82
L4 10 0.0l 0.78
ICAMI 10 0.0l 0.78
CCNDI 9 0.05 0.74

Experiment Verification

PI3K/AKT-mTOR pathway plays an important role in the occurrence and development of UC, whose activation can
affect the synthesis and secretion of some cytokines. After being activated, PI3K can change the protein structure of
AKT and activate it, and activate or inhibit a series of downstream substrates such as mTOR, Bax, etc. in the form of
phosphorylation.*! In this study, we investigated whether SYD could exert a therapeutic effect on UC by inhibiting
the PI3K/AKT-mTOR pathway by studying the expressions of p-PI3K, p-AKT and p-mTOR. According to
Figure 18B and C, we found that the expression of p-PI3K, p-AKT and p-mTOR in the model group was significantly
higher than that in the normal group (p<0.0001), and after SYD treatment, the phosphorylation levels of PI3K, AKT
and mTOR significantly lower (p<0.01). These results suggest that UC can promote the activation of PI3K/AKT-
mTOR pathway, and SYD reduces colonic inflammation and ameliorates UC by inhibiting the expression of these
channel proteins.

Discussion
As we are all aware, the typical clinical symptoms of UC are recurrent abdominal pain, diarrhea, and mucopurulent
stools. Fecal metabolomic changes can better reflect local inflammatory processes in the gut.*

It is generally known that the direct venous outflow of the gut is the portal vein, and the liver is the main organ
exposed to gut derivatives such as bacterial products and nutrients, and studies have shown that IBD has a certain chance
of causing non-alcoholic fatty liver disease.’® Furthermore, the gut-liver axis plays an important role in lipid-glucose-
related metabolic disturbances, and the gut microbiota is thought to play an important role in the gut-liver interaction.
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Figure 17 GO and KEGG analysis. (A) The top 20 KEGG pathways. The size of each node indicates enriched counts, the abscissa represents the enriched gene ratio, and
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This experiment proved that ulcerative colitis can cause metabolic disorder, especially lipid metabolism disorder. The
relationship between metabolic disorder and intestinal microflora and which kind of metabolic changes are mainly caused
by which bacteria in ulcerative colitis may be a direction for future research.

Some cytokine production changes can be detected in the serum of acute ulcerative colitis patients or mice,** such as tumor
necrosis factor, interferon, interleukin-1p, etc. Studies have shown that there are also some potential biomarkers in serum, such as
tryptophan.**

Urine metabolites are susceptible to environmental factors, and gut microbes can produce significantly different
metabolites.>?> Therefore, urine metabolites can be indicative of the state of the gut microbiota. However, no widely
validated and applied biomarkers have been found in urine.*> Consequently, the study of potential markers of urine in
ulcerative colitis has certain development prospects.

In this experiment, urine metabonomic analysis showed that the change of metabolites in urine was mainly related to
amino acid metabolism, while feces, liver and serum were mainly related to lipid metabolism, especially glycerophospholipid
metabolism, biosynthesis of unsaturated fatty acids and sphingolipid metabolism. Taken together, it is of great significance to
study the metabonomics of feces, liver, serum and urine and the potential relationship among them.

Metabolomics analysis manifested that the anti-UC effect of SYD was related to 61 differential metabolites and 3
pathways. Network pharmacology proclaimed that AKT1, IL1B, IL2, IL6 and STAT3 were the hub targets of SYD, and
molecular docking indicated the interaction mode between the 4 active components and the 5 core targets. Combining
metabolomics and network pharmacology, we found that SYD mainly exerted its anti-UC effect through the following
three pathways, containing sphingolipid signaling pathway, PI3K/AKT-mTOR signaling pathway and S1P3 pathway.
Moreover, the main target was AKT1, and related metabolites were S1P, sphinganine and PI (16:0/16:1(92)).

8,11,14-Eicosatrienoic acid, also known as dihomo-gamma-linolenic acid, which serve as a precursor in the synthesis of
eicosapentaenoic acid (EPA), can be converted into prostaglandin E1 (PGE1) as well as the series-3 prostaglandins, and

Table 15 Molecular Docking Score Between Active Ingredients of SYD and Related Targets

Active Ingredients STAT3 (6nijs) ILIB (2nvh) IL6 (4cni) IL2 (Im48) AKTI (1h10)
Quercetin (CID 5280343) -6.3 =5.1 =79 —6.1 =59
Wogonin (CID 5281703) —6.2 -53 =77 —6.1 5.6
Kaempferol (CID 5280863) —6.1 5.1 -7.8 —6.1 5.6
Baicalein (CID 5281605) —6.3 —54 7.6 —6.5 =59
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Figure 18 The metabolite-pathway-target network (A) and immunohistochemistry of p-PI3K, p-AKTand p-mTOR on sections from colonic tissues in each groups (B and C).
(A) Red triangles represent metabolites, yellow squares represent genes, and purple circles represent pathways. (B) ***¥p<0.0001, compared to normal group; ’#‘p<0.0l
#H5<0.001, p<0.0001, compared to model group. (C) Scale bar size is 100um.

participate in various pathophysiological activities, including anti-thrombogenic, anti-inflammatory and anti-atherogenic
properties. Numerous studies have found that EPA can reduce the level of calprotectin in feces of UC patients, alleviate
intestinal inflammation by inhibiting the NLRP3/IL-1B and IL-6/STAT3 inflammatory pathways, upregulate the Wnt/B-
catenin pathway,> and promote goblet cell differentiation as well as modulation of gut microbiota composition.>®
Furthermore, long-term administration also induces and maintains asymptomatic remission in patients with ulcerative
colitis.>” Here, we found that 8,11,14-Eicosatrienoic acid was up-regulated in UC and decreased after SYD treatment,
according to its anti-inflammatory effect, suggesting that elevated 8,11,14-Eicosatrienoic acid could alleviate intestinal
mucosal damage. Its upregulation in inflammatory states may be part of the protective mechanism of UC.
Phosphatidylcholine (PC) is an important constituent of cell membranes, alveolar surfactants, lipoproteins and bile; as well as
a source of lipid messengers such as lysophosphatidylcholine, phosphatidic acid, diglycerides, lysophosphatidic acid and
arachidonic acid, which mainly involved in glycerophospholipid metabolism, linoleic acid metabolism, alpha-linolenic acid
metabolism and arachidonic acid metabolism. It has been found that berberine, one of the main active components of SYD, can
significantly reduce the level of lysophosphatidylcholine (LPC) in the serum of DSS-induced experimental colitis mice and LPS-
stimulated RAW 264.7 cells.*® Recent studies have elucidated that IBD is associated with an imbalance between pro- and anti-
inflammatory bioactive lipid mediators.>® PC has been shown to have anti-inflammatory effects on the intestinal mucosal
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barrier.*® In this study, among the differential metabolites in fecal tissue, LysoPC(18:0) was found to decrease in UC mice, while
LysoPC(17:0), LysoPE(0:0/15:0), PE(P-16:0e/0:0), PC(18:0/20:4(5Z, 8Z, 11Z, 14Z)) increased, and showed an opposite trend
after medication. In liver tissue, PC(16:1(9Z)/18:2(9Z,12Z)) and LysoPC(20:5(5Z,8Z,11Z,14Z,17Z)) showed a trend of increas-
ing first and then decreasing. Since the contents of total lysophospholipids and phosphatidylcholine cannot be determined, their
overall anti-inflammatory and pro-inflammatory effects are still unclear. Subsequent studies may be conducted through lipidomics
or other means to determine whether their individual effects and ratios have specificity.

PI(16:0/16:1(92)) is a phosphatidylinositol. Phosphatidylinositols are important lipids, both as a key membrane consti-
tuent and as a participant in essential metabolic processes, which act directly or indirectly through some metabolites. In animal
tissues, phosphatidylinositol is the primary source of the arachidonic acid required for biosynthesis of eicosanoids, involving
prostaglandins, via the action of the enzyme phospholipase A2. Phosphatidylinositol and the phosphatidylinositol phosphates
are the main source of diacylglycerols that serve as signaling molecules, via the action of phospholipase C enzymes.
Elevations of epoxyeicosatrienoic acids (EETs) from cytochrome P450 (CYP) cyclooxygenase-dependent metabolism of
arachidonic acid have been found to have important anti-inflammatory effects.*® A research has manifested that phosphoi-
nositide 3-kinase signaling mediates beta-catenin activation in intestinal epithelial stem and progenitor cells in colitis.*'

Apigenin, a flavone detected in urine samples and SYD, exhibits antiproliferative, anti-inflammatory, and antioxidant
properties through poorly defined mechanisms.**** A study elucidated that dietary apigenin anti-inflammatory activity was
attached to an inhibition of NLRP3 inflammasome pathways by diminishing proinflammatory IL1p and IL18 cytokine
levels.** Recently, apigenin was found to enhance apoptosis induction by 5-fluorouracil through regulation of thymidylate
synthase in colorectal cancer cells.*” In this study, since SYD contains apigenin, although it acts as a differential metabolite, its
role is not yet clear. Apigenin may be an effective component of anti-UC, which can be further explored in the follow-up.

Sphingosine is derived from the catabolism of endogenous cellular sphingosine, which is catalyzed by sphingosine
kinases (SphKs) to produce S1P, an important biologically active sphingolipid metabolite that acts on sphingosine-
1-phosphate receptors (S1PRs). SI1P has the ability to regulate an oceans of signal pathways, such as IL6/STAT3 signal
pathway and PI3K/AKT signal pathway,*®*’
malignant tumors, cardiovascular diseases, lung diseases, inflammatory bowel diseases and autoimmune diseases.

mediate a variety of biological behaviors, and play a crucial role in
16,48-52

One study suggested that sphingolipids were involved in inflammation, apoptosis and cellular immune responses.” Xin-
Sheng-Hua Granule was proved to inhibit erythrocyte apoptosis by inhibiting sphingolipid metabolism.*® S1P mainly caused
damage to the intestinal mucosa by participating in the inflammatory response, regulating the immune response and affecting
the intestinal microecology, thereby causing UC.>* Moreover, since sphingolipids can synthesize ceramides, the rise of
sphingolipids in UC mice may be explained by the deleterious effects of ceramides in IBD, which are mainly by activating
immune cells and triggering apoptosis to promote inflammation.*® A study has pointed out that S1P was negatively associated
with Roseburia and positively associated with Klebsiella and Escherichia-Shigella,'® which can be seen that abnormal
sphingolipid metabolism in UC is related to changes in intestinal flora.

Sphingosine kinases are divided into two types: SphK1 and SphK2. A study has corroborated that the expression of
SphK1 in UC patients with inflammation and colonic epithelial cells is increased, indicating that the SphK1/S1P pathway
plays a significant role in the occurrence and development of intestinal inflammation.>* Moreover, S1P had the ability to
regulate the expression of adherens junction protein E-cadherin and enhance intestinal epithelial cell barrier function.>

S1P mainly binds to 5 receptors (SIPR1-5), of which S1PR1-3 is widely expressed in tissues, while the expression of S1PR4-
5 is restricted.>® The SIPR1 has been identified as a key component for persistent activation of STAT3 in tumors.*® It was found
that activation of S1P3-mediated NO-dependent pathway and AKT can protect cardiomyocytes from apoptosis.**>’ In vitro
experiments confirmed that S1P-induced S1PR3/PI3K/AKT signaling pathway can promote endothelial progenitor cell pro-
liferation and inhibit apoptosis.”® A recent review indicated that ozanimod, a selective sphingosine-1-phosphate receptor
modulator, was approved by the Food and Drug Administration for the treatment of adult patients with moderately to severely

active ulcerative colitis,>**°

and S1PR agonists etrasimod have been shown to be safe and efficacious for the treatment of patients
with inflammatory bowel disease.>*°" In conclusion, SIPR is expected to become a new therapeutic target for UC. In this study,
S1P was significantly increased in UC, while SYD could significantly decrease it, indicating that S1P may be the target of SYD,
and the therapeutic effect of SYD may be explored from the PI3K/AKT-mTOR signaling pathway and S1P3 pathway. Figure 19

is a diagram of the possible molecular mechanism of SYD, which was drawn by Figdraw (www.figdraw.com).
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Figure 19 Possible molecular mechanism of SYD in the treatment of UC.

Regarding the PI3K/AKT-mTOR signaling pathway, abnormal activation of the PI3K/AKT signaling pathway and
mTOR has been found in experimental colitis.®” One study clarified that phosphoinositide 3-kinase signaling can mediate
beta-catenin activation in intestinal epithelial stem and progenitor cells in colitis.*' Besides, a study elucidated that MiR-
223 can trigger cell apoptosis and inflammation in UC by up-regulating the PI3K/AKT-mTOR signaling pathway.®* In
addition, this study revealed that SYD may exert its therapeutic effect on UC by inhibiting PI3K/Akt-mTOR pathway,

25:29:64.65 wwhich all clarify that Chinese

and other Chinese medicine-related studies have also produced similar results,
medicine treatment against UC may mainly produce efficacy through regulating PI3K/Akt pathway. Compared with
single-drug research, compound drug research can reveal the synergistic mechanism between drugs.”’ At the same time,

traditional Chinese medicine compound has higher safety and lower cost in clinical practice.

Conclusion

This experiment demonstrated that SYD treatment can alleviate DSS-induced ulcerative colitis, and explored the key
targets and mechanisms of SYD in the treatment of UC based on metabolomics and network pharmacology. Molecular
docking revealed the interaction mode between the four active components of SYD and the five core targets of UC and
validated by immunohistochemistry. The docking results preliminarily revealed the material basis of SYD in the
treatment of UC. This discovery has far-reaching significance for exploring the molecular mechanism of SYD.

This study provides theoretical and data support for the in-depth study of the potential mechanism of SYD, showing
that SYD counteracts UC through multi-component and multi-target, highlighting the reliability and effectiveness of the
network pharmacology approach. Combined analysis indicated that PI3K/AKT-mTOR signaling pathway and S1P3
pathway may be the potential signaling pathway for its function.
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In addition, untargeted metabolomics analysis has certain limitations, firstly, its sensitivity is lower than that of
targeted metabolomics, and secondly, the limited number of compounds in the metabolomics database hinders a subset of
metabolite annotation and its biological interpretation.®® Regarding the above differential metabolites, targeted metabo-
lomics and some molecular biology experiments can be used to clarify the specific molecular mechanism of SYD or its
active components, which can provide a scientific basis for traditional Chinese medicine compound treatment of diseases
or lay a foundation for drug screening.
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interaction; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; IMPalLA, Integrated Molecular
Pathway Level Analysis; STAT, signal transducer and activator of transcription; AKT1, AKT Serine/Threonine Kinase 1;
ANOVA, analysis of variance; LSD, least significant difference; TIC, total ion chromatogram; PC, phosphatidylcholine; S1P,
sphingosine 1-phosphate; AUC, area under curve; ICAM, intercellular cell adhesion molecule; CCND1, Recombinant Cyclin
D1; JAK, Janus Kinase; Th17, T help 17 cells; TNF, tumor necrosis factor; MF, molecular function; BP, biological process;
PI3K, phosphatidylinositol 3-kinase; mTOR, Mammalian Target of Rapamycin; S1P3, sphingosine-1-phosphate receptor 3;
BAX, BCL2-associated X protein; PI, phosphatidylinositol; PGE1, prostaglandin E1; SphKs, sphingosine kinases; S1PRs,
sphingosine-1-phosphate receptors; NLRP3, NOD-like receptor protein 3.
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