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Background: Baicalin is an important active flavonoid isolated from the roots of Scutellaria baicalensis (S. baicalensis), a well-
known traditional Chinese herb used in treating inflammatory bowel disease (IBD). The objectives of this study were to assess the
potential benefit of baicalin in experimental colitis, as well as to investigate metabolic biomarkers of experimental colitis in
conjunction with network pharmacology.

Methods: Using a widely utilized network pharmacology technique, baicalin’s targets and pathways were predicted. Simultaneously,
experimental colitis was induced by intrarectal administration of TNBS. Histopathology examinations were performed to confirm
pathological changes. Plasma samples were examined by using an untargeted metabolomics technique based on ultra-high perfor-
mance liquid chromatography-high resolution mass spectrometry (UHPLC-HRMS) to screen differential metabolites and associated
metabolic pathways. Additionally, network pharmacology and integrated analysis of metabolomics were used to identify the primary
targets.

Results: Through network pharmacology research, tumor necrosis factor (TNF), interleukin 6 (IL6), serine/threonine-protein kinase
(AKT1), and other 7 proteins were found to be the main targets of baicalin against IBD. The untargeted metabolomics results showed
that 47 metabolites in glycerophospholipids and sphingolipid metabolism were involved as key pathways in the experimental colitis
model group. 19 metabolites, including Sphingomyelin (SM d42:2, SM d42:1, SM d34:1), Lysophosphatidic acids (LPA 18:4),
1-Palmitoylglycerophosphocholine, and 17(18)-EpETE were demonstrated as key metabolites for baicalin to exert effects. Moreover,
udp-glucose ceramide glucosyltransferase (UGCG), sphingomyelin synthase 1 (SGMS1), and sphingosine kinase (SPHK1) were
predicted as sphingolipids-linked targets of baicalin against experimental colitis by integrative analysis.

Conclusion: Based on these results, it implies that sphingolipid metabolism and sphingolipid signaling pathway might be acted as
therapeutic mechanism for baicalin against experimental colitis.
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Introduction

Inflammatory bowel diseases (IBD) including Crohn’s disease (CD) and Ulcerative colitis (UC) are chronic,
idiopathic gastrointestinal (GI) diseases. It is thought to be the result of a complex interaction between
a genetic predisposition and an abnormal host immune response to environmental exposures. The study of IBD
has made extensive use of metabolomic techniques, which have the potential to be applied to disease subtyping

and the evaluation of therapy response as well as offering insights into the pathophysiology of the disease.’
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Changes in the amino-acid and lipids metabolism have been observed in metabolic studies of IBD.? A lipid profile
study in patients with IBD showed that primary bile acid biosynthesis, arachidonic acid metabolism, sphingolipid
metabolism, fatty acid elongation, and glycerophospholipid metabolism were all linked to IBD dysregulation.**

IBD treatment options currently available are relatively restricted, and they are mostly aimed at keeping the
disease under control and maintaining remission.” However, this has to be weighed against the side effect profiles
and costs of different drugs. With the advancement of high-throughput screening and bioinformatics technologies,
natural products with a variety of pharmacological targets in different diseases have turned into important sources of
novel drug discovery. These compounds are obtained from a variety of plants, including the dried root of Scutellaria
baicalensis, which is frequently called Huangqin, a well-known traditional Chinese herb. It has been used as
medicine in China for a very long time. Baicalin (5, 6-dihydroxy-7-O-glucuronide) is a kind of flavonoid, which
is isolated predominantly from the roots of Scutellaria baicalensis (S. baicalensis). In modern studies, baicalin is
a typical multi-target, a multi-pathway agent with multiple pharmacological effects.® By altering several signaling
pathways, baicalin has been demonstrated to have a protective effect against disorders linked to the gut.” Baicalin’s
effect on experimental colitis was attributed to its ability to reduce oxidative stress, immunological control, and anti-
inflammatory qualities by inhibiting the activation of the TLR4/NF-kB pathway, MAPK, and associated
cytokines.®? Baicalin reduces the severity of UC induced by dextran sulfate sodium (DSS). It modifies the
polarization of M1 macrophages toward the M2 phenotype.'® Nevertheless, the mechanisms underlying baicalin’s
anti-UC actions were not quite clear.

In order to investigate its mechanisms, approaches like metabolomics techniques and network pharmacology could
be used. These approaches are based on the fact that traditional Chinese medicine (TCM) chemicals have a multitarget
effect and the ability to change the entire body. Metabolomics is part of system biology. It is useful to identify as many
metabolites related to diseases or biological processes as possible in the discovery phase. Metabolomics is effective for
tracking the changes of metabolites in complicated diseases, like IBD. However, metabolomics provided too broad
information and could not direct specific endogenous processes of disease, such as the proteins that make up their
upstream pathways, and the proteins that a drug may affect. In this situation, network pharmacology is a good
supplementary method and is helpful to build the entire drug-disease network.''! Network pharmacology is
a methodology based on system biology. It evaluates drug polypharmacological effects at the molecular level to
predict the interactions of natural products and proteins as well as to pinpoint the key mechanisms. Network
pharmacology aims to provide a fresh perspective on how medications interact with diseases and to direct the creation
of novel therapies.'”

Therefore, the objective of this study is to link network pharmacology and metabolomics to help identify additional
disease-related biological pathways.'® First, network pharmacology was used to anticipate the possible targets of baicalin
for the treatment of IBD. Second, untargeted metabolomics and multivariate data analysis using UHPLC-HRMS were
used to examine biomarkers and pathways. Finally, an analysis of the shared objectives of network pharmacology and
untargeted metabolomics was performed to learn more about the therapeutic mechanisms of baicalin. This study offers
a method for accurate biomarker screening while establishing the link between biomarkers and hub genes for defining the

baicalin intervention mechanism.

Materials and Methods

Chemicals and Reagents

Baicalin  (A0016, purity >98%, Chengdu Manstead Biotechnology Co. Ltd, China); 5% TNBS
(2,4,6-Trinitrobenzenesulfonic acid) (P2297-5X,10ML, Sigma Corporation, USA); When utilized, baicalin was made
into a 0.5% solution of carboxymethylcellulose sodium (CMC-Na). Methanol, acetonitrile, and formic acid were
provided by Fisher Scientific(USA). Using a Milli-Q Integral Water Purification System from Merck Millipore, ultra-
pure water was produced (Merck Millipore, USA).

1008 " Drug Design, Development and Therapy 2023:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Wu et al

Animal Experiments
30 male SD rats weighing 180-220g were purchased from SPF (Beijing) Biotechnology Co., Ltd. The animals were kept
in an area with consistent humidity (45%= 5%), temperature (22~26 °C), and access to free food and water for at least
a week prior to the experiment. Then rats were randomly assigned to each of the three groups after one week of adaptive
feeding: control (DNC), model (DAT), and baicalin administration (DHG). All experiments and animal care were
conducted in accordance with the Guide for the Care and Use of Laboratory Animals by the National Institutes of
Health, and the animal study was approved by the IRB of the Affiliated Hospital of Nanjing University of Chinese
Medicine (AEWC-20210515-182). Baicalin was administered orally to rats daily for 10 days prior to TNBS induction
and daily thereafter. The dosage of baicalin in the DHG group was 100mg/kg."* !¢ Other groups were given an equal
volume of normal saline by gavage. Rats were starved for 24 hours prior to modeling, however, they were allowed to sip
water. On the 11th day, rats were anesthetized with isoflurane. The DNC group received 1 mL of 0.9% saline through the
rectum. The DAT group and 100mg/ (kg-d) baicalin group received 1mL TNBS solution (100mg/kg 5% TNBS dissolved
in 50% ethanol) via the rectum. The rats were held in the vertical position for 60 seconds after the mixed solution was
slowly injected into the proximal end of the descending colon, which was 4-6 cm long. The severity of colitis was
recorded daily, including weight changes, diarrhea, and bloody stools. All rats were sacrificed on day 14 and the colon
tissues and plasma were removed for further analysis. Body weight, stool character, and fecal occult blood were
measured throughout the experiment. The scoring system was used to determine the disease activity index (DAI), as
previously explained, DAI scores were assessed on the day of TNBS-induced colitis and three days after, recorded as
DAI1-4."7

Segments of colonic tissues were fixed in 10% formalin for histology and demonstration of the established gross
morphological changes associated with TNBS-induced colitis. Based on the tissue damage seen under the optical
microscope, hematoxylin and eosin (H&E) staining was done to evaluate histopathological alterations. The damage
score was assigned using the assessment scale.'®

Network Pharmacology
Structural Information and ADME Criteria
Baicalin’s structural details were found on the NCBI PubChem (https://pubchem.ncbi.nlm.nih.gov/) database. A public

database on the chemical compositions and biological characteristics of tiny molecules is called NCBI PubChem. Then,
the screening criteria for absorption, distribution, metabolism, and excretion (ADME) from the Traditional Chinese
Medicine Systems Pharmacology (TCMSP) database were used to evaluate baicalin (http://Isp.nwu.edu.cn/tcmsp.php).

Two indexes, oral bioavailability (OB) and drug-likeness (DL) were used. The threshold values of the two indexes were
OB > 30% and DL > 0.18.

Target Acquisition
In order to estimate the potential targets of baicalin, we first used the phrase “baicalin” to search literature from PubMed
Central of the NCBI database (http://www.ncbi.nlm.nih.gov/pubmed/). We next filtered out the known targets of baicalin.

We applied the pharmmapper Server (http://www.lilab-ecust.cn/pharmmapper/).'” ' The baicalin-associated targets were

then created by combining the targets found in literature and databases. Additionally, the keywords “inflammatory bowel
disease” was entered into GeneCards Database (http:/www.genecards.org/),>> OMIM Database (http://omim.org/ )23 and
DisGeNET database (https://www.disgenet.org/)** to search for and assess associated disease targets. The redundant

targets were then eliminated and incorporated. In order to determine the prospective targets for baicalin’s treatment of
IBD, the targets of baicalin and the targets of IBD were finally intersected.

Network Construction
Target proteins were uploaded as gene symbols to the STRING(https://string-db.org/)** database for protein-protein (PPI)

interaction analysis. Only output files with the suffix “TSV” and input proteins were included in the analysis range.
Cytoscape 3.9.1 was utilized to display the files. Cytoscape 3.9.1°s NetworkAnalyzer was used to evaluate the degree and
total scores. Data were imported into Cytoscape 3.9.1, using the cytohubba tool to calculate the scores of the nodes.
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Then, TOP10 nodes ranked by Maximal Clique Centrality (MCC)were selected. The top 10 high-node degree targets
were chosen as the primary targets. Through the use of Metascape®® (https://metascape.org/), Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analyses, and Gene Ontology (GO) enrichment analyses, the potential functional

roles of targets that appear on both the baicalin and IBD target lists were assessed.

Metabolomic

Plasma Sample Handling

Plasma samples (50 uL) were homogenized in a 200uL cold methanol, including internal standard substances (Table 1).
The mixture was homogenized, vortexed for two minutes, allowed to stand at low temperature for 10 min, and then was
centrifuged at 14,000 rpm for fifteen minutes at 4 °C. 200 pL of supernatant were absorbed and evaporated, then stored at
—20°C. For LC-MS analysis, the extract samples were redissolved in 100 uL of methanol/water 1:5 (v:v). Additionally, to
ensure quality control, equal portions of the supernatant from each sample were combined to create the quality control
(QC) samples. Methanol/water in a blank extract was diluted 1:5(v:v). QC samples and blank samples underwent the
same preparation as the analyzed samples.

Chromatography-Mass Spectrometry Acquisition Conditions

Chromatography Analysis Conditions

Under positive-ion mode, the chromatography was performed on the BEH C8 column (2.1x100 mmx1.7 pum, Waters,
Milford, MA, United States). The flow rate was 0.35 mL/min. The column temperature was 50°C. The injection volume
was 5 pL.. The mobile phase was composed of solvent A (water with 0.1% formic acid) and solvent B (acetonitrile with
0.1% formic acid). Gradient elution procedure: 0—1 min, 5%B; 1.1-11 min, 5-100%B; 11-13 min,100%B; 13.1-15
min, 5%B(Table S1-1). Under negative-ion mode, a 5ul reconstitution sample was injected for chromatography separa-
tion in the HSS T3 column (2.1x100 mmx1.8um, Waters, Milford, MA, United States). The other chromatographic
conditions Under negative-ion mode are the same as positive-ion mode (Table S1-2).

Mass Spectrometry Conditions

The data acquisition instrument system mainly includes Q-Exactive (Thermo Fisher, USA). Mass spectrometry main

Table | Internal Standard Substances

NO Name Concentration (ng/mL)
| Carnitine C2:0-d3 0.08
2 Carnitine C8:0-d3 0.05
3 Carnitine C10:0-d3 0.05
4 Carnitine C16:0-d3 0.075
5 LPC 19:0 0.375
6 FFA C16:0-d3 1.25
7 FFA C18:0-d3 1.25
8 CDCA-d4 0.375
9 CA-d4 0.925
10 Trp-d5 2.125
I Phe-d5 1.8
12 SM 12:0 0.375
13 Choline-d4 |
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complete scan + data-dependent acquisition (DDA) secondary ion scan was employed in positive-ion mode (Table S2-1).
The spray voltage was 3.8 kV in the positive ionization mode and —3.0 kV in the negative ionization mode when the
electrospray ionization sources (ESI) of both positive and negative modes were used. The other mass spectrometry
conditions under negative-ion mode are the same as positive-ion mode (Table S2-2). The Capillary temperature was
maintained at 320 °C and the Sheath gas flow rate was 35 Arb. The Aux gas heater temperature was stipulated at 350 °C
as well as the Aux gas flow rate was 8 Arb. The S-lens RF level was 50. The Mass range (m/z) was stipulated from 100
from 1200Da. The Full ms resolution was stipulated to be 70,000. The MS/MS resolution was 17,500. NCE/stepped NCE
was 20, 40. During data acquisition, we developed DRMS / HRMS data quality online real-time monitoring software.

Data Processing and Statistical Analysis

All measurement data are collected by Xcalibur data acquisition software. The “80% rule” was used as a pretreatment on
the data to lessen the entry of missing values. For multi-dimensional statistical analysis using principal component
analysis, partial least squares discriminant analysis (PLS-DA), and orthogonal partial least squares discriminant analysis,
the raw data were imported into the One-MAP/PTO software (OPLS-DA). With the variable importance in the projection
VIP>1.0 as the standard to identify potential difference variables. Two sample unpaired #-tests are used in metabolomics
research to demonstrate which metabolites have the ability to distinguish between the various groups in the data set,
p<0.05 was used as a threshold. The FC was calculated relative to a given reference sample based on averaged raw signal
intensities and serves as a metric for the relative change in a given concentration of the metabolite in the various settings
under examination. A criterion of FC >1.5 or <2/3 was established. The possible biomarkers were screened using the
two-sample unpaired #-test, fold change (FC) analysis, and variable importance projection (VIP) from the peak intensity.
Finally, it was decided that data with VIP >1 and p< 0.05, FC > 1.5, or <2/3 were differential metabolites. The One-MAP
platform was used to map the above already obtained metabolites, to metabolic pathways. One-step Metabolomics was
used to analyze all the data.

Integrating Analysis

Metabolite targets derived from the KEGG website for major metabolic pathways enriched by differential metabolites
which were regulated by baicalin. The combined projected targets of baicalin and metabolite targets were uploaded to
STRING for protein-protein interaction (PPI) analysis. To obtain the protein-protein interaction (PPI) network, “Highest
confidence>0.9” was chosen as the minimal interaction criterion. Based on the PPI data, we concentrated on the targets
that were associated with them in order to identify plausible processes.

Statistical Methods

All data were expressed as mean + standard deviation (X+SD). The software for graphing was GraphPad Prism 8.0,
while SPSS 26.0 was utilized for statistical analysis. One-way ANOVA was used to compare group differences, and the
threshold for statistical significance of p <0.05 was used.

Results

Baicalin Has a Therapeutic Effect on Experimental Colitis

Rats in the Model group displayed sleepiness, sluggishness, loss of appetite, rough hair, diarrhea, bloody stool or fecal
occult blood, and weight loss after modeling. We measured the weight loss and found that TNBS decreased the weight of
DAT, whereas baicalin increased the body weight of DHG rats compared with the DAT group (Figure 1A). In comparison
to the DNC group, the DAT group’s DAI was much higher (Figure 1B). The DAI3 and DAI4 were significantly lower in
the DHG group compared to the Model group, which significantly alleviated the symptoms of diarrhea and hematochezia
in UC model rats. Rats exposed to TNBS (DAT) suffered damage to their intestinal mucosa, including ulcerations,
edema, and tissue thickening, whereas the DNC group kept their usual structure. The colonic tissue underwent
a considerable improvement following treatment with baicalin(DHG)(Figure S1), with the damage score and extent of
the damaged areas both declining.
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Figure | Effects of Baicalin on experimental colitis (A). Body weight changes were recorded after TNBS treatment for 3 days. (B) Changes in disease activity index (DAI)
scores in three groups during the experiment. (C) Representative histological colonic tissue sections from groups included in the colitis experiment; were stained with
hematoxylin and eosin. Colon H&E staining (magnification, 200%) Black arrow represents inflammatory infiltration. (D) The damage score was assigned using the assessment
scale described by Wirtz et al (Compared with the DNC group, *#p<0.001; Compared with the DAT group, *p<0.05).

Histologically, the DNC group showed a normal structure, whereas the TNBS group(DAT) displayed a serious
transmural disruption, widespread ulceration, inflammation, and edema, mainly in the mucosa. The animals treated with
baicalin (DHG) in the preventive strategy displayed decreased edema and ulceration as well as a repair of the mucosa,
submucosa, and muscle layers (Figure 1C).

Compared with the control group, the histology score was significantly increased in the TNBS group (P<0.001).
Compared with the TNBS group, the histology score of the baicalin group decreased significantly (P<0.05) (Figure 1D).
In conclusion, baicalin ameliorates the severity of TNBS-induced colitis and suppresses colonic tissue damage.

Baicalin’s Potential Herb-Target Pathway Interaction on IBD Was Anticipated by
Network Pharmacology in the Section

Structural Information and ADME-Related Properties of Baicalin

Baicalin’s structural details (Figure 2A) and information pertaining to its ADME were obtained from TCMSP. Baicalin’s
OB and DL have been found to fit the cutoffs, which were determined to be 40.12% and 0.75, respectively. This
demonstrated baicalin’s superior oral bioavailability and its similarity to well-known medications.

Target Prediction

Given that baicalin has various pharmacological effects, it is essential to precisely explore these targets. From the NCBI
database’s PubMed Central, we were able to obtain targets for baicalin that had been mentioned in the literature. Then,
PhamaMapper was used to predict the compound targets. In addition, we deleted the overlap targets and blended the
objectives from the two approaches. Finally, 287 baicalin-associated targets were discovered and displayed. Additionally,
the GeneCards, DisGeNET, and OMIM databases’ scores are used to screen possible disease-causing genes. The
objectives from these three datasets were integrated, and the overlapped ones were eliminated. Finally, 1833 targets

related to IBD were chosen and displayed in Figure 2B.

Construction of PPl Networks and Core PPl Network Evaluation
PPI (Protein-Protein Interaction Network) networks can be employed to understand the function of diverse targets in IBD. The
287 baicalin-associated targets and 1833 IBD targets were inputted into Draw Venn Diagram (http://bioinformatics.psb.ugent.be/)
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Figure 2 Network pharmacology predicted the possible herb-compound-target-pathway interaction in baicalin mediating the anti-IBD effect. (A) The structural information
(B) Venn analysis of disease targets (C) Venn analysis of the targets for the treatment of IBD with baicalin. (D) PPl network. The size and color of the nodes are set
according to the betweenness centrality, and the larger the node, the darker the color, indicating that the target is the core gene. (E)The top 10 targets of baicalin against
IBD.(F) GO enrichment analysis (G) The KEGG enrichment analysis of the detailed pathways.
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to plot Wayne diagrams (Figure 2C). Then, The identified compound target overlapped with the IBD disease target.115 predicted
targets were obtained for the treatment of IBD with baicalin.

The PPI network of intersection targets was analyzed by the STRING database (https://string-db.org/) and the targets
with medium confidence scores>0.4 were screened for network construction. As a result, 115 nodes and 1476 edges were

involved in this network. The average node degree is 25.7 and the PPI enrichment p < 1.0e-16. The lines represent
protein interactions. More crucial targets were obtained based on the betweenness centrality of network topology
analysis. Since STRING was unable to identify any of the targets acquired from the databases, they were removed.
We utilized the merge function offered by Cytoscape to link medication targets with disease targets and disclose the
pharmacological mechanisms of baicalin to treat IBD. The STRING results were exported in text and opened with
Cytoscape 3.9.1 software to visualize protein interactions (Figure 2D). The crucial targets were the top 10 targets, which
were positioned in the middle. The top 10 targets of baicalin against IBD were Albumin (ALB), tumor necrosis factor
(TNF), interleukin 6 (IL6), RAC-alpha serine/threonine-protein kinase (AKT1), Proto-oncogene tyrosine-protein kinase
Src (SRC), caspase 3 (CASP3), Matrix metalloproteinase-9 (MMP9), Insulin-like growth factor I (IGF1), mitogen-
activated protein kinases (MAPK14), prostaglandin-endoperoxide synthase 2(PTGS2)(Figure 2E).

GO Enrichment Analyses and KEGG Pathway Enrichment Analysis

The 115 overlappings of IBD and Baicalin targets were subjected to KEGG pathway and GO enrichment studies using
the Metascape platform. Three layers make up the GO enrichment analysis of 115 targets: molecular functions (MFs),
biological processes (BPs), and cellular components (CCs). The top 10 of these enriched pathways were shown, and
results were ordered based on increasing -1gP, which corresponds to the degree of connection with these targets
(Figure 2F).

115 potential targets were chosen for KEGG pathway enrichment analysis in order to shed light on the crucial
function that baicalin plays in the treatment of IBD. Through the Metascape platform, we learned more about the
signaling pathways connected to these potential targets, and we imported this knowledge to create a pathway enrichment
map (Figure 2G). Based on the P-value, the top 25 KEGG signaling pathways were found and created.

Metabolomics Analysis Identified Differential Plasma Metabolites in Groups
Metabolomics Data Analysis

Different metabolites in rat plasma samples were found and examined in order to comprehend the metabolic effects of
baicalin on IBD. First and foremost, basic data analysis revealed that quality control samples from chromatography had
satisfactory peak shapes and very uniform distributions under test conditions (Figure S2). The quality control data was
then analyzed using PCA, and the score demonstrated the system’s repeatability and stability.

Metabolomics Profile of DAT versus DNC

To demonstrate that the DAT group was significantly separated from the control group, PLS-DA was more effectively
applied (Figure 3A and B). From the plasma PLS-DA score plots, we found that the metabolic characteristics of the DAT
group and the DNC group were significantly different. The validation parameters of two multivariate PLS-DA models
included: Positive-ion mode R?Y=0.97, Q*Y=0.94, Q*X,=—1.17; Negative-ion mode R*Y=0.91, Q*Y=0.84, Q*X,=
—0.95. The model has good predictive power and explanatory power for Y categorical variables. Q°X, <0, indicating
that none of the models are over-fitted. Furthermore, based on variable importance VIP > 1, P< 0.05, and FC> 1.5 or <2/
3 in PLS-DA, 47 differentiated metabolite ions were identified. In the DAT group, 24 ions were elevated and 23 ions
were downregulated, showing that TNBS-induced experimental colitis causes metabolic abnormalities (Table S3-1).
Through cluster analysis (heatmap) (Figure 3C and D), we can observe a distinct metabolic profile between DAT and
DNC in plasma samples. As demonstrated in the visible volcano plot (Figure 3E and F), lysophosphatidic acids (LPA
18:4), sphingomyelin (SM d42:2, SM d42:1), ceramides (Cer-NP t33:2; Cer-NP t19:1/14:1), phosphatidylcholine (PC
34:4, PC 36:6) and 11pB-Prostaglandin F2a were upregulated. Glycocholic acid, SM d34:1, PC 36:2, threoninyl-
tryptophan, deoxyadenosine, Gly-Tyr-Ala, and fatty acids and conjugates (5,6-Epoxy-18R-HEPE, 17(18)-EpETE) and
so on were downregulated.
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Metabolomics Profile of DHG versus DAT

Moreover, PLS-DA shows that the baicalin group was significantly separated from the DAT group (Figure 4A and B).
Each PLS-DA model displayed good separation with high R*Y and Q?, demonstrating the sample classification data’s
strong explanatory power and cross-validated prediction power.
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67 differentiated metabolite ions were found based on variable importance FC> 1.5 or <2/3, VIP > 1, and
P<0.05 in PLS-DA. The DHG group had 40 ions that were upregulated (Fold change > 1) and 27 ions that were
downregulated (Fold change < 1). (Table S3-2). In the advanced data analysis, differential metabolites in plasma
were vividly displayed through cluster analysis (heatmap). The potential biomarkers were demonstrated using
a volcano plot analysis (Figure 4C-F). Compared with the DAT group, the abundance of 17(18)-EpETE,
5.6-Epoxy-18R-HEPE, 15-Oxoete, ceramide (Cer 42:1, Cer(t18:0/24:0)), tetrahydrocorticosterone, PC 34:0,
PC36:4, Prostaglandin D2, Prostaglandin E2, Prostaglandin 12, and SM d34:1 were upregulated in the DHG
group. The abundance of lysophosphatidylcholine (LPC20:1,16:1), sphingomyelin (SM d42:2, SM d42:1),
lysophosphatidic acids (LPA 18:4), 11pB-Prostaglandin F2y and PC 35:1 were downregulated in the DHG
group. In the comparison of the three groups DNC group, DAT group, and DHG group, two sphingomyelins
(SM d42:2, SM d42:1), LPA 18:4, 1-Methylxanthine, 1-Heptanesulfonic Acid and diethyl phenyl phosphate, in
the DAT group, were significantly enhanced compared to the DNC group, while these metabolites were
significantly downregulated in the DHG group. 17(18)-EpETE, 1-Palmitoylglycerophosphocholine, 3-hydroxytri-
decanoic acid, 5.6-Epoxy-18R-HEPE, tetrahydrocorticosterone, SM d34:1, and all-trans-4-Oxoretinoic acid, in the
DAT group were significantly decreased compared to the DNC group, they significantly increased in baicalin
group (Table 2).

Table 2 Comprehensive Analysis of the Differential Metabolites of Three Groups

Compounds DAT VS DNC DHG VS DAT

log2(FC) and Trend P log2(FC) and Trend | P
Atrazin-desisopropy! 1.50131 0.012457 —1.595] 0.009
Diethyl phenyl phosphate 1.78571 0.0014297 | —1.898] 0.001
a-Terpinyl anthranilate 1.07591 0.003239 —1.293| <0.001
2,6-Di-Tert-Butyl-4-(4-Methoxy-Phenyl)-Pyranylium —5.4446 0.047933 7.891 0.001
7R, 18S-Epoxy-57,8Z,1 1Z,14Z-icosatetraenoic acid —6.6109] 0.04701 8.7381 0.001
All-trans-4-Oxoretinoic acid —5.4014| 0.043545 7.2811 <0.001
(3’R,4'R)-3’-Epoxyangeloyloxy-4’-acetoxy-3’,4’-dihydroseselin | —10.435] 0.04885 12.4157 0.012
|-Palmitoylglycerophosphocholine —0.79822] 0.047989 0.8941 0.021
SM d42:2 1.29091 0.022869 —-1.503} 0.001
SM d42:1 0.740757 0.034002 —0.803| 0.034
|-Methylxanthine 1.28331 0.013875 —1.353] 0.023
|-Heptanesulfonic Acid 1.0991 0.036118 —1.46] 0.002
3-hydroxytridecanoic acid —1.2533] 0.039282 0.8371 0.039
Picrocrocin 2.15881 0.0056822 | —1.362| 0.017
5,6-Epoxy- | 8R-HEPE —5.0351] 0.044343 74387 0.005
Deacetylvindoline 4.78891 0.034399 —3.705| 0.04
LPA 18:4 4.15221 0.0056459 | —2.893] 0.008
SM d34:1 —1.3466| 0.0047496 1.9221 0.01
Tetrahydrocorticosterone -1.1201] 0.026325 2377 0.003
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Figure 5 Metabolic pathway (A) metabolic pathway of the DAT group compared to the DNC group. (B) metabolic pathway of the DHG group compared to the DAT group.

Pathway Analysis

As shown in Figure 5A and B, the rats in the DAT group damaged Sphingolipid metabolism and Glycerophospholipid
metabolism compared with the DNC group. Compared with the DAT group, the baicalin group significantly regulated
sphingolipid metabolism.

Integrating Analysis
Differential metabolites engaged in several metabolic and signal transduction pathways, which pathway enrichment
analysis can help to identify. Compared with the DAT group, two SMs(SM d42:2, SM d42:1) were significantly
downregulated, four Cers (Cer 42:1, Cer(t18:0/24:0), Cer-NS d41:1, Cer-NS d43:1) and SM d34:1 were significantly
upregulated in the DHG group. These metabolites are mainly enriched in the sphingolipid metabolic pathway in the DHG
group, as shown in Figure 5B. Moreover, network pharmacology revealed that baicalin can regulate the hsa04071:
Sphingolipid signaling pathway. Results from network pharmacology and untargeted metabolomics suggested that
baicalin’s ability to treat IBD entailed controlling sphingolipid metabolism (Figure S3-1) and sphingolipid signaling
pathway (Figure S3-2 and S3-3).

Additionally, we used STRING to link the 115 anticipated targets of baicalin against IBD with the 55 metabolite
targets associated with sphingolipid metabolism, creating the PPI network (Figure 6). The associated targets were

constructed to understand the underlying mechanism of baicalin’s treatment of IBD in accordance with the findings of
the PPI network analysis. Based on the above screening, the targets with the top 8 betweenness values were selected as
the key targets (Table 3). Of the top 8 targets, UGCG, SGMSI1, and SPHK1 are important targets for sphingolipid
metabolism.

Discussion

In this study, we combined untargeted metabolomics with network pharmacology to explore new molecular targets of
baicalin in the treatment of IBD. From our data, we found abnormalities in glycerophospholipid metabolism and
sphingolipid metabolism in the TNBS-induced experimental colitis rats. Baicalin can correct sphingolipid metabolism.
Baicalin’s ability to treat IBD might be associated with controlling sphingolipid metabolism and 8 related targets
(UGCG, TNF, PIK3CA, PIK3RI1, SGMSI1, SPHKI1, AKTI1, IL6), according to both untargeted metabolomics and
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Figure 6 The PPl network of sphingolipid metabolism-related targets with predicted targets of baicalin against IBD.

network pharmacology studies. Notably, baicalin’s expected sphingolipids-linked targets against IBD included UGCG,
SGMSI1, and SPHKI1. In conclusion, baicalin might improve experimental colitis in model rats by targeting several
proteins on the sphingolipid metabolic pathways.

Our metabolomics study showed considerable changes in the lipid profiles of the DAT group when compared with the
DNC group. Sphingolipids, glycerophospholipids, fatty acyls, and sterol lipids are primarily affected. We will therefore
focus on the changes in bioactive lipids in experimental colitis, the modulatory effect of baicalin on lipid profiles,
exploring the causes of metabolite changes, and the mechanism of action of baicalin. In our study, the pharmacological
effects of baicalin involve the sphingolipid signaling pathway and can regulate sphingolipid metabolism. An increasing
number of studies indicate that IBD is associated with several sphingolipid species, including SM, ceramide (Cer),
sphingosine (Sph), as well as their 1-phosphorylated derivatives ceramide-1-phosphate (C1P) and sphingosine-
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Table 3 Top 8 of Betweenness
Values as the Key Targets

Key Targets Betweenness
UGCG 2787.9343
TNF 1904.4092
PIK3CA 1834.3575
PIK3R1 1555.7172
SGMS| 1416.346
SPHKI 1222.7562
AKTI 1053.285

IL6 1018.2732

1-phosphate (S1P).?” Ceramide is the primary component of all complex sphingolipids, such as glycosphingolipids and
sphingomyelin, which is created in the cytosolic leaflet of the endoplasmic reticulum (ER), is hydrolyzed to form
sphingosine. Sphingosine kinases (SphK1 and SphK?2) swiftly phosphorylate sphingosine to form sphingosine-1-phos-
phate (S1P).*® Ceramide (Cer) and sphingosine-1-phosphate (S1P), two specific sphingolipid metabolites, have emerged
as novel classes of potent bioactive chemicals.”® Furthermore, Cer is transferred to the Golgi either by the ceramide
transfer protein CERT or at ER-trans-Golgi interaction sites to generate sphingomyelin(SM).*® In a previous study of
a mouse model of colitis, SM and Cer are dramatically elevated.’’

These sphingolipids changes are consistent with the trend of SM and Cer in the DAT group of our study. Based on the
predictions of network pharmacology and the results of metabolomics, we hypothesize that the increased SM and Cer in
IBD appear to be caused by many enzymatic changes. N-SMase is downregulated in colon samples from mice with DSS-
induced IBD and human chronic colitis was found to have a decrease in Alk-SMase activity, which may be a crucial
mechanism causing SM accumulation.?'** Both an increase in glucocerebrosidase (which converts GlcCer to Cer) and
CersS activation were observed in IBD, and these were proposed as the causes of Cer elevation.>® Udp-glucose ceramide
glucosyltransferase (UGCQG) is the first rate-limiting step in the glucosylceramide biosynthetic pathway which is essential
for intestinal endocytic function. After UGCG deletion, structural alterations in the intestine appeared.>* In the studies,
data showed that in IBD patients, the expression of UGCG decreased. In line with this, the UGCG level in mesenteric
lymph nodes and T cells from the spleen was decreased with Dextran sulfate sodium (DSS). Furthermore, T cells
exacerbated the pathogenesis of colitis, and the knockdown of UGCG was accompanied by a decrease in Treg cell
levels.”®>° Based on ceramide, more than 300 species of gangliosides are synthesized by the stepwise addition of
carbohydrates. As we knew that UGCG plays an important role in ganglioside synthesis. Recently, several studies have
been conducted on the therapeutic effects of gangliosides in models of inflammatory diseases.*” Ganglioside content and
enzymatic regulation of ganglioside metabolism differ between IBD and healthy intestines. These differences may impact
the intestinal barrier and immunity functions altered in IBD.*® Based on the targets derived from the combined analysis,
in addition to SMase and UGCG, there is SPHK1. SphK1/S1P/S1PRs axis has recently been defined as a target for the
treatment of GI diseases including IBD/colitis.>* Enhanced SphK1 protein expression exacerbated IBD conditions in
a colitis mouse model and patients with UC.***' Investigations into the targeting of sphingolipids as a possible area of
therapy for regulating the course and morbidity of this illness have been driven by the discovery that various sphingolipid
changes are related with IBD.

Baicalin (5, 6-dihydroxy-7-O-glucuronide) is a kind of flavonoid. Previous studies have shown that flavonoid
treatment improved animals with HFD-induced dyslipidemia by reducing the levels of Cer and SM in the liver and
plasma by preventing the de novo synthesis of sphingolipids.** Flavonoids affected the expression of desaturases
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involved in the omega-3 fatty acid synthesis and ceramide (Cer) metabolism.*> Previous research has found that
flavonoids can disrupt the sphingolipid rheostat in colon cancer cells by preventing S1P production and Cer traffic.
Thus, flavonoids have a regulatory effect on the sphingolipid pathway. Based on these findings we infer that baicalin may
also act on sphingolipid-related enzymes to regulate sphingolipid metabolism. Our work predicted this possibility.
However, there are few studies on the direct effect of baicalin on sphingolipid metabolizing enzymes. In the past,
researchers may have overlooked the effect of baicalin on sphingolipids. In our present study, we are pointing to
a promising pathway for future studies on the mechanism of baicalin action.

Since baicalin referred to the sphingolipid signaling route as part of the primary mechanism for treating IBD,
integrated network pharmacology demonstrated that it also belonged to this pathway. Sphingolipid signaling was
identified as one of the key mediators of pro-inflammatory conditions, and, specifically, TNF-o related signaling.**
Several immunological responses trigger the activation of the sphingolipid metabolism. The initiation and resolution of
inflammation are linked to the stimulation of sphingolipid metabolism by pro-inflammatory cytokines and coagulation-
related chemicals.*> Numerous studies suggest that cytokines and other sphingolipids form a close network that is
essential for controlling inflammatory pathways and immunological responses in IBD. Both innate and adaptive immune
cells are sent to the tissues during inflammatory processes, and cytokine networks are also activated. Such changes are
regulated by sphingolipids, and sphingolipid metabolism is altered in tissues as a response to these alterations.*® We also
found that cytokines are associated with enzymes related to sphingolipid metabolism. Research shows that SphK1 has
emerged as a significant player, triggered by a number of cytokines, TNF-a being one of them.*’ Cytokines produced by
innate and adaptive immune cells have a crucial role in the pathogenesis of IBD, where they control multiple aspects of
the inflammatory response.*® Baicalin may be an alternative medication in the treatment of UC because of its effects on
the suppression of inflammation. Researchers discovered that baicalin prevented the activation of the TLR4/NF-xB
signaling pathway to ameliorate UC in addition to lowering the levels of the inflammatory markers IL-1, TNF-a, and IL-
6 in rat intestinal tissues. An HTHE-induced UC model confirmed similar findings. IL-1, IL-17, and IL-6 serum levels
were significantly decreased by baicalin at 100 mg/kg.” Feng et al additionally discovered that 100 mg/kg baicalin
reduced the symptoms of DSS-induced UC by inhibiting the TLR4/NF-kB-p65/IL-6 signaling pathway and repressing
the expression of TNF-o, IL-6, and IL-13 mRNA.* Thus, we presume that cytokines such as TNF-a may be closely
related to sphingolipid metabolism. Baicalin may affect sphingolipid metabolism by down-regulating abnormal
cytokines.

We also found abnormalities in glycerophospholipids. Baicalin down-regulates the abundance of LPA18:4. We found
that in the DAT group prostaglandins metabolism was disturbed. Abnormal fatty acid metabolism was noticed in patients
with IBD in both the stationary period and the active period.* Based on the above metabolism results, we found that
disorders of lipid metabolism were predominantly seen in the DAT group, such as glycerophospholipid metabolism and
sphingolipid metabolism. Baicalin might regulate them at the same time, even though sphingolipid metabolism might be
in the dominant role.

The combined use of network pharmacology and metabolomics facilitate the unraveling of potentially complex
relationships between multiple metabolites and multiple targets, providing strategies for the study of the mechanisms of
therapeutic diseases in Chinese medicine. However, there are some limitations. It is currently not possible to remove
interference with the endogenous metabolome by herbal components. Incomplete information on the various types of
databases, and different algorithms between databases without using them in conjunction, cause great problems in
determining the final results. The gap between these predicted targets and the real situation is still large. Further
experimental studies needed to be put forward to validate our findings.

Conclusion

Baicalin was found to regulate 19 different metabolites, including sphingomyelin, glycerophospholipids, and fatty acids,
according to untargeted metabolomics data. The pathway study showed that baicalin’s protective effects might be
influenced by controlling sphingolipid metabolism. After integrating the findings of metabolomics and network pharma-
cology analyses, sphingolipid-linked proteins UGCG, SGMSI1, and SPHK1 were predicted as targets for baicalin against
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IBD. Taken altogether, this research provided a meaningful direction to future drug discovery and understanding of the
pharmacological mechanism of baicalin to treat inflammatory bowel disease.
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