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Background: Baiyu Decoction (BYD), a clinical prescription of traditional Chinese medicine, has been proven to be valuable for 
treating ulcerative colitis (UC) by enema. However, the mechanism of BYD against UC remains unclear.
Purpose: A combination of bioinformatics methods including network pharmacology and molecular docking and animal experiments 
were utilized to investigate the potential mechanism of BYD in the treatment of UC.
Materials and Methods: Firstly, the representative compounds of each herb in BYD were detected by liquid chromatography-mass 
spectrometry. Subsequently, we predicted the core targets and potential pathways of BYD for treating UC through network 
pharmacology. And rat colitis model was established with dextran sodium sulfate. UC rats were subjected to BYD enema adminis
tration, during which we recorded body weight changes, disease activity index, and colon length to assess the effectiveness of BYD. 
Besides, quantitative real-time PCR, western blotting, ELISA and immunofluorescence were used to detect intestinal inflammatory 
factors, intestinal barrier biomarkers and TOLL-like receptor pathway in rats. Finally, the core components and targets of BYD were 
subjected to molecular docking so as to further validate the results of network pharmacology.
Results: A total of 41 active compositions and 203 targets related to BYD-UC were subjected to screening. The results of 
bioinformatics analysis showed that quercetin and kaempferol may be the main compounds. Additionally, AKT1, IL-6, TP53, TNF 
and IL-1β were regarded as potential therapeutic targets. KEGG results explained that TOLL-like receptor pathway might play 
a pivotal role in BYD protecting against UC. In addition, animal experiments and molecular docking validated the network 
pharmacology results. BYD enema treatment can reduce body weight loss, lower disease activity index score, reverse colon short
ening, relieve intestinal inflammation, protect intestinal barrier, and inhibit TOLL-like receptor pathway in UC rats. Besides, molecular 
docking suggested that quercetin and kaempferol docked well with TLR4, AKT1, IL-6, TP53.
Conclusion: Utilizing network pharmacology, animal studies, and molecular docking, enema therapy with BYD was confirmed to 
have anti-UC efficacy by alleviating intestinal inflammation, protecting the intestinal barrier, and inhibiting the TOLL-like receptor 
pathway. Researchers should focus not only on oral medications but also on the rectal administration of medications in furtherance of 
the cure of ulcerative colitis.
Keywords: network pharmacology, ulcerative colitis, enema therapy, TLR4/MyD88/NF-κB pathway

Introduction
Ulcerative colitis (UC) is featured with mucosal inflammation that begins with rectum and spreads to the proximal 
colon.1 The typical symptoms of UC include abdominal pain, acute or chronic diarrhea, and bloody stools. Pathogenesis 
of UC is still unclear, and an increasing number of studies suggest that it is mainly caused by immune dysregulation, 
intestinal epithelial barrier defects, intestinal microbial changes and environmental factors.2 The popular therapeutic 
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medicines for UC are 5-aminosalicylic acid (5-ASA), biological agents and immunosuppressants.3 Although above drugs 
can relieve symptoms to some extent, in addition to being expensive, they can also cause many adverse effects,4,5 which 
brings heavy economic burden and psychological pressure to UC patients.

Traditional Chinese medicine (TCM) with unparalleled theoretical system differs from modern medicine distinctly. 
Baiyu Decoction (BYD) is a prescription created by Professor Shen for the treatment of UC by enema, which can 
dramatically alleviate the clinical symptoms of most UC patients. BYD is composed of three Chinese herbs, 
Phellodendron amurense Rupr. (Chinese name Huangbai; HB), Sanguisorba officinalis L. (Chinese name Diyu; DY), 
Indigofera suffruticosa Mill. (Chinese name Qingdai; QD), which have been commonly used for UC in TCM since 
ancient time. The plant name has been verified with MPNS (http://mpns.kew.org). The multiple functions of BYD are 
clearing dampness and heat, cooling blood and removing blood stasis, and hemostasis.

Network pharmacology put forward by Andrew L. Hopkins specifies the process of diseases and emphasizes the 
analysis of the molecular association between drugs and therapeutic objects from the view of biological network.6,7 The 
method of network pharmacology has been broadly employed in the innovation of Chinese herbs.8 It provides new ideas 
for the study of complex system of TCM and scientific and technological support for clinical practice.9 Molecular 
docking studies the interaction between different molecules and predicts their binding affinities and modes.10,11
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The active ingredients and pharmacological effects of the three herbs of BYD, HB, DY and QD have been extensively 
studied. HB could clear heat, dry dampness, drain fire, eliminate steam, resolve toxin, and treat sores according to the 
theory of TCM. Modern pharmacological researches show the most important chemical constituents of HB are alkaloids 
containing berberine and jatrorrhizine.12 HB has a variety of pharmacological effects, including immunomodulatory, anti- 
inflammatory, antibacterial, anticancer, hypotensive, antiarrhythmic, antioxidant, and antiulcer.12 HB treatment increased 
the abundance of intestinal flora and beneficial bacteria and regulates the AMPK-mTOR signaling pathway to promote 
autophagy, thus reducing the damage of UC to the intestine.13 The active components of DY are dominated by 
flavonoids, triterpenoids, phenolic compounds.14 Many experiments have shown that DY involves anti-inflammatory, 
anti-cancer, anti-lipid peroxidation, anti-bacterial, anti-diabetic, hepatoprotective and anti-obesity effects.14 DY and its 
active ingredients ameliorated DSS-induced colitis by inhibiting intestinal inflammation through promoting Atg7- 
dependent autophagy.15 QD has been applied to detoxification, defervescence, detumescence and antiphlogosis. 
Glycosides and alkaloids have been obtained from QD, and the functions of QD encompass anti-cancer, inflammation 
relief, microbial inhibition, and skin disease relief.16 In one placebo-controlled trial, Curcumin-QingDai was effective for 
inducing response and remission in active UC patients, and the aryl-hydrocarbon receptor pathway might be potential 
therapeutic target for UC.17 QD could regulate intestinal flora, reduce inflammation, repair intestinal mucosa, and 
improve the physiological status of DSS-induced UC mice and its anti-UC mechanism may be involved in inhibiting 
TLR4/MyD88/NF-κB signal transduction.18 Although the above studies proved the therapeutic effect of HB, DY and QD 
on UC, there is paucity of literature on the treatment of UC by enemas with all three herbs.

In this paper, firstly, we conducted a network pharmacology study on the ground of the main components of BYD and 
the component-target-disease interactions. Subsequently, an acute colitis model in rats was established to verify the 
network pharmacology results. Finally, molecular docking experiments were performed for further verification. The flow 
chart of the study is shown in Figure 1.

Materials and Methods
Collection of the Compounds of BYD and UC-Related Targets
All active compounds and protein targets of BYD were obtained from TCMSP (https://old.tcmsp-e.com/tcmsp.php),19 

according to the thresholdBPs of Drug-like (DL)≥0.18 and Oral bioavailability (OB)≥30%. Human gene name and gene 
ID were collected from the UniProt database (https://www.uniprot.org/).20 Targets about “ulcerative colitis” were obtained 
from GeneCards (https://www.genecards.org/), OMIM (https://omim.org/),21 TTD (http://db.idrblab.net/ttd/) and DrugBank 
(https://go.drugbank.com/). After removing duplicate gene, the overlapping data on target genes related to UC and active 
compounds were retained as candidate targets. The above data were inputted to the Cytoscape 3.9.1 for herb-compound- 
target network and Venny 2.1.0 (https://bioinfogp.cnb.csic.es/) for distribution of BYD potential targets and UC targets.

Protein–Protein Interaction (PPI) Network Analysis
The overlapping data on target genes related to UC and active compounds were imported into STRING 11.5 (https://cn. 
string-db.org/) for PPI analysis.22 Homo sapiens is listed as restricted species. Then PPI results exported from STRING 
11.5 were imported into Cytoscape 3.9.1 in order to get another more visual network diagram.

GO and KEGG Enrichment Analysis
The data, firstly, obtained from STRING 11.5 were processed and imported into Metascape (https://metascape.org/) for 
enrichment analysis. The GO data include cellular component (CC), biological process (BP) and molecular function 
(MF). Subsequently, every top 20 items in CC, BP, and MF and top 30 pathways in KEGG were selected to the 
Bioinformatics platform (http://www.bioinformatics.com.cn/) for visual analysis.23

Molecular Docking
According to the network pharmacology results, the top 2 components of BYD and the core protein targets were molecularly 
docked to judge the affinity of their interactions. The specific steps are as follows: (1) Acquisition of protein and component 
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files: We obtained the MOL2 format files of compounds from the TCMSP database and downloaded the PDB format files of 
target proteins from the PDB Database (https://www.rcsb.org/). (2) Setting of the protein receptor: First, use PyMol software 
to remove the water and solvent of the protein. Then, use AutoDock4 to add hydrogen. Finally, set it as protein receptor and 
save it as a PDBQT format file. (3) Setting of the component ligand: Similarly, add hydrogen to the component in 
AutoDock4 software and set the component as ligand. Subsequently, the torsion tree was automatically configured in the 
software before exporting component ligand as PDBQT format files. (4) Molecular docking: After importing the PDBQT 
files of the protein receptor and component ligand into AutoDock4, the size of the docking box was adjusted to completely 
cover the active site of the protein receptor and the docking parameters were set for molecular docking. (5) Result description 
and visualization: the binding energy of molecular docking <0 kcal/mol indicates that the docking is in the natural state, and 
the binding energy < −1.2 kcal/mol suggests the docking result is ideal. Therefore, the results with the smallest binding 
energy are generally selected and imported into PyMol for visualization.

Preparation of BYD and LC-MS/MS Analysis
BYD, HB (18 g), DY (9 g) and QD (3 g) were bought from Jiangsu Province Hospital of Chinese Medicine. The proportions of 
HB, DY and QD are 60%, 30% and 10%, respectively. Three herbs were mixed and soaked for 30 minutes with 10 times (w/v) 

Figure 1 The framework of this study.
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distilled water, followed by boiling for 40 minutes twice. The two extracted solutions were mixed and further concentrated to 
0.31 g/mL. Ultimately, the main compounds of BYD were detected by liquid chromatography-mass spectrometry (LC-MS 
/MS). 5 μL aliquots of prepared BYD were passed through a 0.22 µm filter into auto-sampler vials for analysis using ultra 
high-performance liquid chromatography (UHPLC)-electrospray ionization (ESI)-Q-orbitrap-mass spectrometry (MS) sys
tem, utilizing the Shimadzu Nexera X2 LC-30AD (Shimadzu, Japan) combined with the Q Exactive™ Plus Hybrid 
Quadrupole-Orbitrap™ Mass Spectrometer (Thermo Scientific, San Jose, USA). ACQUITY UPLC® high strength silica 
(HSS) T3 columns (2.1×100 mm, 1.8μm) (Waters, Milford, MA, USA) were used for liquid chromatography separation with 
a flow rate of 0.3 mL/min. The mobile phases were A: 0.1% formic acid in water and B: 100% acetonitrile. The elution 
gradient was as follows: 0% B for 2 minutes, linearly increased to 48% B in 4 minutes, and up to 100% B in 4 minutes and 
maintained for 2 minutes. Raw MS data were imported into MS-DIAL for further processing, including correction of retention 
times, alignment of peaks, and extraction of peak areas. BYD constituents were identified by matching peak information found 
in Shanghai BIOPROFILE Co, Ltd’ s in-house secondary mass spectrometry database.

Reagents
Dextran sodium sulfate (DSS, M. W. = 36–50 kDa,160110) was obtained from MP Biomedicals (California, USA). Isoflurane 
(R510-22-8) was purchased from RWD (Shenzhen, China). 5-Aminosalicylic acid (5-ASA, A79809) was bought from Sigma- 
Aldrich (USA). cDNA Synthesis Kit (R211-01) and qRT-PCR SYBR Green Kit (Q221-01) were provided by Vazyme Biotech 
(Nanjing, Jiangsu, China). TNF-α (ZC-37624), IL-6 (ZC-36404), IL-10 (ZC-36379), IL-1β (ZC-36391) ELISA kits were 
purchased from ZCIBIO Technology (Shanghai, China). Bicinchoninic acid (BCA, P0010) protein assay kit, and phenyl
methanesulfonyl fluoride (PMSF, P1005) were purchased from Beyotime (Shanghai, China). Anti-TLR4 (19811–1-AP), anti- 
MyD88 (23230–1-AP), β-actin (66009–1-Ig), HRP-conjugated Affinipure Goat-Anti-Mouse IgG (H+L) (SA00001–1) and 
HRP-conjugated Affinipure Goat-Anti-Rabbit IgG (H+L) (SA00001–2) were purchased from Proteintech Group (Rosemont, 
USA). Anti-ZO-1 (sc-33725) was purchased from Santa Cruz Biotechnology (USA). Anti-MUC2 (ab272692) was obtained 
from Abcam (Cambridgeshire, UK). NF-κB (#8242) and Phospho-NF-κB (#3033) were bought from Cell Signaling 
Technology (Danvers, MA, USA). Enhanced chemiluminescent (ECL, BL520B) plus reagent kit was purchased from 
Biosharp (Hefei, Anhui, China).

Animals and Treatment
Forty male Sprague Dawley rats (weighting 200 ± 20 g) were purchased from Shanghai Family Planning Research 
Institute (Shanghai, China). On arrival, all rats were kept in a specific-pathogen-free room under a 12-h light/dark cycle 
(Animal usage license number: SYXK (Su) 2022–0070). After adaptive feeding, rats were randomly divided into 4 
groups: Control group, Model group, 5-ASA group, and BYD group. Each group contains ten rats. The animal studies 
were approved by the Animal Ethics Committee in Affiliated Hospital of Nanjing University of Traditional Chinese 
Medicine (Application Number: 2023DW-030-01) in accordance with the guidelines of the Guide for the Care and Use of 
Laboratory Animals.

According to previous literature description, acute colitis was induced by administration of 4% (w/v) DSS in drinking 
water for 7 days, in order to maintain colitis model, rats were then given 3% DSS for 7 days.24 Except for the control 
group, the other 3 groups were treated by intrarectal administration for 12 consecutive days from the first day of drinking 
3% DSS. Before enema therapy, the rats were fasted for 12 hours to empty rats’ intestines. After rats were anesthetized 
with Isoflurane, the 16-gauge gavage needle with 2 mL solution was inserted into the rat’s anus for 8 cm slowly and 
gently. Then the rats were inverted for 5 minutes to prevent drug outflow and finally returned to the cage and raised 
normally. During the experiment, the water and food intake, mental state and fur gloss of the rats were observed 
every day. And the disease activity index (DAI) was calculated as previously described (Table 1).25 At the end of the 
experiment, rats were anaesthetized by Isoflurane, and blood was collected from the femoral artery. After spinal 
dislocation, the rats’ colon was harvested and measured.
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H&E and AB-PAS Staining
1 cm colon tissue was fixed in paraformaldehyde and embedded in paraffin. Paraffin-embedded sections (4 μm) were 
stained with H&E and AB-PAS for evaluating colon morphology, mucus layer and goblet cells. Then, pathological scores 
were calculated (Table 2).26

Quantitative Real-Time PCR (qRT-PCR)
After RNA and cDNA extraction, SYBR Green Kit was utilized to quantify mRNA levels in accordance with 
manufacturer’s protocols. GADPH was taken as internal control. Primer sequences are listed in Table 3.

Table 1 Disease Activity Index

Stool Traits Bloody Stool Weight Loss (10%) DAI Score

Normal Negative of occult blood None 0

Mild soft stool Occult blood weakly positive (+) 1–5% 1

Severe soft stool Occult blood positive (++) 5–10% 2

Mild diarrhea Occult blood strongly positive (+++) 10–15% 3

Severe diarrhea Bloody naked eye >15% 4

Table 2 Pathological Scores

Feature Grade Description

Inflammation level 0 None

1 Slight

2 Moderate

3 Severe

Inflammation extent 0 None

1 Mucosa

2 Mucosa and submucosa

3 Transmural

Crypt damage 0 None

1 Basal 1/3 damaged

2 Basal 2/3 damaged

3 Only surface epithelium intact

4 Entire crypt and epithelium lost

Involvement Percentage 1 1–25%

2 26–50%

3 51–75%

4 76–100%
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Enzyme-Linked Immunosorbent Assay (ELISA)
According to the manufacturer’s protocols, the serum was used to detect the expression of TNF-α, IL-1β, IL-6, and 
IL-10.

Western Blotting Assay
The proteins of colon tissue were extracted by RIPA and isolated using SDS-PAGE. Proteins were then transferred to 
PVDF membranes following by incubating relevant primary and secondary antibodies. Protein signals were detected with 
ECL kit on the basis of instructions.

Table 3 Primer Sequences

Gene Primers

IL-1β F GCAGCTTTCGACAGTGAGGA

R CCCAAGTCAAGGGCTTGGAA

TNF-α F ACTGAACTTCGGGGTGATCG

R GCTTGGTGGTTTGCTACGAC

IL-17 F GTGAAGGCAGCGGTACTCAT

R AGGGTGAAGTGGAACGGTTG

IL-23 F ATAAGCACCTGCTGGACTCG

R GGAACGGAGAAGAGAACGCT

IL-10 F CCAGTCAGCCAGACCCACAT

R GCATCACTTCTACCAGGTAAAAC

IL-6 F AGAGACTTCCAGCCAGTTGC

R AGTCTCCTCTCCGGACTTGT

IL-12 F TGACATGTGGAGCAGCATCT

R GGTGGGTCCGGTTTGATGAT

ZO-1 F GAGTTTGACAGTGGAGTCG

R AGCTGAAGGACTCACAGGAA

Muc2 F GGGGCTATGGCAGACTTTGT

R CCCAAGCGAACTCCATTCCT

Occludin F TCACTGTGTGACCTGTCTTGG

R ACTGGGCTGGATGCCAATTT

TLR4 F TTCCACAAGAGCCGGAAAGT

R GGCGATACAATTCGACCTGC

MyD88 F TTCTCTCTACCGTTGGTCGC

R GCCAGGCATCCAACAAACTG

GADPH F GCGAGATCCCGCTAACATCA

R CTCGTGGTTCACACCCATCA
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Immunofluorescence
For TLR4, MyD88 and NF-κB (p65) detection, sections were sliced at 3 µm of embedded paraffin. After dewaxing and 
rehydration, the antigen was blocked with 5% BSA. Then specimens were incubated with primary and secondary 
antibodies, and finally incubated with DAPI at room temperature for 10 minutes to stain the nuclei.

Statistical Analysis
Using GraphPad Prism software 8 to conduct statistical analysis. Numerical Data are expressed as Mean ± SEM. T test 
was used to compare the mean differences between two groups; one-way ANOVA and Tukey method were used to 
compare the mean differences between multiple groups. P < 0.05 was considered as statistically significant.

Results
Representative Active Constituents in the LC-MS/MS Analysis of BYD
In order to identify the canonical chemical components of BYD, we performed LC-MS/MS and main chemical 
components were shown in the total ion chromatograms (TIC) by the positive ESI+ (Figure 2A) or negative ESI− 
mode (Figure 2B). The representative compounds of each herb identified in BYD are listed in Table 4. The extracted ion 
chromatography (EIC) and chemical structure from PubChem database are shown in Supplementary Figure 1.

Figure 2 Analysis of the components of BYD by LC-MS/MS. The total ion chromatograms (TIC) of BYD. (A) The positive mode and (B) the negative mode.

Table 4 Chemical Characterization of Bioactive Compounds in BYD

No. Name Formula M/Z RT (min) Intensity

① Berberine C20H18NO4 336.1213 9.47 285913055232

② Menisperine C21H26NO4 356.1834 8.79 4681981440

③ Noroxyhydrastinine C10H9NO3 192.0648 9.36 4246476032

④ Gallic acid C7H6O5 171.0279 6.79 495569696

⑤ Catechin C15H14O6 291.0846 8.41 6343785472

⑥ Ferulic acid C10H10O4 195.0646 9.32 11300408320

⑦ Indigo C16H10N2O2 263.0797 11.74 4425904128

⑧ Uracil C4H4N2O2 113.0345 4.52 3200797696

⑨ Hypoxanthine C5H4N4O 135.028 0.92 7374364160
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Active Ingredients of BYD and “Herb-Compound-Target” Network
In line with OB ≥ 30% and DL ≥ 0.18, 41 bioactive ingredients of BYD were screened using TCMSP database to illustrate 
the mechanism of BYD (Figure 3A, Supplementary Table 1). Gene names and IDs were obtained from UniProt and matched 
with BYD active ingredients. We identified 203 compound-related targets after removing duplicates. With “ulcerative colitis” 
as the key word, disease targets were gained from OMIM, GeneCards, TTD and Drugbank databases, and 1303 disease 
targets were identified after median screening. Combine 203 active compound-related targets and 1303 UC-related targets, 
and retain 106 overlapping targets as candidate targets (Figure 3B). To clearly elucidate the relationship between 3 herbs, 41 
active ingredients and 203 potential targets in BYD, a ‘Herb-Compound-Target’ network was constructed, which consists of 
246 nodes and 607 edges (Figure 3C). The node with more edges in the network has a higher degree value, and the larger the 
size of the node, the greater the meaning. The top 3 constituents were quercetin (MOL000098), kaempferol (MOL000422), 
beta-sitosterol (MOL000358). The data were shown in Table 5. Among them, β-sitosterol is common ingredient of the three 
herbs and quercetin is one common component of HB and DY.

PPI Network Analysis
The 106 candidate targets were uploaded into STRING 11.5 to build a PPI network, including 106 nodes and 2279 
edges (Figure 4A). Nodes represent proteins and edges display protein–protein interactions. For further visualiza
tion and analysis, above data were processed by Cytoscape 3.9.1 to construct a novel PPI network, which also 
included 106 nodes and 2279 edges (Figure 4B). Using the CytoNCA plug-in in Cytoscape, the core targets were 
mined according to the respective mean values of DC, EC, BC and CC, and then the top 30 were selected to build 
a network map of core targets with Cytoscape (Figure 4C). As shown in the figure, correlation is proportional to 
node size and color depth. The top five targets are AKT1, IL-6, TP53, TNF and IL-1β, which can be considered as 
key targets in the anti-UC pharmacological mechanism of BYD (Table 6).

Figure 3 Active Ingredients of BYD and “Herb-Compound-Target” Network. (A) The number of ingredients in each herb. (B) Distribution Of BYD potential targets and 
UC targets. (C) Herb-Compound-Target network of BYD. Red rhombuses indicate targets. Blue squares represent three herbs: Baiyu, Diyu and Qingdai. Orange octagons 
show the major components of three herbs, respectively. The color and size of the nodes reflect the degree value. Grey lines indicate the interrelationships between 
compounds and targets.
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GO and KEGG Pathway Enrichment Analysis
In total, 1724 statistically significant GO terms were obtained, incorporating 56 for CC, 1540 for BP and 128 for MF. The 
top 20 of CC, BP and MF were visualized in a bar graph (Figure 5A). We discovered the significantly GO terms relative 
to targets of BYD were “response to inorganic substance” (BP), “membrane raft and membrane microdomain” (CC), and 
“cytokine receptor binding” (MF). The 176 pathways were got by KEGG enrichment analysis, of which the top 30 
pathways were exhibited in the form of bubble plots (Figure 5B). Among them, IL-17 signaling pathway (associated with 
24 genes), TNF signaling pathway (associated with 25 genes), apoptosis (associated with 20 genes), TOLL-like receptor 
pathway (associated with 19 genes), NOD-like receptor pathway (associated with 19 genes), NF-κB signaling pathway 
(associated with 16 genes) are closely related to UC. Finally, we constructed a component-target-pathway network with 
277 nodes and 1249 edges to illustrate the potential relationships of herbs, components, targets, and top 30 pathways 
described above (Figure 5C).

Table 5 Top 3 Compounds Information of BYD Network

Mol ID Molecule 
Name

Molecule 
Structure

OB (%) DL Degree Betweenness 
Centrality

Closeness 
Centrality

MOL000098 quercetin 46.43 0.28 144 0.6738 0.5975

MOL000422 kaempferol 41.88 0.24 57 0.1236 0.4195

MOL000358 beta- 

sitosterol

36.91 0.75 37 0.0776 0.3926

Figure 4 PPI Network Analysis. (A) The interactive PPI network obtained from STRING database with the minimum required interaction score set to 0.97. Each node 
represents relevant targets, and edges stand for protein-protein associations. (B) PPI network imported from STRING database to Cytoscape 3.9.1. (C) PPI network of 
more significant proteins extracted from (B) by filtering 4 parameters: DC, EC, BC and CC.
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BYD Ameliorates UC Symptoms of Colitis Rat
As clinical practice proves that BYD has ideal therapeutic effect, we tested the efficacy of BYD on UC rats. UC model 
was established to assess the effects of BYD (Figure 6A). During the experiment, except for the rats in control group, the 
other rats gradually developed listless, loss of fur gloss, reduction of diet and water intake and even perianal ulceration 
with the increase of DSS solution drinking time (Figure 6B). After enema administration, above symptoms were relieved. 
In comparison to model group, the body weight of rats after treatment increased (Figure 6C). DAI score is a vital 
indicator for assessing UC model. The rats in model group achieved higher scores, enema therapy lowered DAI scores 
(Figure 6D). In addition, both 5-ASA and BYD could significantly reverse the colon shortening trend (Figure 6E and F). 
These results demonstrated BYD relieved UC symptoms of colitis rat.

BYD Inhibits the Intestinal Inflammation of Colitis Rat
To illustrate the effect of BYD on intestinal inflammation, we tested the inflammatory factors. The colon tissue structure 
in control group was intact, and there was no obvious inflammatory cell. But intestinal structural integrity in the model 
group was destroyed and inflammatory cells can be observed. After the enema with 5-ASA and BYD, the colon tissue 
morphology could be alleviated, the inflammatory cells were reduced (Figure 6G). The pathological score was 
statistically significant (Figure 7A). Moreover, we detected the mRNA expression levels of pro-inflammatory factors, 
such as TNF-α, IL-1β, IL-6, IL-17, IL-23, and IL-12 and anti-inflammatory factor IL-10 (Figure 7B–H). In comparison to 
control group, TNF-α, IL-1β, IL-6, IL-17, IL-23, and IL-12 increased in model group, while IL-10 decreased. As 
expected, BYD treatment suppressed pro-inflammatory factors, and upregulated anti-inflammatory factor remarkably. 
The protein levels of inflammatory factors reflected consistent trend (Figure 7I–L). These data indicated that BYD 
attenuated colonic inflammation in UC rats.

Table 6 Top 5 Targets Information of PPI Network

Protein Name Degree Betweenness Centrality Closeness Centrality

AKT1 91 392.4378 0.8750

IL-6 88 413.4313 0.8606

TP53 88 350.4469 0.8536

TNF-α 87 323.555 0.8467

IL-1β 86 354.2278 0.8467

Figure 5 GO and KEGG Pathway Enrichment Analysis. (A) GO enrichment analysis for 106 key targets. (B) KEGG enrichment analysis for 106 key targets. (C) 
Component-Target-Pathway network. Red octagons indicate three herbs. Orange octagons show ingredients. Yellow circles suggest targets. Green V represent pathways. 
The color and size of the nodes reflect the degree value. Grey lines indicate the interrelationships between compounds and targets.
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BYD Protects the Intestinal Barrier of Colitis Rat
UC is characterized by abnormal intestinal barrier function, and intestinal barrier biomarkers were detected to demon
strate the protective effects of BYD. As shown, the mucous layer was destroyed and the number of goblet cells was 
reduced after DSS but reversed after therapy (Figure 8A). The mRNA expression manifested that ZO-1, Muc2 and 
Occludin in model group were significantly lower than those in control group (Figure 8B–D). Intriguingly, 5-ASA and 
BYD treatment increased their levels. Furthermore, we evaluated the proteins expression level of ZO-1 and Muc2, 
reflecting the same tendency (Figure 8E). These data confirmed BYD improved the tight junction structure and promoted 
the intestinal mucosal barrier repair.

BYD Suppresses TLR4/MyD88/NF-κB Pathway in Colitis Rat
On the basis of network pharmacology data, the TOLL-like receptor pathway, to a large extent, is relevant to the pathogenesis 
of UC. Thus, we examined the mRNA and protein expression levels of TLR4, MyD88, NF-κB (p65) and P-NF-κB (p-p65). As 
reported in previous studies, TLR4 and MyD88 were upregulated in the colonic tissues after DSS. These biomarkers were 
downregulated after BYD treatment (Figure 9A and B). Blue representing the nucleus and red representing p65. The p65 in the 
control group gathered in the cytoplasm, while p65 in the model group entered the nucleus and was activated. As shown, 
5-ASA and BYD could inhibit the activation and phosphorylation of p65 (Figure 9C and D). Combined, BYD might restrain 
TLR4/MyD88/NF-κB pathway in UC rat.

Molecular Docking Analysis
According to network pharmacology results and animal experiments, quercetin (MOL000098) and kaempferol (MOL000422) 
were screened for molecular docking with the top 4 targets, AKT1 (PDB ID: 1UNQ), IL-6 (PDB ID: 1ALU), TP53 (PDB ID: 
7DHZ) and TLR4 (PDB ID: 2Z62). The binding energy data of molecular docking are displayed in Table 7, manifesting the 

Figure 6 BYD ameliorates UC symptoms of colitis rat. (A) Time flow chart. (B) Representative images of perianal in control and model group. (C) Body weight changes 
during experiment (n = 6–8). (D) Disease active index (DAI) (n = 6–8). (E) Representative images of colon (n = 6–8). (F) length of colon (n = 6–8). (G) Representative 
H&E-stained colon section (scar bar, 100 µm) (n = 6–8). Data are expressed as Mean ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001; one-way ANOVA with Tukey’s post hoc 
analysis.
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compound ligand and protein receptor were well docked. Figure 10 shows the local structures of protein receptors and 
component ligands after visualization via PyMol. Quercetin can interact with GLN-47 through one hydrogen bond, and 
interact with GLU-40 and LYS-39 through two hydrogen bonds in AKT1 (Figure 10A). Quercetin forms one hydrogen bond 
with LYS-86, GLU-93 and LEU-64 and two hydrogen bonds with LYS-66 in IL-6 (Figure 10B). Quercetin forms one 
hydrogen bond with GLU-198, ASN-200 and HIS-233, two hydrogen bonds with THR-231 and four hydrogen bonds with 
PRO-222 in TP53 (Figure 10C). The structure of quercetin could form one hydrogen bond with PRO-145, PHE-122 and SER- 
126, and interact with two hydrogen bonds with THR-151 and SER-123 in TLR4 (Figure 10D). Kaempferol interacts with 
GLN-47 through one hydrogen bond, and interacts with GLU-40 and LYS-39 through two hydrogen bonds in AKT1 
(Figure 10E). Kaempferol forms one hydrogen bond with Lys-120, Glu-99, ASN144 and PRO-139 and two hydrogen 
bonds with GLU-95 in IL-6 (Figure 10F). Kaempferol forms one hydrogen bond with GLU-271, LYS-132, ARG248, 
ARG174, and SER240 in TP53 (Figure 10G). The structure of kaempferol could form one hydrogen bond with PRO-145, 
GLY-124, LEU-125, and interact with two hydrogen bonds with PHE-122 and SER-126 in TLR4 (Figure 10H).

Discussion
Patients suffering from UC, a progressive disease, often face the risks of intestinal motility disorders, anorectal 
dysfunction and colorectal cancer, and even colectomy is required in severe cases.2 Therefore, it is imperative to clarify 
the pathogenesis of UC and develop creative drugs.

In this study, the conceivable mechanism of BYD against UC was revealed using comprehensive network pharma
cology and further verified by animal experiment and molecular docking. We identified 41 active compounds in BYD, 
203 targets associated with compounds and 1303 UC-related targets from various databases. After matching, 106 targets 

Figure 7 BYD inhibits the intestinal inflammation of colitis rat. (A) The histological score (n = 6–8). (B–H) Relative mRNA expression of TNF-α, IL-1β, IL-6, IL-17, IL-23, IL- 
12 and IL-10 in the colon tissue of rats (n = 6–8). (I–L) Relative protein expression of TNF-α, IL-1β, IL-6 and IL-10 in the serum of rats (n = 6–10). Data are expressed as 
Mean ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001; one-way ANOVA with Tukey’s post hoc analysis.
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were associated with both compounds and UC. The main components, quercetin, kaempferol and beta-sitosterol, and the 
pivotal targets, AKT1, IL-6, TP53, TNF and IL-1β, may explain the anti-UC effect of BYD.

Quercetin can influence the expression of pro-inflammatory cytokines, injury repair molecules and NF-κB inhibitory 
molecules, which demonstrates advantageous influences on primary pathways involved in DSS-induced UC.27 An 
organoid experiment related to ulcerative colitis confirmed the positive effect of quercetin on colitis.28 Another study 
has shown that quercetin reduces colonic injury, regulates MPO activity and MDA levels, and significantly increases 
glutathione (GSH) content in TNBS-induced mouse colitis models.29 An experiment in vitro and in vivo showed that 
beta-sitosterol can reduce the levels of inflammatory cytokines in the colon tissues of mice with colitis, and the 
expression of antimicrobial peptides was increased and the survival rate of Salmonella typhimurium was decreased in 
beta-sitosterol-treated intestinal epithelial cells.30 Kaempferol ameliorated colitis in mice mainly through phenylalanine 
metabolism, galactose metabolism, arginine and proline metabolism.31 Current studies have demonstrated that UC is 
driven by type 2 helper T cells (Th2), and several proinflammatory immune cytokines derived from the lamina propria 
play a key role in the pathogenesis of UC.32 Increased intestinal levels of the inflammatory cytokines including TNF-α, 
IL-6 and IL-1β are positively associated with disease activity and severity. TNF-α secreted by monocytes, macrophages 
and natural killer cells can significantly destroy intestinal barrier resistance, and lead to barrier defects unique to UC.33 

The ideal therapeutic effects of anti-TNF-α therapy include a sustained anti-inflammatory response, mucosal healing and 

Figure 8 BYD protects the intestinal barrier of colitis rat. (A) Representative AB/PAS-stained colonic tissue section (scar bar, 100 µm). (B–D) Relative mRNA expression of 
ZO-1, Muc2, Occludin in the colon tissue of rats (n = 6–8). (E) Immunoblots of ZO-1 and Muc2 in the colon tissue of Rats. Data are expressed as Mean ± SEM. * P < 0.05, ** 
P < 0.01, *** P < 0.001, **** P < 0.0001; one-way ANOVA with Tukey’s post hoc analysis.
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restoration of the gut epithelial barrier function. One research showed that anti-TNF-α therapy reduced histological and 
endoscopic disease activity, inhibited immune cell activation, downregulated expression of cell adhesion molecules and 
proinflammatory cytokines, regulated apoptosis of monocytes and enterocytes, and restored gut barrier function 

Figure 9 BYD suppresses TLR4/MyD88/NF-κB signaling pathway in colitis rat. (A) Immunofluorescence of TLR4, MyD88. (B) Relative mRNA expression of TLR4 and 
MyD88 in the colon tissue of rats (n = 6–8). (C) Immunofluorescence of p65. (D) Immunoblots of p65 and p-p65 in the colon tissue of rats. Data are expressed as Mean ± 
SEM. ** P < 0.01, *** P < 0.001; one-way ANOVA with Tukey’s post hoc analysis.

Table 7 The Binding Energy of Compound and Core Targets (Kcal/Mol)

Target PDB ID Target Structure Compound Affinity (kcal/ 
mol)

AKT1 1UNQ Quercetin −5.92

kaempferol −6.34

IL-6 1ALU Quercetin −5.76

kaempferol −6.14

(Continued)
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and antimicrobial peptide levels.34 IL-1β, a multifunctional cytokine, can induce targets such as IL-6, IL-8, and COX2, 
stimulate T cell proliferation, and direct neutrophils to the infection site. IL-6 can mediate the immune response by 
recruiting monocytes and lymphocytes to replace neutrophils in shifting from innate immunity to adaptive immunity.35 

More and more studies have shown that TP53, a tumor suppressor gene, is the most frequently mutated gene in IBD- 
related dysplastic lesions and cancers.36 Similarly, noncoding TP53 mutations are enriched in IBD–associated colorectal 
cancers.37 These suggest that BYD may inhibit colorectal cancer associated with colitis. AKT signaling pathway mainly 
is associated with cell proliferation.38 The results above manifest that BYD characteristically is multi-component and 
multi-target drugs with synergistic effects.

Figure 10 Molecular Docking Analysis. (A) AKT1 with quercetin; (B) IL-6 with quercetin; (C) TP53 with quercetin. (D) TLR4 with quercetin. (E) AKT1 with kaempferol. (F) IL-6 
with kaempferol. (G) TP53 with kaempferol. (H) TLR4 with kaempferol. The hydrogen bonds were indicated by dashed lines and the length was added around the lines.

Table 7 (Continued). 

Target PDB ID Target Structure Compound Affinity (kcal/ 
mol)

TP53 7DHZ Quercetin −6.47

kaempferol −7.26

TLR4 2Z62 Quercetin −6.83

kaempferol −6.31
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For further exploration of the mechanism of BYD, GO and KEGG analyses were performed. GO results were 
principally related to biological processes, such as inflammatory response, immune regulation, signal transduction, and 
apoptosis. KEGG enriched 176 pathways, among which TNF signaling pathway, IL-17 signaling pathway, apoptosis, 
TOLL-like receptor pathway, NOD-like receptor pathway and NF-κB signaling pathway were related to UC, indicating 
the therapeutic effect of BYD on UC through multiple pathways. TOLL-like receptor is one of the pattern recognition 
receptors that mediate innate immune responses.39 Except for TLR3, other activated TLRs mainly signal through 
MyD88, ultimately activating NF-κB and MAPK (Figure 11).40 TLR4, the first TLR identified in mammals, recognizes 
LPS in Gram-negative bacteria. Under physiologic conditions, TLR4 is expressed at a low level in IECs.41 Study shows 
that TLR4 and NF-κB expression are positively correlated with disease in Chinese UC patients.40

Network pharmacological results were further validated by animal experiments. These results manifested that BYD could 
reduce body weight loss, improve DAI score and reverse colon shortening in colitis rats. As mentioned in the above section, 
BYD did downregulate the expression of inflammatory factors, while increasing the expression of anti-inflammatory factor in 
UC rats. UC is considered as an aberrant intestinal barrier disease. The intestinal epithelium is the gateway between the host 
immune response and the gut microbiota. Thus, therapeutic goal has evolved from symptom relief to mucosal healing.42,43 We 
detected biomarkers of the intestinal barrier, suggesting that BYD could protect the intestinal mucosa. Besides, we demon
strated that BYD could dramatically inhibit TLR4/MyD88/NF-κB pathway. Finally, we screened two core biologically active 
compounds, quercetin, kaempferol, and four representative targets, IL-6, TP53, AKT1, TLR4. The molecular docking results 
show that these compounds can bind to the proteins very well, indicating that the combination is stable.

The limitation of this study is that only ingredients screened through the database, without combining the components 
measured by LC-MS/MS analysis, were subjected to network pharmacological analysis. At present, a large number of studies 
have taken oral administration as the main strategy for the treatment of UC, and there are few researches on rectal administration 
for UC. Compared to the many systemic adverse reactions associated with oral administration, enema treatment can reduce these 
adverse reactions. It is worth noting that the enema method can make the drug directly act on the intestinal lesion site, quickly 
reduce local inflammation, promote ulcer healing, and repair damaged intestinal tissue. Although animal studies on oral 
treatment of UC by HB, DY and QD have been published, no studies on the treatment of UC by rectal administration of these 

Figure 11 TOLL-like receptor signaling pathway.
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three traditional Chinese medicines have been reported. Our study demonstrated that BYD has favorable effects in the treatment 
of UC by enema. Surprisingly, during the treatment of UC rats by enema, we found that the perianal ulceration of the rats in BYD 
group was relieved faster and to a lesser extent than that in 5-ASA group when the drug solution was infiltrated into the anus of 
the rats. Thus, despite its limitations, in addition to its desirable efficacy, another advantage of BYD is that its safety can be widely 
accepted by patients.

Conclusion
In this study, we used a comprehensive strategy combining network pharmacological analysis, molecular docking analysis and 
animal experimental validation to reveal the potential pharmacological mechanism of BYD for the treatment of UC, and 
determine the involved effective active component, core genes and possible signaling pathways. Animal experiment verified that 
BYD improved DAI score and histopathological damage, down-regulated inflammatory factor levels, repaired the intestinal 
barrier, and inhibited the TOLL-like receptor pathway in UC rats. The main active ingredients of BYD (quercetin, kaempferol) 
showed good stability with the targets (IL-6, TP53, AKT1 and TLR4). Our study reveals that BYD is beneficial for improving 
UC and provides a theoretical basis for the development of enema drugs for the treatment of UC. As an autoimmune disorder 
with lesions in the intestinal tract, UC can be managed by a combination of oral and rectal administration in clinical practice, 
which encourages researchers to focus not only on oral medications, but also on the rectal administration of medications for the 
treatment of UC in the future.
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