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Background: Hudi enteric-coated capsule (HDC) is a Chinese medicine prescribed to treat 
ulcerative colitis (UC). However, its anti-inflammatory active ingredients and mechanisms remain 
unknown. This study aimed to investigate the active components of HDC and explore its potential 
mechanisms against UC by integrating network pharmacology and experimental verification.
Methods: A DSS-induced colitis murine model was established to validate the efficacy of 
HDC by detecting disease activity index (DAI) and histopathological changes. Network 
pharmacological analysis was performed to identify the active compounds and core targets 
of HDC for the treatment of UC. The main compounds in HDC were identified by high- 
performance liquid chromatography. The relative expressions of HDC’s core targets were 
also determined in vivo. Finally, molecular docking was applied to model the interaction 
between HDC and target proteins.
Results: In an in vivo experiment, HDC, especially the middle-dose HDC, effectively 
reduced clinical symptoms of UC, including weight loss, bloody stool, and colon shortening. 
Besides, the severity of colitis was considerably suppressed by HDC as evidenced by 
reduced DAI scores. A total of 118 active compounds and 69 candidate targets from HDC 
closely related to UC progression were identified via network pharmacology. Enrichment 
analysis revealed that the key targets of HDC correlated with the expressions of PTGS2, 
TNF-α, IL-6, and IL-1β. Meanwhile, these cytokines were enriched in various biological 
processes through the IL-17/JAK2/STAT3 signaling pathway. The middle-dose HDC con-
tributed more to ameliorating DSS-induced colitis through this signaling pathway than other 
dosages. Nine components binding to JAK2, STAT3, IL-17 and IL-6 were identified by 
molecular docking, confirming again the inhibition effects of HDC on the IL-17/JAK2/ 
STAT3 signaling pathway.
Conclusion: The HDC treatment, particularly the middle-dose, exerted an anti-UC effect in a 
multi-component, multi-target, and multi-mechanism manner, especially inhibiting the IL-17/ 
JAK2/STAT3 signaling pathway to downregulate the secretion of proinflammatory cytokines.
Keywords: Hudi enteric-coated capsule, ulcerative colitis, network pharmacology, IL-17/ 
JAK2/STAT3 pathway

Introduction
Ulcerative colitis (UC) is one of the most common forms of inflammatory bowel 
disease world.1 The disease is characterized by chronic, persistent, recurrent, and 
nonspecific intestinal ulcer and mucosal inflammation initiating in the rectum and 
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extending proximally in the colon in a continuous manner 
to varying extents.2,3 Inflammation in UC is typically 
limited to the mucosal layer, resulting in the occurrence 
of superficial damage to the bowel wall.4 The hallmark 
symptoms of UC include abdominal pain, chronic diar-
rhea, bloody stool, weight loss, as well as rectal urgency 
and tenesmus.5 In the past decades, the incidence of IBD 
has been on the rise and has become a global public health 
challenge.6 The pathophysiological mechanisms of UC 
involve the loss of epithelial barrier integrity, a dysregu-
lated immune response, leukocyte recruitment, and the 
altered gut microbiota.2 To date, the first-line treatment, 
including 5-aminosalicylic acid, corticosteroids, immuno-
modulators, and biological agents (eg, adalimumab), is 
usually used for the treatment of UC. However, these 
agents are not entirely effective or can even exacerbate 
UC during the medication period, and are often accompa-
nied by various side effects. Therefore, new treatment 

methods for UC are being investigated in various medical 
fields, including traditional Chinese medicine (TCM). 
TCM has a long history of application in the treatment 
of UC due to its therapeutic efficacy and few adverse 
events.7–10 Therefore, deciphering the pharmacological 
mechanism of TCM contributes to developing novel cur-
ing agents for UC.

Hudi enteric-coated capsule (HDC), a classical Chinese 
patent medicine, has been widely used for the treatment of 
mild to moderate active UC.11 HDC is composed of the 
following eight well-established Chinese herbs: 
Polygonum cillinerve (Nakai), Ohwi (Chinese name: Zhu 
Sha Qi), Polygonum cuspidatum Sieb. et Zucc. (Hu 
Zhang), Hedyotis diffusa Willd (Bai Hua She She Cao), 
Patrinia scabiosaefolia Fisch. ex Trev. (Bai Jiang Cao), 
Limonium bicolor (Bag.) Kuntze (Er Se Bu Xue Cao), 
Sanguisorba officinalis L. (Di Yu), Bletilla striata (Bai 
Ji), and Glycyrrhiza uralensis Fisch (Gan Cao) 
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(Supplementary Table 1). HDC may exert therapeutic 
actions against UC via anti-inflammatory and antioxidant 
effects. However, the comprehensive ingredients in HDC, 
their multiple actions, as well as their underlying mechan-
isms against UC, remain unclear and need further study.

Network pharmacology is an emerging analytical tool 
that was initially used for drug discovery and develop-
ment. It incorporates various disciplines and techniques, 
including genomics, proteomics, and systems biology, and 
provides a holistic approach for the elucidation and com-
prehension of drug-target relationships. This approach 
involves the construction of a “compound-gene-disease” 
interaction network and offers new strategies for designing 
and developing new drugs.12,13 The content and bioactiv-
ity of compounds in formulae are important factors affect-
ing efficacy. Therefore, network pharmacology offers 
unique advantages and demonstrates the potential in the 
prediction and identification of active ingredient clusters 
and action targets of TCM formulations.

The HDC intervention is commonly used for the treat-
ment of clinical UC at acute exacerbation. In this study, 
we, therefore, established an acute murine colitis model 
induced by dextran sulfate sodium (DSS) to investigate the 
efficacy of HDC. Next, we conducted network pharmacol-
ogy based on the major components of HDC as well as 
compound-target-disease interactions to analyze the targets 
of the active ingredients in HDC and explored their 
mechanisms of action in vivo. Finally, we performed 
molecular docking experiments to validate the results of 
network pharmacology together with the results of animal 
experiment results. To our knowledge, this study is the 
first to thoroughly investigate the efficacy of HDC protect-
ing against UC via network pharmacology, molecular 
docking techniques, and experimental verification.

Materials and Methods
Chemicals and Reagents
HDC was provided by Anhui Joyfar Pharmaceutical Co., 
Ltd. (200301, Bozhou, China). 5-aminosalicylic acid (5- 
ASA) was purchased from Losan Pharma GmbH 
(German). DSS was obtained from MP Biomedicals 
(Solon, OH, USA). A fecal occult blood test kit was 
obtained from the Nanjing Jiancheng Bioengineering 
Institute (Nanjing, China). A total RNA extraction kit, 
first-strand cDNA reverse transcription kit, PCR kit, and 
primers were obtained from Japan TaKaRa Technology 
(Japan). Anti-JAK2, anti-phospho-JAK2, anti-STAT3, 

and anti-phospho-STAT3 antibodies were purchased from 
Cell Signaling Technology (Buckinghamshire, UK). 
Reference standards, including emodin, polydatin, gallic 
acid, pebbles, quercetin, naringenin, alfalfa, luteolin, 
kaempferol, isorhamnetin, and formononetin (purity 
>98.0 %), were purchased from the National Institute for 
the Control of Pharmaceutical and Biological Products 
(Beijing, China) and Wuhan Tianzhi Biotechnology 
(Wuhan, China). Methanol and acetonitrile of high-perfor-
mance liquid chromatography (HPLC) grade were pur-
chased from Merck (Darmstadt, Germany).

Identification of Compound-Related and 
UC-Related Targets
First, data on all chemical components of the eight 
Chinese herbs in HDC were queried in the Traditional 
Chinese Medicine Systems Pharmacology Database and 
Analysis Platform (TCMSP, http://tcmspw.com/tcmsp. 
php).14 The active compounds in HDC were selected 
according to the thresholdBPs of Drug-like (DL) ≥ 0.18 
and Oral bioavailability (OB) ≥ 30%. Then, targets related 
to the active compounds were screened from the TCMSP 
database, and the gene name and gene ID of the targets 
were obtained from the UniProt database (https://www. 
uniprot.org/). Data on UC-related targets were collected 
from the GeneCards (https://www.genecards.org/),15 

OMIM (https://www.omim.org/),16 TTD (http://db.idr 
blab.net/ttd/), and DisGeNET (http://disgenet.org/) 
databases.17 After removing information on duplicate 
genes, data on the overlapping target genes related to UC 
and active compounds were retained as candidate targets.

Protein-Protein Interaction (PPI) 
Network Analysis
The candidate target data were inputted into String 11.0 
(https://string-db.org/) for PPI analysis. The species was 
limited to Homo sapiens and confidence scores were lim-
ited to those ≥ 0.9.18

Gene Ontology (GO) Term Enrichment 
and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) Pathway Analyses
Metascape (https://metascape.org) was used to process 
data and visualize the results of GO term enrichment 
analysis (including biological process, cellular component, 
and molecular function) and KEGG pathway analysis. GO 
terms and KEGG pathways with P < 0.05 were considered 
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statistically significant. We used GraphPad Prism 8.0 to 
generate histograms.

Molecular Docking
Data on active compounds of HDC were obtained from a 
component-target-pathway network and target genes were 
selected from the PPI network. A MOL 2 file containing 
information on target active compounds was obtained from 
the TCMSP database (http://ibts.hkbu.edu.hk/LSP/tcmsp. 
php). With the aid of the RCSB PDB database (https:// 
www.rcsb.org), 3D structures were created and data were 
stored in PDB file format. Data on proteins and ligands 
were saved in the PDBQT format using Autodock Tools. 
After the completion of docking, compounds and target 
proteins with the highest docking scores and stable con-
formations were selected for further visualization using 
Pymol 2.3.2.

HPLC Analysis of HDC
We used an LC-10AT HPLC system (Shimadzu, Japan) for 
the chemical characterization of HDC. The contents of 
gallic acid, polydatin, quercetin, luteolin, naringenin, 
kaempferol, isorhamnetin, formononetin, and emodin 
were detected as markers based on the Chinese 
Pharmacopoeia 2015. HDC was grounded and weighed 
(2.0 g), 20 mL of methanol was added, and the mixture 
was stirred. The sample was extracted using ultrasound for 
30 min, followed by centrifugation. A 10-μL aliquot of the 
supernatant was analyzed by conducting HPLC. An 
Agilent Eclipse XDB-C18 (4.6×250nm,5μm) was used 
for elution. The temperature of the column and autosam-
pler was 25 °C. Samples were separated using a mobile 
phase consisting of A (methanol: acetonitrile,1:1) and B 
(0.1% KH2PO4 solution). The solvent gradients were 0.0– 
10 min with 7% A; 10–20 min with 7%–25% A; 20%–35 
min with 25% A; 35–45 min with 25%–35% A; 45–80 
min with 35%–38% A; 80–110 min with 38%–50% A; 
110–120 min with 50%–67% A; and 120–140 min with 
67% A. The flow rate was 1 mL/min, and the detection 
wavelength was 270 nm.

Experimental Animals
Male C57BL/6 mice (7–8 weeks old) were obtained from 
Charles River Animal and Science (Beijing, China, SYXK 
(JING) 2019–0013). The animals were housed in a specific 
pathogen-free facility at 20–25 °C and with a humidity of 
40%–70%. All animal studies were approved by the Ethics 
Committee of Animal Experiments of Chinese Medicine 

(BUCM-4-2020082704-3138). Animal experiments were 
performed according to the guidelines of the Animal 
Welfare and Ethical Committee of Beijing University of 
Chinese Medicine.

Establishment of a Mouse Model of UC 
and HDC Treatment
A previous study showed some self-healing capability of 
DSS-induced colitis within several days.19 Hence, we con-
ducted the continuous modeling alongside the HDC treat-
ment to better uncover the effects of HDC with self-curing 
consequences excluded. The mice were randomly divided 
into six groups comprising 6 mice per group. Mice in the 
low-dose (0.5 × clinical equivalent dose), middle-dose 
(clinical equivalent dose), and high-dose (2 × clinical 
equivalent dose) groups were orally administered with 40 
mg/kg, 80 mg/kg, and 160 mg/kg HDC once a day, respec-
tively. Mice in the positive control group were orally 
administered with 50 mg/kg/day (clinical equivalent 
dose) 5-ASA, and those in the model and control group 
were orally administered with the same volume of steri-
lized distilled water. UC was induced using DSS.20 Briefly, 
12.5 g DSS powder was dissolved in 500 mL of sterile 
water to prepare a 2.5% DSS solution (molecular weight: 
36,000–50,000 Da). Except for the control group, the 
remaining groups received 2.5% DSS diluted in drinking 
water for seven days to induce UC. The DSS solution was 
replaced every two days. Mice were sacrificed on day 9 by 
cervical dislocation.

Evaluation of Disease Activity Index
The disease activity index (DAI), which reflects the degree 
of damage to the colon tissue, was determined based on 
weight loss, blood in the stool, and stool consistency. The 
DAI was scored continuously throughout the experiment 
and was calculated as the sum of scores assigned for 
weight loss, stool consistency, and rectal bleeding as per 
previously described methods.21 The DAI scoring system 
is shown in Table 1.

Histopathological Staining
Colon tissues were collected, washed with precooled PBS, 
and immediately subjected to fixation in a 4% paraformal-
dehyde solution for 24 h. Paraffin-embedded sections (4 
μm) were stained with hematoxylin and eosin (H&E) for 
the evaluation of colon morphology and inflammatory 
lesions.22
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Western Blotting
The protein expressions of total JAK2, phosphorylated 
JAK2, STAT3, and phosphorylated STAT3 (Cell 
Signaling Technology, U.S.A) in colonic tissues were ana-
lyzed using Western blotting. Proteins in colon tissues of 
four mice in each group were extracted using the RIPA 
lysis buffer (Boster, Wuhan, China) and were quantified 
using an Enhanced BCA Protein Assay Kit (Beyotime, 
Shanghai, China). The proteins (20 μg from each sample) 
were separated on a 10% sodium dodecyl sulfate-polya-
crylamide gel and transferred onto a polyvinylidene 
difluoride membrane. After subjection to blocking with 
5% bovine serum albumin for 1 h, the membrane was 
incubated with primary antibodies (1:5,000) at 4 °C over-
night. After conducting three washes with Tris-buffered 
saline containing 0.1% Tween-20, the membrane was 
incubated with secondary antibodies (1:5,000) at room 
temperature for 2 h. Finally, The GelDoc Go gel imaging 
system is used for exposure and development, and the 
Image J image analysis system is used to analyze the 
grayscale optical density of the target band. (Bio-Rad 
Company, America). All protein levels were normalized 
to those of β-actin.

Quantitative Reverse-Transcription 
Polymerase Chain Reaction (RT-qPCR)
Total RNA isolation from colon tissues was conducted using 
the Trizol reagent. Total RNA was reverse-transcribed using 
the PrimeScript™ RT Reagent Kit with gDNA Eraser. Next, 
RT-qPCR was carried out in a QuantStudio6 Flex system (Life 
Technologies, U.S.A) using miScript SYBR Green PCR Kit 
(Qiagen Ltd., Germany). The mRNA expressions of targeted 
genes, including IL-1β, IL-6, PTGS2, TNF-α, and IL-17, were 
calculated by the 2−ΔΔCt method with the normalization by an 
internal control (β-actin). Specific primers used in the current 
study were listed as follows: IL-1β forward (5′- 
CCCAACTGGTACATCAGCACCTCTC-3′) and reverse 
(5′-CCTGGGGAAGGCATTAGGAATAGTG-3′); IL-6 for-
ward (5′-GGAGTCACAGAAGGAGTGGCTAAG-3′) and 
reverse (5′-AGTGAGGAATGTCCACAAACTGATA-3′);IL- 

17,forward (5′-CCTCAGACTACCTCAACCGTTCC −3′) 
and reverse (5′-AGGCTCCCTCTTCAGGACCAG-3′); 
TNF-α forward (5′-CTCTGTGAAGGGAATGGGTG-3′) 
and reverse (5′-GGGCTCTGAGGAGTAGACGATAAAG- 
3′); PTGS2 forward (5′-GAAAGCCCTCTACAGTGAC 
ATC-3′) and reverse (5′-GGTGCTCCAAGCTCTACCAT- 
3′); β-actin forward (5′-CGTTGACATCCGTAAAGACC 
TC-3′) and reverse (5′-ACAGAGTACTTGCGCTCAGG 
AG-3′).

Statistical Analysis
Numerical data were expressed as mean ± SEM. The 
Student’s t-test and one-way analysis of variance 
(ANOVA) followed by Bonferroni’s post-hoc tests were 
used for two and multiple comparisons, respectively. 
Statistical significance was set at P < 0.05 in all analyses. 
Statistical analyses were conducted using the SPSS 22.0 
software.

Results
Protective Effects of Different Dosages of 
HDC Against DSS-Induced Colitis in Mice
As HDC has been used widely in the clinic for the treatment 
of UC, we explored its in vivo therapeutic effects using a 
mouse model with acute UC (Figure 1A). The 2.5% DSS 
administration in mice for 7 days induced classical colitis 
symptoms as characterized by weight loss, colon shortening, 
and hematochezia. In the DSS group, the body weight of the 
mice did not decrease until day 7 (Figure 1B). As shown in 
Figure 1B–E, compared with the control group, mice treated 
with DSS presented severe pathological symptoms of UC, 
which mainly manifested as bloody stool, colon shortening, 
and weight loss. However, HDC treatments significantly 
increased body weight and colonic length of mice with 
acute colitis. The DAI values were also greater in the DSS- 
induced colitis group versus the control group, whereas the 
treatments with 40, 80, and 160 mg/kg HDC, and 5-ASA 
dramatically reduced the DAI scores. Moreover, severe 
epithelial injury, the distortion of crypts, and inflammatory 
cells infiltration in the mucosa and submucosa existed in the 

Table 1 The DAI Scoring System

Score 0 1 2 3 4

Weight loss (%) < 1 1–5 5–10 10–15 > 15
Stool consistency Normal / Loose stools / Diarrhoea

Rectal bleeding Normal / Positive / Rectal bleeding
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colorectal tissues of mice in the DSS group as detected by 
H&E staining and histopathological evaluation. HDC treat-
ment preserved the colorectal crypt structure and ameliorated 
the severity of inflammation (Figure 2). Among three differ-
ent dosages, HDC M was the most effective dosage 
against UC.

Active Ingredients of HDC and 
Construction of a “Drug-Target-Disease” 
Network
A total of 118 active compounds were identified using the 
TCMSP, TCMID, and Batman-TCM databases and cut-offs of 
OB ≥ 30% and DL ≥ 0.18. After the elimination of duplicates, 
we identified 272 compound-related targets, for which gene 
names and gene IDs were retrieved from the UniProt database. 
In total, 409 UC-related genes were identified in the 
DisGeNET, Drug Bank, and TTD databases. After merging 
the data on UC-related and active compound targets, 69 over-
lapping targets were retained as candidate targets (Figure 3A).

To elucidate the relationships among the 8 herbs pre-
sent in HDC, 118 potentially active compounds, and 272 
potential targets, a herb-compound-target network of HDC 

was constructed (Figure 3B). The network consists of 386 
nodes and 1889 edges. In addition, the active ingredients 
of Er Se Bu Xue Cao are also observed in the other seven 
herbs and only in the seven herbs. Specifically, quercetin, 
kaempferol, luteolin, β-sitosterol, 7-methoxy-2-methyliso-
flavone, naringenin, formononetin, isorhamnetin, cysticer-
cine, and medicarpin were listed in the top 10 according to 
the numbers of their targets by topological analysis 
(Supplementary Table 2), which might be considered as 
the major active ingredients in HDC.

PPI Network Analysis
Next, based on the 69 candidate targets, a PPI network was 
established by importing the gene IDs of the candidate 
targets into the String 11.0 database. Cytoscape 3.7.1 was 
used to visualize the PPI network. As shown in Figure 4, 
the potential compound-UC-related target network con-
tained 69 nodes and 1203 edges. The color and size of 
the nodes reflect the degree value, with larger and darker 
red nodes indicating a greater degree centrality value. In 
this network, based on the connectivity degree, IL-6 (62), 
TP53 (60), PTGS2 (59), AKT1 (59), VEGFA (58), 
CXCL8 (57), TNF (57), CASP3 (55), and STAT3 (54) 

Figure 1 HDC attenuates the development of DSS-induced colitis. (A) The time course of DSS administration and different treatment in mice. C57BL/6 mice were provided 
with water or 2.5% DSS-containing water from day 1 to 7. At the same time, mice were orally administered with different dosages of HDC or 5-ASA. (B) Body weight 
changes in each group. (C) DAI scores in each group. (D) Images of colonic tissues in each group. (E) Colonic lengths in each group. HDC L, HDC M, and HDC H indicate 
40, 80, and 160mg/kg dosage of HDC, respectively. Data are represented as mean ± SEM (n = 4–6). ###P < 0.001, compared with the control group; *P < 0.05, **P < 0.01, 
and ***P < 0.001, compared with the DSS group.
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were identified as the top nine targets (Supplementary 
Table 3), which could be considered as crucial targets in 
the pharmacological mechanisms of HDC against UC. 
Notably, most potential compounds had multiple targets, 
corroborating the multi-compound and multi-target fea-
tures of HDC.

GO and KEGG Pathway Enrichment 
Analysis
GO and KEGG pathway analyses were performed to under-
stand the biological processes, molecular functions, and tar-
get-related pathways involved in the actions of HDC against 
UC. The 69 candidate targets were inputted into Metascape 
for conducting GO enrichment analysis. We found the 
remarkably enriched Go terms associated with targets of 

HDC were “reactive oxygen species metabolic process” 
(biological process), “membrane raft and perinuclear region 
of cytoplasm” (cellular component), and “cytokine receptor 
binding” (molecular function) (Figure 5A).

After the enrichment analysis of KEGG pathways, 97 
signal pathways were obtained. According to the number 
of enriched genes and P value, the top 9 pathways were 
shown in Figure 5B. Among these, IL-17 (associated with 
17 genes), JAK/STAT (associated with 11 genes), and 
HIF-1 signaling pathways (associated with 14 genes) 
were closely correlated with the pathogenesis of UC. To 
further explore the potential synergistic relationship of 
HDC on UC, the first 10 items in the enrichment pathway 
were used to construct the ingredient-target-pathway net-
work (Figure 5C).

Figure 2 The H&E staining of colonic tissues (400×). (A) The control group. (B) The DSS group. (C) The low-dose HDC group. (D) The medium-dose HDC group. (E) The 
high-dose HDC group. (F) The 5-ASA group. n = 6.
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HPLC Identification of the Main Chemical 
Compounds in HDC
To approve the presence of those 10 ingredients screened out 
through network pharmacology in HDC, we chose an HPLC 
method for the quantitative determination of 6 monomers. In 
the meantime, polydatin and emodin from Reynoutria japo-
nica Houtt and gallic acid from Sanguisorba officinalis L. 
were also detected by HPLC considering their high content. 
Figure 6A and B represented HPLC profiles of nine single 
standards and mixed standards, respectively. Ten batches of 
HDC aqueous extracts were detected. The representative pro-
files of HDC aqueous extracts are shown in Figure 6C and the 
chemical structures of the analytes and internal standards are 
shown in Figure 6D. The contents of gallic acid, polydatin, 
quercetin, luteolin, naringenin, kaempferol, isorhamnetin, for-
mononetin, and emodin were 6.467, 4.132, 0.025, 0.136, 
0.014, 0.025, 0.015, 0.035, and 4.521 (‰, w/w).

Effect of HDC on the mRNA Expressions 
of IL-1β, IL-17, IL-6, TNF-α, and PTGS2 in 
the Colon
The network pharmacological analysis suggested a few 
candidate targets involved in the regulation of 

inflammatory cytokines by HDC in UC therapy. Further, 
it has been reported that colon inflammation is caused by 
abnormal intestinal immune cell activation.23 Therefore, to 
validate the anti-inflammatory mechanism of HDC in UC, 
we evaluated the mRNA expressions of several inflamma-
tory markers in the colon of mice with experimental UC. 
Compared with the control group (Figure 7), the mRNA 
expressions of IL-1β, IL-17, IL-6, TNF-α, and PTGS2 were 
markedly upregulated in the colonic tissues of DSS-treated 
mice (P < 0.05). However, the HDC treatments, especially 
the middle dose of HDC, significantly suppressed these 
increases (P < 0.05). These outcomes demonstrated that 
the middle-dose HDC treatment contributed more to inhi-
bit the inflammatory responses in UC mice.

Effect of HDC on p-JAK2, JAK2, p-STAT3, 
and STAT3 Protein Expression in the 
Colon
Based on the network pharmacology analysis, the under-
lying mechanism of HDC in UC seemed to be strongly 
related to JAK2/STAT3 signaling pathway. Therefore, the 
protein levels of phosphorylated JAK2, JAK2, phosphory-
lated STAT3, and STAT3 were further detected. As shown 

Figure 3 Construction of candidate-target network for HDC against UC. (A) Distribution of HDC potential targets and UC targets. (B) Herb-compound-target network of 
HDC. Orange diamonds indicate targets. The colorful octagons show the major components of seven herbs: Bai Hua She She Cao (green), Bai Jiang Cao (pink), Bai Ji (blue), 
Di Yu (yellow), Zhu Sha Qi (deep red), Gan Cao (yellow-green), and HuZhang (light pink), respectively. Grey lines indicate the interrelationships between compounds and 
targets.
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in Figure 8, compared to the control mice, the protein 
expressions of p-JAK2 and p-STAT3 were significantly 
upregulated in the colonic tissues of DSS-treated mice. 
After treatment with HDC and 5-ASA, the phosphoryla-
tion of JAK2 and STAT3 protein in UC mice was signifi-
cantly inhibited. These data verified that HDC prevented 
DSS-induced colitis via the regulation of the JAK2/STAT3 
signaling pathway, as demonstrated in the network 
analysis.

Molecular Docking Results
Network pharmacology and in vivo analyses confirmed the 
importance of the JAK2/STAT3 and IL-17 pathways in the 
exertion of effects of HDC in UC treatment. Therefore, the 
binding of HDC ingredients with molecules involved in these 
pathways was investigated using molecular docking 
approaches. Ingredient structures based on network pharma-
cology were docked with four targets, namely JAK2, STAT3, 
IL-17, and IL-6. The results showed that polydatin, gallic acid, 

quercetin, naringenin, luteolin, kaempferol, isorhamnetin, and 
formononetin exhibited strong affinities with JAK2, STAT3, 
IL-17, and IL-6 that the binding forces ranged from 6–10, 5.5– 
8.8, 5.8–8.9, and 5.9–7.1 log (KD), respectively (Figure 9). 
The comparable binding scores of the compounds might be 
due to their similar molecular structures, which is consistent 
with a previous study.24 According to the analysis based on 
AutoDock Tools when binding force scores are > 5.0, the 
tested compounds demonstrate similar molecular structures 
and exhibit a strong affinity for the target protein. Molecular 
docking results indicated that the active ingredients of HDC 
modulated the JAK2/STAT3 and IL-17 pathways mainly 
through suppressing the activities of JAK2, STAT3, and IL- 
17, which was in agreement with in vivo results, indicating the 
high reliability of the docking results.

Discussion
UC is associated with a high hospital readmission rate, and 
the prediction of the prognosis of UC poses great 

Figure 4 PPI analysis of candidate targets for HDC against UC. Network of 69 key targets based on central network evaluation. The size of nodes is proportional to the 
degree of centrality by the topology analysis.
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Figure 5 Enrichment analysis of candidate targets for HDC against UC. (A) GO enrichment analysis for 69 key targets. (B) KEGG enrichment analysis for 69 key targets. (C) 
Ingredient-target-pathway network. Pink squares, ingredients; green rounds, protein targets; blue triangles, pathway. The color and size of the nodes reflect the degree value.

Figure 6 HPLC fingerprinting of the major compounds of HDC. (A) HPLC profiles of single standards. (B) HPLC profiles of mixed standards. (C) HPLC profiles of HDC 
aqueous extract. (D) Structures of the analytes and internal standards, and the sequence is consistent with (A).
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challenges. It is important to understand the immuno- 
inflammatory pathways involved in UC. Our study con-
firmed that HDC could alleviate the clinical symptoms and 
pathological changes in a DSS-induced mouse model with 
UC, which was manifested by inhibiting the DSS-induced 
increases in the DAI score, colon length, and weight loss. 
To elucidate the putative active ingredients of HDC and 
the mechanisms underlying its beneficial effects on UC, 
we conducted a comprehensive network pharmacology- 
based analysis. We identified 118 active compounds in 
HDC, 272 compound-related targets, and 409 UC-related 
targets from public databases. Of these, 69 targets were 
compound- and UC-related, thus possibly explaining the 
anti-UC effects of HDC. Our results indicate that HDC 
characteristically is multi-component and multi-target 
drugs with synergistic effects.

We established associations between the potential com-
pounds and their corresponding targets by constructing a 
compound-target network. Based on the network pharma-
cology approach, we demonstrated that PTGS2 and several 
pro-inflammatory cytokines such as IL-1β, IL-6, and TNF- 
α might be potential targets for HDC compound candi-
dates. Several studies have indicated that the upregulated 
mRNA expressions of PTGS2, IL-1β, IL-6, and TNF-α 
play important roles in the pathology of UC.25,26 TNF-α, 
IL-6, and IL-1β are involved in the maintenance of intest-
inal homeostasis and pathological processes associated 
with UC. Their increments are directly responsible for 
the infliction of mucosal injury and tissue damage and 
trigger disease-specific immune responses in UC.

TNF-α acts as an important molecule in intestinal 
inflammation. Large amounts of TNF-α drive the 

Figure 7 The mRNA relative expressions of inflammatory cytokines in colonic tissues assessed by RT-qPCR. (A) IL-1β, (B) IL-6, (C) TNF-α, (D) PTGS2, and (E) IL-17. Data are 
represented as mean ± SEM (n = 3–6) of three parallel measurements. ###P < 0.001, compared with the control group; *P < 0.05 and **P < 0.01, compared with the DSS group.
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inflammatory process, leading to mucosal damage and the 
excessive secretion of other pro-inflammatory cytokines, 
including IL-6 and IL-1β, thus amplifying inflammation.27 

Increased levels of IL-1β are also closely associated with 
the increased disease severity of UC.28 Stimulation with 
IL-1β promotes the activation and effector functions of 
dendritic cells, macrophages, and neutrophils.29 However, 
the blockade of IL-1β can ameliorate chronic intestinal 
inflammation in UC.30 IL-6 is another typical pro-inflam-
matory cytokine mainly produced by macrophages and 
secreted during the acute phase of inflammatory response. 
In UC patients, elevated levels of IL-6 have been detected 
in serum samples and tissue biopsies. PTGS2 (COX-2) 
expression is induced in response to inflammatory 
initiators.31,32 Many kinds of research have suggested 
that the inhibition of PTGS2 reduces inflammation and 
the severity of experimental UC by suppressing PGE2, 
confirming the key role in the development of UC.32,33 

What’s more, COX-2-PGE2 signaling could impair intest-
inal epithelial regeneration and correlate with the respon-
siveness of TNF inhibitor in UC.34 Our results showed that 

the HDC administration, especially the medium dose of 
HDC, significantly suppressed DSS-induced inflammation 
by decreasing the mRNA expressions of PTGS2, TNF-α, 
IL-6, and IL-1β in colonic tissues of DSS-treated mice. 
Furthermore, PTGS2, TNF-α, IL-6, and IL-1β were iden-
tified as the potential targets of active components 
in HDC.

In addition, IL-17 signaling plays an important role in 
eliciting an inflammatory or tissue-protective response.35 It 
triggers inflammation by inducing the secretion of multiple 
cytokines and chemokines, which in turn recruit neutro-
phils and macrophages that contribute to tissue damage.36 

Clinical patients with UC exhibit significantly greater 
levels of IL-17 in the serum.37 IL-17 exerts its effects by 
promoting tissue-resident cells to produce various matrix 
metalloproteinases and pro-inflammatory molecules, 
which act synergistically to induce the inflammatory 
response. Moreover, the JAK2/STAT3 signaling pathway 
plays a crucial part in the elicitation of responses to var-
ious cytokines and growth factors, as well as various 
autoimmune disorders, including UC.38–40 STAT3 and 

Figure 8 The protein relative expressions of p-JAK2, JAK2, p-STAT3, and STAT3 in colonic tissues assessed by Western Blot. (A) Representative Western blot images. 
Western blot quantification analysis of p-JAK2/JAK2 (B) and p-STAT3/STAT3 (C). Data are represented as mean ± SEM (n = 3) of three parallel measurements. ##P < 0.01 
and ###P < 0.001, compared with the control group; *P < 0.05, **P < 0.01, ***P < 0.001 and ***P < 0.0001, compared with the DSS group.
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p-STAT3, controlled by the phosphorylation of JAK2, 
have been reported to be overexpressed in the colonic 
mucosa of patients with active and inactive UC.41 In our 
investigation, a multilevel molecular-target-disease net-
work was constructed to systematically explore the corre-
lations between the potential compounds of HDC and their 
UC targets. PPI pathways showed that IL-17 and JAK/ 
STAT signaling pathways were involved in the therapeutic 
efficacy of HDC against UC. Besides, our in vivo results 
showed that the protein expressions of p-JAK2 and 
p-STAT3 were significantly increased in the colon of UC 
mice. Whereas, the HDC administration significantly sup-
pressed the phosphorylation of JAK2 and STAT3. The 
inhibition of these two proteins might alleviate multiple 
pathological features such as cell growth and apoptosis by 
mediating the expressions of various genes in response to 
cell stimuli, and decelerate the degeneration of colonic 

inflammation.42,43 Furthermore, the mRNA level of IL-17 
in colonic tissues was also remarkably arisen in UC mice 
while the HDC treatment restrained this enhancement. The 
above results suggested that HDC might inhibit the IL-17/ 
JAK2/STAT3 signaling pathway which precludes the 
secretion of proinflammatory cytokines in UC mice.

Most notably, we found that IL-17, JAK/STAT, and 
HIF-1 signaling pathways were more closely correlated 
with the pathogenesis of UC than other pathways based 
on GO and KEGG pathway enrichment analysis. At the 
same time, our in vivo results demonstrated that the dif-
ferent dosages of HDC could inhibit the up-regulated 
mRNA expression of IL-17 and suppress the elevated 
protein expressions of p-JAK2 and p-STAT3 in the colon 
of DSS-treated mice. However, compared to other treat-
ments, the middle-dose HDC was relatively more asso-
ciated with the decreased weight loss and DAI scores, as 

Figure 9 Molecular docking of HDC compounds establishing interactions with target proteins. Binding modes of HDC compounds, including polydatin, gallic acid, quercetin, 
naringenin, luteolin, kaempferol, isorhamnetin, and formononetin, with (A) JAK2, (B) STAT3, (C) IL-17, and (D) IL-6. (E) Binding force scores for HDC compounds and 
target proteins.
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well as the reduced the excessive accumulation of other 
inflammatory biomarkers such as IL-1β, IL-6, TNF-α, and 
PTGS2. Therefore, these outcomes suggested that HDC 
dosages could alleviate acute UC by inhibiting the IL-17/ 
JAK2/STAT3 signaling pathway. Especially, the middle 
dose of HDC might be more effective on account of the 
greater inhibition of colonic inflammatory responses.

Finally, we adopted the molecular docking simulation 
to predict the active ingredients of HDC that might med-
iate the IL-17/JAK2/STAT3 signaling pathway. We 
observed that a total of 9 ingredients of HDC screened 
by HPLC fitted well with JAK2, STAT3, IL-17, and IL-6 
at the active site pocket. Surface plasmon resonance mole-
cular interactions and ligand binding analysis will be car-
ried out to detect the binding affinity between these 9 
ingredients and predicted target molecules in the future.

Conclusion
As summarized in our graphic abstract, by combining network 
pharmacology, animal experiments, and molecular docking 
approaches, we screened out the hub targets of HDC and 
explained the potential molecular mechanisms of HDC in 
the treatment of UC. Our results suggested that the HDC 
treatment, especially the middle dose of HDC, exerts a ther-
apeutic effect on the colonic inflammation by prohibiting the 
expressions of pro-inflammatory cytokines such as IL-6, IL- 
1β, and TNF-α probably via inhibiting the IL-17/JAK2/STAT3 
signaling pathway. A total of 9 active ingredients focused on 
the IL-17/JAK2/STAT3 signaling pathway were screened out 
by molecular docking. Future research is needed to explore the 
interaction between these active components and hub targets.
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