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Background: Huai Hua San (HHS), a famous Traditional Chinese Medicine (TCM) for-
mula, has been widely applied in treating ulcerative colitis (UC). However, the interaction of
bioactives from HHS with the targets involved in UC has not been elucidated yet.

Aim: A network pharmacology-based approach combined with molecular docking and
in vitro validation was performed to determine the bioactives, key targets, and potential
pharmacological mechanism of HHS against UC.

Materials and Methods: Bioactives and potential targets of HHS, as well as UC-related
targets, were retrieved from public databases. Crucial bioactive ingredients, potential targets, and
signaling pathways were acquired through bioinformatics analysis, including protein—protein
interaction (PPI), as well as the Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis. Subsequently, molecular docking was carried out to predict the
combination of active compounds with core targets. Lastly, in vitro experiments were conducted
to further verify the findings.

Results: A total of 28 bioactive ingredients of HHS and 421 HHS-UC-related targets were
screened. Bioinformatics analysis revealed that quercetin, luteolin, and nobiletin may be
potential candidate agents. JUN, TP53, and ESR1 could become potential therapeutic targets.
PI3K-AKT signaling pathway might play an important role in HHS against UC. Moreover,
molecular docking suggested that quercetin, luteolin, and nobiletin combined well with JUN,
TP53, and ESRI, respectively. Cell experiments showed that the most important ingredient
of HHS, quercetin, could inhibit the levels of inflammatory factors and phosphorylated c-Jun,
as well as PI3K-Akt signaling pathway in LPS-induced RAW264.7 cells, which further
confirmed the prediction by network pharmacology strategy and molecular docking.
Conclusion: Our results comprehensively illustrated the bioactives, potential targets, and
molecular mechanism of HHS against UC. It also provided a promising strategy to uncover
the scientific basis and therapeutic mechanism of TCM formulae in treating diseases.
Keywords: Huai Hua San, ulcerative colitis, network pharmacology, quercetin, JUN, PI3K/
AKT signal pathway

Introduction
Ulcerative colitis (UC) is a form of inflammatory bowel disease (IBD) characterized by
inflammation of the intestinal mucosa, whose pathogenesis consists of related immuno-

inflammatory pathways.' Although some traditional therapeutic drugs, for instance,
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corticosteroids, can be applied to treat UC, there still exist
some adverse effects.”> Moreover, the incidence of the dis-
ease has been increasing over the past decade in both indus-
trialized and developing countries, while the burden will
continue to rise worldwide.*”” Hence, it is urgent to explore
alternative novel therapies of UC with low toxicity, low cost
and high quality.

After thousands of years of development, numerous
herbal formulae of Traditional Chinese Medicine (TCM)
have been widely applied in multiple diseases, including
calncer,8 diabetes rnellitus,9 and so on. Besides, over the last
few decades, TCM has been playing a more and more
significant role in Chinese clinical practice especially dur-
ing the COVID-19 pandemic in 2019.'°"'* However, due to
the complexity of the interactions between components and
components, components and targets, targets and the dis-
ease, as well as targets and targets, how to uncover the
mysterious veil of the underlying molecular mechanism of
TCM remains a considerable challenge, which has largely
hindered the universal acceptance of TCM worldwide.

Huai Hua San (HHS) is a classic TCM formula first
mentioned in a famous ancient medicine treatise, ‘“Pu-Ji-
Ben-Shi-Fang”, of the Song dynasty. The formula comprises
four herbs, including Aurantii Fructus (Chinese name:
Zhiqiao), Schizonepetae Spica (Chinese name: Jingjiesui),
Sophorae Flos (Chinese name: Huaihua), and Platycladi
Cacumen (Chinese name: Cebaiye) at a weight ratio of
1:1:2:2. Massive evidence has demonstrated that HHS
alone or HHS plus other herbs can exert favorable anti-UC
effects. HHS was reported to effectively treat UC in rats
mainly by reducing the infiltration of inflammatory cells
and decreasing the level of inflammation.'” Besides, HHS
has the potential to significantly regulate the composition and
structure of colonic microbial and prevent DSS-induced dys-
biosis, thereby ameliorating colitis in rats.'® Furthermore,
according to further classification of UC by TCM theory,
HHS could be used in combination with other TCM formulae
including Taohuatang, Danggui Shaoyaosan, and Xianfang-
Huoming Decoction, all of which exerted good anti-UC
effects in clinical practice, with the efficacy consistent with
or even better than the treatment with classic modern medi-
cines of UC.""™"? Despite HHS’s long history of use and
abundant experimental and clinical support, its active ingre-
dients, putative target genes, and underlying mechanism
have not been fully clarified.

Network pharmacology, as a brand new subject based on
system biology, bioinformatics, and high throughput histol-
ogy, is getting more and more motivated.”"** In practice,

the general routes of network pharmacology include
research network construction based on databases, network
analysis to search the key compounds and targets, and
experimental verification to ensure the reliability of the
predicted results.”® Therefore, by integrating TCM with
network pharmacology analysis, a novel approach, TCM
network pharmacology, was established, which can be
applied to prioritize disease-associated genes, reveal drug-
gene-disease associations, and illustrate the network regu-
lation effects of TCM formulae.**** Additionally, molecu-
lar docking is a theoretical method to study the interaction
and recognition between protein receptors and small mole-
cule ligands owing to its ability to predict the binding mode
and affinity strength.”®>® Collectively, network pharmacol-
ogy and molecular docking can be complementarily inte-
grated for studying TCM, which can provide novel insights
in active compounds screening and mechanism exploration,
and may even trigger a revolution in the process of TCM
modernization and internationalization.

In the present study, a network pharmacology-based
strategy, combined with molecular docking and in vitro
validation, was performed to discover the active ingredi-
ents, potential targets, and molecular mechanism of HHS
against UC. The workflow is shown in Figure 1

Materials and Methods

Data Preparation

Composition of HHS

The compounds of four herbs in HHS were obtained from four
public databases including Traditional Chinese Medicine
Systems Pharmacology Database and Analysis Platform
(TCMSP, https://tcmspw.com/tcmsp.php), A Bioinformation
Analysis Tool for Molecular mechanism of Traditional
Chinese Medicine (BATMAN-TCM, http://bionet.ncpsb.org.
cn/batman-tcm/), The Encyclopedia of Traditional Chinese
Medicine (ETCM, http://www.tcmip.cn/ETCM/index.php/
Home/Index/index.html), and Traditional Chinese Medicine

Database@Taiwan (TCM Database@Taiwan, http://tcm.cmu.
edu.tw/zh-tw/review.php?menuid=3), all of which can provide

information of ingredients in TCM herbs and have been
widely reported to be available for compounds exploration in

network pharmacology.®’

Selection of Active Compounds by Pharmacokinetic
ADME Prediction

The majority of compounds in TCM cannot reach the specific
protein targets in cells owning to their unsuitable pharmaco-
logical properties. An appropriate oral bioavailability (OB) is
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HHS alleviates UC based on network pharmacology, molecular docking, and cell experiments

Figure | Schematic representation of the proposed mechanism in HHS against UC. Network pharmacology was used to analyze the crucial ingredients and key targets of
HHS in the treatment of UC; molecular docking revealed that three candidate compounds could bind well with three candidate targets, respectively; cell experiments
confirmed that candidate compound quercetin can alleviate inflammation in LPS-induced RAW264.7 cells by inhibiting inflammatory factors, phosphorylated c-Jun, as well as

downregulating PI3K-Akt signaling pathway.

one of the most significant pharmacokinetic parameters of
the ADME (absorption, distribution, metabolism, and excre-
tion) properties of drugs due to the primacy and convenience
of oral administration, especially for TCM.* Observation of
drug-likeness (DL) is valuable to pre-evaluate plenty of
compounds in a short time, and a widely used filter is
Lipinski’s Rule-of-five. Compounds that do not violate any
criteria as Lipinski’s Rule-of-five are more likely to become
oral drugs.>**

In this study, the specific OB and DL values of com-
pounds in HHS were collected from the TCMSP database.

Only those meeting the ADME criteria (ie, OB>30% and
DL>0.18) were retained for further research.

Collection of Targets of Active Compounds in HHS
and UC-Related Targets

Putative targets of active compounds in HHS were
obtained from five online databases containing TCMSP,
BATMAN-TCM (score 20),
ChemMapper (http://lilab-ecust.cn/chemmapper/, simi-
larity threshold was set to 1.2 and DrugBank was cho-
sen as the bioactivity database), PharmMapper Server

cutoff was set to
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(http://www.lilab-ecust.cn/pharmmapper/index.html, nor-

malized fit score >0.9), and TargetNet (http://targetnet.
scbdd.com/home/index/, Prob value > 0.5), all of which
can provide information of multiple proven or predicted

targets for the given molecules.>*>%3*>® The UniProt
which
a comprehensive, high-quality, and freely accessible

database  (https://www.uniprot.org/), offers

resource of protein sequence and  functional
information,>® was utilized to convert protein target
names to their corresponding official gene symbols.
Besides, UC-related targets were retrieved by searching
the keyword “ulcerative colitis” from five public data-
GeneCards
Relevance score >1), Online Mendelian Inheritance in
Man (OMIM, https://omim.org/), PharmGKB (https://
www.pharmgkb.org/), Therapeutic Target Database
(TTD, http://db.idrblab.net/ttd/), and DrugBank (https:/

go.drugbank.com/), all of which can be applied to col-
40-44

bases: (https://www.genecards.org/,

lect disease-related targets.

Bioinformatics Analysis

Protein—Protein Interaction (PPl) Data

To further identify the core regulatory targets, PPI analysis
was performed by submitting overlapping targets of active
compounds in HHS and UC to the STRING database (https://
string-db.org/), which currently owns the largest number of
organisms and proteins, as well as broad and diverse bench-
marked data sources.*> The species was limited to Homo
sapiens, the minimum required interaction score was set to
0.97, and the independent target protein nodes were hidden.
Subsequently, the PPI results were exported from STRING
and imported into Cytoscape 3.8.0, which is widely applied
to construct and visualize the network, especially in the field
of network pharmacology analysis.

The CytoNCA plugin in Cytoscape software was uti-
lized to calculate six topological parameters of nodes:
betweenness centrality (BC), closeness centrality (CC),
degree centrality (DC), eigenvector centrality (EC), net-
work centrality (NC), and local average connectivity
(LAC), all of which can provide an in-depth analysis of
the attributes of nodes in the interactive network. Higher
quantitative values of parameters stand for the greater
significance of nodes in the network. Only target nodes
with all six parameters higher than the corresponding
median values in PPI network were retained to construct
further
NetworkAnalyzer plugin for Cytoscape software was

a new PPl network for research. The

used for node degree distribution diagrams, and the

network was treated as non-directed graph. Likewise, in
the new network, six parameters were calculated and
nodes with all six parameters higher than the correspond-
ing median values were retained to construct the core PPI
network.

Enrichment Analysis

After transferring official gene symbols of identified HHS-
UC target genes to associated Entrez IDs, Gene Ontology
(GO) enrichment analysis and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analy-
sis were carried out to further study the functions of the
identified potential anti-UC target genes of HHS based on
R 4.0.2 and related R packages (colorspace, stringi,
DOSE, ggplot2,
BiocManager, and org.Hs.eg.db). Only functional terms

clusterProfiler, enrichplot, pathview,
and pathways with q values <0.05 were considered statis-
tically significant and retained.

Network Construction

Data of HHS-UC targets, bioactive compounds, disease,
herbs, or signaling pathways were imported into the
Cytoscape 3.8.0 software. After being polished, three net-
works were obtained as follows: (1) Compounds-disease-
targets (C-D-T) network of treatment with HHS for UC;
(2) PPI network of treatment with HHS for UC; and (3)
Compounds-pathways-targets (C-P-T) network of treat-
ment with HHS for UC.

Validation

Molecular Docking

Molecular docking is a frequently used method in drug
discovery for its capacity to accurately predict the confor-
mation of small molecule ligands within the appropriate
target binding site and to assess the binding affinity.***” In
the present study, candidate target proteins were selected
for molecular docking analysis based on being from the
human species, owning higher degree values in the core
PPI network (s 2D and 3), and associated with more
in C-D-T network

(Figure 4); candidate compounds for docking were

significant bioactive compounds

selected based on owning higher values of degree in
C-D-T network (Figure 4) and associated with more key
targets in the core PPI network (Figure 2D). The docking
process combined AutoDock tools 1.5.6 with Vina (e,
AutoDock Vina), which is a new and widely used strategy
for molecular docking and has been validated to improve
the speed and accuracy of molecular docking with a new
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Figure 2 PPl network of HHS-UC. (A) The interactive PPl network obtained from STRING database with the minimum required interaction score set to 0.97. It comprises
268 nodes and 637 edges. Each node represents relevant targets, and edges stand for protein-protein associations, including known interactions (azure represents curated
databases, purple indicates experimentally determined), predicted interactions (green represents gene neighborhood, red stands for gene fusions, and blue indicates gene co-
occurrence), and others (light green represents text mining, black stands for co-expression, and light blue indicates protein homology). (B) PPl network imported from
STRING database to Cytoscape 3.8.0. (C) PPl network of more significant proteins extracted from (B) by filtering 6 parameters: BC, CC, DC, EC, NC and LAC. This
network is made up of 75 nodes and 307 edges. (D) Core PPl network of core proteins extracted from (C); this network contains 18 nodes and 57 edges. Higher degree
values indicate larger node sizes. Red indicates a higher degree, and yellow represents a lower degree.

scoring function, efficient optimization  and
multithreading.*®*’ Parameters of the mating box were
obtained from AutoDock tools 1.5.6, and the docking
was carried out by Vina. The specific process was as
follows:

(1) The preparation of macromolecule receptor files: 3D
structures of proteins were retrieved from the Protein Data
Bank (PDB) (http://www.rcsb.org/) and then inputted into

software Pymol to be modified by removal of water mole-

cules, co-crystallized ligand and ions. Subsequently, in

AutoDock tools 1.5.6, missing hydrogens and Kollman
partial charges were added, non-polar hydrogens were
merged to their corresponding carbons. The structures
were then saved as PDBQT protein receptor files.

(2) The preparation of small molecule ligand files:
After downloaded from PubChem database (https://pub
chem.ncbi.nlm.nih.gov/), the 2D structures of compounds

were then imported into Chem3D software to minimize
energy (MM2 force field) and transferred to 3D structures.
Subsequently, in AutoDock tools 1.5.6, the obtained 3D

Drug Design, Development and Therapy 2021:15
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Figure 3 (A-C) The node degree distribution diagrams of Figure 2 B-D; (D) The degree of |18 core targets of the PPl network in Figure 2D. The y-axis displays the degree

values of related targets, and the x-axis shows gene names.

structures were modified by the addition of hydrogens and
protonation. Non-polar hydrogens were merged to their
corresponding carbons rotations, and torsions were set
automatically in the software. Then structures were saved
as PDBQT ligand files.

(3) The construction of mating pockets: The PDBQT
structures of receptors and ligands were imported to
AutoDock tools 1.5.6 to construct mating pockets of
docking. When constructing a mating box, spacing (ang-
strom) was set to 1, center was set on the macromolecule,
and numbers of points in X-, y-, and z-dimension were set
to keep the protein completely covered by mating box.
For each protein, these parameters of the mating box
were defined by a configuration (config) file for further
docking by Vina, which included the following: the cen-
ter of the mating box (centre_x, centre_y, centre z), the
size of the mating box (size x, size vy, size z), the max-
imum number of binding modes to output (num modes)
(set to 20), energy range (set to 5) and exhaustiveness
(set to 8).

(4) Docking and visualization: Vina software was utilized
to conduct molecular docking and calculate docking affinity.
During the process, PDBQT files of protein and ligand were
also used in addition to the config file, as the PDBQT files
determine the information of ligands and proteins for docking.
After Vina finished running, the results were output as .pdbqt*
and log*.txt files and scored according to docking binding free
energy to establish the binding affinity score between the
target protein receptors and small molecule ligands. Docking
models with the lowest binding affinity were visualized and
hydrogen bonds were displayed by Pymol (3D) and LigPlus
(2D), both of which have been widely applied to visualize the
docking results including docking site and hydrogen-bond
interaction patterns between the ligand and the main-chain or

side-chain elements of the protein.>%>!
Cell Culture
Mouse mononuclear macrophage leukemia cells

(RAW264.7), purchased from Beijing Beina Chuanglian
Institute of Biotechnology (Beijing, China), were cultured
in Dulbecco’s Minimum Essential Medium (DMEM)
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Figure 4 C-D-T network of HHS against UC. It contains 454 nodes and 2569 edges. Blue ellipse nodes stand for the target genes; the purple, orange, green, and rose-red
colors in ellipse nodes indicate bioactive compounds from Schizonepetae Spica, Sophorae Flos, Platycladi Cacumen, and Aurantii Fructus, respectively; and the red diamond

nodes represent four herbs in HHS.

medium supplemented with 10% fetal bovine serum,
100pg/mL  streptomycin, and 100U/mL penicillin, at
37°C with 5% CO, and 95% air.

Enzyme-Linked Immunosorbent Assay
The RAW264.7 macrophage cells were seeded in 6-well
plates at 1.0-2.0x10° cells/well and incubated for 24

h. Subsequently, the experiment was divided into six groups,
including control group, Que (H) group (quercetin: 20uM),
LPS group (model group, LPS: Ipg/mL), LPS + Que (L)
group (LPS: 1pg/mL, quercetin: 5uM), LPS + Que (M)
group (LPS: lpg/mL, quercetin: 10uM), LPS + Que (H)
group (LPS: 1pg/mL, quercetin: 20uM). The culture super-
natant was collected and then centrifuged at 3000 rpm for 20
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minutes. Finally, the levels of TNF-q, IL-6, and IL-1f, and
relative enzymatic activities of iINOS and COX2 were
detected in the culture media through corresponding ELISA
kits according to the manufacturer’s instructions.

Western Blot Analysis

Cell lysates were collected by using RIPA buffer with 0.1%
PMSF (BOSTER Biological Technology; Wuhan, China).
The protein samples were separated by SDS-PAGE using 8—
10% gradient gel. The separated protein on the gel was
transferred onto 0.45 um PVDF membranes. The expression
of target protein was normalized to GAPDH protein.
Antibodies against INOS (#13120), COX-2 (#12282),
p-c-Jun (#9261), c-Jun (#9165), p-PI3K (#4228), PI3K
(#4249), p-Akt (#2965), Akt (#4691), GAPDH (#2118),
and horseradish peroxidase-linked anti-mouse IgG (#7076)
or anti-rabbit IgG (#7074) were purchased from Cell
Signaling Technology (Boston, USA).

Statistical Analysis
The results were presented as means = S.E.M and data
comparison of multiple groups was adopted by one-way
ANOVA and Student-Newman-Keuls test. The results
were considered statistically significant if the P value
was less than 0.05.

Results

Data Statistics

The Acquisition of Active Compounds in HHS Using
ADME Screening

HHS consists of Aurantii Fructus, Schizonepetae Spica,
Sophorae Flos, and Platycladi Cacumen. After searching
four databases and performing ADME screening (OB>30
and DL>0.18), a total of 28 bioactive compounds were
recognized in HHS (Table 1). The 28 compounds included
10 species from Schizonepetae Spica, 10 species from
Aurantii Fructus, 8 species from Sophorae Flos, and 7 spe-
cies from Platycladi Cacumen. Among them, four com-
pounds (hesperetin, kaempferol, quercetin, and B-sitosterol)
were derived from more than one herb in HHS and may be
the crucial compounds with the therapeutic potential in HHS
for UC. The contents of some compounds in related herbs
and HHS are shown in Supplementary Table 1.

Targets of Bioactive Compounds in HHS and
UC-Related Targets

A total of 1052 reviewed or predicted target genes of the
bioactives in HHS were retrieved from five databases after
we removed duplication values and transferred protein names

to gene symbols (Supplementary Table 2). Besides, target

genes related to UC were collected from GeneCards
(Relevance score>1, Supplementary Table 3), PharmGkb,
Therapeutic Target Database (TTD), DrugBank, and Online
Mendelian Inheritance in Man (OMIM) databases, which
included 4100 genes in GeneCards, 15 in PharmGkb, 52 in
TTD, 182 in DrugBank, and 1 in OMIM by using “ulcerative
colitis” as the keyword. A total of 4153 related target genes for

UC were collected after being taken for intersection
(Figure 5A and Supplementary Table 4). Among 1052 HHS-
related targets and 4153 UC-related targets, there were 421
overlapping identified targets, considered as the hub targets for

subsequent study (Figure 5B and Supplementary Table 5).

The Construction of C-D-T Network and
Topological Network Analysis

The association between 28 active compounds in HHS and
421 HHS-UC target genes was visualized by C-D-T network
containing 454 nodes and 2569 edges (Figure 4). In
C-D-T network, blue ellipse nodes stand for the target genes;
the purple, orange, green, and rose-red colors in ellipse nodes
indicate bioactive compounds from Schizonepetae Spica,
Sophorae Flos, Platycladi Cacumen, and Aurantii Fructus,
respectively; the red diamond nodes represent four herbs in
HHS. Nodes with a greater number of edges have higher
degree values and larger node sizes in the network, indicating
greater significance and requiring more attention. The top 8
compound nodes with the largest size of degree were quercetin
(MOLO000098, n=180), isopimaric acid (MOL002039,
n=114), kaempferol (MOL000422, n=104), DNOP
(MOL002032, n=102), luteolin (MOL000006, n=102),
naringenin  (MOLO004328, 1n=92), (6Z,10E,14E,18E)-
2,6,10,15,19,23-hexamethyltetracosa-2,6,10,14,18,22-hexae
ne (MOL002372, n=91), and nobiletin (MOL005828, n=90).
The top five gene nodes with the largest size of degree were
CA2, RIPK2, TLR9, ALOX15, and PTGSI, with the degree
values of 29, 27, 27, 26, and 25, respectively. These top
compounds and genes may be the critical nodes in the network
and possess an important anti-UC effect.

Construction and Analysis of HHS-UC-Related PPI
Network

PPI network which contains 268 nodes and 637 edges was
primitively constructed by STRING database, in which nodes
represent proteins and edges stand for protein—protein interac-
tions (Figure 2A). In order to further visualize and analyze the
protein—protein interactions, the retrieved PPI data were sub-
sequently imported into Cytoscape 3.8.0 to construct a new PPI
network, which also includes 268 nodes and 637 edges
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Table | 28 Bioactive Compounds of HHS

Mol ID Molecule Name OB (%) DL Herb
MOL002005 Hinokinin 56.5 0.64 Platycladi Cacumen
MOL002032 DNOP 40.59 0.4 Platycladi Cacumen
MOL002034 (5aR,8aS,9R)-9-(3,4,5-trimethoxyphenyl)- 52.7 0.83 Platycladi Cacumen
5a,6,8a,9-tetrahydro-5H-isobenzofuranol[5,6-f][ 1,3]
benzodioxol-8-one
MOL002039 Isopimaric acid 36.2 0.28 Platycladi Cacumen
MOL000354 Isorhamnetin 49.6 0.31 Sophorae Flos
MOL003647 Sophojaponicin 41.51 0.79 Sophorae Flos
MOL004350 Ruvoside_qt 36.12 0.76 Sophorae Flos
MOL005935 N-[6-(9-acridinylamino)hexyl]benzamide 41.7 0.78 Sophorae Flos
MOL005940 Quercetin-3'-methyl ether 46.44 0.3 Sophorae Flos
MOL000006 Luteolin 36.16 0.25 Schizonepetae Spica
MOL000359 Sitosterol 3691 0.75 Schizonepetae Spica
MOL000449 Stigmasterol 43.83 0.76 Schizonepetae Spica
MOLO001689 Acacetin 34.97 0.24 Schizonepetae Spica
MOL002372 (6Z,10E, | 4E, | 8E)-2,6,10,15,19,23-hexamethyltetracosa 33.55 0.42 Schizonepetae Spica
-2,6,10,14,18,22-hexaene
MOL005842 Pectolinarigenin 41.17 0.3 Schizonepetae Spica
MOLOI1849 Schizonepetoside B 31.02 0.28 Schizonepetae Spica
MOLO11856 Schkuhrin | 54.45 0.52 Schizonepetae Spica
MOL001798 Neohesperidin_gqt 71.17 0.27 Aurantii Fructus
MOL001803 Sinensetin 50.56 0.45 Aurantii Fructus
MOL001924 Paeoniflorin 53.87 0.79 Aurantii Fructus
MOL004328 Naringenin 59.29 0.21 Aurantii Fructus
MOL005828 Nobiletin 61.67 0.52 Aurantii Fructus
MOLO013352 Obacunone 43.29 0.77 Aurantii Fructus
MOLO013381 Marmin 38.23 0.31 Aurantii Fructus
MOL002341 Hesperetin 70.31 0.27 Schizonepetae Spica, Aurantii Fructus
MOL000422 Kaempferol 41.88 0.24 Sophorae Flos, Platycladi Cacumen
MOL000098 Quercetin 46.43 0.28 Sophorae Flos, Platycladi Cacumen,
Aurantii Fructus
MOL000358 B-sitosterol 36.91 0.75 Schizonepetae Spica, Sophorae Flos,

Platycladi Cacumen, Aurantii Fructus

Abbreviations: OB, oral bioavailability; DL, drug-likeness.
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Figure 5 Venn diagrams showing UC targets obtained from 5 databases (A) and the intersection of identified target genes of active compounds and UC (B), respectively.

(Figure 2B). Subsequently, the CytoNCA plugin in Cytoscape
software was utilized for mining the core goals. The selection
criteria based on corresponding median values were set as
follows: BC >17.73, CC >0.01776, DC >3.00, EC >0.01394,
NC >1.55, and LAC >1.00. Only gene targets that met the
criteria were retained and colored yellow in Figure 2B, and
a new PPI network made up of 75 nodes and 307 edges was
extracted (Figure 2C). Likewise, in the network in Figure 2C,
only targets that met the selection criteria (BC >36.71, CC
>0.4111, DC>7.00, EC >0.08690, NC >3.80, and LAC >2.80)
were retained and colored yellow in Figure 2C. Finally, a core
PPI network comprising 18 nodes and 57 edges was screened
out (Figure 2D). Node degree distribution diagrams of PPI
networks were retrieved by a Cytoscape plug-in, Network
analyzer (Figure 3A—C). In the core PPI network in
Figure 2D, a node with larger size and redder color possesses
a higher degree value, likewise, a node with smaller size and
more yellow color has a smaller degree value. The target nodes
with the highest degree values were JUN (n=12), MAPKI1
(0n=10), MYC (n=9), TP53 (n=8), MAPK3 (n=8), ESRI
(n=6), AKT1 (n=6), FOS (n=6), HSP90AA1 (n=6), IL6
(n=6), CDKN1A (n=6), and TNF (n=6) (Figure 3D), which
may play a crucial role in the anti-UC effect of HHS.

Enrichment Analysis

In order to elucidate the functions and the enriched pathways of
the potential anti-UC genes of HHS, GO enrichment analysis
and KEGG pathway enrichment analysis were carried out.

The GO analysis consists of biological processes (BP),
cellular component (CC), and molecular function (MF). In
this study, a total of 3963 statistically significant GO
terms, including 3528 of BP, 112 of CC, and 323 of MF,
were obtained. The top 20 significant enrichment terms of
BP, CC and MF with the highest gene counts were visua-
lized in a bubble diagram in Figure 6. The redder color of
a dot stands for the lower the q value and greater enrich-
ment of the GO term. The results showed that the targets
of HHS in the treatment of UC were mainly enriched in
response to molecule of bacterial origin (GO: 0002237),
response to lipopolysaccharide (GO: 0032496), response
to nutrient levels (GO: 0031667), and other biological
processes; in membrane raft (GO: 0045121), membrane
microdomain (GO: 0098857), membrane region (GO:
0098589), and other cellular components; in protein ser-
ine/threonine kinase activity (GO: 0004674), DNA-
binding transcription factor binding (GO: 0140297), cyto-
kine receptor binding (GO: 0005126), and other molecular
functions.

The KEGG pathways were applied to explore the func-
tions and signaling pathways of the identified anti-UC
targets of HHS. There were 190 statistically significant
HHS-UC-related pathways, among them, the top 30 sig-
nificant enrichment potential pathways with the highest
gene counts were presented in a bar plot diagram
(Figure 7), indicating that HHS plays an important role
in the treatment of UC through multiple targets and
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Figure 6 The bubble diagram of GO enrichment analysis of HHS-UC genes, including the top 20 significant enrichment terms of BP, CC, and MF. The abscissa represents the
proportion of genes of interest in the entry, and the ordinate represents each entry. The larger size of a dot indicates the larger number of genes annotated in the entry, and

the redder color of a dot stands for the lower the q value.

multiple pathways. Furthermore, to elucidate the interrela-
tionships of ingredients, targets and the top 30 pathways,
C-P-T network containing 483 nodes and 3404 edges was
constructed (Figure 8). The pathways with the top 5 high-
est gene counts were PI3K-Akt signaling pathway (n=68),
Human cytomegalovirus infection (n=58), MAPK signal-
ing pathway (n=57), Kaposi sarcoma-associated herpes-
virus infection (n=56), and Hepatitis B (n=55), which
could be the key pathways in the effect of HHS against
UC. Among them, PI3K-Akt signaling pathway, asso-
ciated with the highest number of genes, might be the
most important HHS-UC pathway (Figure 9).
Interestingly, we found that several target genes were
involved in multiple pathways, for example, JUN, men-
tioned above as the most important target in HHS for UC,
was involved in 54 HHS-UC-related KEGG pathways,
including Inflammatory bowel disease, Kaposi sarcoma-
associated herpesvirus Hepatitis B, etc.
Collectively, these results demonstrated that HHS acts on
UC through multiple pathways, multiple targets, and over-

all cooperation.

infection,

Molecular Docking Analysis

Three candidate target proteins, including JUN (PDB ID:
1jun), TP53 (PDB ID: 1qgkt), and ESR1 (PDB ID: 2vuk),
were conducted molecular docking with three candidate
bioactive compounds (quercetin, luteolin, and nobiletin;
the corresponding 2D-chemical structures drawn using
ChemDraw software are presented in Figure 10), whose
results were visualized by Pymol (2D) and LigPlus (3D) as
shown in Figure 11.

The results revealed that JUN interacted with querce-
tin, luteolin, and nobiletin, as shown in Figure 11A—C,
respectively. As shown in Figure 11A, the structure of
quercetin could interact with GIn290 and Asn299 through
2 hydrogen bonds, respectively, and Ser292 through one
hydrogen bond in JUN. As shown in Figure 11B, the
structure of luteolin could form one hydrogen bond, one
hydrogen bond, and 2 hydrogen bonds with Arg302,
GIn310 and GIn304, respectively, in JUN. As shown in
Figure 11C, nobiletin could interact with Arg302 and
GIn304 in JUN via one hydrogen bond and 2 hydrogen

bonds, respectively.
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The results indicated that TP53 interacted with querce-
tin, luteolin, and nobiletin, as shown in Figure 11D-F,
respectively. As shown in Figure 11D, the structure of
quercetin could form one hydrogen bond, one hydrogen
bond and 2 hydrogen bonds with Ser166, Alal38 and
Asn200 in TP53, respectively. As shown in Figure 11E,
the structure of luteolin could interact with Alal38,
Ser166, Argl96, GIn100, and Lys101 through one hydro-
gen bond, respectively, and Ser99 through 2 hydrogen
bonds in TP53. As shown in Figure 11F, one hydrogen
bond could combine nobiletin with Gly199 in TP53.

The results demonstrated that ESR1 interacted with quer-
cetin, luteolin, and nobiletin, as shown in Figure 11G-I,
respectively. As shown in Figure 11G, the structure of quer-
cetin was linked to His524, Thr347, and Leu346 through one
hydrogen bond, respectively. As shown in Figure 11H, the
structure of luteolin could interact with His524, Thr347,
Glu353, and Leu387 through one hydrogen bond, respec-
tively, in ESR1. As shown in Figure 111, nobiletin could form
one hydrogen bond with His377 in ESR1. Therefore, there
exists an interplay between these compounds and protein
targets with hydrogen bonds.

The binding energy was frequently calculated to evaluate
the affinity degree of ingredients with protein targets. It is
generally accepted that binding energy which is less than
—4.25 kcal/mol, —5.0 kcal/mol or —7.0 kcal/mol indicates
a certain, good or strong binding activity between the ligand
and the receptor, respectively. The binding energy reflects the
possibility of binding between the receptor and the ligand.
The lower the binding energy, the higher the affinity of the
receptor and the ligand, the more stable the conformation.>>
The results of docking binding energy in Table 2 revealed
that these ingredients could bind well to the active sites of
protein targets. Among them, the docking of ESR1 and
luteolin had the lowest binding energy (—9.0 kcal/mol), the
docking of JUN and nobiletin had the highest binding energy
(—5.4 kcal/mol), and the average binding energy was —6.96
kcal/mol, mirroring a good or even strong binding activity in
the molecular docking between all three candidate com-
pounds and each of the candidate protein targets, respec-
tively. Together, three representative compounds (quercetin,
luteolin, and nobiletin) of HHS could bind well with three
core targets of UC (JUN, TP53, and ESR1), all of which
might play key roles in the treatment of UC.
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Figure 8 C-P-T network of top 30 pathways. Blue ellipse nodes stand for the target genes. The ellipse nodes in purple, orange, green and rose-red stand for compounds
from Schizonepetae Spica, Sophorae Flos, Platycladi Cacumen and Aurantii Fructus. The representatives of red V nodes indicate four herbs in HHS. Each yellow diamond

stands for each pathway. The size of the nodes represents the size of the degree.

Quercetin Suppressed Inflammation in LPS-Induced
RAW264.7 Cells

To investigate the anti-inflammatory effects of quercetin
against UC, lipopolysaccharide (LPS)-induced RAW264.7
cells were used as the inflammatory model and three con-
centrations (5puM, 10uM, 20uM) of quercetin were chosen
for further cell experiments according to related refer-
ences. As shown in Figure 12A-C, the levels of pro-
inflammatory cytokines TNF-a, IL-6, and IL-1f increased

in LPS-induced cells compared with unstimulated cells,
while the levels of TNF-a, IL-6, and IL-1p decreased after
quercetin treatment in a dose-dependent manner compared
with LPS group. As shown in Figure 12D, the intracellular
enzyme activities of iNOS and COX-2 increased signifi-
cantly in LPS-induced RAW264.7 cells compared with
control group. However, quercetin with different concen-
trations significantly reduced the intracellular enzyme

activities of INOS and COX-2 in LPS-induced
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Figure 10 The molecular formulae and chemical structures of quercetin, luteolin, and nobiletin.

RAW264.7 cells compared with LPS group, among which
the treatment of 20uM quercetin showed the best effect.
As shown in Figure 12E, the expression levels of inflam-
mation proteins (iNOS and COX-2) in LPS-induced
RAW264.7 cells were significantly higher than those in
the control group, whereas the protein expression levels of
iNOS and COX-2 in LPS-induced RAW264.7 cells treated

with quercetin at different concentrations were signifi-
cantly inhibited in a dose-dependent manner, of which
the treatment effect of 20uM quercetin group was the
best. Taken together, quercetin showed anti-UC effects
by inhibiting inflammation, which further validated the
prediction of network pharmacology that quercetin is the
most important component in HHS against UC.
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Table 2 HHS Molecular Docking Binding Energy Results (Kcal/Mol)

Receptors Ligands
Original Quercetin | Luteolin | Nobiletin
Ligands
JUN -1.9 -5.5 5.6 —5.4
TP53 -5.8 -7.5 -7.9 —6.9
ESRI -10.7 -8.8 -9.0 —6.0

Quercetin Inhibited the Protein Expression of c-Jun
and PI3K/AKT Pathway in LPS-Induced RAW264.7
Cells

Bioinformatics analysis has indicated that c-Jun is the
most important target and PI3K/Akt signaling pathway
is the most important pathway in the treatment of HHS
against UC. Thus, to further investigate the underlying
mechanism of how quercetin exhibits its anti-UC activ-
ities, the protein levels of p-c-Jun, c-Jun, p-PI3K, PI3K,

p-Akt, and Akt in RAW264.7 were examined. As shown
in Figure 13, the phosphorylation expression of c-Jun,
PI3K, and Akt elevated markedly in RAW 264.7
induced by LPS compared with unstimulated -cells,
whereas the treatment with different concentrations of
quercetin significantly inhibited the high expression of
phosphorylation levels of c-Jun, PI3K, and Akt com-
pared with LPS group, among which RAW264.7 cells
treated with 20uM quercetin had the best inhibitory
effect. In view of the crucial roles of c-Jun and PI3K/
53-57 54
anti-

Akt signaling pathway in inflammatory responses,
could be that
inflammatory action through the suppression of the

concluded quercetin  exerts
phosphorylated expression of c-Jun and PI3K/Akt sig-
naling pathway in the treatment of UC, which further
verified the network pharmacology results of the impor-
tant functions of c-Jun and PI3K/Akt signaling pathway

in HHS for UC.
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Figure 12 The effect of quercetin on the secretory levels of TNF-a (A), IL-6 (B) and IL-1B (C), the enzyme activity of INOS and COX-2 (D), protein expression of iNOS
and COX-2 (E) in RAW264.7 cells. Date are mean+S.E.M. n=3. **P < 0.0 vs Control; #p < 0.05, #p < 0.0l vs LPS.
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Figure 13 The effect of quercetin on the protein secretion of c-Jun and PI3K/AKT pathway in LPS-induced RAW264.7. (A) Representative immunoblotting images of
p-c-Jun, c-Jun, p-PI3K, PI3K, p-Akt, Akt, and GAPDH; (B-D) Gray value statistics of corresponding proteins. Date are mean%S.E.M. n=3. *P < 0.0 vs Control; “P < 0.05,

#p < 0.0l vs LPS.

Discussion

HHS has been reported to possess a good pharmacological
role and therapeutic effect in the modern clinical treatment
of UC. HHS could reduce the levels of tumor necrosis
factor (TNF-a) and medullary peroxidase (MPO) inflam-
matory factors in serum, relieve inflammatory cell infiltra-
tion, improve experimental colitis, and reduce the local
and systemic inflammatory responses in UC rats.'>>® The
therapeutic effect of HHS involved the regulation of levels
of inflammatory factors and expression of related proteins
through signal transduction pathways.>’

UC is a serious medical issue endangering the health of
people worldwide, whose optimal disease control is war-
ranted to be achieved.**® However, the more detailed
mechanism of HHS against UC has not been fully eluci-
dated. Network pharmacology is a promising approach
frequently applied to reveal related mechanism and dis-
cover new important bioactive compounds from TCM
formulae.®' Therefore, we performed network pharmacol-
ogy and data analysis to explore bioactives, core therapeu-
tic target genes, and potential mechanism of HHS in UC.

Moreover, molecular docking analysis and in vitro experi-
ments were conducted to further explore potential mechan-
ism of HHS against UC.

In the present study, a total of 28 bioactive compounds
in HHS and 421 HHS-UC target genes were obtained after
collecting and screening from multiple databases.
Nowadays, a substantial of natural compounds have
attracted considerable attention due to their high therapeu-
tic value, low systemic toxicity, and a wide range of
pharmacological activities.®* ®° Emerging evidence has
demonstrated that rutin appears to be the major bioactive
compound in HHS with pharmacological effects against
UC, whose potential mechanism contains antioxidant

effects, suppression of pro-inflammatory mediators’

release and expression of inflammatory proteins.®” ¢’
However, in this study, we found that quercetin, associated
with the highest number of genes in C-D-T network, is the
most important compound in HHS for UC. Quercetin is
a polyhydroxyflavonoid with a variety of biological func-
tions such as antioxidant, anti-inflammatory, anti-viral, and

so on.”® Quercetin could offer dose-dependent protection
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for IBD rats through antioxidant-like effect.”' Moreover,
quercetin could exert anti-inflammatory effects in the treat-
ment of UC, which is congruent with the fact that inflam-
matory responses are important pathological mechanism of
UC." Both antioxidant and anti-inflammatory effects of
quercetin appeared to be mediated via interference in
signal transduction pathways including the AP-1 and NF-
kB, as well as kinase systems."®” Besides, quercetin could
enhance epithelial barrier in Caco-2 cells via inducing
a strong increase of tight junctions protein claudin-4.”
Interestingly, rutin, mentioned earlier as the major bioac-
tive compound of HHS, exerted a therapeutic potential for
UC by liberating its bioactive aglycone quercetin in vivo,
which indicates the role of rutin as a quercetin deliverer to
the large intestine and further emphasizes the extremely
pivotal functions of quercetin against UC.®*”® Taken
together, all these studies and our findings highlight the
great significance of quercetin in the function of HHS
against UC.

In addition to quercetin, other bioactive ingredients
screened from HHS were also revealed to possess anti-
inflammatory properties and show pharmacological activities
for UC. Luteolin (3,4,5,7-tetrahydroxy flavone) with a higher
degree value in C-T-D network is a flavonoid with anti-
inflammatory effects and has potential clinical use for patients
with inflammatory bowel conditions by upregulating upstream
proteins (eg, SOCS3 in JAK-STAT signaling), inhibiting ATP
binding into the Syk/Src binding pocket as an upstream reg-
ulator of NF-xB and AP-1 signaling, and altering transcrip-
tional activation of the STAT3/IRF-1, NF-xB, and AP-1
pathways.”*"> Additionally, luteolin played a good therapeutic
role in acute colitis in mice, whose potential mechanism was to
activate the Nrf2 signaling pathway, promote Nrf2 to enter the
nucleus, up-regulate the levels of mRNA levels of downstream
target genes HO-1 and NQO1, inhibit the expression of pro-
inflammatory factors TNF-a and IL-6 mRNA, enhance the
antioxidant activity of the colon, and regulate oxidation/anti-
oxidation balance.”® Likewise, nobiletin with a higher degree
value in C-T-D network exerted anti-inflammatory effects via
the downregulation of inducible expression of nitric oxide
synthase and cyclooxygenase 2 in colitic rats and could restore
barrier function through the inhibition of the Akt-NF
-«B-MLCK pathway.”” Besides, nobiletin could decrease
inflammatory symptoms and markers as well as fibrotic col-
lagen deposition and expression in colitis mice.”® What’s more,
the related anti-UC target genes or pathways of quercetin,
luteolin, and nobiletin mentioned in these studies are partially
consistent with the identified anti-UC target genes and

pathways in the present research, indicating the interaction
between multi-components and multi-targets of HHS in treat-
ing UC. All of these reports provide evidence for the therapeu-
tic potential of luteolin and nobiletin in HHS against UC.

To explore core targets in HHS for UC, the PPI net-
work, which indicates protein—protein interaction, was
constructed, revealing that JUN, MAPK1, MYC, TP53,
MAPK3 and ESRI, especially JUN, TP53, and ESRI,
might be the core targets in the anti-UC process of HHS.
Among them, JUN, associated with the largest number of
target nodes in the core PPI network, could be the most
important target in HHS against UC. Proto-oncogene JUN
(c-Jun) is an immediate-early gene and plays an important
role in inflammatory responses, in other words, when
faced with external stimuli, the expression of c-Jun
increases rapidly in cells, enabling cells to adapt to envir-
onmental changes.”>>® Given that the inflammatory
responses are important pathogenesis of UC,' it is of
great significance to strictly control the expression of
c-Jun. Together, these studies elucidated the crucial effect
of ¢-Jun in inflammatory responses. Moreover, the expres-
sion of c-Jun proteins increased in UC model groups
compared to control groups and decreased in treatment
groups compared to UC groups.”” ®' These findings are
congruent with our results that JUN is extremely important
and may participate in the process of HHS against UC.

In addition to JUN, we found that TP53 and ESRI,
which showed a higher degree value in the core PPI net-
work and associated with more core ingredients in
C-T-D network, might also play a certain anti-UC role in
the function of HHS for UC. Several studies have sup-
ported our view. TP53 codon 72 Arg/Arg polymorphism
was associated with a higher risk for IBD development
with the potential roles as biomarkers for cancer and
dysplasia screening among patients with IBD, which
might provide targeted therapy in patients with IBD-
associated colorectal cancer.®*® Moreover, TP53 muta-
tions represented an initial step in the progression from
inflamed colonic epithelium to colorectal cancer, demon-
strating the connection between TP53 and the prognosis of
UC.* Besides, the methylation of ESR1 was related to
dysplasia/cancer and inflammatory status in UC patients,
suggesting the involvement of the methylation of ESR1 in
UC carcinogenesis due to chronic active inflammation.®>-*¢
These data further support our findings on the great sig-
nificance of TP53 and ESR1 in HHS for UC.

To annotate the functions of 421 protein targets and
related pathways, the GO enrichment analysis and KEGG

3272

Dove!

Drug Design, Development and Therapy 2021:15


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

Dove

Liu et al

pathway enrichment analysis were further conducted. GO
results suggested that the target genes were mainly
enriched in sites of membrane raft, membrane microdo-
main, and membrane region, as well as in the biological
functions of protein tyrosine kinase activity, heme binding,
and monooxygenase activity. KEGG data suggested that
213 of the 421 target proteins significantly enriched in 190
signal pathways, highlighting a therapeutic effect of HHS
on UC through multiple pathways. Among them, PI3K-
AKT signaling pathway, exhibiting the highest gene count
enrichment among the UC-related signal pathways,
appeared to be the most critical pathway involved in the
treatment of UC. AKTI, as a critical node in PI3K/Akt-
mTOR signaling pathway, is involved in the progress and
development of UC.*’ Besides, PI3K/Akt-mTOR signaling
pathway is an important cell signal transduction pathway
with a vital role in mediating numerous processes, includ-
ing cell proliferation, apoptosis, necrosis, inflammation,
and so forth. The abnormality of PI3K/Akt-mTOR cell
signaling pathway is considered to be involved in the
onset of UC with great impacts on UC-induced cell apop-
tosis and inflammation, as well as colon cancer induced by
long-term UC.*® %2 Additionally, by up-regulating the
PI3K/Akt-mTOR signaling pathway cell apoptosis and
inflammation in UC rats could be triggered.”” These find-
ings are congruent with our view that PI3K-AKT signaling
pathway is the most important HHS-UC pathway and may
be involved in the anti-UC mechanism of HHS.

Based on the findings of network pharmacology, we
acquired three crucial bioactive ingredients and three
representative targets. Thus, molecular docking was car-
ried out to further validate the prediction by network
pharmacology analysis. The results of docking showed
that quercetin, luteolin and nobiletin could combine well
with JUN, TP53, and ESRI1, respectively, and the docking
of luteolin and ESR1 showed the lowest binding energy,
suggesting that the combination was the most stable.
Based on our previous findings that in HHS against UC,
quercetin and JUN might be the most important compound
and the most important target, respectively, in vitro experi-
ments were performed to further study the action of quer-
cetin on JUN in the treatment of UC. As several reports
found that the expression of c-Jun proteins decreased in

7980 Gur cell

treatment groups compared to UC groups,
experiments also proved that quercetin inhibited the
expression of phosphorylated c-Jun and had an anti-
inflammatory effect in LPS-induced RAW264.7 cells.

PI3K-AKT signaling pathway was also found to be

involved in the anti-UC effects of quercetin, further vali-
dating the KEGG results. These findings confirmed the
prediction by the network pharmacology approach.

However, the present study has several limitations
according to the corresponding guidance.”® Firstly, the infor-
mation from online databases was based on the reviewed and
predicted data; thus, those unproven and undocumented com-
pounds or targets may not be included in our analysis.
Secondly, studies on the quantitative determination of the
content of 28 compounds are currently incomplete; therefore,
future research on content determination should be carried
out. Thirdly, absorption pathways, effective parts, markedly
effective components, metabolic forms of bioactives in HHS
should be studied. Moreover, quercetin, though determined
as the most important bioactive ingredient of HHS against
UC, could not completely stand for HHS. Thus, additional
research is required to further explore the potential molecular
mechanism of HHS in the treatment of UC in vitro and
in vivo. Lastly, the anti-UC effect of quercetin needs to be
further verified in animal models and clinical trials.

In conclusion, we firstly performed network pharmacol-
ogy to elucidate that in the anti-UC effects of HHS, the most
important bioactive compound was quercetin, JUN was the
most important target, and PI3K-AKT signaling pathway
was the most critical pathway. Additionally, molecular dock-
ing analysis validated the prediction by the network phar-
macology-based method. Besides, in vitro experiments
further demonstrated the molecular mechanism of quercetin
against UC. Based on a multidisciplinary strategy, the pre-
sent study provides evidence for the therapeutic role of HHS
in UC, as well as a comprehensive and innovative approach
to search for active compounds, core target genes and poten-

tial mechanisms in TCM.
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