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Abstract A persistent digestive disorder known as ulcerative colitis (UC) is characterized by a high

rate of recurrence and a difficult road to full recovery. An herbal treatment with a long history of

use in conventional Chinese medicine, Artemisia argyi, has shown encouraging results in preventing

the return of clinical UC. We carried out an experiment to isolate and identify the small molecules

in Artemisia argyi to investigate the chemical makeup of the therapeutic UC in this plant. Following

an activity screen, we discovered that 3b-ethoxytanapartholide (ETP) had significantly greater anti-

inflammatory action than the medicine we had chosen as a positive control, dexamethasone, and

this is the first report of ETP in terms of biological activity. Systematic network pharmacological

analysis confirmed that ETP acted on multiple targets during the pathogenesis of UC. These targets

regulate a variety of UC-related signaling pathways, including but not limited to TNF, IL-17, and

Ca2+ signaling. Molecular dynamics simulations and MM-PBSA results showed that ETP was able
a.
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to form stable complexes with five targets, MMP1, MMP9, MUC1, S1PR1 and MMP12. The cur-

rent work has previously shown the unknown anti-inflammatory ability of ETP and discovered that

ETP can modulate various pathways throughout the development of UC to produce therapeutic

advantages. These ground-breaking results highlight the urgent need for more analysis and devel-

opment of ETP as a potential treatment plan for UC.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

UC, is a chronic idiopathic inflammatory bowel disease (IBD)
in which patients need to take medications frequently to have

normal lives (Ng et al., 2013). Corticosteroids, immunosup-
pressants, and TNF-alpha inhibitors are some of the modern
drugs frequently prescribed to treat this condition (Toruner

et al., 2008); (Lichtenstein et al., 2012). For UC patients, the
severe side effects of these medications are magnified during
the lengthy course of treatment.

Since ancient times, traditional Chinese medicine (TCM)
has been used in China to treat inflammation, and research
over time has proven that it has positive therapeutic results
with few negative side effects (Fan et al., 2020). TCM may

therefore give people with UC hope for potential treatment.
Recent studies have confirmed the role of Artemisia plants in
treating IBD. Research indicates that Artemisia absinthium

were more effective than a placebo in inducing disease remis-
sion and preventing clinical recurrence following IBD surgery
(Ng et al., 2013). Clinical randomized controlled trials have

demonstrated that Artemisia absinthium therapy significantly
reduced both disease activity and depressive symptoms in
patients (Langhorst et al., 2015). It appears that Artemisia

plants have tremendous potential in treating IBD. A significant
herbal remedy with a>2000-year history of usage in China is
Artemisia argyi. In the treatment philosophy of traditional
Chinese medicine, Artemisia argyi leaves can be made into

moxibustion and used to treat various diseases, including col-
itis, arthritis, asthma, dysmenorrhea, etc. Modern research
indicates that the essential oil of Artemisia argyi contains

abundant chemical components, including terpenoids, ketones,
alcohols, acids, and alkyl hydrocarbons, and this essential oil
has the potential to dose-dependently suppress the release of

pro-inflammatory mediators such as prostaglandin, nitric
oxide, reactive oxygen species, TNF-a, IL-6, IFN-b, and
monocyte chemokine. (Liu et al., 2021). This indicates that this

herb plays an important role in the treatment of inflammation,
but the primary ingredients and mechanisms of this herbal
remedy for the treatment of ulcerative colitis are still unknown.
Our earlier research revealed that this substance’s essential oil

has great anti-inflammatory properties and the ability to cure
disorders connected to inflammation by preventing the activa-
tion of the NLRP3 inflammasome. (Chen et al., 2021). Further

investigation revealed that this essential oil has high levels of
beta-caryophyllene, which reduces macrophage ferroptosis
and inflammation in experimental colitis. (Wu et al., 2022).

Our research has confirmed the anti-inflammatory effect of
Artemisia argyi and the therapeutic effect of its chemical com-
ponent beta-caryophyllene on experimental colitis. However,
compared to the abundant chemical components in Artemisia
argyi, our research is still far from sufficient. Further explo-
ration of the chemical components of Artemisia argyi and their
anti-inflammatory effects is needed, particularly in evaluating

their potential for treating ulcerative colitis.
From the leaves of Artemisia argyi, we isolated 25 natural

compounds, including monoterpenes, sesquiterpenes, flavo-

noids, phenols, and lipids. The anti-inflammatory activity
screening revealed that Compound 2, a guaiacolactone (3b-
ethoxytanapartholide, ETP), had the largest anti-
inflammatory impact, outperforming the positive control med-

ication we used, dexamethasone. However, there are few pub-
lished reports on ETP and no studies on its anti-inflammatory
properties or molecular processes.

Network pharmacology, which has a very broad variety of
applications, has become a significant tool for researching the
pharmacological effects of traditional Chinese medicine. Net-

work pharmacology is a crucial tool for early analyses of the
biological activity of tiny molecules of natural origin. A clear
indication of the binding between molecules and targets can
be obtained, in particular, by molecular docking and molecu-

lar dynamics. Therefore, to examine the mechanism of action
and targets of ETP for UC, we integrated a network pharma-
cology method with bioinformatics, genetic difference analysis,

molecular docking, molecular dynamics simulation, and MM-
PBSA. The flowchart is given in Fig. 1.
2. Materials and methods

2.1. General experimental procedures

On a Bruker AVANCE-600 in CDCl3,
1H NMR (600 MHz)

and 13C NMR (150 MHz) results were obtained. Column chro-

matography was carried out using the following gels: silica gel
(Qingdao Marine Chemical Ltd. Qingdao, P. R. China),
Sephadex LH-20 gel (GE Healthcare, Sweden), YMC ODS-

A-HG gel (50 lm, YMC, Japan), and MCI gel (SaiPuRuiSi.
Beijing, P. R. China). On an Agilent 1260 system, preparative
HPLC separations were performed using a YMC-Pack ODS-A
column (250 � 10 mm, 5 lm).

2.2. Plant material

In Nanyang, Henan Province, People’s Republic of China,

fresh leaves of Artemisia argyi (Asteraceae) were picked in
May 2019 and air-dried. Professor Yifei Wang (College of Life
Science and Technology, Jinan University) identified the plant

specimen (No. 201905). At the Guangzhou Jinan Biomedicine
Research and Development Center, Jinan University, a vou-
cher specimen was placed.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.3. Extraction and isolation

After soaking 200 kg of Artemisia argyi leaves in 10 times the
volume of 95% ethanol 3 times and concentrating, 14.3 kg of
crude ethanol extract was obtained. The crude ethanol extract

was extracted with 3 times the volume of petroleum ether and
ethyl acetate, resulting in 2.42 kg and 2.41 kg, respectively, of
partial petroleum ether and partial ethyl acetate extracts.
These extracts were purified into 25 different compounds after

being repeatedly eluted by column chromatography using sil-
ica gel, AB-8 resin, MCI, ODS, and LH-20 gel columns. The
specific separation processes for each of these 25 compounds

are detailed in the Supplementary Information.

2.4. Cell culture and treatment

RAW 264.7 cells were acquired from the Chinese Academy of
Sciences Cell Bank in Shanghai, China. Cells were grown in
DMEM (Dulbecco’s Modified Eagle’s Medium) with 10%

Fetal Bovine Serum (FBS; Gibco, Grand Island, NY, USA;
#10100–147) and 1% Penicillin-Streptomycin (#15070063;
Gibco) in a humid environment at 37 �C with 5% CO2.

2.5. Cytotoxic activity

After being grown overnight in DMEM with 10% FBS at
1.5 � 105 cells per well, RAW264.7 cells were subjected to a

variety of ETP doses for 24 h. Then, 20 lL MTT was added
to each well, and the plate was incubated for 4 h at 37 �C in
the dark. Then, the supernatant was removed, and each well

was filled with 100 lL of DMSO. Before recording the optical
density (OD) at 490 nm with an enzyme immunoassay reader
(Bio-Rad Laboratories, Inc., Hercules, CA, USA), the plates

were gently shaken for 15 min at room temperature. The via-
bility of the cells at each ETP concentration was compared
to the viability of the control cells without ETP. The half-
maximal toxic concentration (CC50) of each sample was deter-

mined from the graph of the inhibitory rate on the cell survival
rate against the sample concentration. Assays were performed
in triplicate, and the CC50 values were calculated by GraphPad

Prism 8.

2.6. Inhibition of NO production

With the use of the Griess reagent kit (Beyotime, Shanghai,
China), NO production was indirectly measured. In 96-well
plates, 1.5 � 105 RAW 264.7 cells were plated per well, and
the cells were grown for 24 h. The cells were then exposed to

LPS (100 ng/mL) alone or in combination with the test sample
for 18 h. Equal quantities of Griess reagents A and B were
combined with the culture supernatants after being collected.

After incubating for 10 min at room temperature, the absor-
bance was measured at 540 nm with a spectrophotometer
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). According

to a standard calibration curve made from sodium nitrite,
the quantity of NO was estimated. The 50% inhibition concen-
tration (IC50) of each sample was determined from the graph

of the inhibitory rate on NO production against sample con-
centration. Assays were performed in triplicate and the IC50

values were calculated by GraphPad Prism 8.
2.7. Identification of ETP UC associated genes

It is necessary to gather all potential ETP action targets, inte-
grate validated targets for ulcerative colitis, and take the over-
lapping portion of the two for further study to investigate the

mechanism of ETP targeted therapy for ulcerative colitis. The
Swiss Target Prediction database (https://www.swisstargetpre-
diction.ch) (Gfeller et al., 2013), the PharmMapper webserver
(https://www.lilab-ecust.cn/pharmmapper/) (Wang et al.,

2017) and the TargetNet database (https://targetnet.scb-
dd.com) (Yao et al., 2016)were employed to predict the poten-
tial targets of ETP.

In summary, the compounds were converted to Mol2 for-
mat and uploaded to the PharmMapper database, and Drug-
gable Pharmacophore Models were selected as the Targets

Set for prediction. Convert the compounds to SMILES format
for Swiss Target Prediction and TargetNet databases. Homo
sapiens was used for prediction in the Swiss Target Prediction

tool, and Ensemble TargetNet was used for prediction in the
TargetNet database. The GeneCards database (https://
www.genecards.org/) (Stelzer et al., 2016), the DisGeNET
database (https://www.disgenet.org/) (Piñero et al., 2021)and

the OMIM database (https://www.omim.org/) (Amberger
et al., 2015)were used to find a target for ulcerative colitis. In
addition, we used ulcerative colitis as the keyword to search

for related targets in three databases and set the relevance
score > 10 in the GeneCards database and evidence index
(EI) as 1 in the DisGeNET database.

2.8. GEO gene difference analysis

We used the GEO2R program to analyze the GSE179285
dataset of the GEO database (https://www.ncbi.nlm.nih.gov/-

geo/) to further screen the active components and their targets
that were first screened (Barrett et al., 2013); (Keir et al., 2021)
and further screen the targets by analyzing the genetic differ-

ences of GSE clinical samples. We selected the groups marked
as Ulcerative Colitis in Diagnosis and inflamed in Inflamma-
tion as the UC disease group. Healthy control was set as the

control group, and the significance level cutoff was set to 0.05.

2.9. Protein-protein interaction network (PPI)

The STRING database (https://string-db.org/) was used to
create a protein–protein interaction network of important tar-
gets (Szklarczyk et al., 2021). The target organism chosen was
Homo sapiens, and the evaluation standards were set at high

confidence (>0.700). The exported PPI network was opti-
mized in Cytoscape 3.8.0 (https://cytoscape.org/) (Shannon
et al., 2003)to find more targets for ulcerative colitis screening.

2.10. GO and KEGG pathway enrichment analysis

The enrichment of biological processes (BP), cellular compo-

nents (CC), and molecular functions (MF) in gene ontology
(GO) analysis and Kyoto Encyclopedia of Genes and Gen-
omes (KEGG) enrichment analysis were examined using the

Metascape website (https://metascape.org) (Zhou et al.,
2019). In summary, after submitting a gene list and selecting
H. sapiens as the target species, the Pathway & Process Enrich-

https://www.swisstargetprediction.ch
https://www.swisstargetprediction.ch
https://www.lilab-ecust.cn/pharmmapper/
https://targetnet.scbdd.com
https://targetnet.scbdd.com
https://www.genecards.org/
https://www.genecards.org/
https://www.disgenet.org/
https://www.omim.org/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://string-db.org/
https://cytoscape.org/
https://metascape.org
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ment analysis was customized with a P Value Cutoff of 0.01
and a Min Overlap and Min Enrichment set at 2.

2.11. Molecular docking

The molecular docking technique can be used to forecast the
conditions and forces that will bind target small molecules to

proteins. The RCSB database (https://www.rcsb.org/)
(Protein Data Bank, 2019) (RCSB, 2019) contains the target
protein. AutoDock Vina was used for further molecular dock-

ing (Trott and Olson, 2010); (Eberhardt et al., 2021). In con-
clusion, the protein that was retrieved from the RCSB
database in Autodock was examined, the water molecules were

removed, and the receptor hydrogen was given. The charge
was determined and the atoms type was set to AD4. The
ligand’s Detect Root and Choose Torsions commands were
executed. The Vina program was then used to perform dock-

ing. For visual analysis, further tools include Discovery Studio
Visualizer 2021 (https://discover.3ds.com/) and PyMOL
(https://pymol.org/edu/) (Seeliger and de Groot, 2010).

2.12. Molecular dynamics simulation

We further confirmed the results using a molecular dynamics

simulation based on the outcomes of molecular docking and
gene expression differential analysis. Briefly, the tleap tool in
AmberTools22 was first used to create the input files for the
ligands (Case et al., 2022). The ligands were then transformed

into input files for the gromacs using the acpype program, with
the receptors being represented by the AMBER14SB force
field and the ligands by the gaff force field (Sousa da Silva

et al., 2012). The MD process was completed by Gromacs soft-
ware (Abraham et al., 2015). The entire simulation was run
using the TIP3P water model, and during the equilibrium sim-

ulation state, which lasted 100 ps and involved an MD simula-
tion lasting 100 ns, the temperature and pressure were both
kept constant at 310 K and 1 bar, respectively. Using the Gro-

macs tool, the simulation results were examined and shown.

2.13. Molecular mechanic/Poisson-Boltzmann surface area
(MM-PBSA) calculation

Utilizing trajectory data from molecular dynamics simulations,
the relative binding energy of protein–ligand complexes was
computed using the gmx_mmpbsa tool (Valdés-Tresanco

et al., 2021). We used the trajectories recorded between 80
and 100 ns for computation of the combined free energy based
on the stability of the simulated process. The binding affinity

was characterized by analyzing the binding energy, van der
Waals energy, electrostatic energy, polar solvation energy,
and SASA energy data. The decomposition of energy into resi-

dues was conducted to identify the key residues involved in the
binding process.
3. Results

3.1. Structural identification of compounds

The compounds we isolated were all known compounds, as
indicated by analysis of the NMR data, and their structures
were validated by comparison with some recorded literature
as (1R,5R,7R)-1,5-dihydroxygermacra-4(15),10(14),11(12)-tri
ene (Zhao et al., 2014), 3b-ethoxytanapartholide (Ke et al.,

2012); 3 b-hydroxy-13-acetoxygermacra-1(10)E,4E, 7(11)-
triene-12,6a-olide (Zdero and Bohlmann, 1990); 1 a,3a,4b-tri
hydroxy-8a-acetoxyguai-9,11(13)- dien-6a,12-olide (Ahmed

et al., 2004); (S)-8-hydroxycarvotanacetone (Sousa et al.,
2020), 4-hydroxypiperitenone (Jiang et al., 2022); (S)-2-(4-me
thyl-5-methylenecyclohex-3-en-1-yl)propan-2-ol (Yrjänheikki,

1980); perillaldehyde (Craveir and Vieira, 1992), di-isobutyl
phthalate (Shi and Han 1996), 7-methoxy coumarin (Benkiki
et al., 2007), 8-hydroxy-5,6,7-trimethoxycoumarin (Shuhua
et al., 2004), 4,6-dihydroxy-2 –methoxyacetophenone

(Brown, 1992), methyl p-hydroxycinnamate (Hiraga et al.,
1996), 3,4-dimethoxyacetophenone (Li et al., 2015); matri-
isobenzofuran (Iverson et al., 2010); 1-[(4 S-3,4-dihydro-4-

hydroxy-2,2- dimethyl-2H-1-benzopyran-6-yl]-ethanone
(Kang et al., 2016); euparin (Habtemariam, 2001); naringenin
(Li et al., 2007), Hispidulin (Marques et al., 2010); apigenin

(Silva et al., 2015); Spinacetin (Formisano et al., 2012); arcti-
genin (Higashinakasu et al., 2005), (+)-Pinoresinol (Xu
et al., 2008), methyl 4,5- didehydrojasmonate (Kiyota et al.,

1997); hydroxydihydrobovolide (Zhang et al., 2014). Detailed
NMR data are described in the Supplementary Data (See
Fig. 2).

3.2. Cytotoxicity and NO inhibition ability of compounds

Using the RAW264.7 cell line, we evaluated the cytotoxicity of
various substances in this investigation. We also conducted

tests for anti-inflammatory activity within acceptable dosage
ranges. In the presence of LPS-induced cellular inflammation,
our results show that ETP exhibits strong anti-inflammatory

effects, with an IC50 of 0.5 ± 0.1 lM (Table 1 and Fig. 3).

3.3. Identifying the targets of ETP action on UC

To find prospective targets for the treatment of ETP and UC,
we used a range of computational tools and databases, includ-
ing PharmMapper, Swisstarget, Targetnet, Genecards, Dis-
genet, and OMIM. We discovered 191 overlapping targets

between ETP and UC by using the Venn diagram analysis
technique. After performing a differential gene expression
study, we identified a total of 25 targets that showed apprecia-

ble up- or downregulation at the beginning of UC. The goal of
this selection was to discover possible therapeutic approaches
for both ETP and UC. These 25 targets were then subjected

to additional screening and analysis (Fig. 4).

3.4. Construction of protein–protein interaction (PPI) networks

The 25 targets identified throughout the screening phase were
evaluated for protein–protein interaction (PPI) networks to
identify important targets. ADA, CASP1, ME1, TBXAS1,
and TGM2 were the only five targets that did not interact in

the resulting network. Additionally, as shown in Fig. 5, none
of the five downregulated targets (ABCG2, ABCB1, NR1H4,
CYP3A4, and CYP2C9) showed any relationship with the

complete network. As a result, we decided not to analyze these
targets further and used the remaining 15 targets to create a
different interaction network for later evaluations.

https://www.rcsb.org/
https://discover.3ds.com/
https://pymol.org/edu/


Fig. 1 Workflow of this study.
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3.5. GO and KEGG enrichment analysis

The present study examined 15 identified genes using Gene
Ontology (GO) annotation and discovered that ETP signifi-
cantly affects a number of biological processes, including cellu-

lar response to cytokine stimulation, collagen catabolic
processes, positive regulation of cell migration, and response
to hypoxia. ETP also has an impact on the extracellular matrix
and external encapsulating, two cellular components. The

modulation of many activities, including peptidase, endopepti-
dase, serine hydrolase, serine-type endopeptidase, serine-type
peptidase, metallopeptidase, and metalloendopeptidase, is

reflected in the molecular function of ETP. KEGG analysis
showed that ETP significantly affects a number of pathways,
including the TNF signaling pathway, the IL-17 signaling

pathway, lipids and atherosclerosis, pathways in cancer,
rheumatoid arthritis, leukocyte transendothelial migration,
relaxin signaling pathway, fluid shear stress and atherosclero-

sis, transcriptional misregulation in cancer, human T-cell leu-
kemia virus 1 infection, prostate cancer, and the calcium
signaling pathway (Fig. 6).

3.6. Analysis of molecular docking results

In this study, molecular docking analysis was used to examine
how ETP binds to the primary target. Indicating the prospect

of ETP serving as a multitarget-acting active chemical, the
acquired docking data showed binding energies that
were < 5.0 kcal/mol for 14 targets, representing good binding
between the receptor and the ligand (Wang et al., 2022).
(Table 2 and Fig. 7). The best nine compound-target com-

plexes with binding energies under �7.7 kcal/mol were chosen
after the molecular docking findings were ranked. Before being
used in molecular dynamics simulations, these data were fur-

ther examined using PyMOL and Discovery Studio Visualizer,
visualized, and checked for accuracy (Fig. 8).(See Fig. 9)

3.7. Analysis of molecular dynamics simulation results

Molecular dynamics simulations are used to provide evidence
on the stability of protein–ligand interactions. Using simula-

tions lasting 100 ns and data collected from the docking
results, the study focuses on the binding of ETP to nine differ-
ent targets (MMP9, CD38, MMP12, MMP3, S1PR1, JAK3,
MUC1, and MMP1). By assessing variables such as root mean

square deviation (RMSD), hydrogen bonding, and binding
free energy, one can assess the stability of ETP binding with
the targets under discussion

3.7.1. Root mean square deviation

The root mean square deviation (RMSD), which gauges how
much an atom has deviated from its starting position, can be

used to assess the stability of protein and ligand binding. Typ-
ically, lower deviations signify a more stable conformation.
Here, we evaluate the stability of binding based on the stan-

dard of RMSD fluctuations within 1 Å (Eldehna et al.,



Fig. 2 Structures of Compounds 1–25.

Table 1 Anti-inflammatory effects of active compounds on

NO production in LPS-stimulated RAW 264.7 cells (n = 3).

Compound IC50/lM
a CC50/lM

b

2 0.5 ± 0.1 ＞10

13 44.8 ± 0.1 >100

14 93.3 ± 0.2 >100

22 91.15 ± 0.3 >100

Dexamethasone 4.1 ± 0.2 –

IC50, the half-maximal inhibitory concentration, values were

expressed as the means ± SDs.

CC50, the half-maximal toxic concentration.
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2021). Fig. 9 shows how we examined the variation in RMSD
values for nine distinct complexes in this investigation. The

findings revealed that ETP was able to maintain a compara-
tively stable conformation for the full 100 ns in the simulations
with CD38 and MMP1 (Fig. 9B and I). However, MMP9,

MMP12, MMP3, and MUC1 showed periodic changes
(Fig. 9A, C, D, and G). After 50 ns, 70 ns, and 60 ns for
S1PR1, JAK3, and CXCR4, respectively, a stable conforma-

tion was finally attained (Fig. 9E, F, H). It is interesting to
note that imbalances between S1PR1 and CXCR4 during the
initial simulation phase were associated with protein stability

(Fig. 9E, H). During the simulation time, all seven remaining
target proteins remained in their stable conformation.
3.7.2. Intermolecular hydrogen bonding analysis

Throughout the simulation, the hydrogen bonding analysis

tool from Gromacs (shown in Fig. 10) was used to thoroughly
examine the hydrogen bonding interactions between ETP and
numerous target proteins. It is significant to note that since the

binding between S1PR1 and ETP does not rely on hydrogen
bonding, this figure is not given. As shown in Fig. 10A, F,
G, and H, the results showed that ETP established persistent

hydrogen bonds with MMP9, MUC1, CXCR4, and MMP1,
particularly with MMP9, MUC1, and MMP1. Meanwhile,
the hydrogen bond map (shown in Fig. 10B, E) revealed that
CD38 and JAK3 were involved in the dissolution and reestab-

lishment of hydrogen bonds during the process of reaching a
new equilibrium. The fact that ETP and JAK3 failed to pro-
duce stable hydrogen bonds after achieving a new equilibrium

state after 70 ns indicates that the final equilibrium state was
not dependent on hydrogen bonds. Additionally, even though
hydrogen bonds were created during the modeling of ETP

using MMP12 and MMP3, the continuity of these interactions
was not strong (as shown in Fig. 10C, D).

3.7.3. Analysis of MM-PBSA results

The MM-PBSA method can be used to calculate the binding
energy between protein–ligand complexes, and the final calcu-
lation results can reflect the protein–ligand binding ability to

some extent. From the calculation results (Table 3 and
Fig. 11), the binding energy of ETP with MMP12 and



Fig. 3 Cytotoxicity and NO inhibition ability of ETP. (A) Cytotoxicity of ETP on RAW264.7 cells (B) NO inhibition ability of ETP in

LPS-stimulated cells. (*P < 0.05, **P < 0.01, ***P < 0.001 compared with LPS-induced group.).

Fig. 4 Intersection of UC targets and ETP targets. (A) Venn diagram depicting intersecting genes in UC/ETP (B) Volcano-plot

representation of differential gene expression.
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S1PR1 was the lowest (<-90 kJ/mol), followed by MMP1 and

MMP9 (<-80 kJ/mol). The binding to MMP3, JAK3, and
CXCR4 was relatively weak (>-60 kJ/mol). The binding
energy was further broken down to each residue for analysis

(Fig. 12), and the results showed that TYR-240 plays a key
role in the binding of ETP to MMP12 (Fig. 12C), and several
residues play an active role in the binding to S1PR1 and

MMP1, but GLU-121 in S1PR1 and ARG-214 in MMP1
are detrimental to their binding (Fig. 12E, I). Meanwhile, there
are obvious key residues that play a role in the binding of ETP
to MMP9, CD38, MMP3, and MUC1 (Fig. 12A, B, D, and

G). However, several residues played a negative role in the
binding of ETP to JAK3 and CXCR4, which was the key rea-
son for the weak binding energy of ETP to these two target

proteins (Fig. 12F, H).

4. Discussion

ETP, is a guaiacolactone whose structure was first reported by
Ke et al. (Ke et al., 2012). However, no relevant reports, either
chemical composition studies or biological activity studies,

have been reported in this decade or so. Fortunately, ETP
was again isolated from Artemisia argyi and showed a strong
anti-inflammatory capacity in our study. Interestingly, when

we examined the biological functions of ETP analogs, we dis-
covered that they also have respectable anti-inflammatory
properties. The Nrf2 activator iso-seco-tanapartholide has

been demonstrated to have anti-inflammatory properties both
in vitro and in vivo in the LPS-induced sepsis model (Zhu
et al., 2022). Meanwhile, 3-methoxytanapartholide has been
identified by researchers as an inhibitor of NF-jB (Jin et al.,

2004). These findings emphasize the possibility for more
research by partially demonstrating the anti-inflammatory
properties of this diterpene skeleton. Based on the extraordi-

nary anti-inflammatory activity of ETP, we used a network
pharmacology approach to explore the possible molecular
mechanisms of its treatment of UC.

We first obtained 191 cross-targets of ETP and UC, and
identified 15 core targets for further analysis and discussion
through differential gene expression analysis and PPI network.



Fig. 5 PPI network (A). PPI network with 29 targets (B). PPI network with 15 targets. In Figure B, nodes that are not related to the

network from Figure A have been removed.

Fig. 6 Results of GO enrichment analysis and KEGG enrichment analysis. (A) Gene ontology analysis of key intersecting genes of ETP

and UC. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway of key intersecting genes of ETP and UC. The color scale in

the diagram represents -log10 (P Value), and the size of the dots represents the number of enriched genes.

8 M. Li et al.
The matrix metalloproteinases MMP1, MMP3, MMP7,

MMP9, and MMP12 are all significantly upregulated when
IBD first manifests, particularly MMP1 and MMP3, whose
expression levels rise by almost 15 times (von Lampe et al.,

2000). Excessive extracellular matrix hydrolysis and ulcer
development in the presence of sick colonic mucosa have both
been associated with MMP1 overexpression. Given these find-

ings, various researchers have recommended MMP1 inhibitors
as a potential treatment approach. The management of ulcer-
ative diseases linked to MMP1 dysregulation may benefit from
more research into the effectiveness and safety of MMP1 inhi-

bitors (Wang and Yan, 2006). The cleavage of some medica-
tions is caused by MMP3 and MMP12, according to
histological evaluations of patients. Importantly, after coincu-
bation with MMP inhibitors, such medicines recovered their

inhibitory effect against TNF. These findings highlight the
potential importance of MMP inhibitors in the treatment of
disorders where MMP-mediated proteolysis plays a key role

and offer insightful information on the mechanisms of action
of specific medications (Biancheri et al., 2015). The overexpres-
sion of MMP7, which has been demonstrated to cleave

Claudin-7, is closely related to inflammatory infiltration and
mucosal erosion. The intestinal barrier becomes compromised
as a result of this proteolytic activity, which in turn exacerbates
the inflammatory response in IBD. Inhibiting MMP7 may be a

novel therapeutic approach for the treatment of IBD given its
role in disease development (Xiao et al., 2022). A substantial
increase in MMP9 levels is connected to neutrophil infiltration.



Table 2 Molecular docking results of ETP with key targets.

Target protein PDB ID Affinity (kcal/mol)

MMP9 4WZV �8.3

CD38 2I65 �8.2

MMP12 1JK3 �8.1

MMP3 1B8Y �7.9

S1PR1 3V2Y �7.9

JAK3 3LXK �7.8

MUC1 6TGG �7.8

CXCR4 3OE8 �7.7

MMP1 1HFC �7.7

MMP7 1MMQ �7.2

NOS2 3E7G �7.2

PLAU 1EJN �6.3

ICAM1 5MZA �5.8

SELE 1G1T �5.8

SOCS3 2HMH �4.5
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In models of UC, experimental studies have shown that
MMP9 ablation or suppression of its function by certain inhi-

bitors can lessen disease severity and tissue damage. These
findings highlight the role of MMP9 in the emergence of UC
and open up interesting options for the creation of innovative

therapies that target MMP9 for the treatment of UC patients
(Castaneda et al., 2005); (Marshall et al., 2015). T-cell activa-
tion and proliferation are thought to be mediated by the cata-

bolic enzyme CD38, which is involved in the metabolism of
nicotinamide adenine dinucleotide. The inhibition of nicoti-
namide phosphoribosyl transferase (NAMPT), an upstream
regulator of CD38, has been shown to be an efficient way to

diminish CD38 activity, which in turn inhibits the immune
response and reduces intestinal inflammation. These findings
highlight the role of CD38 in the pathophysiology of inflam-

matory disorders and imply that altering the NAMPT-CD38
axis may be a feasible strategy for treating such conditions
Fig. 7 Molecular docking results of ETP with key targets. The
(Gerner et al., 2018). Sphingosine-1-phosphate (S1P) has been
demonstrated to promote the synthesis of IL-6 and maintain
the activation of STAT3, which in turn causes S1PR1 to be

upregulated. S1PR1 serves as a major receptor for S1P.
Exploratory investigations have shown that inhibiting the
NF-kappaB/IL-6/STAT3 signaling cascade and lowering

S1PR1 expression can significantly improve symptoms in peo-
ple with UC and colon cancer (Liang et al., 2013). The Janus
kinase (JAK) family includes JAK3, a vital component that

is largely expressed in hematopoietic cells and has been linked
to the pathophysiology of a number of inflammatory diseases.
Tofacitinib is a notable example of a JAK3 small-molecule
inhibitor that has been licensed for the treatment of IBD,

and has shown efficacy in lowering the inflammatory response
linked to these disorders. These findings highlight the thera-
peutic utility of JAK3 inhibitors in treating these conditions

(Roskoski, 2016); (Pérez-Jeldres et al., 2019). MUC1, a
tumor-associated antigen that is ectopically produced in peo-
ple with IBD, has been demonstrated to have significant

impacts on connexins and cell polarity proteins, ultimately
contributing to the disruption of intestinal barrier function.
These results highlight the potential of MUC1 as a novel ther-

apeutic target for the treatment of IBD by focusing on the
underlying pathophysiology of the condition. Therefore, cur-
rent studies aimed at better understanding the mechanisms
behind the connection between MUC1 and IBD may open

the door to the creation of novel therapeutic approaches
(Breugelmans et al., 2020). The CXCL12/CXCR4 interaction
is thought to have a role in the pathogenesis of a wide variety

of inflammatory diseases, and in patients with colitis, the
expression levels of CXCR4 are directly correlated with the
severity and scope of the disease. The promise of CXCR4 as

a promising target for the development of novel medicines
for treating patients with inflammatory disorders has been fur-
ther supported by experimental results showing the effective-

ness of CXCR4 antagonists in reducing symptoms of colitis
in animal models (Mikami et al., 2008). As a crucial messenger
color scale in the diagram represents the size of the affinity.



Fig. 8 Molecular docking pattern of ETP and 9 targets. (A) ETP-MMP9. (B) ETP-CD38. (C) ETP-MMP12. (D) ETP-MMP3. (E) ETP-

S1PR1. (F) ETP-JAK3. (G) ETP-MUC1. (H) ETP-CXCR4. (I) ETP-MMP1. All amino acids that interact with ETP are indicated in the

picture, and the varying colors of the dashed lines denote various types of interactions.
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molecule, nitric oxide (NO) is produced in greater quantities in
individuals with IBD because of increased NOS2 expression
and catalytic activity. There is strong evidence that UC disease

activity and NOS2-derived NO levels are directly correlated.
The therapeutic value of NOS2 inhibition in reducing symp-
toms of inflammatory bowel disease has been confirmed by
experimental research (Krieglstein et al., 2001). PLAU is

involved in the inflammatory response and increases during
aging as a biomarker of the aging process, but the ability of
PLAU inhibition to alleviate UC symptoms has not been con-

firmed by studies (Wan et al., 2022). A growing body of
research has shown that the vascular endothelium is essential
for controlling leukocyte accumulation and distribution in

inflamed tissues, with surface molecules such as ICAM1 and
SELE serving as important examples of those involved in
leukocyte adhesion and migration. Therefore, ICAM1 and
SELE targeting may be a useful tactic for reducing endothelial

adhesion, a characteristic of inflammatory responses. The
development of novel therapeutic interventions that reduce
leukocyte adhesion and lessen the negative effects of inflamma-

tory diseases may thus result from further elucidation of the
underlying mechanistic aspects of the relationship between
endothelial surface molecules and leukocyte infiltration
(Munro, 1993). Interleukin-22 (IL-22)-mediated epithelial
homeostasis and mucosal wound healing have both been

demonstrated to be adversely affected by SOCS3, a crucial
negative regulator of many cytokine signaling pathways. To
maintain long-term remission in individuals with UC, it may
be advantageous to find methods to avoid SOCS3 overexpres-

sion. These findings emphasize the critical need for further
research into the precise molecular mechanisms governing
SOCS3-mediated immunoregulation in the context of inflam-

matory diseases, with the ultimate objective of creating special-
ized therapeutic strategies for deregulated SOCS3 expression
in UC patients (Xu et al., 2015). In conclusion, the key ele-

ments of the ETP for UC treatment are captured by the iden-
tified core targets, which show a strong relationship with the
pathogenic pathways of UC. These results highlight the critical
necessity for ongoing research targeted at enhancing our com-

prehension of the basic mechanisms causing UC, allowing for
the eventual creation of ETP therapies for successfully treating
the condition.

Further GO functional analysis indicated that these targets
are involved in many biological processes, including response



Fig. 9 RMSD results of ETP binding with target proteins. (A) ETP-MMP9. (B) ETP-CD38. (C) ETP-MMP12. (D) ETP-MMP3. (E)

ETP-S1PR1. (F) ETP-JAK3. (G) ETP-MUC1. (H) ETP-CXCR4. (I) ETP-MMP1. The gray color represents the stability of ETP, the red

color represents the stability of the protein, and the blue color represents the stability of the receptor-ligand system.
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to hypoxia, tissue morphogenesis, cellular response to cytokine
stimulus, collagen catabolic process, and positive regulation of

cell migration. These biological processes are closely related to
the pathological process of UC. In brief, during the pathogen-
esis of UC, cells are stimulated by cytokines in a series of reac-

tions, along with a significant increase in collagen degradation
and specific changes in tissue morphology, which are accompa-
nied by a hypoxic response at the site of inflammation, while

impaired epithelial barrier function due to apoptosis and entry
of neutrophils lead to further deterioration of UC
(Silvennoinen et al., 1996); (Sträter et al., 1997); (van der
Steen et al., 2009); (Xue et al., 2013); (Danese and Panés,

2014); (Vitale et al., 2017); (Alvarado et al., 2019). Computing
research indicates that the efficient usage of ETP has been
found to reduce the symptoms of UC patients by favorably

influencing the control of these biological systems.
The results of KEGG analysis showed that ETP can regu-

late many pathways and exert beneficial effects on UC. It can

also inhibit some pathways to suppress the development of uc-
related complications, such as cancer and atherosclerosis.
Specifically, the TNF-a signaling pathway, the most exten-
sively studied pathway in IBD, is also the primary target in

the development of drugs for related diseases, and TNF-a inhi-
bitors do improve inflammatory symptoms in patients, but
mono-anti-TNF therapies are limited (Argollo et al., 2017).

IL-17 is closely associated with the upregulation of IFN-c,
and the interaction of these inflammatory mediators induces
severe colitis in IBD through anti-Drugs that exert efficacy

through IL-17 are also in development (Hueber et al., 2012).
The recruitment of peripheral leukocytes to the intestine is
an important process in intestinal inflammation, and persistent
leukocyte tissue infiltration leads to the persistence of a cas-

cade response. It has been demonstrated that intestinal inflam-
mation can be suppressed by blocking leukocyte migration
(Oshitani et al., 2002); (Aherne et al., 2012). Ulcerative colitis

causes patients to have to take medication for the rest of their
lives, and the complications arising from ongoing chronic
inflammation are also painful. According to a 30-year

follow-up study, patients with IBD have a significantly
increased risk of developing gastrointestinal and extraintesti-



Fig. 10 Hydrogen bonds of ETP binding with target proteins. (A) ETP-MMP9. (B) ETP-CD38. (C) ETP-MMP12. (D) ETP-MMP3. (E)

ETP-JAK3. (F) ETP-MUC1. (G) ETP-CXCR4. (H) ETP-MMP1. The color scale indicates the number of hydrogen bonds.

Table 3 MM-PBSA results of ETP with key targets.

Target

protein

Binding energy

(kJ/mol)

Van der Waalenergy

(kJ/mol)

Electrostaticenergy

(kJ/mol)

Polar solvationenergy

(kJ/mol)

SASA energy

(kJ/mol)

MMP9 �84.2963 ± 11.38565 �117.903 ± 7.852449 �38.9861 ± 8.374826 91.46633 ± 15.79228 �18.873 ± 1.384807

CD38 �67.6004 ± 24.96992 �139.077 ± 14.2074 �73.636 ± 21.20749 167.3553 ± 20.49478 –22.2423 ± 0.966428

MMP12 �94.2005 ± 15.47327 �169.304 ± 12.98226 �38.8331 ± 16.29954 137.7041 ± 16.92731 –23.7672 ± 1.464083

MMP3 �45.6328 ± 24.04062 �89.727 ± 40.5743 10.61357 ± 15.42546 46.53195 ± 22.68081 �13.0516 ± 5.619503

S1PR1 �95.9769 ± 15.04622 �188.611 ± 11.10229 �14.6537 ± 5.88666 131.972 ± 20.35869 �24.6843 ± 0.715044

JAK3 �49.0474 ± 14.50611 �124.517 ± 13.97964 �1.25514 ± 13.98927 98.30071 ± 31.63883 �21.576 ± 1.636458

MUC1 �79.676 ± 21.7837 �113.93 ± 28.17811 �36.1207 ± 12.72225 86.28333 ± 22.7929 �15.9084 ± 3.814098

CXCR4 �54.6359 ± 21.23318 �160.497 ± 13.11832 �36.5652 ± 15.66174 165.5769 ± 25.14471 –23.1506 ± 0.793432

MMP1 �87.1345 ± 15.98618 �146.166 ± 8.102114 �53.6983 ± 11.45997 132.7092 ± 18.41954 �19.9799 ± 0.684544
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nal malignancies (Kappelman et al., 2014). Additionally,
patients with IBD have a significantly increased risk of acute

mesenteric ischemia, and therefore a greater risk of atheroscle-
rosis (Ha et al., 2009).

Molecular docking was used to assess the binding ability of

ETP to 15 key target proteins. The affinity of 12 targets in the
docking results was less than �6.0 kcal/mol, indicating that
most of the targets may have good binding ability to ETP.

Three targets, MMP9, CD38, and MMP12, showed the stron-
gest binding ability. Molecular dynamics simulations were
used to further investigate the top nine target proteins
(affinity < �7.7 kcal/mol) in molecular docking with affinity

to ETP. The combined RMSD, hydrogen bonding, and
MM-PBSA data indicate that ETP exhibits a stable complex
structure and strong affinity for five targets, MMP1, MMP9,

MUC1, S1PR1, and MMP12. This suggests that ETP may
exert anti-inflammatory effects through these targets. We have
shown here that ETP has excellent anti-inflammatory proper-

ties and that, through a series of computational simulations,
it may act on multiple targets and biological processes to pre-
vent the onset of ulcerative colitis. However, additional in vivo

tests are still required to confirm these findings. Additionally,
we have shown that ETP possesses significant cytotoxicity in
addition to its potent anti-inflammatory properties. This might
to some extent put a stop to further study and creation of ETP.

A strong basis will be created for the use of ETP if its toxicity



Fig. 11 Binding energy of ETP with key target proteins. The color scale indicates the strength of binding energy.

Fig. 12 Key residues of ETP binding with target proteins in the MM-PBSA results. (A) ETP-MMP9. (B) ETP-CD38. (C) ETP-MMP12.

(D) ETP-MMP3. (E) ETP-S1PR1. (F) ETP-JAK3. (G) ETP-MUC1. (H) ETP-CXCR4. (I) ETP-MMP1. The key amino acid residues are

all labeled in the figure.

Exploring the mechanism of Artemisia argyi 13



14 M. Li et al.
to cells can be decreased by structural alteration without
impacting its action.

5. Conclusion

The present work reveals the therapeutic potential of ETP, a
natural sesquiterpene, by elucidating its effectiveness as a

strong anti-inflammatory drug in the context of treating UC.
The main molecular targets and mechanisms of action of

ETP were uncovered using network pharmacology, molecular

docking, molecular dynamics simulation, and MM-PBSA, and
the findings highlight how ETP has several facets and influ-
ences a variety of targets in different ways.

The study’s findings hold great promise for expanding our
knowledge of the therapeutic potential of ETP and opening the
door for further investigation into how to best use this bioac-

tive substance to treat UC.

6. Authorship contribution statement

Yifei Wang and Cuifang Ye supervised the experiment and
designed the study. Jianghao Liu isolated the compounds
and investigated the anti-inflammatory activity. Menghe Li
completed bioinformatics-related analysis and computation

and drafted the manuscript. Caiwenjie La and Tao Liu ana-
lyzed the data. Zibo Zhao, Zui Wang, Minghui Dai and Jiming
Chen assisted in the experiment. Zhe Ren and Yifei Wang

reviewed the final version of the paper. All the authors pro-
vided intellectual content and approved the final version of
the manuscript.

Funding

This work was supported by the Guangdong Modern Agricul-

tural Industry Technology System Innovation Team Project of
China [2022KJ142] and the Guangzhou Key R&D Program of
China [202206010008].

Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

All database and software authors used in this paper are grate-

fully acknowledged.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.arabjc.2023.105050.

References

Abraham, M.J., Murtola, T., Schulz, R., Páll, S., Smith, J.C., Hess, B.,
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