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Gastric ulcer (GU) is one of the most prevalent digestive system diseases in humans, and it has been linked to
inflammation. Previous studies have demonstrated the anti-inflammatory potential of isoalantolactone (IAL), a
sesquiterpene lactone isolated from Radix Inulae. However, the pharmacological effects of IAL on GU and its
mechanism of action are still unclear. Hence, the present study is aimed to investigate the anti-inflammatory
potential of IAL on GU. Firstly, we assessed the effect of IAL on ethanol-induced injury of human gastric
epithelial cells and the levels of inflammatory cytokines in cell culture supernatants. Then, the anti-inflammatory
effects of IAL were confirmed in vivo using zebrafish inflammation models. Furthermore, the mechanism of IAL
against GU was preliminarily discussed through network pharmacology and molecular docking studies. Quan-
titative real-time PCR assays were also used to confirm the mechanism of IAL action. ALB, EGFR, SRC,
HSP90AAI, and CASP3 were found for the first time as the key targets of the IAL anti-GU. PI3K-Akt signaling
pathway and Th17 cell differentiation were identified to play a crucial role in the anti-GU effects of IAL. In
conclusion, we found that IAL has anti-inflammatory effects both in vitro and in vivo, and showed potential
protective effects against ethanol-induced GU.

1. Introduction

Gastric ulcer (GU) is one of the most common digestive system dis-
eases in humans, with an incidence rate of 2.4% in the western popu-
lation and 6.1% in the Chinese population [1]. Alcohol is one of the most
common causes of gastric injury [2]. Ethanol damages the gastric mu-
cosa by affecting the balance of the gastric mucosal barrier, promoting
the infiltration of inflammatory cells and the release of inflammatory
factors [3]. As we know, gastric mucosal epithelial cell injury is a critical
factor in the formation of GU and a common feature of GU. Many drugs
such as proton pump inhibitors have been used clinically to alleviate GU.
However, the long-term use of omeprazole and other chemically syn-
thesized drugs to treat GU has serious side effects and a high recurrence
rate [4]. Therefore, there is a need for a safe and effective natural active
substance to prevent and treat ethanol-induced gastric injury. At pre-
sent, the use of natural chemicals such as terpenoids, flavonoids,
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polysaccharides from plant resources as medicines or food supplements
has received extensive attention among researchers [5].

Our previous work supported that Sanwei Ganlu San (SWG, a kind of
Tibetan herbal formula) had a good anti-GU effect. Radix Inulae (dried
root of Inula helenium L. or I. racemosa Hook. F.) is one of the ingredients
of SWG. Radix Inulae is traditionally used to treat epigastric pain,
bloating, vomiting, and diarrhea [6]. We further found that IAL was a
main chemical component of SWG (the relative content is 3.26%), and it
is also a main component migrating to blood. IAL is also one of the main
sesquiterpene lactones in Radix Inulae, with anti-inflammatory, anti-
bacterial, anti-lipogenic, and anti-tumor effects [7]. Studies have shown
that IAL alleviates ovalbumin-induced asthmatic inflammation [8]. In
addition, IAL also inhibits LPS-induced inflammation and alleviates
acute lung injury [9]. IAL has been reported to improve the survival of
mice with LPS-induced sepsis and exhibits anti-inflammatory activity
[10]. However, the pharmacological effects of IAL on GU and its
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mechanism of action are still unclear.

The use of zebrafish models for drug screening has unique advan-
tages because of its complete vertebrate organ system, which can exhibit
diverse biological processes [11]. The zebrafish genome has been fully
sequenced and has a high degree of similarity to the human genome
[12]. In addition, zebrafish display inflammatory cells and immune re-
sponses similar to humans, while the transparency of zebrafish larvae
enables visualization of inflammatory cell migration. The zebrafish
inflammation model has been well-established, which is mainly induced
by CuSOy, tail-cutting, and lipopolysaccharide (LPS) [13].

Network pharmacology, as a powerful tool to predict complex re-
lationships among drugs, targets, and diseases, has been successfully
applied to reveal the mechanisms of action of traditional Chinese med-
icine (TCM) components and diseases [14]. Molecular docking studies
enable the binding of small molecule drugs with target proteins in space
and clarify the binding activity between drugs and targets. Therefore,
the combination of network pharmacology and molecular docking
further reveals the mechanism of action of drugs. Cells, zebrafish,
network pharmacology, and molecular docking are all good models and
methods to obtain valuable results before animal experiments. These
models and methods follow the “3 R” roles.

In the present study, we evaluated the effects of IAL on ethanol-
induced injury in human gastric epithelial (GES-1) cells and examined
the levels of inflammatory cytokines in cell culture supernatants. The
anti-inflammatory effects of IAL were studied in vivo using zebrafish
inflammation models. Further, the mechanism of IAL action against GU
was preliminarily discussed through network pharmacology, molecular
docking studies, and quantitative real-time PCR validation.

2. Materials and methods
2.1. Materials and reagents

Isoalantolactone (CAS: 470-17-7, purity>98%) was purchased from
Chengdu DeSiTe Biological Technology Co., Ltd. (Chengdu, Sichuan,
China). Zebrafish culture water was prepared with 5 mM NaCl , 0.17
mM KCI , 0.33 mM CaCl, , 0.33 mM MgSO4-7 H20. Tricaine and lipo-
polysaccharides (LPS) were purchased from Sigma-Aldrich (St. Louis,
USA). Ethanol was procured from Tianjin Fuyu Fine Chemical Co., Ltd.
(Tianjin, China). Ibuprofen and omeprazole were obtained from
Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China). CuSO4-5
H20 and methylene blue were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Fetal bovine serum (FBS) was ob-
tained from AusGeneX (Gold Coast, Australia). RPMI1640 cell culture
medium, penicillin/streptomycin solution (100 x), and cell counting
kit-8 (CCK-8) were procured from GENVIEW® (Jinan, Shandong,
China). The tumor necrosis factor-a (TNF-a), interleukin (IL)— 1,
interleukin (IL)— 10, interferons-y (IFN-y), transforming Growth Factor
Beta 1 (TGF-p1), and vascular endothelial growth factor A (VEGFA)
ELISA kits were purchased from ABclonal Biotechnology Co., Ltd.
(Wuhan, Hubei, China). Reactive oxygen species (ROS) assay kit was
obtained from Solarbio (Beijing, China).

The details of the instruments utilized in this study were listed below,
SERIES 8000 WJ CO5 Incubator (Thermo Fisher Scientific, Waltham,
USA); BMG LABTECH Multi-function Microplate Reader (BIO-GENE,
Guangzhou, China); ZXSD-B1270 biochemical incubator (Shanghai
Zhicheng Analytical Instrument Manufacturing Co., Ltd., Shanghai,
China); SZX16 Fluorescence Microscope and DP2-BSW Image Acquisi-
tion System (Olympus, Tokyo, Japan); Stereo Microscope Axio Zoom.
V16 (Zeiss, Oberkochen, Germany); Zebrafish breeding equipment
(Beijing Aisheng Technology Company, Beijing, China); HPG-280BX
light incubator (Harbin Donglian Electronic Technology Development
Co., Ltd., Harbin, China) and Real-time fluorescence quantitative PCR
instrument (Light Cycler® Instrument, Roche, Switzerland).
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2.2. Cell culture

GES-1 cells (Zhejiang Meisen Cell Technology Co., Ltd., Zhejiang,
China) were incubated in RPMI1640 cell culture medium supplemented
with 10% FBS and 1% penicillin/streptomycin solution. Then, the cul-
ture was maintained at 37 °C in a constant temperature incubator with
5% COs.

2.3. Gastroprotective effects of IAL in vitro

To evaluate the gastroprotective effects of IAL on the ethanol-
induced cell injury model, GES-1 cells were treated with 7% (vol/vol)
ethanol for 3 h to establish a gastric injury model. Briefly, 5 x 103 cells/
well were seeded in a 96-well plate and incubated for 24 h. Then, the
culture was divided into different groups such as the control group
(medium), model group (medium), positive control group (20 pg/ml
omeprazole), and treatment groups with different concentrations of IAL
(1.25, 2.5, and 5 pM) and further cultured for 24 h. Except for the
control group, cells in all other groups were treated with 7% (vol/vol))
ethanol for 3 h. Later, the cell viability was assessed using the CCK-8 kit
following manufacturer instructions. The optical density (OD) value was
measured on a microplate reader at 450 nm. The cell viability was
calculated according to Eq. (1), where A, Ap, and A. represent the
absorbance difference of experimental, blank, and control groups,
respectively.

Cell viability(%) = 2“ — 2” x 100% 1)

c — b

2.4. Determination of inflammatory cytokines

The inflammatory cytokines TNF-a, IL-1f, IFN-y, IL-10, TGF-f1, and
VEGFA level in GES-1 supernatant were determined using the ELISA
kits. The OD value was measured on a microplate reader at 450 nm. All
tests were carried out following the kit instructions.

2.5. Zebrafish preparation

Transgenic zebrafish with green fluorescent labeled immune cells
(Tg: lyz-EGFP) and wild-type AB zebrafish were fed twice a day and
housed at 28 °C under 14 h light/10 h dark conditions. The day before
mating, male and female zebrafish were placed in spawning tanks in a
2:2 ratio. Zebrafish embryos were obtained from 10:00-11:00 a.m. on
the day of mating and washed 3 times with water. After washing, the
embryos were transferred to zebrafish culture water containing 0.1%
methylene blue and incubated at 28 °C under light control. At three days
post-fertilization (dpf), healthy larvae were selected under the micro-
scope for further experiments. All experiments were carried out in
compliance with the standard ethical guidelines and under the control of
the Biology Institute, Qilu University of Technology Animal Ethics
Committee.

2.6. Anti-inflammatory effects of IAL

2.6.1. CuSOg-induced inflammation model

Healthy zebrafish larvae (3 dpf) were transferred into 24-well culture
plates (10 larvae per well) and grouped as control group (zebrafish
culture water), model group, positive control group (10 pM ibuprofen
solution), and experimental groups of IAL with different doses (1.25,
2.5, and 5 pM). After incubation for 24 h, except for the control group,
the medium of all other groups was replaced with 40 pM CuSO4 solution
for 1 h. Finally, the zebrafish larvae in each group were anesthetized
with tricaine (0.3%) for 1 min and fixed in the lateral position on a glass
slide. The immune cells as an inflammatory response were observed
under the fluorescence microscope, and the number of immune cells that
migrated to the lateral line (cloaca to tail) was counted in the zebrafish
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larvae.

2.6.2. Tail cutting-induced inflammation model

Healthy zebrafish larvae (3 dpf) were transferred into 24-well culture
plates, with 10 larvae per well. The experimental group settings were the
same as in section “2.6.1”. Except for the control group, the zebrafish
larvae in other groups were first anesthetized with tricaine for 1 min,
followed by the tail transection with a blade, and then recovered with
zebrafish culture water. After 6 h of incubation, zebrafish larvae were
placed on a glass slide and fluorescent immune cells were visualized
under the microscope. Image-Pro Plus 5.1 software was used to analyze
the integral optical density (IOD) value of immune cells migrating to the
mechanically damaged area (cross-section of the tail).

2.6.3. LPS-induced inflammation model

For the LPS-induced inflammation model, 10 healthy zebrafish
larvae (3 dpf) were transferred into each well in a 24-well culture plate.
The experimental groups were the same as mentioned in section “2.6.1”.
LPS (100 pg/ml) was administered simultaneously with different con-
centrations of IAL for three days. On the fourth day, the behavior of
green fluorescently labeled immune cells was observed under a micro-
scope. IOD values of zebrafish systemic immune cells were analyzed by
Image-Pro Plus 5.1 software.

2.7. ROS detection

To study the accumulation of intracellular ROS in the CuSO4-induced
inflammatory response, wild-type AB zebrafish larvae were randomly
transferred to a 24-well plate (10 larvae per well) and followed the
administration method in “2.6.1”. Then the larvae were treated with
2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) solution (10 pM)
for 1 h in the dark. After anesthesia with tricaine, zebrafish larvae were
photographed under a fluorescence microscope. IOD values in individ-
ual zebrafish larvae were analyzed using Image-Pro Plus 5.1 software.

2.8. Network pharmacology analysis

2.8.1. Target prediction for IAL

The 2D structure or Canonical SMILES of IAL was obtained using the
PubChem database (https://pubchem.ncbi.nlm.nih.gov/), imported
into the PharmMapper database (http://www.lilab-ecust.cn/pharm-
mapper/) and the Swiss Target Prediction database (http://www.swis-
stargetprediction.ch/), to collect the targets of IAL. TCMSP database
(https://tcmspw.com/) was also searched. Finally, we used the Uniprot
database (http://www.uniprot.org/) to correct the gene names.

2.8.2. Target prediction for GU

With “gastric ulcer” as the keyword, the TCMSP (https://tcmspw.
com/), GeneCards (https://www.genecards.org/), CTD (http://ctdbase.
org/), DisGeNET (http://www.disgenet.org/home/), and TTD (http://
db.idrblab.net/ttd/) databases were used to search, and the GU-related
targets were collected after removing duplicates.

2.8.3. Network construction

Venn analysis was carried out on the targets of IAL and GU-related
targets, and the potential targets of IAL against GU were screened.
Then, we used Cytoscape v.3.9.0 analysis software to construct the “IAL-
targets-GU” visualization network diagram.

2.8.4. Topological analysis

The potential targets of IAL against GU were imported into the String
online analysis platform (https://string-db.org/). “Multiple proteins”
and “Homo sapiens” were selected for analysis. A “protein-protein
interaction” (PPI) network was obtained and visualized by Cytoscape.
Nodes above the median degrees were screened to be crucial targets in
the network.
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Table 1
Primer Sequences Listing.

Gene Primer orientation Nucleotide sequence
rpl13a Forward 5’-TCTGGAGGACTGTAAGAGGTATGC-3’
Reverse 5’-AGACGCACAATCTTGAGAGCAG — 3’
mapk10 Forward 5’-GGTGCGCCACAAAATCCTATT-3’
Reverse 5’-TAAACTCAGGAGAGGGCGTG-3’
mapk8b Forward 5’-TGCTGGCATCATACACAGGG-3’
Reverse 5’-GGCCCGATAATAGCGTGTCA-3’
mapkl4a Forward 5’-GCCATGAGGCTCGTACTTACAT-3’
Reverse 5’-ATCCGGGTCATGATATTGGGC-3’
mapk14b Forward 5’-AGGGCCTGAGCTCTTGATGAAAAT-3’
Reverse 5’-TGTGTCCAGAACCAGCATCTT-3’
mapk1 Forward 5’-CGCTTACGGCATGGTTTGTT-3’
Reverse 5’-TACGTCTGGTGCTCAAACGG-3’
map2k1 Forward 5’-AAGATCAGCGAGTTGGGAGC-3’
Reverse 5’-GAAGCCCACGATGTAGGGAG-3’
pef Forward 5’-CGGTGCAGTTGAGCCTTTTAC-3’
Reverse 5’-CCCCCAAACCTCCTGAAACA-3’
egfr Forward 5’-GCCGCAAAGTGTGTAACGG-3’
Reverse 5’-GTCACCCCTAAATGCCACCG-3’
fefrl Forward 5’-TGCTCAAATCGGACGCCACA-3’
Reverse 5’-TTAGCAGCAAACTCCACGATG-3’
rara Forward 5’-GAGAGTGTGGATGTGAACCCT-3’
Reverse 5’-GATGAGCTGAAGGGATGGGG-3’
rxra Forward 5’-ACCTGAACAGAAGCAGACAGTA-3’
Reverse 5’-GGGACCTTCATCACCCCGTT-3’
rxrb Forward 5’-ATCAGCTCATCCCTGGGGTC-3’
Reverse 5’-CGGTGGAGTTGATCTGTGGG-3’
tnf-a Forward 5’-GGGCAATCAACAAGATGGAAG-3’
Reverse 5’-GCAGCTGATGTGCAAAGACAC-3’
ifn-y Forward 5’-CTCGCATGCAGAATGACAGC-3’
Reverse 5 -TCGTTTTCCTTGATCGCCCA-3’
tgf-p1 Forward 5’-GTCCGAGATGAAGCGCAGTA-3’
Reverse 5’-TGGAGACAAAGCGAGTTCCC-3’

2.8.5. Bioinformatic annotation

Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analyses were performed on the David
online analysis platform (https://david.ncifcrf.gov/) to screen the GO
processes and signaling pathways involved in the potential targets of IAL
against GU.

2.9. Molecular docking verification of key targets

To elucidate the binding activity of IAL to its potential targets against
GU, the binding ability of IAL to the top five targets in the PPI network
was verified by molecular docking. The mol2 format file of IAL was
downloaded from the TCMSP database (https://tcmspw.com/), and the
crystal structure of the core target protein receptor was downloaded
from the RCSB PDB database (https://www.rcsb.org/). Ligand small
molecule and core protein structures were pre-processed using Discov-
ery Studio 2016 software, followed by molecular docking. The docking
results are given by the scoring function LibDock Score. The higher the
LibDock Score, the higher the binding activity of the predicted compo-
nent to the target.

2.10. Quantitative real-time PCR (qPCR)

Zebrafish larvae were first treated with 1.25, 2.5, and 5 pM IAL for
24 h, and then treated with 40 pM CuSOy4 for 1 h. The total RNA from
each group of zebrafish larvae was extracted with FastPure Cell/Tissue
Total RNA Isolation Kit V2, and reverse transcribed into cDNA with
HiScript III RT SuperMix for qPCR (+gDNA wiper). Quantitative real-
time PCR detection was performed according to manufacturer in-
structions using the SYBR Green fluorescence quantitative PCR kit, with
rpll3a as the internal reference gene. The differences in gene expression
were displayed by the 222t (Livak and Schmittgen, 2001) method. The
primer sequences used in this study are shown in Table 1.
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Fig. 1. Effects of different concentrations of IAL treatment on cell viability after
ethanol injury. Data are expressed as mean + SEM (n = 5). ####P < 0.0001
vs. the control group, *P < 0.05, **P < 0.01 vs. the model group.

2.11. Statistical analysis

Data were expressed as mean + standard error of mean (SEM) from
at least three independent experiments. Comparison of means among
multiple groups was accomplished by one-way analysis of variance
(ANOVA), with Dunnett’s multiple comparisons test. P<0.05 was
considered to be statistically significant.

3. Results
3.1. Gastroprotective effects of IAL in vitro

After being treated with 7% (vol/vol) ethanol, the cell viability of
GES-1 cells decreased significantly, indicating ethanol-induced GES-1
cell damage. However, 1.25, 2.5, and 5 uM IAL could significantly in-
crease the cell viability of GES-1 cells (Fig. 1). This implied that IAL was
likely to protect the cell impairment by ethanol.
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3.2. Levels of inflammatory cytokines in GES-1 supernatant

Ethanol exposure could significantly increase the pro-inflammatory
cytokines (TNF-a, IL-1f, IFN-y) levels and reduced the anti-
inflammatory cytokines (IL-10, TGF-p1, VEGFA) levels (Fig. 2). How-
ever, IAL could significantly reverse this phenomenon induced by
ethanol.

3.3. Anti-inflammatory effects of IAL

Three zebrafish inflammation models induced by CuSOy, tail-cutting,
and LPS were used to confirm the anti-inflammatory effect of IAL. As
shown in Fig. 3 A, a large number of immune cells migrated to the lateral
line of the zebrafish larvae nerve after exposure to CuSO4. However, IAL
significantly inhibited the migration of immune cells induced by CuSO4
(Fig. 3B). In tail cutting-induced mechanical injury, inflammatory cells
accumulated significantly at the injured site (Fig. 3 C). While, IAL
significantly inhibited the recruitment of immune cells in a dose-
dependent manner (Fig. 3D). LPS can induce a systemic inflammatory
response in zebrafish (Fig. 3E). Compared with the model group, IAL
could significantly reduce the IOD value of zebrafish larvae immune
cells (Fig. 3 F). Altogether, these results confirmed that IAL had signif-
icant anti-inflammatory effects.

3.4. ROS detection

The alleviative effect of IAL on inflammation was studied in zebrafish
larvae by measuring ROS. As shown in Fig. 4, the model group exposed
to CuSO4 had higher IOD values compared to the control group.
Therefore, the addition of CuSO4 could lead to the generation of ROS in
zebrafish cells. However, after IAL treatment, a dose-dependent reduc-
tion in ROS accumulation was observed in zebrafish cells.
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Fig. 2. Effect of IAL on the levels of pro-inflammatory cytokines (TNF-a, IL-1p, and IFN-y) and anti-inflammatory cytokines (IL-10, TGF-f1, and VEGFA), in ethanol-
stimulated GES-1 supernatant. Data are expressed as mean + SEM (n = 5). #P < 0.05, ##P < 0.01 vs. the control group, *P < 0.05, **P < 0.01, ***P < 0.001, ****P

< 0.0001 vs. the model group.
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vs. the model group.

3.5. Network pharmacology analysis

3.5.1. “IAL-targets-GU” network construction

A total of 194 IAL targets and 5115 GU-related targets were obtained
by searching various databases. According to Venn analysis, 137 po-
tential targets of IAL against GU were screened (Fig. 5A). The “IAL-
targets-GU” visualization network diagram (Fig. 5B) was drawn using
Cytoscape v.3.9.0 software. It contains 140 nodes and 973 edges.

3.5.2. PPI network

The PPI network was constructed with 136 nodes and 1072 edges
(Fig. 6). The larger the degree value of a node, the larger the node in the
graph. Targets with a degree value > 50 include ALB, EGFR, SRC,
HSP90AA1, CASP3, ESR1, and MMP9.

3.5.3. Bioinformatic annotation

In the GO enrichment analysis, 78 GO ontology items were screened
based on PValue< 0.01 and FDR< 0.05, of which 42 were related to
biological process (BP) and 4 were related to cell component (CC). The
other 32 items were related to molecular function (MF). Fig. 7A shows
the top 20 GO entries. In BP-related items, the anti-GU effect of IAL was
mainly involved in peptidyl-tyrosine phosphorylation, positive regula-
tion of cell proliferation, positive regulation of transcription from RNA
polymerase II promoter, positive regulation of MAPK cascade, positive
regulation of phosphatidylinositol 3-kinase (PI3K) signaling, etc.
Whereas in CC-related items, IAL mainly acted on receptor complex. In
MF-related items, IAL mainly regulated RNA polymerase II transcription
factor activity, protein tyrosine kinase activity, transmembrane receptor
protein tyrosine kinase activity, etc.

In the KEGG enrichment analysis, 85 signaling pathways were
screened based on PValue< 0.01 and FDR< 0.05, of which the top 20
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Fig. 5. Venn diagram and “IAL-targets-GU” network diagram. (A) Venn diagram of targets between IAL and GU.

network diagram.

were shown in Fig. 7B. The results showed that the potential targets of
IAL in anti-GU were involved in many inflammatory and immune-
related signaling pathways, such as PI3K-Akt signaling pathway, Th17
cell differentiation, IL-17 signaling pathway, MAPK signaling pathway,
and TNF signaling pathway.

3.6. Molecular docking verification of key targets

According to the degree value, the top 5 targets in the PPI network
include ALB, EGFR, SRC, HSP90AA1, and CASP3. The binding activity of
IAL to these targets was verified by molecular docking, and the obtained
LibDock Scores were 82.7461, 62.1062, 80.2834, 86.2359, and
61.2049, respectively (Table 2). The results showed that IAL had a good
binding affinity with these tested targets. The molecular docking results
were shown in Fig. 8. IAL interacts with amino acid residues of ALB
protein through a Carbon Hydrogen bond, Pi-Sigma, Alkyl, and Pi-Alkyl.
The main forces between IAL and EGFR include a conventional
Hydrogen bond, Alkyl, and Pi-Alkyl. IAL interacts with SRC only
through Alkyl, and Pi-Alkyl. The key forces between IAL and HSP90AA1
are conventional Hydrogen bonds, Pi-Sigma, Alkyl, and Pi-Alkyl. IAL
interacts with CASP3 through a conventional Hydrogen bond, Carbon
Hydrogen bond, Alkyl, and Pi-Alkyl.
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(B) The “IAL-targets-GU” visualization

3.7. Quantitative real-time PCR

Based on the predicted results of network pharmacology analysis,
mapk14, mapk10, mapk8, mapk1, map2k1, egfr, fgfr1, rxra, rxrb, rara, and
pgf genes were enriched in PI3K-Akt signaling pathway and Th17 cell
differentiation. Therefore, we verified the effect of IAL on the expression
of these genes in a zebrafish model. In addition, we also studied the
expression of three inflammatory genes, such as tnf-a, ifn-y, and tgf-g1.
The results showed that IAL treatment down-regulated the expression
levels of mapkl4a, mapk14b, mapk8b, mapkl, map2kl, mapkl0, egfr,
fefrl, tnf-a, and ifn-y in CuSO4-induced inflammatory zebrafish.
Whereas, there was significant up-regulation in the expression levels of
rxra, rxrb, rara, pgf, and tgf-p1 (Fig. 9).

4. Discussion

Gastric ulcer (GU) is one of the most common digestive diseases
characterized by decreased blood flow, neutrophil infiltration, and
secretion of inflammatory cytokines [15]. It is well known that GU is
closely related to inflammation. Tibetan medicine has a long history in
the treatment of digestive diseases. We previously proved that IAL might
be a potential effective component of SWG in treating GU. In addition,
IAL is one of the common bioactive compounds in Aucklandiae Radix
and Inulae Radix that exhibits anti-inflammatory activity [16].
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Fig. 6. The “protein-protein interaction” (PPI) network diagram.

Aucklandiae Radix and Inulae Radix have been traditionally used to
treat GU. However, the effect of IAL on GU is unclear. This study reports
the effect of IAL on GES-1 cells damage, its anti-inflammatory effects in
vivo through various inflammation models using zebrafish, explored the
potential mechanism of IAL against GU by using network pharmacology
and molecular docking studies as well as validation of target gene
through qPCR analysis. Based on these results, IAL exhibited showed
potential alleviative effects on GU in vitro, in silico analysis, and
anti-inflammatory effects in vivo zebrafish.

Ethanol is a risk factor for GU [17]. Protecting gastric mucosa is an
effective method to treat GU. At present, there are numerous publica-
tions that use GES-1 cells and rats to assess the protective effects of
traditional Chinese medicine and their extracts, polysaccharides,
piperine, and other compounds on ethanol-induced gastric mucosal
injury in vitro and in vivo [1], [18], [19]. In this study, the
ethanol-induced GES-1 cells injury model was used to evaluate the
protective effect of IAL against gastric injury. Ethanol exposure produces
an acute inflammatory response that alters the levels of inflammatory
cytokines [20]. The results showed that IAL dose-dependently increased

the survival rate of ethanol-injured GES-1 cells, as well as IAL at 1.25,
2.5, and 5 pM had no cytotoxicity. Moreover, IAL treatment reduced the
levels of pro-inflammatory cytokines TNF-a, IL-1B, and IFN-y in the cell
culture supernatant, while the level of anti-inflammatory cytokine IL-10,
TGF-p1, and VEGFA significantly increased compared with the model
group, indicating that IAL has a protective effect on ethanol-induced
gastric injury. These results verify our hypothesis that IAL is the active
component of SWG in treating GU. The anti-GU effect of IAL will be
validated in the future using a rat model.

The experimental results of the ethanol-induced GES-1 cell injury
model in this study showed that IAL mainly protected gastric mucosal
epithelial cells by alleviating inflammation. In vitro anti-inflammatory
activity of IAL was demonstrated in the literature. It reported that IAL
could reduce the production of inflammatory mediators in LPS-
stimulated BV2 microglia, peritoneal macrophages, and RAW 264.7
macrophages [10], [21]. However, the anti-inflammatory effect of IAL
on animal models is currently unclear. Zebrafish, a complete vertebrate
organ system, display inflammatory cells and immune responses similar
to humans, while the transparency of zebrafish larvae enables
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visualization of inflammatory cell migration. The method of using

Table_z zebrafish models to study inflammation has been well established. The

The LibDock Scores of 5 core targets and [AL. anti-inflammatory activity of IAL in CuSQOy, tail-cutting, and
Number Target Degree PDB ID LibDock Score LPS-induced zebrafish inflammation models were studied. In all these
1 ALB 77 1N5U 82.7461 models, IAL significantly inhibited the inflammatory response in a
2 EGFR 58 5UG9 62.1062 dose-dependent manner. Exposure to CuSOy significantly increases ROS
3 SRC 56 2H8H 80.2834 production in zebrafish, and inhibiting this excess ROS generation can
4 HSP90AAL 54 6EYA 86.2359 effectively impede the progression of the inflammatory response [22]. In
5 CASP3 52 5IBP 61.2049

this study, IAL reduced the accumulation of ROS in zebrafish cells
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induced by CuSOs.

Network pharmacology analysis systematically assesses the effects of
drugs on human biological networks [23]. In this study, a total of 137
intersecting targets were screened through network pharmacology
analysis, and an “IAL-targets-GU” network was constructed. The PPI
network showed that ALB, EGFR, SRC, HSP90AA1, and CASP3 had a
high degree value and played an indispensable role in gene regulation.

The occurrence of GU causes a decrease in ALB and an increase in other
proteins, while serum albumin is used as a predictor of upper gastroin-
testinal bleeding [24]. EGFR is involved in cell proliferation signaling
and is overexpressed in damaged gastric epithelial cells as well as in
gastric cancer [25]. The enzymatic activity of SRC is important in the
inflammatory response, and it can activate NF-kB and cause gastric
inflammation [14]. As a multifunctional molecular chaperone, HSP90
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can promote the trafficking, folding, and rearrangement of other pro-
teins, and HSP90 is induced when cells are exposed to inflammation,
infection, or ischemia [26]. Further, Caspase-3 (CASP3) is associated
with apoptosis during mitochondrial injury and plays an important role
in the destruction of gastric mucosal integrity by ethanol exposure [27].
Hence, these targets play a crucial role in cell homeostasis, survival, and
proliferation.

In the GO enrichment analysis, potential targets of IAL were involved
in multiple inflammation-related biological processes, such as positive
regulation of cell proliferation, MAPK cascade, and PI3K signaling. The
KEGG enrichment analysis included 85 signaling pathways, and the
results showed that the potential targets of IAL in anti-GU were
distributed in different signaling pathways, mainly related to inflam-
mation. Among these pathways, PI3K-Akt signaling pathway and Th17
cell differentiation are noteworthy. Activation of the PI3K-Akt signaling
pathway is essential for cell proliferation and migration as well as a key

factor in ulcer healing and re-epithelialization [28]. Th17 cells
contribute to the maintenance of gastrointestinal homeostasis and play
an important role in the pathogenesis of various inflammations [29].

Molecular docking is an in silico target prediction tool that has been
widely used for ligand-based target prediction [30]. Molecular docking
results showed that IAL successfully docked with ALB, EGFR, SRC,
HSP90AA1, and CASP3, and had a good binding ability, which was
verified with the analysis results of network pharmacology.

In addition, the mRNA expression levels of inflammation-related
genes enriched in the PI3K-Akt signaling pathway and Th17 cell dif-
ferentiation were studied by qPCR in zebrafish. Activation of MAPK is
crucial for protecting cellular damage and inflammation induced by
various toxicants [31]. Studies have shown that Weibing Formula 1 may
exert an anti-gastritis effect by inhibiting the expression of EGFR [32].
FGFR1 is a fibroblast growth factor receptor that allows T cells to
respond to fibroblast growth factors (FGF) expressed upon injury and
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inflammatory responses [33]. Retinoic acid receptors (RARs) are
ligand-controlled transcriptional regulators that bind to Retinoid X re-
ceptors (RXRs) to regulate cell growth and survival [34]. PGF is ho-
mologous to vascular endothelial growth factor (VEGF) and is expressed
in anti-inflammatory M2 macrophages [35]. Macrophages typically
exist in two distinct subpopulations, the pro-inflammatory M1 macro-
phages that polarize with Thl cytokines such as IFN-y and produce
pro-inflammatory cytokines such as TNF-a. Whereas, M2 macrophages
have anti-inflammatory and immunomodulatory effects, are polarized
by Th2 cytokines, and produce anti-inflammatory cytokines such as
TGF-f [36]. In this study, IAL treatment reduced the expression levels of
mapk14a, mapk14b, mapk8b, mapk1, map2k1, mapk10, egfr, fgfrl, tnf-a,
and ifn-y in CuSOy4-induced inflammatory zebrafish. The mRNA ex-
pressions of rxra, rxrb, rara, pgf, and tgf-f1 all up-regulated in
IAL-treated zebrafish compared with the model group. Hence, IAL
showed potential anti-inflammatory effects by regulating various genes
responsible for cell survival and inflammation.

5. Conclusion

This study demonstrated the protective effect of IAL against the
ethanol-induced injury of GES-1 cells. In addition, the anti-
inflammatory effects of IAL were also revealed in zebrafish models.
Further, this study is the first to elucidate that ALB, EGFR, SRC,
HSP90AA1, and CASP3 are the key targets involved in the network
regulation of the IAL anti-GU by using network pharmacology and
molecular docking techniques. KEGG enrichment analysis and qPCR
analysis results suggest that IAL protects against GU via alleviating
inflammation through regulation of PI3K-Akt signaling pathway and
Th17 cell differentiation. However, further in-depth studies are neces-
sary to gain more insights and validate the alleviative effect of IAL on
gastric injuries.
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