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a b s t r a c t

Chronic superficial gastritis (CSG) is a common disease of the digestive system that possesses a serious
pathogenesis. Jinhong tablet (JHT), a traditional Chinese medicine (TCM) prescription, exerts therapeutic
effects against CSG. However, the molecular basis of its therapeutic effect has not been clarified. Herein,
we employed ultra-performance liquid chromatography coupled with quadrupole time-of-flight tandem
mass spectrometry (UPLC-Q/TOF-MS) based chemical profile identification to determine the chemical
components in JHT. Further, we applied network pharmacology to illustrate its molecular mechanisms. A
total of 96 chemical constituents were identified in JHT, 31 of which were confirmed using reference
standards. Based on the bioinformatics analysis using the symptom-guided pharmacological networks of
“chi,” “blood,” “pain,” and “inflammation,” and target screening through the interaction probabilities
between compounds and targets, matrix metalloproteinase 2 (MMP2), dopamine d2 receptor (DRD2),
and Aldo-keto reductase family 1 member B1 (AKR1B1) were identified as key targets in the therapeutic
effect exhibited by JHT against CSG. Moreover, according to the inhibitory activities presented in the
literature and binding mode analysis, the structural types of alkaloids, flavonoids, organic acids, including
chlorogenic acid (10), caffeic acid (13), (�)-corydalmine (33), (�)-isocorypalmine (36), isochlorogenic
acid C (38), isochlorogenic acid A (41), quercetin-3-O-a-L-rhamnoside (42), isochlorogenic acid B (47),
quercetin (63), and kaempferol (70) tended to show remarkable activities against CSG. Owing to the
above findings, we systematically identified the chemical components of JHT and revealed its molecular
mechanisms based on the symptoms associated with CSG.
© 2021 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

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

Chronic superficial gastritis (CSG) is one of the most common
diseases of the digestive system [1,2]. As an early stage of stomach
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disorders, CSG is often characterized by hyperemia, edema, and
inflammatory cell infiltration in the gastric mucosa [3]. Besides, it is
accompanied byHelicobacter pylori infection [4,5]. In the absence of
an effective treatment, CSG can lead to fatal diseases, such as peptic
ulcer or gastric cancer [6]. Traditional Chinese medicine (TCM)
prescriptions against CSG possess several advantages, including
early intervention, combination of resistance and protection, and
the potential of late recovery owing to comprehensive regulation of
microbes and the human body [7].

Jinhong tablet (JHT), a TCM prescription that originated from
“Jinlingzi San” in the Yuan Dynasty of Chinese history (1271
ADe1368 AD), is composed of the following four herbs: Melia
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toosendan (MT, Chuanlianzi in Chinese), Corydalis yanhusuo (CY,
Yanhusuo in Chinese), Vladimiria souliei (VS, Chuanmuxiang in
Chinese), and Illicium dunnianum (ID, Honghuabajiao in Chinese).
According to the TCM theory, JHT soothes the liver, relieves
depression, regulates “chi” (also known as “qi” in Chinese), pro-
motes blood circulation, and relieves pain in the stomach [8].
Clinical studies have also revealed that JHTcan reduce the excretion
of gastric acid, inhibit the secretion of pepsin, delay gastric
emptying, and exhibit significant biological activities, including
analgesic, antispasmodic, anti-inflammatory, and anti-gastric ulcer
effects [9]. To date, meliacane-type triterpenoids in MT, alkaloids in
CY, sesquiterpenoids in VS, and flavonoids in ID have been pre-
liminarily determined to be the main components of the four JHT
herbs. Moreover, these components have been found to possess
pharmacological activities against CSG [10e13]. However, because
JHT is a complex TCM prescription, its therapeutic effect is not a
function of a single herb or a single compound; instead, it is the
joint action of multiple components and targets. As a result, the
chemical profile of JHT is required to clarify its chemical composi-
tion and explore the potential active ingredients and mechanism of
action that are related to its therapeutic function.

Ultra-performance liquid chromatography coupled with elec-
trospray ionization quadrupole time-of-flight mass spectrometry
(UPLCeESI-Q/TOF-MS) has recently been applied to establish the
chemical profile of components by providing high-resolution MS
and MS/MS fragmentation information in less run time than con-
ventional method. Owing to characteristics such as accurate mass
measurements, high resolution, and excellent sensitivity,
UPLCeESI-Q/TOF-MS has become one of the most effective
analytical approaches to rapidly identifying the chemical constit-
uents of TCM prescriptions in vitro or in vivo [14e16].

Network pharmacology has been widely applied to identify the
molecular mechanisms employed by multiple components in TCM
prescriptions from the perspective of systems biology [17,18]. By
encompassing a series of approaches, such as target prediction,
bioinformatics analysis, and molecular docking, network pharma-
cology can effectively reveal the synthetic behaviors of compounds,
targets, and signaling pathways. The effects of JHT against CSG are
suggested to directly affect “chi” and “blood” in the theory of TCM,
and “pain” and “inflammation” in the theory of modern Western
medicine [19,20]. Owing to the close relationship between targets
and symptoms in TCM prescriptions [21,22], the prediction and
screening of targets based on different symptomswould allow us to
gain a deeper understanding of the molecular basis of JHT.

In the present study, the chemical profile of JHT was identified
via ultra-performance liquid chromatography coupled with quad-
rupole time-of-flight tandemmass spectrometry (UPLC-Q/TOF-MS)
in a rapid and high-throughput manner. Bioinformatics analysis,
which was carried out according to symptom-guided network
pharmacology, was applied to screen for the key targets of JHT, and
the inhibitory activities between key compounds and representa-
tive compoundswere retrieved from the literature and analyzed via
binding mode analysis. The findings herein systematically describe
the molecular basis of JHT and reveal its molecular mechanisms
based on symptoms associated with CSG.

2. Methods and materials

2.1. Chemicals and reagents

JHT powder (Batch No. 190401; Lianyungang, Jiangsu, China)
and its constituent Chinese herbs, MT, CY, VS, and ID, were provided
by Kanion Pharmaceutical Co., Ltd. (Lianyungang, Jiangsu, China).

The reference standards, syringin, 4-caffeoyl quinic acid,
(�)-stepholidine, (�)-scoulerin, rutin, (�)-corydalmine,
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(�)-isocorypalmine, cynarin, isochlorogenic acid A, yanhunine, iso-
chlorogenic acid C, (�)-tetrahydroepiberberine, (þ)-isocorybulbine,
(�)-tetrahydrocoptisine, (�)-tetrahydropalmatine, canadine,
(þ)-canadaline, 13-methyldehydrocorydalmine, dehydrocor-
ybulbine, and 8-oxoprotoberberine were isolated and identified in
our laboratory. Other representative standards, including chloro-
genic acid, vitexin-200-O-rhamnoside, isochlorogenic acid B, proto-
pine, (þ)-corydaline, palmatine, dehydrocorydaline, costunolide,
dehydrocostus lactone, toosendanin, and isotoosendanin, were pur-
chased from Chengdu Must Bio-technology Co., Ltd. (Chengdu,
China) (Table S1). A total of 31 reference standards were collected,
each with a purity greater than 98%. LC-MS-grade acetonitrile,
methanol, and water were purchased from Fisher Scientific (Fair
Lawn, NJ, USA). LC-MS-grade formic acid was obtained from Sigma-
Aldrich (St. Louis, MO, USA). All other reagents were of analytical
grade.

2.2. Preparation of samples and standard solution

First, 30 mg JHT powder and the four Chinese herbs were
weighed and dissolved in 1 mL of 50% methanol. After the solution
was vortexed for 30 s and centrifuged for 10 min at 14,000 r/min,
the supernatant was retrieved for UPLC-Q/TOF-MS analysis. All
reference standards were dissolved in methanol to obtain the
standard solutions for analysis.

2.3. Instrument and UPLC-Q/TOF-MS conditions

UPLC analyses were carried out with an Acquity UPLC I-Class
system equipped with a binary solvent system and an automatic
sample manager. Chromatographic separation was achieved with a
BEH C18 column (2.1 mm � 100 mm, 1.7 mm) at a temperature of
40 �C. The mobile phase consisted of eluent A (water containing
0.1% formic acid, V/V) and eluent B (acetonitrile containing 0.1%
formic acid, V/V), and the flow rate was set at 0.4 mL/min. The
following gradient elution program was adopted: 5%e30% B from
0 to 10min, 30%e60% B from 10 to 15min, and 60%e100% B from 15
to 19 min. After holding 100% B from 19 to 21 min, the elution
program returned to the starting condition at 5% B. The tempera-
ture of the sample roomwas set to 10 �C, and the injection volume
was 2 mL.

The UPLC system was coupled to a hybrid quadrupole-
orthogonal time-of-flight (Q-TOF) tandem mass spectrometer
(SYNAPT G2 HDMS, Waters, Manchester, U.K.), equipped with
electrospray ionization (ESI). The instrument operating parameters
were as follows: capillary voltage ¼ 3 kV (ESIþ) or �2.5 kV (ESI-),
sample cone voltage ¼ 30 V (ESIþ) or 40 V (ESI-), extraction cone
voltage ¼ 4 V, source temperature ¼ 100 �C, desolvation
temperature ¼ 300 �C, cone gas flow ¼ 50 L/h, and desolvation gas
flow ¼ 800 L/h. Argon was used as the collision gas for CID in both
MSE and MS2 modes. To ensure mass accuracy, the full scan mass
range was set to 50e1500 Da in both positive and negative modes.
Leucine encephalin was used as an external reference, with a
constant flow of 5 mL/min using the LockSpray process. As a result, a
reference ion atm/z 556.2770 in positive ion mode orm/z 554.2617
in negative ion mode was generated. During acquisition, the data
were centroided.

2.4. Data processing

Data analysis was performed using MassLynx (V4.1, Waters
Corporation, Milford, MA, USA). The prediction rules for elemental
composition were as follows: maximum tolerance of the mass
error ¼ 5 ppm; relative intensity ¼ 5%; degree of unsaturation
(DBE) ¼ 5e15, and the atom numbers of carbon, hydrogen, oxygen,
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nitrogen, and sulfur ¼ 0e60, 0e100, 0e50, 0e5, and 0e2, respec-
tively [23].

2.5. Analytical strategy for identifying compounds in JHT

Following the retrieval of relevant literature, a chemical data-
base that includes chemical name, molecular formula, exact mo-
lecular weight, and structure, was established. Thereafter, 667
known compounds were identified as potential constituents of JHT.
The fragmentation pathways and retention time of the reference
standards, which were conducive to the identification of com-
pounds in JHT, were subsequently summarized. After each com-
pound in the chemical database was screened using an extracted
ion technology according to the self-building chemical database,
the source of each observed compound was further characterized
via a comparison to the corresponding extracted ion chromatog-
raphy of the four individual herbs. For a matched chromatographic
peak, the most possible chemical structure was identified based on
its fragmentation information, the reference standards, and the
ChemSpider (http://www.chemspider.com/) and Mass bank
(http://www.massbank.jp/) databases, thereby providing a more
favorable support for the confirmation. For the unidentified chro-
matographic peaks, the herb source and formula of these com-
pounds, which were beneficial for characterizing their carbon
skeleton, were identified [24]. Thereafter, to verify their structure,
the diagnostic ions and characteristic MS/MS patterns were
collected for comparison to the corresponding information
retrieved from published literature or reference standards [25].

2.6. Target prediction of the chemical constituents in JHT and
symptoms of CSG

The 3D structures of 96 chemical constituents in JHT were
constructed in Schr€odinger Software Suite (Schr€odinger, LLC, New
York, NY, 2015) and exported in SMILES format. All SMILES were
imported into the SwissTargetPrediction webserver (http://www.
swisstargetprediction.ch/) for target prediction in “homo sapiens”
species [26]. A databasewas generated for targets that interact with
compounds in JHT (database 1), and information regarding the
interaction between protein targets and 96 compounds was
derived. As the Drugbank database (https://www.drugbank.ca/)
provides comprehensive profiles of protein targets associated with
approved drugs [27], the protein targets involved in the symptoms
associated with CSG were collected using the keywords “mito-
chondria,” “blood,” “pain,” and “inflammation.” Thereafter, a target
database for symptoms of CSG (database 2) was constructed. To
avoid redundancy in protein targets, the uniport ID of a target was
applied as the only identifier for target collection, evaluation,
screening, and bioinformatics analysis. The key targets involved in
the therapeutic effect of JHTagainst CSGwere selected based on the
condition that a key target must interact with the chemical com-
ponents of JHT and be associated with the symptoms of CSG. A total
of 301 targets existing in the overlapping area of database 1 and
database 2 were retrieved for further analysis.

2.7. Bioinformatics enrichment analysis and protein-protein
interaction analysis of targets involved in the therapeutic effect of
JHT against CSG

The key targets involved in the therapeutic effect of JHT against
CSG were selected for gene ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis via gene set enrichment
analysis (GSEA) (version 3.0, http://software.broadinstitute.org/
gsea/). Five target datasets (all targets, targets associated with
“chi,” targets associated with “blood,” targets associated with
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“pain,” and targets associated with “inflammation”) were analyzed
for cellular component, molecular function, biological process, and
signaling pathways. Thereafter, items with a false discovery rate
below 0.05 were exported. For the target dataset of “all targets,” the
top 10 items in cellular component, molecular function, biological
process, and signaling pathways were analyzed and compared to
the items for the target datasets of four symptoms. As for target
datasets of four symptoms, the top five items in cellular compo-
nent, molecular function, and biological process, and top 10 items
in signaling pathways were analyzed.

All five target datasets were input into the Search Tool for the
Retrieval of Interacting Genes (STRING) database (https://string-db.
org/) for protein-protein interaction (PPI) prediction. The species
were limited to “Homo sapiens” and a “medium confidence score
>0.4”was considered to indicate significance. The PPI network was
visualized using Cytoscape 3.5 software and analyzed using the
Molecular Complex Detection (MCODE) plugin. The parameters for
MCODE analysis were as follows: degree cutoff ¼ 2, node score
cutoff ¼ 0.2, Kcore ¼ 2, and Max depth ¼ 100. For the “all target”
dataset, the significant subnetworks with “MCODE scores�5”were
extracted from the PPI networks. For target datasets of the four
symptoms, the most significant subnetworks with the best MCODE
score were extracted from the PPI networks.
2.8. Screening of key targets and construction of the
pharmacological network

According to the results of SwissTargetPrediction, the interac-
tion between every compound and every target was evaluated
using the term of probability. The importance of each target
(termed score) was then determined by calculating the total
probability during the interaction with the 96 compounds:

Score¼
Xn

k¼1

Probability
(n¼degree, representing the number of interacting compounds).

The key targets in the pharmacological networks of different
symptoms were ranked by scores and subsequently screened ac-
cording to the rank. The symptom-guided pharmacological net-
works for “chi,” “blood,” “pain,” and “inflammation” were
constructed in Cytoscape 3.5 software.
2.9. Molecular docking between representative compounds and
targets of JHT

A semi-flexible docking protocol (flexible ligand, rigid protein)
was applied to predict the binding modes between the represen-
tative compounds and targets in Glide 6.6 of Schr€odinger Software
Suite (Schr€odinger, LLC, New York, NY, 2015). The crystal structures
of Aldo-keto reductase family 1 member B1 (AKR1B1; uniport ID:
P15121), dopamine d2 receptor (DRD2; uniport ID: P14416), and
matrix metalloproteinase 2 (MMP2; uniport ID: P08253) were
retrieved from the Protein Data Bank database (https://www.rcsb.
org/), with accession numbers 1US0, 6LUQ, and 1HOV, respec-
tively. The initial complex structure was prepared by adding hy-
drogens, completing missing side chains, and performing
minimization in the Protein Preparation Wizard module. There-
after, the mass centroids of the native ligands (IDD594, risperidone,
and SC-74020) were defined as the centers of the binding pockets,
which represent the catalytic site of AKR1B1, the substrate binding
site of DRD2, and the catalytic site of MMP2, respectively. The 3D
structures of compounds 10, 13, 33, 36, 38, 41, 42, 47, 63, and 70

http://www.chemspider.com/
http://www.massbank.jp/
http://www.swisstargetprediction.ch/
http://www.swisstargetprediction.ch/
https://www.drugbank.ca/
http://software.broadinstitute.org/gsea/
http://software.broadinstitute.org/gsea/
https://string-db.org/
https://string-db.org/
https://www.rcsb.org/
https://www.rcsb.org/
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were constructed and prepared using MMFFs, with a target pH of
7.0 ± 2.0, in the LigPrep module.

The standard precision (SP) protocol was employed to carry out
semiflexible docking, with 10 docking runs for all target-compound
pairs. The native ligands (IDD594, risperidone, and SC-74020) were
first docked to their original binding sites and compared to those of
the crystal conformations. The docking scores of native ligands
were used as a reference to predict the activity of the representative
compounds. The representative compounds were then docked into
the binding sites of the three targets and the best docking scores in
the docking runs were selected for analysis (Table S2). All other
parameters were set as default values.
3. Results and discussion

3.1. Characterization and identification of compounds in JHT using
UPLC-Q/TOF-MS

In the present study, a total of 96 compounds were character-
ized, including 28 alkaloids, 20 organic acids, 16 sesquiterpenoids,
13 triterpenoids, 8 flavonoids, 4 phenylpropanoids, and 7 other
compounds. Among them, 31 compounds were unambiguously
identified via comparisons to reference standards. The ascriptions
of each identified compound were assessed by comparing chro-
matograms of the Chinese herbs to those of JHT. The base peak
intensity (BPI) chromatograms of JHT are depicted in positive and
negative ion modes (Fig. 1), and their fragmentation information is
presented in Table S3.
3.1.1. Alkaloids
Totally 28 alkaloids from CY, including 14 tetrahy-

droprotoberberine alkaloids (22, 28, 31, 33, 36, 39, 43, 44, 48, 49, 53,
54, 58, 62), 6 protoberberine alkaloids (50, 60, 61, 64, 67, 68), 2
protopine alkaloids (45, 52), 2 aporphinoid alkaloids (34, 66), and 4
alkaloids of other types (25, 55, 59, 77) were successfully identified
in the positive ion mode. Eighteen alkaloids, including 11 tetrahy-
droprotoberberine alkaloids (22, 28, 33, 36, 43, 48, 49, 53, 54, 58,
62), 4 protoberberine alkaloids (60, 61, 64, 67), 1 protopine alkaloid
(45), and 2 other alkaloids (59, 77) were accurately identified using
standard compounds.
Fig. 1. The base peak intensity (BPI) chromatograms of Jinhong tablet (JHT). (A)
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3.1.2. Flavonoids
Eight flavonoids were detected in JHT, including two flavones

(63, 70) and six flavonoid glycosides (23, 29, 30, 32, 37, 42). Among
them, compounds 23, 29, 32, 37, and 42 are O-glucosyl flavonoids
while compound 30 is a C-glucosyl flavonoid.

3.1.3. Organic acids
Organic acids, which possess a carboxyl group as their common

structural feature, are another major group of components in JHT. A
total of 20 organic acids, including 8 caffeoylquinic acids (8, 9,11, 21,
38, 40, 41, 47), 3 coumarylquinic acids (10, 17, 20), 2 phenolic acids
(7, 14), and 7 other types of acids (2, 3, 4, 27, 35, 46, 57) were
identified in JHT.

3.1.4. Triterpenoids
The 13 identified triterpenoids (69, 73, 80, 81, 84, 85, 86, 88, 90,

91, 94, 95, 96) of JHT were of the limonoid-type and were uniquely
derived from MT.

3.1.5. Sesquiterpenoids
Sixteen sesquiterpenoids were detected in JHT. Among them,

compounds 71, 72, 74, 75, 78, 79, 82, 83, 87, 89, 92, and 93 origi-
nated from VS while compounds 8, 14, 26, and 65 originated from
ID.

Figs. S1eS4 and Supplementary data further describe the com-
pounds identified in JHT based on UPLC-Q/TOF-MS. The structures
of these compounds are presented in Fig. S5. Compound 62 (Fig. 2)
was used as an example to describe the identification process. This
compound was found to elute at 8.58 min, with an [MþH]þ ion at
m/z 370.2030 (C22H28NO4). The fragment ions at m/z 192.1030
(C11H14NO2) and 179.1068 (C11H15O2) were identified as the prod-
ucts of RDA cleavage while the ion at m/z 165.0924 was generated
via cleavage of the B-ring. As the daughter ions atm/z 354.1710 and
326.1754 could be assigned to the continuous loss of CH4
(16.0313 Da) and CO (27.9949 Da), two adjacent methoxy sub-
stitutions could occur [28]. A series of ions at m/z 176.0719
([M þ HeC11H14O2eCH4]þ), 149.0605 ([Mþ HeC12H15NO2eCH4]þ),
148.0771([M þ HeC11H14O2eCH4eCO]þ), 135.0811 ([M þ
HeC11H13NO2eCH4eCO]þ), and 121.0664 ([M þ HeC12
H15NO2eCH4eCO]þ) were obtained in the high-energy MSE spec-
trum. Because compound 62 had the same retention time and
(þ) ESI-MS chromatogram of JHT and (B) (�) ESI-MS chromatogram of JHT.



Fig. 2. Detailed fragmentations and proposed fragment pathway for compound 62.
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fragment ions as authentic (þ)-corydaline standard, it was unam-
biguously characterized as (þ)-corydaline. Other compounds
belonging to the tetrahydroprotoberberine family could be identi-
fied by comparing their fragmentation pathways to those of com-
pound 62.
3.2. Construction of a symptom-guided target database and
bioinformatics analysis of the targets involved in the effects
exhibited by JHT

When JHT is clinically administered to treat CSG, the target or-
gan (stomach) could directly interact with the chemical compo-
nents of JHT during administration. As a result, we sought to use all
the compounds identified to construct a pharmacological network
for JHT and analyze its therapeutic effect against CSG from the
perspective of four symptoms, including “chi,” “blood,” “pain,” and
“inflammation,” “Chi,” also known as ‘‘vital force or energy,” was
found to be mainly associated with mitochondrial biology for en-
ergy production and is thus referred to as “mitochondria” in the
target collection process [29,30]. As shown in Fig. 3A, the target
Fig. 3. The symptom-guided target database for the therapeutic effect of JHT against
chronic superficial gastritis (CSG). (A) Target collection workflow integrated by target
prediction in the SwissTargetPrediction server and target search by symptoms in the
Drugbank database. (B) The number of targets in database 1, database 2, and the
overlapped database. The target databases for “Chi#,” “Blood#,” “Pain#,” and
“Inflammation#” are depicted as the overlapped areas between database 1 and data-
base 2 for the different symptoms.
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collection workflow was integrated via target prediction using the
SwissTargetPrediction server and a target search based on symp-
toms in the Drugbank database. The target prediction based on
SwissTargetPrediction derived 1136 protein targets that form
multiple compound-target interactions with 96 compounds
(Table S4). In contrast, the target search based on Drugbank derived
249 targets for “chi,” 96 targets for “blood,” 408 targets for “pain,”
and 140 targets for “inflammation.” The targets collected from the
two databases were compared and the common targets were
extracted for different symptoms, as shown in Fig. 3B and Table S5.
Altogether, 35 targets for “chi,” 40 targets for “blood,” 192 targets
for “pain,” and 74 targets for “inflammation” were found to
simultaneously interact with the chemical constituents of JHT.
Accordingly, these targets might serve as the molecular basis for
the therapeutic effect exhibited by JHT against CSG.

To determine the biological basis for the therapeutic effect of
JHT against CSG, target datasets for non-redundant targets and the
four symptoms associated with CSG were input into GSEA for gene
enrichment analysis. Thereafter, the relationship between the
biological items and symptoms was assessed (Table S6). As shown
in Fig. 4, the top 10 items for molecular function, cellular compo-
nent, biological process, and signaling pathways were extracted
according to the rank of the P values. However, biological process
was found to be mainly involved in the response to compounds,
such as oxygen-containing compounds, organic cyclic compounds,
nitrogen compounds, and endogenous stimuli (Fig. 4A). As themost
important item for the biological process was “response to oxygen
containing compound,” the metabolism or regulation of these
compounds might affect “chi” and “pain.” The cellular component
and molecular function items showed that the targets were mainly
distributed in membrane regions and nerve tissues, including the
synapse, neuron, and dendritic tree, which regulate the activity of
molecular transducers, receptors, kinases, gated channels, and so
on. (Figs. 4B and C). The most important items for molecular
function and cellular component were “intrinsic component of
plasma membrane” and “molecular transducer activity,” respec-
tively. According to KEGG analysis, the most important signaling
pathwaywas “neuroactive ligand receptor interaction”; this finding
is consistent with the items of cellular component and molecular
functions (Fig. 4D). For different symptoms, the most significant
pathways for “chi,” “blood,” “pain,” and “inflammation” were
“pathways in cancer,” “complement and coagulation cascades,”
“neuroactive ligand-receptor interaction,” and “protein serine
threonine kinase activity,” respectively (Fig. S6); these pathways
displayed good correlations with the different symptoms. Based on
gene enrichment analysis, a signaling pathway may be associated



Fig. 4. Gene enrichment analysis of all non-redundant targets (301 targets) involved in the therapeutic effect of JHT against CSG. (A) The top 10 items in the gene ontology (GO)
biological process. (B) The top 10 items in the GO cellular component. (C) The top 10 items in the GO molecular function. (D) The top 10 items in Kyoto Encyclopedia of Genes and
Genomes (KEGG) signaling pathway. The four symptoms (chi, blood, pain, and inflammation) associated with the extracted items are displayed below the item names.
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with multiple symptoms, and the comprehensive interactions of
these biological items ensure that JHT exhibits a therapeutic effect
against CSG.

By analyzing the protein-protein interactions between the non-
redundant targets (301 targets), five key subnetworks (MCODE
scores � 5) were extracted, as shown in Fig. 5. Each subnetwork
was identified to contain targets from the dataset associated with
“chi,” “blood,” “pain,” and “inflammation.” The targets involved in
more than one symptom were subnetwork 1: PTGDR2, GPR55,
GPER1, APP, CNR2; subnetwork 2: BCL2L1, NR3C1, NOS2, CASP1,
LTB4R, F2, PPARG, VCAM1, MMP2, IL1B; subnetwork 3: PLG, ALOX5,
IKBKB, PTGS2, ALB, VEGFA, IL6, PGR, MAPK14, SYK; subnetwork 4:
GSR; subnetwork 5: ALOX15, BCL2. Compared to the most signifi-
cant subnetwork in each symptom dataset, GPER1 was found to be
involved in the subnetwork for “chi” (Fig. S7); F2, MMP2, ALB,
VEGFR, IL6, and MAPK14 were involved in the subnetwork for
“blood” (Fig. S8); PTGDR2, GPR55, and CNR2 were involved in the
subnetwork for “pain” (Fig. S9); and NOS2, CASP1, IL1B, PLG, SYK,
PPARG, VCAM1, ALOX5, IKBKB, and PTGS2 were involved in the
subnetwork for “inflammation” (Fig. S10). Accordingly, these
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targets were the key hubs in the protein-protein interactions of the
four symptoms.

3.3. Target screening in the symptom-guided pharmacological
network for JHT

The pharmacological networks for “chi,” “blood,” “pain,” and
“inflammation” (Figs. S11eS14) revealed that the key targets for
each symptom interactedwithmultiple chemical components from
the four herbs found in JHT, including the structural types of al-
kaloids, flavonoids, organic acids, and sesquiterpenoids. As shown
in Table S7, the possible interactions between compounds and
targets were set as a weight factor to evaluate the importance of a
target for each symptom. Targets with better scores were extracted
to explain the comprehensive regulatory effect of JHT. As shown in
Table 1, the top three targets in each symptom-guided pharmaco-
logical network were: SIGMAR1, MMP2, and APP in the chi-
associated pharmacological network; F3, MMP2, and SYK in the
blood-associated pharmacological network; MMP2, APP, and
ALOX5 in the inflammation-associated pharmacological network;



Fig. 5. Key subnetwork analysis of the protein-protein interaction (PPI) for all non-redundant targets (301 targets) involved in the therapeutic effect of JHT against CSG. Five
subnetworks (MCODE scores � 5) were extracted and the targets associated with more than one symptom are displayed as red lines.

Table 1
Detailed information for the screened targets involved in chronic superficial gastritis (CSG)-associated symptoms, such as “chi,” “blood,” “pain,” and “inflammation” based on
scoring evaluation and an analysis of their association with gastritis.

Gene name Protein class Symptoms Degreea Scoreb Selection standardc

SIGMAR1 Membrane receptor Chi 41 12.02 Top 3 target for symptom
MMP2 Protease Chi, blood, inflammation 34 6.70 Top 3 target for symptom
APP Membrane receptor Chi, inflammation 26 5.67 Top 3 target for symptom
F3 Protease Blood 38 13.04 Top 3 target for symptom
SYK Kinase Blood 34 2.84 Top 3 target for symptom
ALOX5 Oxidoreductase Inflammation 37 5.56 Top 3 target for symptom
DRD1 Family A GPCR Pain 25 13.68 Top 3 target for symptom
DRD2 Family A GPCR Pain 35 13.47 Top 3 target for symptom, drug target for gastritis
AKR1B1 Enzyme Pain 41 14.41 Top 3 target for symptom, drug target for gastritis
CHRM1 Family A GPCR Pain 24 1.87 Drug target for gastritis
CHRM4 Family A GPCR Pain 32 4.16 Drug target for gastritis
TYMS Transferase Chi 36 1.54 Drug target for gastritis
DRD3 Family A GPCR Pain 33 11.20 Drug target for gastritis
TUBB1 Structural protein Pain 20 1.42 Drug target for gastritis
HTR1A Family A GPCR Pain 33 10.20 Drug target for gastritis
HTR2A Family A GPCR Pain 38 4.44 Drug target for gastritis
PTGS1 Oxidoreductase Pain 37 1.73 Drug target for gastritis
PTGS2 Oxidoreductase Pain, inflammation 54 4.07 Drug target for gastritis
MPO Enzyme Pain 19 1.96 Drug target for gastritis
XDH Oxidoreductase Pain 8 2.64 Drug target for gastritis
SLC18A2 Electrochemical transporter Pain 18 1.60 Drug target for gastritis

a Number of compounds in JHT that interact with a target.
b Score derived according to the sum of the probabilities of a target that interact with different compounds.
c The selection standards are based on two aspects: 1) target ranking of the top 3 based on scoring evaluation for the symptom; and 2) the target associated with gastritis

according to the Drugbank and OMIM databases.
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and DRD1, DRD2, and AKR1B1 in the pain-associated pharmaco-
logical network. Among these targets, MMP2 tended to be an
important target in “chi,” “blood,” and “inflammation.” MMP2 is a
type of matrix metalloproteinase with several functions, including
vasculature remodeling, angiogenesis, tissue repair, tumor inva-
sion, inflammation, and atherosclerotic plaque rupture [31]. Pre-
viously, the expression level of MMP2 was found to significantly
differ between the gastritis tissue and normal tissue [32e34],
thereby proving its potential as a biomarker. To date, many drugs
used to treat gastritis have been approved by the United States Food
and Drug Administration (FDA). Moreover, the associated targets
reported in the OMIM and Drugbank databases were collected by
Shi and colleagues (Table S8) [35]. To assess the target association
between gastritis and effect of JHT, a “gastritis-targets-symptoms”
network for JHT was constructed as shown in Fig. 6A. As a result, 14
targets were found to overlap between the 90 targets for gastritis
and 107 targets for the four symptoms; these overlapping targets
include CHRM1, CHRM4, TYMS, DRD3, DRD2, TUBB1, HTR1A,
HTR2A, PTGS1, PTGS2, AKR1B1, MPO, XDH, and SLC18A2. Except for
TYMS, the other 13 targets were recognized to be involved in
Fig. 6. The key targets and signaling pathways associated with gastritis. (A) “Gastritis-targe
“blood,” “pain,” and “inflammation”). Gastritis and the four symptoms, targets of gastritis,
respectively. Target labels for gastritis and the four symptoms are presented in lowercase an
(B) The key signaling pathways regulated by MMP2, DRD2, and AKR1B1. The key pathways a
dash.
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“pain,” indicating that for the treatment of gastritis, “pain” is the
most important symptom for drugs approved by the FDA. Notably,
DRD2 and AKR1B1 are two of the top three targets in the target
screening for “pain.” Therefore, when JHT is administered to treat
CSG, MMP2, DRD2, and AKR1B1 tend to be its key targets to alle-
viate symptoms associated with CSG including “chi,” “blood,”
“pain,” and “inflammation.”

The signaling pathways containing the three targets (MMP2,
DRD2, and AKR1B1) were extracted from the results of GSEA
analysis (Table S6). As shown in Fig. 6B, four signaling pathways
were affected by MMP2. Previously, the transendothelial migration
of T cells into the gastric mucosa was found to be strongly associ-
ated with Helicobacter pylori infection and thus caused active
chronic gastritis [36]. Inhibiting MMP2 tended to be an effective
approach to attenuating the signaling pathway of “leukocyte
transendothelial migration” and enable positive regulation of
gastritis. Two signaling pathways were found to be affected by
DRD2. The “neuroactive ligand-receptor interaction” between
dopamine and DRD2 is known to play a role in the modulation of
nociceptive transmission [37]. Moreover, the antagonists of DRD2
ts-symptoms” network for targets involved in gastritis and the four symptoms (“chi,”
and the targets of the four symptoms are represented by green, blue, and cyan nodes,
d uppercase letters, respectively; a red dash has been used to connect the two features.
nd their association with gastritis are displayed in red bold and are connected by a red
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(such as “domperidone”) alleviate severe symptoms (nausea and
vomiting) associated with chronic gastroparesis and are effective at
inducing gastric emptying [38,39]. AKR1B1was only found to affect
the “folate biosynthesis” signaling pathway, which has a direct ef-
fect on the levels of BH4 (tetrahydrobiopterin). Based on animal
experiments performed with mice, axotomized sensory neurons
and macrophages infiltrating damaged nerves and inflamed tissue
could produce excessive BH4, thereby increasing sensitivity to pain
[40]. The inhibition of AKR1B1 could thus block BH4 production
and reduce nerve injury-induced hypersensitivity without affecting
nociceptive pain. Collectively, these findings highlight the
involvement of MMP2, DRD2, and AKR1B1 in the specific signaling
pathways that might interact with or be regulated by the com-
pounds identified in JHT to successfully treat gastritis.
3.4. The inhibitory activities of representative compounds in JHT
against MMP2, DRD2, and AKR1B1 and an analysis of their binding
modes

The compounds interacting with MMP2, DRD2, and AKR1B1
that had possibilities of 1.0 were extracted from the interaction
prediction in the SwissTargetPrediction server (Table S4). There-
after, their inhibitory activities (Table 2) were derived from the
CHEMBL database (https://www.ebi.ac.uk/chembl/) [41e45]. A
refined pharmacological network (Fig. 7A) composed of herbs,
compounds, targets, and symptoms was constructed to reveal the
therapeutic effect of JHT against CSG. The binding modes of the
native ligands and representative compounds against the key tar-
gets (MMP2, DRD2, and AKR1B1) were analyzed and presented in
Figs. 7BeD and Figs. S15eS18.

Chlorogenic acid (10), isochlorogenic acid A (41), quercetin-3-O-
a-L-rhamnoside (42), isochlorogenic acid B (47), quercetin (63), and
kaempferol (70) had inhibitory activities against AKR1B1, with IC50
values of 300, 88, 150, 78, 2200, and 10,000 nM, respectively
(Table 2). Moreover, these components were found to mainly
interact with the catalytic site of AKR1B1, which is located next to
the cofactor, NADPþ (Fig. S15). Based on binding mode analysis
(Fig. 7B), isochlorogenic acid B (47) interacted with the pocket
residues of AKR1B1, including Tyr48, His110, Trp111, Thr113,
Phe115, Phe122, Leu124, Trp219, Cys298, Ala299, Leu300, and
Tyr309. Among these residues, Tyr48, His110, and Trp111 formed
hydrogen bonds with isochlorogenic acid B (47). (�)-corydalmine
(33) and (�)-isocorypalmine (36) belong to the tetrahy-
droprotoberberine alkaloids and have been predicted to interact
with DRD2 (Table 2). A series of structural analogs of 33 and 36
were previously reported to exhibit antagonistic activities against
Table 2
Chemical components of JHT that could interact with MMP2, DRD2, and AKR1B1 and th

Compounds Structural types Targetsa

Chlorogenic acid (10) Organic acids AKR1B1
Caffeic acid (13) Organic acids MMP2
(�)-Corydalmine (33) Alkaloids DRD2
(�)-Isocorypalmine (36) Alkaloids DRD2
Isochlorogenic acid C (38) Organic acids AKR1B1
Isochlorogenic acid A (41) Organic acids AKR1B1
Quercetin-3-O-a-L-rhamnoside (42) Flavonoids AKR1B1
Isochlorogenic acid B (47) Organic acids AKR1B1
Quercetin (63) Flavonoids MMP2/AKR1
Kaempferol (70) Flavonoids AKR1B1

a A compound may interact with one or more targets.
b The interaction probabilities between compounds and targets. A value of 1.00 indica
c The inhibitory activities (IC50) between compounds and targets were retrieved from
d N/A indicates the unavailability of data for the inhibitory activities (IC50).
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DRD2 [46]. Herein, the antagonists of DRD2 were found to mainly
interact with the substrate-binding site located inside of seven
transmembrane helixes (Fig. S16). As shown in Fig. 7C, (�)-iso-
corypalmine (36) interacted with residues, including Val91, Alu94,
Asp114, Ile184, Phe189, Ser193, Trp407, Phe410, Phe411, Thr433,
and Tyr437. Of these residues, Ser193 and Asp114 formed hydrogen
bonds and electrostatic interactions with isocorypalmine (36).
Caffeic acid (13) and quercetin (63) were found to exhibit inhibitory
activities against MMP2, with IC50 values of 24.26 nM and 6680 nM,
respectively (Table 2). These MMP2 inhibitors mainly interacted
with the catalytic site adjacent to the cofactor, Zn2þ (Fig. S17). As
shown in Fig. 7D, caffeic acid (13) interacted with MMP2 via Leu83,
Ala84, Val117, His120, Glu121, His130, and Tyr142. Further, this
compound (13) was found to form hydrogen bonds with Glu121
and electrostatic interactions with Zn2þ.

According to the analysis above, organic acids and flavonoids
were found to exhibit inhibitory activities against AKR1B1 and
MMP2, while alkaloids exhibited antagonistic activities against
DRD2; these compounds belong to the three main structural types
in JHT. Through pharmacological studies on chlorogenic acid (10)
[47,48], caffeic acid (13) [49,50], (�)-corydalmine (33), (�)-iso-
corypalmine (36) [51,52], quercetin (63) [53], and kaempferol (70)
[54,55], a direct relationship was found between the pharmaco-
dynamic activities of these components in JHT and the therapeutic
effects exhibited in gastritis cases. These representative compounds
exhibited inhibitory activities against MMP2, DRD2, and AKR1B1,
ultimately revealing the comprehensive regulatory effect of JHT
against gastritis.
3.5. Biological insights from bioinformatics analysis and
implications for novel drug usage to treat CSG

Because TCM prescriptions include a combination of multiple
Chinese herbs, it is difficult to associate their therapeutic effect with
their molecular basis. Based on the data of approved drugs and their
interacting targets in the Drugbank database (https://go.drugbank.
com/), a connection can be established between the corresponding
symptoms of Chinese herbs and the therapeutic effects of Western
medicine. In the TCM theory, most Chinese medicine herbs exhibit
effects that are associated with “chi,” “blood,” “pain,” and “inflam-
mation.” As a result, a target collection based on these symptoms
would be useful in assessing other TCM prescriptions containing
Chinese herbs that exhibit the same effects.

To identify the molecular mechanism employed by JHT in the
treatment of CSG, the key targets of JHT must be screened. Targets
such as AKR1B1, DRD2, and MMP2 are known to have a close
eir validated activities.

Possibilitiesb Inhibitory activitiesc (nM) Refs.

1.00 300 [41]
1.00 24.26 [42]
1.00 N/Ad N/A
1.00 N/A N/A
1.00 N/A N/A
1.00 88 [41]
1.00 150 [43]
1.00 78 [41]

B1 1.00 6680/2200 [44,45]
1.00 10,000 [45]

tes an explicit interaction according to the prediction in SwissTargetPrediction.
the CHEMBL database (https://www.ebi.ac.uk/chembl/) and relevant literature.

https://www.ebi.ac.uk/chembl/
https://go.drugbank.com/
https://go.drugbank.com/
https://www.ebi.ac.uk/chembl/


Fig. 7. The refined pharmacological network regulated by MMP2, DRD2, and AKR1B1 and the binding modes between the representative compounds and the three targets. (A) The
refined pharmacological network for JHT. The nodes representing herbs, compounds, targets, symptoms, compound types, and target types are displayed as green square, red circle,
blue circle, yellow square, purple triangle, and cyan triangle, respectively. The edges between different nodes are presented in different colors. (B) Binding modes for isochlorogenic
acid B (47) and AKR1B1. The original ligand (IDD594), cofactor (NADPþ), isochlorogenic acid B (47), and residues on AKR1B1 are displayed as white lines, yellow sticks, orange sticks,
and green sticks, respectively. (C) Binding modes for (�)-isocorypalmine (36) and DRD2. The original ligand (risperidone), (�)-isocorypalmine (36), and residues on DRD2 are
displayed as white lines, orange sticks, and green sticks, respectively. (D) Binding modes for caffeic acid (13) and MMP2. The original ligand (SC-74020), cofactor (Zn2þ), caffeic acid
(13), and residues on AKR1B1 are displayed as white lines, yellow sticks, blue balls, and green sticks, respectively. All hydrogen bonding and electrostatic interactions are presented
as a red dash.
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relationshipwithgastritis. In fact,when the chemical components in
JHT interactwith these three targets, CSG is regulated via “leukocyte
transendothelial migration,” “neuroactive ligand-receptor interac-
tion,” and “folate biosynthesis,”which affect the biological factors of
CSG, including “Helicobacter pylori infection,” “chronic gastro-
paresis,” and “BH4-induced neuropathic and inflammatory pain.”
When these factors are inhibited by JHT, a synergistic effect against
CSG could thus be exerted. A series of compounds in JHT exhibit
inhibitory activities against the three targets (i.e., AKR1B1, DRD2,
andMMP2) and display a direct pharmacodynamic associationwith
gastritis. As a result, these compounds could serve as quality
markers for qualitative evaluation of JHT.

4. Conclusions

In the present study, we sought to systematically characterize
the chemical profiles of JHT via UPLC-Q-TOF/MS and predict its
molecular mechanisms via a symptom-guided network
74
pharmacology analysis. Herein, 96 compounds were identified in
JHT, including 28 alkaloids, 20 organic acids, 16 sesquiterpenoids,
13 triterpenoids, 8 flavonoids, 4 phenylpropanoids, and 7 other
compounds. In addition, 31 constituents were confirmed using
reference standards. Based on the symptom-guided pharmaco-
logical network analysis, MMP2, DRD2, and AKR1B1 were iden-
tified as key targets for JHT to exhibit its effects against CSG.
Alkaloids, flavonoids, and organic acids such as chlorogenic acid
(10), caffeic acid (13), (�)-corydalmine (33), (�)-isocorypalmine
(36), isochlorogenic acid C (38), isochlorogenic acid A (41), quer-
cetin-3-O-a-L-rhamnoside (42), isochlorogenic acid B (47), quer-
cetin (63), and kaempferol (70) tend to show comprehensive
activities against gastritis by interacting with the above targets in
four symptoms associated with CSG. Altogether, we applied an
effective approach to reveal the relationship between the chem-
ical components and effects of JHT against CSG. Such findings
could serve as a basis for further research and application of JHT as
a clinical treatment.
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