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Ixeris sonchifolia extract injection, a Chinese medicine preparation named as Kudiezi injection (KDZI) in China,
has been widely used for the treatment of cardiovascular diseases (CVDs) in recent years. Owing to the
component complexity of the preparation, the study on the effect mechanism of the herbal medicine
against CVDs is a big challenge. In this research, HPLC-Q-TOF-MS was used to analyze the constituents of
the preparation, disclosing that the KDZI mainly consists of 10 ingredients, namely 3-caffeoylquinic acid
(KDZI-1), 4-caffeoylquinic acid (KDZI-2), 5-caffeoylquinic acid (KDZI-3), apigenin-7-O-B-b-glucuronide
(KDZI-4), (KDzI-5), (KDZI-6), (KDZI-7), luteolin-7-O-B-b-
gentiobioside (KDZI-8), luteolin-7-O-B-b-glucopyranoside (KDZI-9) and luteolin-7-O-B-p-glucuronide
(KDZI-10). Afterwards, target fishing and an integrated systems pharmacology approach combined with
molecular docking (Sybyl 1.3 and AutoDock Vina) were adopted to predict the potential targets and

caffeic acid chicoric acid caftaric acid

pathways for the main ingredients in KDZI. As results, 39 protein targets and 9 KEGG pathways, possessing
high relevance to the therapeutic effects of the ingredients of KDZI against CVDs, were screened out
reasonably. The integrated pharmacology analysis suggested that KDZI could exert its therapeutic effects
against CVDs possibly via multi-targets including EGFR, MAPK10, and SRC and multi-pathways referring to
MAPK, focal adhesion, complement and coagulation cascades, etc. This research provides insights into

rsc.li/rsc-advances

1. Introduction

Cardiovascular diseases (CVDs) refer to the heart, brain and
tissue ischemia or hemorrhagic diseases mainly caused by
hyperlipidemia, blood viscosity, atherosclerosis, hyperten-
sion, etc.' Currently, CVDs are still the leading cause of
morbidity and mortality globally.> More deaths have been
recorded due to CVDs than from any other cause, and possibly
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understanding the comprehensive therapeutic effect and mechanism of the KDZI on CVDs.

23.6 million deaths per year by 2030 is reported by the World
Heart Federation.’* In 2018, there were 290 million patients
suffering from CVDs in China.* In China, CVDs are believed to
be the number one Kkiller in the future. Hence, it is significant
to explore new therapeutic drugs or methods to prevent and
treat CVDs.

Herbal medicines have been gradually recognized worldwide
as safe and effective therapeutics with fewer side effects.>™
Some herbal medicine injections produced by extracting and
purifying active ingredients from medicinal plants according to
modern scientific and technological theories have often been
used to treat some emergency and severe diseases, such as
CVDs and stock in clinic in China. Ixeris sonchifolia extract
injection, a Chinese medicine preparation named as Kudiezi
injection (KDZI) in China, is extracted from the herb Ixeris
sonchifolia (Bunge) Hance and extensively applied to treat CVDs,
such as ischemic stroke, myocardial infarction, etc.”” Studies
have shown that KDZI mainly contains flavonoids, adenosine,
sesquiterpene lactones and triterpene saponins.' However, the
therapeutic effect of KDZI against CVDs remains unclear due to
complexity of its components.
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Fig.1 HPLC chromatogram of KDZI.

In the recent years, owing to the convenient and powerful
properties on exploring the inner relationship among multiple
ingredients, multiple targets and multiple pathways for
a complex drug system, the systems pharmacology study has
become a popular trend on dissecting the mechanism of action
compound formulas, e.g., traditional Chinese medicines, herbal
medicines or their preparation products.**™ Also, systems
pharmacology was considered to provide valuable clues on
identifying the active ingredients from a complex herbal
formula."”*® However, up to date, there is still lack of the
comprehensive study on dissecting the effect mechanisms of
KDZI based on the systems pharmacology methods.

In this study, an integrated approach was established to
unveil the pharmacological mechanisms of the main constitu-
tions in KDZI from the whole perspective of system biology.
First, the main constituents in KDZI were identified by HPLC-Q-
TOF-MS. Then, molecular docking simulations, KEGG (Kyoto
Encyclopedia of Genes and Genomes) enriched pathway anal-
ysis, GO (Gene Ontology) analysis and network analysis were
further employed to explore the anti-CVD mechanism of KDZI.

2. Materials and methods
2.1 HPLC-Q-TOF-MS analysis

For the HPLC-Q TOF-MS analysis, an Agilent 1260 HPLC instru-
ment and an Agilent 6520 quadrupole time-of-flight tandem
mass spectrometer were used in this study. The separation was
finally performed on an Agilent ZORBAX SB-C18 column (4.6 mm
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x 150 mm, 3.5 um) at 30 °C at a flow rate of 0.5 mL min~". The
mobile phase consisted of 0.5% glacial acetic acid in water (A)
and acetonitrile (B) with the following gradient elution: 0-15 min,
4-11% B; 15-20 min, 11-14% B; 20-40 min, 14-19% B; 40-
41 min, 19-95% B. The injection volume was 5 pL.

The acquisition parameters for Q-TOF mass spectra were as
follows: drying gas (N,) flow rate; 10 L min~"', drying gas
temperature, 350 °C; atomizing gas flow, 40 psi; electricity spray
voltage 3500 V, fragmentor voltage 145 V. The sample was
analyzed in both positive and negative ion modes for full scan
(ESIt), and the scan mass range was recorded from m/z 100 to
1000.

2.2 Target predicting

First, three dimensional molecule structures of the identified
compounds were constructed using a molecular docking soft-
ware Sybyl-X. Subsequently, an online target fishing sever,
PharmMapper (http://lilab.ecust.edu.cn/pharmmapper), which
uses a pharmacophore mapping approach probing potential
drug target, was used to predict the target proteins of these
compounds.*** The predicted results with fit score, related
gene ID, and the correlated diseases, etc. were documented
using an excel table. Next, the results were filtered by
a comprehensive consideration of norm fit (=0.7) and the
definite relationship of the target proteins with cardiovascular
diseases (searching PubMed, Web of science and Genecards
databases).

2.3 Molecular docking

Molecular docking, an important means of modern drug
screening, was used to analyze the binding ability of
compounds to target proteins.** First, the crystal structures of
the target proteins were downloaded from the PDB database
(https://www.rcsb.org/) and embellished through the Sybyl-X,>
including removing waters and ligands, adding H atoms, opti-
mizing and patching amino acids. The docking scores,
including total scores (preferable = 6) and CScores (preferable
= 4), were the important evaluation indices for predicting the
affinity of a target protein to an ingredient. Besides, Autodock
Vina,*® an open-source program for molecular docking and

Table 1 Characterization of compounds in KDZI injection by HPLC-Q TOF-MS

No. tr (min) Observed mass Calculated mass Error (ppm) Formula Identification

1 7.376 311.0397 311.0409 3.83 C13H1,00 Caftaric acid (KDZI-7)

2 8.518 353.0855 353.0878 6.62 C16H1500 5-Caffeoylquinic acid (KDZI-3)

3 13.342 353.0866 353.0878 3.52 C16H1509 3-Caffeoylquinic acid (KDZI-1)

4 14.870 353.0869 353.0878 2.62 C16H1500 4-Caffeoylquinic acid (KDZI-2)

5 15.384 179.0347 179.035 1.67 CyHgOy4 Caffeic acid (KDZI-5)

6 23.586 473.0692 473.0692 7.20 CyoH1501 Chicoric acid (KDZI-6)

7 25.580 609.1432 609.1461 4.90 C,;H30046 Luteolin-7-O-B-p-gentiobioside (KDZI-8)

8 29.986 461.0726 461.0725 —0.02 Cp1H1401, Luteolin-7-0-B-p-glucuronide (KDZI-10)

9 30.742 447.0918 447.0933 3.37 C,1H5004, Luteolin-7-O-B-p-glucopyranoside (KDZI-
9)

10 37.223 445.0761 445.0776 3.55 C,1H;15011 Apigenin-7-O-B-p-glucuronide (KDZI-4)
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Table 2 Main ingredients and related parameters of KDZI
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Table 2 (Contd.)
No. Name Molecular formula Molecular weight Structure

OH
KDZI-9 Luteolin-7-O-B-p-glucopyranoside Cy1H50011 448.38
KDZI-10 Luteolin-7-O-B-p-glucuronide Cy1H15015 462.36

virtual screening, was also used in this study to access the
binding affinity of each compound/protein complex. It was re-
ported that this program had a high prediction performance
when compared to experimental data.”” With the application of
the two molecule docking methods, the total-score and affinity
values (kcal mol ') were used to evaluate the interaction
between ingredients and targets, respectively. Moreover, the
better docked model was analyzed using PyMOL?® and Ligplus.*

2.4 GO and KEGG pathway enrichment analyses

GO and KEGG analyses were adopted for the 39 potential
targets, which were performed by the clusterProfiler package in
R (version 3.5.1) to address the functional annotation (p <
0.01).%

2.5 Network construction

The 39 potential targets were inputted into String database
(https://string-db.org/cgi/input.pl) to build a PPI network and
illustrated the inter-protein interaction (confidence scores >
0.4). Besides, compounds, candidate targets and pathways for
KDZI were used to construct the compound-target-pathway
network visualized by the Cytoscape software.**

3. Results and discussion

3.1 Identification of the main chemical constituents in KDZI

The HPLC-Q-TOF-MS analysis of the KDZI was performed in
both positive and negative ionization modes. The HPLC chro-
matogram is shown in Fig. 1, and the MS data are listed in Table
1. According to Fig. 1, 10 main compounds were identified,
including flavonoids, esters, and organic acids, with their
standard references. The chemical structures are listed in
Table 2.

3.2 Targets fishing for KDZI

In the present study, 39 targets related to CVDs were predicted
using the online server PharmMapper and their detailed
information is described in ESI Table S1.}

38500 | RSC Adv, 2020, 10, 38497-38504

3.3 Molecular docking

KDZI-6 was found possessing the largest docking scores for
numerous target proteins among the ten ingredients. Thus,
taking KDZI-6 as a typical objective, the docking results were
introduced next. The three-dimensional structure and the
schematic 2D dimensional of KDZI-6 with its best docking state
in the active site of the proteins MAOB (PDB ID: 10J9), MAPKS8
(PDB ID: 4UX9), GSTP1 (PDB ID: 1KBN) and AKR1C1 (PDB ID:
61JX) are displayed in Fig. 2, and the binding energies are —11.2,
—9.3, —6.7 and —10.6 kcal mol ', respectively. In particular,
a lower binding energy predicts a strong capacity between the
ingredients and the target proteins. In addition, the comparison
of the results of above-mentioned methods for the top 10
docking also exhibited in Table S2.} For the docking of MAOB,
Fig. 2(A) and (a) showed the KDZI-6 stabilized by the nine
hydrogen bonds involving the amino acid residues Tyr398,
Gly434, Arg42, Arg36 and Val235 in MAOB, respectively. Also, it
also interacted with 16 amino acid residues of MAOB via
hydrophobic forces. Similarly, from Fig. 2(B) and (b), it can be
seen that KDZI-6 is embedded to the active site of MAPKS. Nine
hydrogen bonds were established between the ingredient and
the protein referring to the six amino acid residues, Asp151,
Arg69, Asp169, Gly38, Glu109 and Met111. It was also adjacent
to twelve amino acid residues via hydrophobic interactions.
Moreover, KDZI-6 possessed a good fit for the active sites of
GSTP1, as depicted in Fig. 2(C) and (c). Two hydrogen bonds
were found in the docking pose referring to the amino acid
residues Tyr7 and Tyr108 in GSTP1. At the same time, there are
hydrophobic interactions between the ligand and the amino
acid residues Val10, Gly205, Trp38, Arg13, Ile104 or Phe8. The
representation of the binding interaction of KDZI-6 with the
active site of AKR1C1 is exhibited in Fig. 2(D) and (d). KDZI-6
was bound to the amino acid residues Tyr24, Asp50, Thr23,
His222, Tyr55, GIn190, Asn167, His117 and Tyr216 though
eleven hydrogen bonds, and the hydrophobic interactions
involving eleven others amino acid residues in AKR1C1. The
docking results not only showed the active sites in target
proteins and the interactive force, but suggested that KDZI-6

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Hydrogen bonds and hydrophobic interactions (A-D). Best-docked conformations (a—d).

might be of great significance for the development of new drugs
as a multi-target ingredient in the future.

3.4 Annotation analysis for the biological function of
potential targets

To study the biological functions of the potential targets, the GO
enrichment analysis and KEGG analysis were performed in this
research. Fig. 3 and 4 show the top 20 crucially significant GO
molecular function annotations and pathways (p value < 0.01),
respectively. The results of GO enrichment mainly included
endopeptidase activity, serine-type endopeptidase activity,
serine-type peptidase activity, hydrolase activity, acting on acid
phosphorus—nitrogen bonds, serine hydrolase activity,

endopeptidase activity-
serine-type endopeptidase activity

serine-type peptidase activity
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serine hydrolase activity

transmembrane receptor protein kinase activity

carboxylic acid binding

organic acid binding

oxidoreductase activity, acting on the CH-OH group of donors, NAD or NADP as acceptor
oxidoreductase activity, acting on CH-OH group of donors

padust

protein tyrosine kinase activity
growth factor binding e

BMP receptor binding

transmembrane receptor protein tyrosine kinase activity
protein serine/threonine kinase activity

monocarboxylic acid binding

MAP kinase activity
ine kinase binding

receptor protein seril
insulin receptor binding
monooxygenase activity

o
o
N
o
o
o
~
B
3
°

Fig. 3 GO enrichment entries in the top 20 (p < 0.01).

This journal is © The Royal Society of Chemistry 2020

transmembrane receptor protein kinase activity, carboxylic acid
binding and organic acid binding. As shown in Fig. 4, the KEGG
pathway analysis shows that the potential targets are intensively
associated to the pathways as follows: colorectal cancer,
complement and coagulation cascades, fluid shear stress and
atherosclerosis, focal adhesion, prostate cancer, glycolysis/
gluconeogenesis, epithelial cell signaling in Helicobacter pylori
infection, adherens junction, pancreatic cancer.

3.5 PPI and compound-target-pathway network construction

The potential protein interaction relationship among the
targets was constructed (Fig. 5). There were 36 nodes and 202
edges after hiding disconnected nodes. Among them the targets

Colorectal cancer:

C and
Fluid shear stress and atherosclerosis |
Focal adhesion
Prostate cancer-
Glycolysis / Gluconeogenesis {
Epithelial cell signaling in Helicobacter pylori infection:
Adherens junction
Pancreatic cancer
Relaxin signaling pathway-
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FoxO signaling pathway 00008
EGFR tyrosine kinase inhibitor resistance | oo

Bladder cancer:

ErbB signaling pathway

MAPK signaling pathway

Phenylalanine metabolism{

Endocrine resistance

AGE-RAGE signaling pathway in diabetic complications
Insulin resistance {

HIF-1 signaling pathway

o
~
-~
>
®

Fig. 4 KEGG pathway enrichment entries in the top 20 (p < 0.01).
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Fig. 5 Protein—Protein-Interaction Network. The node size in the
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Fig. 6 Compound-Target-Pathway (C-T-P) network. Rectangle
nodes represented compounds, which go better in a clock wise
according to color; diamond nodes represented targets; circle nodes
represented pathways.

CASP3 (degree: 14; betweenness: 0.14713729), PLG (degree: 12;
betweenness: 0.13976426), MAPKS (degree: 14; betweenness:
0.1048131), EGFR (degree: 16; betweenness: 0.20036317), SRC
(degree: 14; betweenness: 0.12330768) were probably the most
important roles in this protein interaction networks.

The Compound-Target-Pathway network was constructed by
the connection of potential pathways and corresponding targets
(Fig. 6), which resulted in 69 nodes (10 compounds, 39 targets, 20
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signal pathways) and 554 edges. The possible interactions between
compounds and target proteins were also evaluated with connec-
tion degree and the betweenness. The targets EGFR (degree: 24;
betweenness: 0.15889369), MAPK10 (degree: 20; betweenness:
0.09662042), SRC (degree: 19; betweenness: 0.07250202), MAPKS8
(degree: 15; Dbetweenness: 0.0466211), GSTP1 (degree: 12;
betweenness: 0.02678676), IGF1R (degree: 12; betweenness:
0.03521009) and MIF (degree: 11; betweenness: 0.02760243) have
higher connection degrees and betweenness in the network.
Moreover, the interactions between the identified compounds
(KDZI-1 to KDZI-10) and the key targets (EGFR, MAPK10, SRC,
MAPKS, GSTP1, IGF1R and MIF) were also modeled by both
docking softwares, namely Sybyl-X and Autodock Vina. The dock-
ing scores are exhibited in Table 3. Comparatively, the bonds
between KDZI-6 and EGFR, KDZI-8 and MAPK10, KDZI-6 and SRC,
KDZI-6 and MAPKS, KDZI-6 and GSTP1, KDZI-6 and IGF1R, and
KDZI-6 and MIF have better performance with higher the total
score and lower binding energy. Most of these hub target proteins
interacted with the KDZI-6 compound well, which also provided
evidence to support that KDZI-6 might be a potential multi-target
active compound and deserves to be further investigated and
developed as a drug candidate.

Meanwhile, as shown in Fig. 5, the target EGFR and MAPK
pathways have the highest network connection degree, which
could suggest the significance of the EGFR protein and MAPK
pathway for the KDZI to exert its anti-CVD therapeutic effects.
Studies have shown that myocardial injuries caused by
ischemia is associated with hostile factors such as reactive
oxygen species (ROS), inadequate angiogenesis and inflamma-
tion.>” ROS as one of the largest hostile factors generated in
ischemic surroundings could directly injure cardiomyocytes
and vascular cells and further impair myocardial function.**-*°
High concentrations of ROS promote cell apoptosis by inducing
the activation of JNKs and members of the MAPK family.?”
Alternatively, the inhibition of JNKs would attenuate the
myocardial ischemic apoptosis.®®

The epidermal growth factor (EGF) is also known to activate
Src and MAPK pathways.** Therefore, the down-regulation of

Table 3 Docking scores of the hub targets with the main active ingredients of KDZI|

Sybyl-X/Vina

(kcal m0171) KDZI-1 KDZI-2 KDZI-3 KDZI-4 KDZI-5 KDZI-6 KDZI-7 KDZI-8 KDZI-9 KDZI-10
EGFR Total score 7.7 5.65 5.59 5.6 5.37 8.12 5.18 7.86 7.36 7.86
Binding energy —7.5 —-71 —7.4 —8.1 —6 —7.8 —6.8 —8.4 —8.6 —8.4
MAPK10 Total score 6.8 6.11 5.4 5.8 4.18 8.29 5.53 9.19 7.78 5.68
Binding energy —8.4 —8.4 —8.4 —-9.7 —6.3 -9 —7.4 —9.8 —-9.7 —9.9
SRC Total score 7.36 6.44 7.58 6.31 5.51 9.8 9.95 1.81 9.12 8.8
Binding energy —8.2 -7.9 —8.9 —9.5 —6.7 —8.7 —7.5 —9.8 —10.1 —9.7
MAPKS Total score 6.89 5.93 5.72 5.47 5.35 10.32 5.09 7.09 8.64 7.03
Binding energy —8.7 —8.7 -9 —9.1 —6.5 —9.3 —7.8 —10.5 —10 —9.3
GSTP1 Total score 3.81 2.92 5.36 6.16 5.58 9.53 6.63 4.55 7.42 6.18
Binding energy —6.5 —6.4 —6.8 -8 —5.7 —6.7 —5.8 —7.4 —7.6 -7.1
IGF1R Total score 4.25 4.04 4.22 5.08 4.66 8.7 3.8 5.61 4.97 3.8
Binding energy —7.2 —6.9 —7.2 —7.6 —5.8 -8 —6.3 -8 —8.3 —8.2
MIF Total score 6.47 4.22 8.01 1.17 6.01 11.39 8.93 3.05 3.69 0.6
Binding energy —5.8 —5.8 -6 —6.5 —5.5 —5.8 —5.3 —5.8 —-6.7 -6.7

38502 | RSC Adv,, 2020, 10, 38497-38504
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the epidermal growth factor receptor (EGFR) and MAPK family
might be beneficial in preventing and treating myocardial
ischemia. According to these results, it can be deduced that the
active ingredients of KDZI could exert their anti-CVD effects via
binding to the EGFR and inhibiting the MAPK pathway.

Cellular apoptosis is another critical event mediating the
impairment of cardiovascular function.**** In the focal adhe-
sion pathway, the expression of the adhesion molecule is
a prerequisite for neutrophil-endothelium adherence, which in
turn contributes to myocardial ischemia-reperfusion injuries.*
Focal adhesion kinase (FAK), a key enzyme in the integrin-
mediated signal transduction process of adhesion molecules,
promotes cell survival. Src kinase plays an upstream role in
mediating the activation of known adhesion, survival, and
stress-activated signaling pathways in response to oxidative
stress. Both FAK and Src are of great significance in mediating
the cell-matrix adhesion.** In the present study, the target Src
and the focal adhesion pathway also showed high connection
degree, suggesting their considerable roles on anti-CVDs for the
intervention of the multiple active ingredients of KDZI.

In addition, MIF elevation could respond to myocardial
ischemia, which might be a useful early and specific diagnostic
biomarker for myocardial ischemia.”” GSTP decreases the
sensitivity of the heart caused by ischemic injury and IGF-1R
takes precautions against the detrimental effects of myocar-
dial infarction. Both of them have a protective effect on the
myocardium.**** In general, KDZI might correlate with these
targets, as shown in Fig. 6 and their related pathways in the
treatment of CVDs. Further experiments including western blot,
enzyme-linked immunosorbent, and polymerase chain reaction
assays should be required to verify the present findings from
a systematic aspect in the future.

4. Conclusions

As a traditional Chinese medicine injection, KDZI was
extensively applied in clinical medicine for invigorating
blood circulation for many years. Virtual screening and an
integrated systems pharmacology approach in this study was
used to evaluate the relationship between identified
compounds and predicted targets against CVDs. GO molec-
ular function and KEGG pathway enrichment analysis,
constructions of Compound-Target-Pathway network and
molecular docking were further performed. A total of 39 CVD-
related targets of KDZI were predicted. The targets of EGFR,
MAPK10, SRC, MAPKS, GSTP1, IGF1R and MIF and the signal
pathways MAPK, focal adhesion, complement and coagula-
tion cascades, fluid shear stress and atherosclerosis, prostate
cancer, glycolysis/gluconeogenesis, epithelial cell signaling
in Helicobacter pylori infection, adhesion junction, and
pancreatic cancer could involve in the exerting of anti-CVD
therapeutic effect of KDZI. In conclusion, this research
provides a scientific basis to clarify the comprehensive
pharmacological mechanism of KDZI acting on CVDs, and it
could provide valuable clues on considering the active
ingredient KDZI-6 as a multi-targets leading compound.

This journal is © The Royal Society of Chemistry 2020
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