
Citation: Zhang, Y.-G.; Liu, X.-X.;

Zong, J.-C.; Zhang, Y.-T.-J.; Dong, R.;

Wang, N.; Ma, Z.-H.; Li, L.; Wang,

S.-L.; Mu, Y.-L.; et al. Investigation

Driven by Network Pharmacology on

Potential Components and

Mechanism of DGS, a Natural

Vasoprotective Combination, for the

Phytotherapy of Coronary Artery

Disease. Molecules 2022, 27, 4075.

https://doi.org/10.3390/

molecules27134075

Academic Editors: Tanveer A. Wani,

Seema Zargar and Afzal Hussain

Received: 11 May 2022

Accepted: 21 June 2022

Published: 24 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Investigation Driven by Network Pharmacology on Potential
Components and Mechanism of DGS, a Natural Vasoprotective
Combination, for the Phytotherapy of Coronary Artery Disease
You-Gang Zhang 1,†, Xia-Xia Liu 1,2,†, Jian-Cheng Zong 3,† , Yang-Teng-Jiao Zhang 1, Rong Dong 1, Na Wang 1,2,
Zhi-Hui Ma 1,4, Li Li 3, Shang-Long Wang 3, Yan-Ling Mu 1, Song-Song Wang 1, Zi-Min Liu 5,* and Li-Wen Han 1,*

1 School of Pharmacy and Pharmaceutical Science, Shandong First Medical University and Shandong Academy
of Medical Sciences, Jinan 250000, China; zmc19941114@gmail.com (Y.-G.Z.); liuxiaxia0415@126.com (X.-X.L.);
zytj1136091171@163.com (Y.-T.-J.Z.); doloda56@163.com (R.D.); 17862954657@163.com (N.W.);
17854111663@163.com (Z.-H.M.); myling501@hotmail.com (Y.-L.M.); wangsongsong@sdfmu.edu.cn (S.-S.W.)

2 School of Pharmaceutical Science, Shanxi Medical University, Taiyuan 030000, China
3 Chenland Research Institute, Irvine, CA 92697, USA; jczong@chenland.com (J.-C.Z.); lli@chenland.com (L.L.);

mwang@chenland.com (S.-L.W.)
4 School of Pharmacy, Shandong University of Traditional Chinese Medicine, Jinan 250000, China
5 Chenland Nutritionals Inc., Irvine, CA 92697, USA
* Correspondence: dliu@chenland.com (Z.-M.L.); hanliwen@sdfmu.edu.cn (L.-W.H.)
† These authors contributed equally to this work.

Abstract: Phytotherapy offers obvious advantages in the intervention of Coronary Artery Disease
(CAD), but it is difficult to clarify the working mechanisms of the medicinal materials it uses.
DGS is a natural vasoprotective combination that was screened out in our previous research, yet its
potential components and mechanisms are unknown. Therefore, in this study, HPLC-MS and network
pharmacology were employed to identify the active components and key signaling pathways of DGS.
Transgenic zebrafish and HUVECs cell assays were used to evaluate the effectiveness of DGS. A total
of 37 potentially active compounds were identified that interacted with 112 potential targets of CAD.
Furthermore, PI3K-Akt, MAPK, relaxin, VEGF, and other signal pathways were determined to be the
most promising DGS-mediated pathways. NO kit, ELISA, and Western blot results showed that DGS
significantly promoted NO and VEGFA secretion via the upregulation of VEGFR2 expression and
the phosphorylation of Akt, Erk1/2, and eNOS to cause angiogenesis and vasodilation. The result
of dynamics molecular docking indicated that Salvianolic acid C may be a key active component
of DGS in the treatment of CAD. In conclusion, this study has shed light on the network molecular
mechanism of DGS for the intervention of CAD using a network pharmacology-driven strategy for
the first time to aid in the intervention of CAD.

Keywords: coronary artery disease; phytotherapy; network pharmacology; angiogenesis; zebrafish;
dynamics molecular docking

1. Introduction

Coronary Artery Disease (CAD) is a cardiovascular disease with significant morbidity
and mortality, especially among the elderly [1], and imposes a heavy burden on health care
systems worldwide [2–4]. CAD is caused by excessive lipid accumulation in the vessel
wall because of long-term exposure to lifestyle risk factors such as high sugar and fat.
This accumulation results in reduced endothelial function, which in turn leads to stenosis
and blockage [5]. A study has shown that vascular regeneration in the infarcted areas of
the heart and the construction of new vascular transport channels at the onset of CAD
are essential for alleviating CAD symptoms [6]. In this regard, phytotherapy has been
used in China for thousands of years to regulate human health, especially in the case of
cardiovascular and cerebrovascular diseases [7].
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As an important part of phytotherapy, Traditional Chinese Medicine (TCM) provides
us with a vast resource to develop supplements for health care and disease treatment [8].
In previous research in our laboratory, DGS was screened as a novel natural vasoprotective
combination. DGS was composed of three Chinese medicinal materials, namely, Salviae
Miltiorrhizae Radix et Rhizoma (Danshen), Puerariae Lobatae Radix (Gegen), and Crataegi
Folium (Shanzhaye). Modern pharmacological studies have shown that Danshen can
increase blood flow [9], improve circulation [10], and preserve endothelial function [11].
Danshen is the most representative herbal medicine in the Chinese medicine formula reper-
toire for the treatment of ischemic diseases [12]. Gegen is usually used as a “medicinal pair”
with Danshen. Shanzhaye is also commonly utilized for promoting blood circulation and
resolving blood stasis. All three herbs are used as dietary supplements for the prevention
and treatment of diseases [13–15]. Further studies have reported salvianolic acid B in
Danshen exerts significant anti-myocardial ischemic effects and can alleviate oxidative
stress damage caused by myocardial ischemia [16]. Hyperoside, one of the important
flavonoids in Gegen, is known for its vasoprotective effects [17]. However, the potential
components and mechanisms of this combination have not been thoroughly reported.

TCM exerts a multi-component, multi-target, and multi-pathway synergistic effect [18].
However, this complexity is a bottleneck for revealing its modern scientific significance.
Network pharmacology is a new approach that analyzes the complexities of drugs and
diseases and visualizes the drug treatment mechanisms through the construction of bi-
ological association networks, which are in line with TCM philosophy [19]. Therefore,
this study aimed to devise a new network pharmacology-driven strategy to investigate
the active components and network molecular mechanism of DGS. Moreover, transgenic
zebrafish were used as the in vivo experimental animal model to evaluate the bioactive
effects of DGS samples. Finally, this research aspired to reveal the potential components
and pharmacodynamic mechanisms of DGS in the intervention of CAD.

2. Results
2.1. Identification of the Chemical Components of DGS

HPLC-qTOF-MS/MS was used to analyze the composition of DGS. Based on chro-
matographic retention times and fragment ion information of the molecules, 37 compounds
were identified from the DGS samples (Figure 1). The compound names, retention times
(min), and molecular formulae are listed in Table 1. The m/z 359.0761 in the negative ion
mode corresponds to the [M-H]− ion peak of Rosmarinic acid. The primary and secondary
mass spectra of Rosmarinic acid are consistent with the cleavage of primary and secondary
given in the MoNA database. Furthermore, a molecular ion peak was seen at m/z 609.1415,
which corresponded to the [M-H]− ion peak of rutin [20]. The secondary mass spectrum
of rutin showed a mass spectral fragment of m/z 301, a [M-H-C12H22O10]− mass spectral
fragment formed by the loss of two sugar rings of rutin. Salvianolic acid B [21], tanshinone
IIA, cryptotanshinone, and hyperoside were respectively identified by the [M-H]− ion peak
at m/z 717.1220, m/z 293.1192, m/z 295.1362, and [M-H]− ion peak at m/z 463.0851 in the
negative ion mode. Tanshinone IIA, cryptotanshinone, and hyperoside were identified
through the NoMB database. Based on mass spectrometry information of primary and
second ion fractions, nearly half of the 34 compounds identified from the DGS samples
were found to be flavonoids and their glycoside derivatives and the rest were phenolic
acids and tanshinones.
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Table 1. Compound analysis and identification of extract of DGS.

Peak
No.

Retention
Time (min) Formular Calc. Mass Molecular Ion

(m/z)
Mass Error

(ppm) Fragment Ion Compound Name

1 1.256 C7H12O6 191.05611 191.0576 7.8 173.0375, 93.0279, 87.0043, 85.0251 Quinic acid
2 3.268 C11H12O7 255.0510 255.0505 −2.1 165.0451, 147.0418, 131.0459 Piscidic acid
3 4.823 C26H28O13 547.14571 547.1468 2.0 295.0490, 267.0542 Mirificin
4 4.908 C30H26O12 577.1352 577.138 3.2 425.5437, 255.4897 Procyanidin B2
5 5.23 C15H14O6 289.07176 289.0737 6.9 205.2053, 189.8794 (−)-Epicatechin
6 6.283 C21H20O10 431.0937 431.0899 −8.8 311.0481, 283.0500 Vitexin
7 6.425 C16H18O9 353.0878 353.08501 −7.9 191.0235, 179.0027 Chlorogenic acid
8 6.866 C11H12O6 239.0561 239.0551 −4.2 179.0277, 177.0486, 107.0453 2-(Carboxymethyl)-4,5-dimethoxybenzoic acid
9 7.199 C22H22O11 461.1035 461.1033 −0.4 253.0397 Tectoridin

10 7.55 C26H28O14 563.1406 563.1428 3.9 311.0433, 283.0471, 227.0628 Schaftoside
11 8.52 C21H20O9 415.1005 415.0963 −7.2 296.0397, 267.0549, 207.0577, 193.0550 Puerarin
12 9.137 C26H20O10 491.0984 491.0985 0.3 363.1897, 351.6277, 320.0439 Salvianolic acid C
13 9.202 C22H22O10 445.1140 445.1103 −8.3 283.0402 3′-Methoxypuerarin
14 10.518 C15H10O4 253.0506 253.0487 −7.6 223.0306, 209.0538 Daidzein
15 11.318 C29H34O14 605.1876 605.1836 −6.6 297.0657, 253.0771 Pueroside A
16 11.706 C21H20O10 431.0984 431.0955 −6.7 269.0337 Genistin
17 12.261 C27H30O14 577.1563 577.1557 −1.1 413.0696, 313.0373, 293.0346 Vitexin 2”-O-rhamnoside
18 13.302 C15H10O5 269.0456 269.0478 8.4 252.0337 Genistein
19 13.341 C27H30O15 593.1512 593.1483 −4.9 311.0412, 283.0351 Tectorigenin 7-O-xylosylglucoside
20 14.927 C21H20O12 463.0882 463.0851 −6.7 303.0245 Hyperoside
21 15.64 C27H30O16 609.1461 609.1415 −7.6 301.03118 Rutin
22 15.74 C18H16O8 359.0772 359.0761 −3.2 161.0169, 135.0388, 119.4798 Rosmarinic acid
23 16.1 C26H22O10 493.1140 493.1100 −8.2 295.0498, 313.0585, 197.0355, 162.0195 Salvianolic acid A
24 16.452 C27H22O12 537.1038 537.0986 −9.8 313.0583, 295.0497 Lithospermic acid
25 17.822 C36H30O16 717.14611 717.1420 −5.7 429.1065, 339.0366, 320.0352, 279.0567, 185.0106 Salvianolic acid B
26 19.44 C27H30O15 593.1512 593.1471 −6.9 414.0734, 311.0541, 293.0322 Vitexin-4”-O-glucoside
27 20.929 C36H30O16 717.1461 717.1420 −5.7 537.0832, 493.0698, 339.0386, 295.0556 Salvianolic acid L
28 23.049 C29H26O12 565.1352 565.1376 4.3 339.0376, 321.0272, 293.0328 Dimethyl Lithospermate
29 24.749 C26H20O10 491.0984 491.0939 −9.1 295.0532 isosalvianolic acid C
30 31.259 C20H28O2 301.2162 301.2156 −2.1 271.6406, 259.5924 Sugiol
31 33.13 C16H16O5 287.0925 287.0906 −6.8 269.2039, 258.1443 Shikonin
32 33.32 C19H18O3 293.1138 293.1192 3 231.3145, 221.1474 Tanshinone IIA
33 33.845 C19H22O4 313.14453 313.1455 3.0 227.0246, 212.0280, 267.0357 Tanshinone V
34 35.93 C19H20O3 295.1340 295.1362 7.6 277.0811, 265.0752, 209.0584 Cryptotanshinone

35 36.129 C19H22O3 297.1496 297.1519 7.7 270.3796, 253.1184 2-[2-(6-methoxy-3,4-dihydro-2H-naphthalen-1-
ylidene)ethyl]-2-methylcyclopentane-1,3-dione

36 36.555 C17H14O6 313.0717 313.0703 −4.4 295.1204, 283.1224, 268, 255.1049 Salvianolic acid F
37 37.433 C39H54O7 633.3797 633.3828 4.9 617.3838, 471.358 3-O-p-Coumaroyltormentic acid
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Figure 1. The HPLC-QTOF/MS total ion chromatogram of DGS in the negative ion modes.

2.2. Key Component and Target Screening and Prediction Using Network Pharmacology Analysis

A total of 35 compounds were successfully predicted to be the targets of action in the
SwissTargetPrediction database. The compounds Piscidic acid and Schaftoside could not be
predicted in the SwissTargetPrediction database based on two-dimensional (2D) and three-
dimensional (3D) similarities. Hence, they were excluded. A total of 442 biological targets
were obtained by combining these 35 compounds and removing duplicates. Moreover,
859 CAD-related targets were obtained from the Genecards database using the correlation
score of >20 as the screening criterion. A Venn diagram analysis of the compound’s target
library against the disease’s target library yielded 112 incorporative targets (Figure 2A).
The top five enriched target categories were protease, enzyme, kinase, nuclear receptor,
and secreted protein. As shown in Figure 2B, the top five targets in the protein–protein
interaction (PPI) network in terms of degree-value were ALB, TNF, VEGFA, EGFR, and
CASP3. Cytoscape 3.9.1 was employed to calculate the network topology data, and the
MCODE plug-in was used to calculate the most closely linked clusters in the PPI network.
A total of 4 clusters were obtained, with cluster scores of 23.667, 8.147, 3.5, and 3 (Figure 2B’).
Cluster 1 with the highest clustering score was used for subsequent analysis.

In the biological process enrichment analysis, Cluster1 was imported into the David
database for GO enrichment analysis. Annotations of genes were obtained by using GO
analysis. The screening was performed on a p < 0.05 basis, and the top 30 biological pro-
cesses were listed according to the magnitude of the p-value (Figure 2C). It chiefly involved
cytokine-mediated signaling pathway, positive regulation of MAPK cascade, positive regu-
lation of cell migration, positive regulation of kinase activity, protein autophosphorylation,
positive regulation of MAP kinase activity, MAPK cascade, positive regulation of pro-
tein phosphorylation, positive regulation of nitric oxide biosynthetic process, positive
regulation of ERK1 and ERK2 cascade, positive regulation of cell proliferation, positive
regulation of phosphatidylinositol 3-kinase signaling, and negative regulation of endothe-
lial cell apoptotic. These biological processes were mostly involved in the regulation of
cytokines, cascade activation of the MAPK pathway, positive regulation of protein phos-
phorylation, positive regulation of NO synthesis, positive regulation of cell proliferation,
anti-endothelial cell apoptosis, etc. The top 30 KEGG signaling pathways at p < 0.05 and
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sorted according to count value size. As shown in Figure 2D, KEGG pathway enrichment
analysis revealed that most of the DGS targets were concerned with the regulation of cell
proliferation, anti-apoptosis, cell migration, and angiogenesis.

Figure 2. Network pharmacology analysis: (A) The Venn diagram analysis for DGS and HCD targets.
(B) PPI network of the DGS compounds targets against CAD. (B’) MCODE analysis of PPI network.
(C) Biological process analysis of PPI networks with a clustering score of 23.667. * Represents a
potentially important biological process. (D) KEGG enrichment analysis of PPI networks with a
clustering score of 23.667. * Represents a potentially important signaling pathway.

2.3. Pharmacological Mechanism Analysis in HUVECs
2.3.1. Effect of DGS on the Proliferation and Migration of HUVECs

The CCK-8 assay was performed to evaluate the cell viability after the treatment with
DGS. As illustrated in Figure 3A, DGS significantly increased the viability of HUVECs.
Six concentration groups of DGS were used to treat the HUVECs for 24 h. The mean cell
survival rate of the 1 µg/mL DGS group was 116%, which did not show a proliferative
effect compared with the control (Ctrl) group (100%). After treatment with DGS, the cell
survival rates were 129.0% (p < 0.01), 127.4% (p < 0.01), 126.3% (p < 0.01), 128.0% (p < 0.01),
and 124.3% (p < 0.01) in the five concentration groups of 2, 4, 8, 16, and 32, respectively, in
comparison with the control group. These results indicate that DGS significantly promotes
the proliferation of HUVECs.

Endothelial cell migration is essential for angiogenesis. Therefore, the effect of DGS
on the migration of HUVECs was evaluated using wound-healing assays. As shown in
Figure 3A,B, VEGF significantly increased the migration of endothelial cells to the wound
healing zone after injury (p < 0.0001). Treatment of HUVECs with DGS revealed that DGS
significantly promoted the migration of endothelial cells toward the middle of the scratch
and promoted scratch healing.
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Figure 3. Effect of DGS on HUVECs cells in vitro: (A) An CCK-8 assay was carried out to measure
HUVECs viability. (B) Effect of different concentrations of DGS on the migration of HUVECs cells.
Results are presented as the mean ± SEM. (C) The healing area of the wound at 0 and 24 h were
photographed by microscopy. The red dashed box represents the area counted after migration. Scale
bar: 100 µm. (D) The migration of HUVECs in Transwell migration assays. Scale bar: 100 µm.
(E) DGS promoted tube formation of HUVECs. Scale bar: 100 µm. (F) Quantification of the number of
migrated cells. (G) Quantitative analysis of branch points for tube formation assays. (H) Quantitative
analysis of capillary length for tube formation assays. Values are expressed as the mean ± SEM.
ns p < 0.05 vs. Control, * p < 0.05 vs. Control, ** p < 0.01 vs. Control, *** p < 0.001 vs. Control,
**** p < 0.0001 vs. Control.

The formation of blood vessels rests on the proliferation and migration of endothelial
cells. Therefore, in addition to the above wound healing assay that examined the lateral
migration of the endothelial cells, the transwell assay that investigated the longitudinal
migration of the cells after the treatment with DGS was performed. As presented in
Figure 3D,F, the migration of HUVECs was significantly increased compared with the
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control after treatment with VEGF-positive drugs. Moreover, DGS significantly increased
the ability of HUVECs to migrate toward the backside of the membrane. Compared with
the Control group (0.6568 HPF), the mean values of the number of cells migrating to the
back of the membrane with 4, 8, and 16 µg/mL of DGS were 1.198 (p > 0.05), 1.763 (p < 0.01),
and 1.946 (p < 0.001) HPF, respectively.

Angiogenesis was evaluated in terms of endothelial cell migration. Matrix gel was
used to evaluate the ability of DGS to promote tube formation in HUVECs. Furthermore,
the ability to promote tube formation was assessed based on the capillary length and the
number of branching points. HUVECs treated with VEGF resulted in a mean number
of branch points and a mean capillary length of 52.80 (p < 0.01) and 8144 µm (p < 0.05),
respectively, compared with the control group; the mean value of the number of branch
points for the three concentrations after the treatment of HUVECs with DGS control were
49.91, 65.75, and 50.64, respectively, and the lumen lengths were 8417, 10,568, and 8098,
respectively (Figure 3E,G,H).

2.3.2. NO and VEGF Release and Protein Expression of DGS

Compared with the control group, the NO level was increased in the high concen-
tration group of DGS (16 µg/mL) (p < 0.05), but there was no difference in NO secretion
between 4 µg/mL DGS and 8 µg/mL DGS groups (p > 0.05). In ELISA, compared with
control, the secretion of 8 µg/mL DGS and 16 µg/mL VEGFA treatment groups compared
to the control group (p < 0.05, p < 0.05) (Figure 4A,B).

Figure 4. Regulation of NO, VEGF, and related proteins by DGS: (A) Effect of DGS on NO levels.
(B) Effect of DGS on VEGFA levels. (C) Western blot results. (D–G) are the results of statistical
analysis of VEGFR2/GAPDH, p-Akt/Akt, p-Erk1/2/Erk1/2, and p-eNOS/eNOS, respectively. Data
are presented as the mean ± SEM from at least three independent experiments. * p < 0.05 vs. Control,
** p < 0.01 vs. Control.

The molecular mechanisms associated with the promotion of angiogenesis by DGS
were elucidated. Further experiments to explore the pathways by which DGS enhanced
the proliferation and migration of HUVECs. As shown in Figure 4C,D, DGS significantly
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upregulated VEGFR2, thereby activating the phosphorylation of proteins related to down-
stream signaling pathways. As illustrated in Figure 4C,E, the level of Akt phosphorylation
was significantly elevated after DGS treatment, and the value of p-Akt/Akt was statistically
different compared with that of the control group (p < 0.01). Furthermore, Erk phospho-
rylation level was found to be significantly elevated and statistically different after DGS
treatment (p < 0.05, p < 0.01) (Figure 4C,F). Finally, vasodilation-related proteins were
examined, which revealed that the phosphorylation levels of eNOS were also significantly
elevated, with statistical differences (p < 0.01, p < 0.01) (Figure 4C,G). The increase in
phosphorylation of VEGFR2 and eNOS was consistent with the increased secretion of
VEGFA and NO in the cell cultures described above. These results suggest that DGS acti-
vates the VEGFA/VEGFR2/Akt/Erk/eNOS signaling pathway to promote angiogenesis
and vasodilation.

2.4. Bioactivity Evaluation of DGS Based on Zebrafish Model In Vivo

A zebrafish assay was performed according to the schematic diagram (Figure 5A). As
shown in Figure 5B, zebrafish treated with DGS for 3 days demonstrated mortality and
abnormalities at concentrations ≥ 100 µg/mL. The LD50 of DGS was 753.7 µg/mL and
the 5% lethality was 478 µg/mL. These results suggest that efficacy assessment of DGS at
concentrations ≤ 100 µg/mL can be used for the evaluation of the efficacy of angiogenesis.

Figure 5. DGS promoted the angiogenesis of zebrafish: (A) Schematic diagram of the zebrafish
experiment. (B) The lethal curve of DGS (C) Fluorescent images of the ISV of the zebrafish. The
images of a’–f’ were partial enlargements of images a–f. Scale bar: 200 µm. (D) Fluorescent image of
the MSIV of the zebrafish. The images of g’–k’ were partial enlargements of images g–k. Scale bar:
200 µm. (E) Effect of DGS on the length of ISV in zebrafish. (F) The effect of DGS on the sprouting of
SIV in zebrafish. (G) Effect of DGS on the growth of the MSIV in zebrafish. Values are expressed as
the mean ± SEM (n = 10). #### p < 0.0001 vs. Control, * p < 0.05 vs. Model, ** p < 0.01 vs. Control,
*** p < 0.01 vs. Control, **** p < 0.0001 vs. Control.
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Transgenic Tg (flk1a: EGFP) zebrafish embryos were used to explore the proangiogenic
effects of DGS. The findings indicated that PTK787 significantly inhibited the formation of
intersegment vessels (ISVs). Most vessels were incomplete and discontinuous after PTK787
treatment (Figure 5B,D). The ISVs length in the model was 323.3 ± 38.42 µm, which was
significantly lower than that of the control (1017 ± 58.96 µm; p < 0.0001). After treatment
with CoQ10 as a positive drug, the total ISV length reached 730.0 ± 59.77 µm, which was
significantly higher than that of the model group (p < 0.0001). The lengths of ISVs after
treatment with DGS at concentrations of 10, 25, and 40 µg/mL were 610.0 ± 85.08 µm
(p < 0.01), 793.7 ± 23.71 µm (p < 0.0001), and 654.3 ± 70.81 µm (p < 0.0001), respectively.
Concerning the number of vascular sprouting, the number was significantly increased in
the CoQ10 and DGS-treated groups. In conclusion, DGS was able to significantly promote
the growth of the inhibited vessels.

To further investigate the proangiogenic effect of DGS on normal blood vessels, the
effects were assessed using the main subintestinal veins (MSIV) of the zebrafish. As
depicted in Figure 5C,F, the length of MSIV in the zebrafish treated with CoQ10 for 24 h
was 688.2 ± 22.13 µm, which was significantly higher compared with that of the control
(628.0 ± 22.13 µm; p < 0.05). After treatment with DGS at concentrations of 5, 10, and
20 µg/mL, the lengths of MSIV were 708.0 ± 18.22 µm (p < 0.01), 771.5 ± 22.72 µm
(p < 0.0001), and 775.5 ± 23.62 µm (p < 0.0001), respectively.

2.5. Dynamic Molecular Docking of Active Components of DGS with Key Targets

The binding ability of compounds from DGS to VEGFR2 was validated in the present
study using the same molecular docking to provide evidence for the proangiogenic effect of
DGS with a virtual approach. All 37 components of DGS were docked to the binding pocket
of VEGFR2, and an agonist of VEGFR2 was used as the positive control. All compounds
were docked into the active pocket of VEGFR2, and all exhibited binding energies were
greater than −5 kcal/mol. When the binding energy of agnuside was used as a control [22],
nine compounds had binding energies greater than that of agnuside, as shown in Table 2.
The binding modes of agnuside and salvianolic acid C with VEGFR2 were visualized
separately using Pymol, which showed that the binding of agnuside to VEGFR2 was
mainly via hydrogen bonding and pi-sigma interactions (Figure 6A). On the contrary,
salvianolic acid C displayed pi–pi stacked interactions in addition to hydrogen bonding
and pi–sigma interactions (Figure 6B).

Based on the docking results, salvianolic acid C and agnuside with VEGFR2 were
further selected for MD simulation to examine their stability in the binding pocket. Root
mean square deviation (RMSD) serves as an important basis for measuring system stability.
In this study, the mean RMSD of the salvianolic acid C–VEGFR2 system after balance was
2.63 ± 0.323 Å (Figure 7A). Meanwhile, the mean RMSD of the agnuside–VEGFR2 system
after balance was 2.36 ± 0.44 Å (Figure 7A). The mean RMSD of the two systems is <3 Å,
which is completely acceptable in the protein system. Subsequently, the flexibility changes
and root mean square fluctuation (RMSF) values of amino acid residues in VEGFR2 were
evaluated. Figure 7B,F, the amino acid residues that interact with the ligand for more than
30% in the RMSF diagram. The RMSF values of most of the amino acid residues involved
in the interaction were small, thereby indicating that the stability of the entire system
was increased after salvianolic acid C and agnuside are combined with VEGFR2. The 2D
visualization analysis of the salvianolic acid C–VEGFR2 system showed that salvianolic
acid C formed hydrogen bonds with VEGFR2 via LYS-920, ASN-923, ARG-842, CYS-919,
GLU-917, and GLU-885; furthermore, it forms Pi–Pi stacking interaction with PHE-1047
(Figure 7C,D). The 2-D visual analysis of the agnuside–VEGFR2 system showed that
agnuside formed hydrogen bonds with VEGFR2 through VAL-914, THR-916, GLU-885,
VAL-899, ASP-1046, and ILE-1025; moreover, it formed π–cation stacking with LYS-868
(Figure 7G,H). All the interaction durations exceed 30% of the whole simulation time.
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Table 2. Docking information of VEGFR2 with the corresponding compounds.

Ligand Binding Affinity
(kcal/mol) Type of Interaction

Agnuside −8.8
Hydrogen bonding: PHE-1047, ILE-1044, ASP-046,

LYS-868, VAL-914, ALA-866;
π–Sigma: THR-916

Salvianolic Acid C −10.7

Hydrogen bonding: LYS-920, CYS-919, ASN-923,
ASP-1046, GLU-885, THR-916;

π–Sigma: LEU-840, LEU-1035, THR-916;
π–π stacked: PHE-918

Isosalvianolic Acid C −9.7
Hydrogen bonding: GLU-917, CYS-919, ASN-923;

π–Sigma: PHE-1047;
π–π stacked: PHE-918, PHE-1047

Genistin −9.6
Hydrogen bonding: GLU-885, THR-916, ASN-923;

π–Sigma: THR-916, VAL-848, LEU-1035;
π–π stacked: PHE-918

3-O-p-Coumaroyltormentic acid -9.4 Hydrogen bonding: ILE-1025;
π–π stacked: PHE-845

Tanshinone IIA −9.2 π–Sigma: PHE-1047, PHE-845;
π–π stacked: PHE-845

2-[2-(6-Methoxy-3,4-Dihydro-2H-Naphthalen-1-
Ylidene)Ethyl]-2-Methylcyclopentane-1,3-Dione −9.2 π–Sigma: LEU-840,

π–π stacked: PHE-845

Daidzein −9.1 π–Sigma: THR-916, LEU-1035, LEU-840;
π–π stacked: PHE-918

Rosmarinic Acid −9
Hydrogen bonding: GLU-917, CYS-919,

ASP-1046, LYS-868;
π–Sigma: LEU-889, LEU-1035

Lithospermic Acid −9 Hydrogen bonding: GLU-885, MET-869, ASP-1046;
π–π stacked: PHE-845

Figure 6. Molecular docking of Agnuside and Salvianolic Acid C to VEGFR2 protein: (A) Agnuside
binding model with VEGFR2, yellow dashed lines represent hydrogen bonding interactions, green
dashed lines represent π–Sigma interactions. (B) Salvianolic Acid C binding model with VEGFR2,
yellow dashed lines represent hydrogen bonding interactions, green dashed lines represent π–Sigma
interactions and red dashed lines represent π–π stacked interactions.
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Figure 7. Dynamics molecular docking of two protein–ligand complexes, Salvianolic Acid C–VEGFR2
(A–D) and Agnuside–VEGFR2 (E–H): (A) RMSD of Salvianolic Acid C–VEGFR2. (B) RMSF of
Salvianolic Acid C–VEGFR2. (C) Protein–Ligand Contacts Diagram of Salvianolic Acid C–VEGFR2; Y
axis suggests that percentage of the simulation time the specific interaction is maintained; Values over
1.0 are possible as some protein residue may make multiple contacts of the same subtype with the
ligand. (D) A schematic of detailed Salvianolic Acid C atom interactions with the VEGFR2 residues.
(E) RMSD of Agnuside–VEGFR2. (F) RMSF of Agnuside–VEGFR2. (G) Protein–Ligand Contacts
Diagram of Agnuside–VEGFR2. (H) A schematic of detailed Agnuside atom interactions with the
VEGFR2 residues.

3. Discussion

It is well known that TCM has complex component systems, and their mechanisms are
often difficult to explain using existing techniques. This difficulty greatly limits the global-
ization of traditional Chinese medicine. Effective study of the holistic effects of complex
component systems has become a huge challenge. However, “Network pharmacology” has
offered a new way to solve this problem [23,24]. Using system biology and computer tech-
nology, network pharmacology builds a “disease–gene–target–drug” interaction network,
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and systematically displays the impacts of drugs on the disease network [25]. Therefore,
compared with the conventional single-target mode of action, network pharmacology is
more suitable for studying the complex effects of TCM and has been rightly called the
“next-generation drug development model”. However, most of the network pharmacology
studies in TCM are based on the results of network pharmacological analysis to explain the
complexity of Chinese medicine, and there is a lack of mature theoretical guidance for sub-
sequent experimental studies. Hence, this study proposes a Network pharmacology-driven
strategy to investigate the molecular mechanism of TCM, with the hope of enhancing the
precision of experimental research.

In this study, most of the components of DGS, including phenols, tanshinones, and
flavonoids, were identified using HPLC-qTOF/MS. The phenolic compounds in Danshen
have been reported to promote myocardial ischemic angiogenesis [26]. Mass spectrome-
try asserted the presence of salvianolic acid A, B, C, L, and other phenolic acids in DGS.
Flavonoids are present in almost all plants and studies have shown that they can inhibit
cardiac injury through a variety of mechanisms [27]. Mass spectrometric detection revealed
the presence of rutin, hyperoside, and other flavonoids in DGS. The mechanisms by which
these components acted in the treatment of CAD were investigated. Network pharma-
cology was used to analyze the action network of DGS, which indicated that the targets
of DGS action are mainly enriched in biological processes related to cytokine regulation,
protein phosphorylation, activation of the MAPK signaling pathway, and cell proliferation.
Subsequently, KEGG pathway enrichment analysis revealed that the highest enrichment of
targets was in the PI3K-Akt signaling pathway. A study has reported that the PI3K-Akt
pathway plays a key role in the emergence, progression, and treatment of CAD, thereby
activating downstream pathways that control cell survival, proliferation, migration, and
other biological processes after receiving intracellular and extracellular feedback [28]. As
an effector downstream of Akt, eNOS can be activated to control endothelial cell survival,
proliferation, apoptosis, and intravascular environment stability after the development
of coronary lesions in the heart [29,30]. Additionally, activation of downstream eNOS
contributes to myocardial angiogenesis, which is similar to the effect of VEGF in promoting
therapeutic angiogenesis in CAD [31]. It has been reported that Danhong injection can
promote the growth of vessels in the myocardial infarct site by activating the ERK signal-
ing pathway [32]. Therefore, the phenotypic and signaling pathway mechanisms were
validated in subsequent studies.

The zebrafish is an emerging internationally recognized model animal. During ze-
brafish embryonic development, angiogenesis can be visualized under a microscope and is
currently considered one of the best models for studies on angiogenesis [33,34]. Specifically,
the transgenic Tg (flk1a:EGFP) zebrafish with green fluorescence of the vascular can be
observed via video and imaged under a fluorescence microscope with great convenience to
assess the effect of the drug on vessel growth [35]. All mammalian and zebrafish endothelial
cells are extremely plastic and retain their plasticity even after reaching adulthood. After
enduring cardiac injury, mice can form new coronary arteries from pre-existing endothelial
cells [36,37]. The zebrafish vascular growth model is ideally suited as it mimics human vas-
cular disease models for new drug screening and evaluation [38]. Our experimental results
established that DGS can promote vascular growth in vivo by increasing the vessel length
and the number of vascular outgrowths, without any effects on zebrafish development, at
the effective dose.

The findings from network pharmacology and zebrafish experiments suggest that
effective angiogenesis can enhance blood perfusion in the case of CAD and alleviate cardiac
injury. Therefore, the angiogenic mechanisms of DGS in vitro were further investigated.
Endothelial cells are involved in angiogenesis at the lesion site mainly via two pathways:
proliferation and migration [39]. The CCk-8 assay demonstrated that DGS significantly
increased the viability of HUVECs, which established that DGS could promote the prolif-
eration of HUVECs. The ability of DGS to promote the migration of HUVECs was then
assessed using the wound healing assay [40], transwell assay [41], and tube formation
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assay [42]. The results showed that DGS significantly stimulated the migration of HU-
VECs towards the scratch region and the lower transwell compartment and significantly
stimulated the tube formation ability of HUVECs.

Furthermore, the levels of VEGFA and NO secretion in HUVECs were measured, and
angiogenic and diastolic-associated proteins were quantified using Western blot. NO is a
key cell-signaling molecule that is produced by activated eNOS catalyzing L-arginine[43].
Activation of eNOS and release of NO will induce the vasodilation of vessels, and NO
is necessary to maintain endothelial cell function [44]. In this study, the secretion of NO
and the phosphorylation level of eNOS in HUVECs were measured, which signified that
DGS significantly upregulated p-eNOS and stimulated the secretion of NO. Moreover,
NO is one of the main mechanisms that promote angiogenesis [45]. Our results suggest
that DGS can stimulate the secretion of VEGFA to upregulate VEGFR2, thereby accentu-
ating the binding of VEGFA to VEGFR2. ERK and Akt are located downstream of the
VEGF/VEGFR2 pathway, and it has been shown that the phosphorylation of Erk and
Akt can further mediate the proliferation and migration of HUVECs, thereby promoting
angiogenesis [46]. The results allude that DGS may promote angiogenesis and vasodilation
by promoting the phosphorylation of Akt and Erk. As shown in Figure 8, DGS activates
the downstream Akt/Erk/eNOS pathway by promoting the binding of VEGFA to VEGFR2.
This activation ultimately releases NO to expand blood vessels and mediates the prolifer-
ation, migration, and angiogenesis of HUVECs. The dynamic molecular docking results
showed that the key compounds in DGS exhibit a good binding capacity for VEGFR2,
specifically salvianolic acid C, which may be an important agonist of VEGFR2 and activate
downstream signaling pathways.

Figure 8. DGS participates in the overall regulatory network of CAD inhibition through angiogenesis
and vasodilation.
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4. Materials and Methods
4.1. Cell and Reagents

HUVECs were purchased from Jinan Dinguo Changsheng Biotechnology Co., Ltd.
(Jinan, China). PTK787 was purchased from the AbMole BioScience (Houston, TX, USA).
Pronase E and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (Mannheim,
Germany). Coenzyme Q10(CoQ10) was purchased from Yuanye (≥98% HPLC, Shanghai,
China). Methyl alcohol and acetonitrile were purchased from TEDIA (Anhui, China). Cell
Counting Kit-8 (CCK-8) and bovine serum albumin (BSA) were purchased from GeneView
(Houston, TX, USA). Nitric oxide (NO) assay kit was purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). A Human VEGF ELISA kit was purchased
from ABclonal (Boston, MA, USA). We used the following primary antibodies: rabbit
anti-GAPDH (Cell Signaling; Danvers, MA, USA), rabbit anti-VEGFR2 (Cell Signaling),
rabbit anti-Akt (Cell Signaling), rabbit anti-p-Akt (Cell Signaling), rabbit anti-Erk1/2 (Cell
Signaling), rabbit anti-p- Erk1/2 (Cell Signaling), rabbit anti-eNOS (Cell Signaling), and
rabbit anti-p-eNOS (Cell Signaling). We used the following secondary antibody for the
experiment: HRP-conjugated goat anti-rabbit IgG (ABclonal).

4.2. Plant Material and Extraction

The DGS is composed of Danshen/Gegen/Hawthorn leaf = (1:1:1. Ratio). The medici-
nal material samples of Danshen, Gegen, and Hawthorn leaves were collected from Hongji
Tang Herbal Drug Store (Qingdao, China) and identified as Salviae Miltiorrhizae Radix
et Rhizoma (the root of Salvia miltiorrhiza Bge.), Puerariae Lobatae Radix (The root of
Pueraria lobata (Willd.) Ohwi), and Crataegi Folium (the leaf of Crataegus pinnatifida
Bge.) by Dr. Liwen Han, Shandong First Medical University and Shandong Academy
of Medical Sciences. The sample preparation method was as follows: 1000 g of crushed
Danshen was extracted twice with 10 L of 80% ethanol at reflux for 2 h each time, filtered,
and then combined with the extract, and concentrated and dried under reduced pressure
to obtain the Danshen extract. Then, 1000 g of Gegen was crushed and extracted thrice
with 10 L of 70% ethanol for 2 h each time; the extracts were filtered, concentrated, and
then dried under reduced pressure. The Hawthorn leaves were then crushed and extracted
by refluxing twice with 70% ethanol, each time for 2 h; the obtained extract was filtered,
combined, concentrated, and then dried under reduced pressure to obtain the Hawthorn
leaf extract. Three extracts were blended to obtain the sample of DGS.

4.3. Chromatographic and Mass Spectrometry Conditions

The DGS powder sample was dissolved in methanol at the concentration of 6.6 mg/mL
methanol solution and filtered through a 0.22µm microporous membrane. SCIEX ExionLCTM

AD ultra-performance liquid chromatography system, and SCIEX X500R Quadrupole time-
of-flight mass spectrometer (SCIEX, Framingham, MA, USA) with SCIEX OS software were
used under the chromatographic condition: Shimadzu Shim-pack GIST-C18 column (2 um,
3.0 × 100 mm), column temperature 40 ◦C; mobile phase composed of 0.1% formic acid in
water and methanol in B; the gradient elution program 0 min, 18% B; 1 min, 18% B; 10 min,
35% B; 27 min, 55% B; 35 min, 80% B; 48 min, 82% B; 49 min, 18% B. The flow rate was set to
0.4 mL/min, the injector temperature was set to 15 ◦C, and the injection volume was 2 µL.

Mass spectrum condition: scanning was performed in the negative ionization mode
using an electrospray ionization (ESI) source. The data acquisition method was information
dependent acquisition (IDA). The scan range was 50–2000 Da, the ion source temperature
was 550 ◦C, the declustering voltage was 5500 V and the accumulation time was 0.2 s. The
settings for Gas 1, Gas 2, Curtain Gas, and CAD Gas were 50, 55, 35, and 7 psi, respectively.
The data were processed using the SCIEX OS software. Compounds were characterized
using primary and secondary mass spectra plotted by comparison with literature or the
MassBank of North America Database (MoNA) (https://mona.fiehnlab.ucdavis.edu/,
accessed on 10 November 2021).

https://mona.fiehnlab.ucdavis.edu/
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4.4. Collection of DGS-Related Targets and CAD-Related Targets

The compounds’ structure obtained by mass spectrometry was input in the SMILES
format using the Pubchem (https://pubchem.ncbi.nlm.nih.gov/, accessed on 10 December
2021) database. The compounds were imported into the SwissTargetPrediction (http:
//www.swisstargetprediction.ch/, accessed on 10 December 2021) database [47] in SMILES
format, and the targets of Homo Sapiens species were selected. The results of the predicted
targets were screened with a probability value > 0. Finally, the predicted targets were
combined and de-duplicated to build a compound target library. All targets for the disease
were obtained in the GeneCards (https://www.genecards.org/, accessed on 10 December
2021) database [48] using the keyword “Coronary Artery Disease“ and the targets were
filtered according to the Relevance score > 20.

4.5. Protein–Protein Interaction (PPI) Network

The intersecting targets were obtained by combining the DGS target library with the
CAD target library using the online Venn Analysis tool (http://bioinformatics.psb.ugent.
be/webtools/Venn/, accessed on 10 December 2021). All intersecting targets were imported
into the String database to obtain protein interaction network data for the intersecting
targets. The obtained protein data network was imported into Cytoscape 3.9.1 for PPI
visualization and topological analysis. MOCODE, a data connectivity-based plug-in for
finding dense regions of the protein interaction networks, was employed to uncover the
most closely related protein interaction networks in a complex network [49]. The PPI
network was further analyzed using the MCODE plugin in Cytoscape 3.9.1 to identify
small, closely related networks in the entire interactions, and the targets in the interactions
with the highest scores were selected for subsequent enrichment analyses based on the
MCODE clustering scores.

4.6. Gene Ontology (GO) and KEGG Pathway Enrichment Analysis

The targets obtained from the MCODE plugin screening were imported into the David
(https://david.ncifcrf.gov/ accessed on 20 June 2022) database [50,51] for GO enrichment
analysis and the KEGG pathway enrichment analysis. The top 30 enrichment results were
visualized using Tableau2019 using either p-value or Count value; p < 0.05 items were
retained for the screening results.

4.7. Cell Culture and Treatment

HUVECs were cultured at 37 ◦C in DMEM (Gibco; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) with 10% fetal bovine serum (FBS, Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA), 1% penicillin–streptomycin (Gibco), and 1% endothelial cell
growth supplement (ECGS). The culture medium was refreshed every other day unless
otherwise stated. The drugs used to treat HUVECs cells were formulated with DMSO, and
the amount of DMSO in all cell cultures was required to not exceed 5‰ of the total volume.

4.8. CCK-8 Assay

CCK-8 was used to test the viability of cells after treatment with different concentra-
tions of DGS. The HUVECs were seeded into a 96-well plate at a density of 1 × 104 cells
per well. The microplate was placed in a CO2 incubator at 37 ◦C for 24 h, after which 10 µL
of the CCK-8 solution was added to each well and the plate was incubated for 2 h. The
absorbance was measured using an enzyme marker (Spectramax id5) at 450 nm.

4.9. Wound Healing Assay

HUVECs cells were seeded in a 6-well plate and cultured overnight until a confluent
monocytic layer was formed and a straight cell scratch was made on the monolayer with
the tip of a 200 µL pipette tip. The cells were treated with VEGF or different concentrations
of DGS. The scratches were imaged separately using an Olympus IX83 inverted microscope

https://pubchem.ncbi.nlm.nih.gov/
http://www.swisstargetprediction.ch/
http://www.swisstargetprediction.ch/
https://www.genecards.org/
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/
https://david.ncifcrf.gov/
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(10×, magnification) (Olympus, Tokyo, Japan). The scratch area was quantified using
Image Pro Plus.

4.10. Transwell Assay

In this study, the migration and invasive abilities of cultured HUVECs were assayed
using the Transwell culture system (Corning®). To the lower chamber of the Transwell,
DMEM medium containing the drug but without FBS. HUVECs cells were placed in the
upper chamber of the DMEM medium without FBS at 37 ◦C for 24 h. After treatment,
the cells were fixed with 4% paraformaldehyde for 15 min, and stained with 0.5% crystal
violet for 10 min. Cell migration was imaged and quantified using an Olympus IX83
inverted microscope.

4.11. Tube Formation Assay

The angiogenic potential of HUVECs was assessed by in vitro tube formation assays.
Briefly, a 96-well plate was pre-coated with Matrigel (Corning®) substrate (50 µL/well)
and then polymerized at 37 ◦C for 60 min. Approximately 3 × 104 HUVECs were seeded
in each well and the plate was incubated in a CO2 incubator for 6–8 h at 37 ◦C. Finally,
the tubular structures formed by HUVECs in the 96-well plate were observed under an
inverted microscope.

4.12. VEGF and NO Level Detection

Cultures of drug-treated HUVECs cells were collected separately, and the supernatant
was removed through centrifugation at 10,000 rpm and then stored at −20 ◦C. The VEGFA
expression was assessed using an ELISA kit (R&D), as per the manufacturer’s institutions.
The amount of NO secreted was enumerated according to the manufacturer’s instructions.

4.13. Western Blotting

Cells in the exponential differentiation phase were diluted to a cell suspension of
1× 105 cell/mL using complete medium. Cells were seeded into a 6-well plate at 2 mL/well
in an incubator at 37 ◦C and 5% CO2. When the cells spread across 70% of the bottom of the
6-well plate, the complete medium was replaced with serum-free medium with or without
DGS drug for 24 h.

HUVECs cells were washed and scraped out after centrifugation at 4 ◦C, followed
by washing in RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, 1% Triton, 0.5% NP40, 1 nM
PMSF). After centrifugation at 10,000 rpm for 30 min, the supernatant was collected.
The protein concentrations were determined using the BCA Protein Assay Kit (Beyotime
Biotechnology, Shanghai, China). Each lane was loaded with 20 µg of the protein and
separated. The proteins were then loaded on each lane and separated on SDS-PAGE gels,
followed by electrophoretic transfer to nitrocellulose (NC) membranes (MilliPore, Boston,
MA, USA). The membranes were blocked with 5% BSA for 2 h and then incubated with
primary antibodies at 4 ◦C. The primary antibodies were diluted in the BSA buffer, and
secondary antibodies were diluted in TBST. The antibody-reactive bands were revealed by
chemiluminescence. The images were scanned and band intensities were analyzed with
Image J software.

4.14. Animals

Adult wild-type (AB) zebrafish and Tg (flk1a:EGFP) transgenic zebrafish ((labeled
green fluorescent protein at endothelial growth factor receptor)) were reared and managed
at the Zebrafish Research Center in the School of Pharmacy and Pharmaceutical Sciences,
Shandong First Medical University. The fish were kept in a recirculating system (Shanghai
Haisheng Biological Experimental Equipment Co., Ltd., Shanghai, China) at a tempera-
ture of 28 ◦C under a mixed light schedule of 12 h light/dark. The water systems were
monitored for nitrite (<0.2 ppm), nitrate (<50 ppm), and ammonia nitrogen (0.01–0.1 ppm).
Conductivity and pH were maintained at 500 µS cm−1 and 7, respectively. The fish were
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fed with fungus shrimp twice daily and fasted for a day before spawning. The day before
spawning the fish were placed in spawning tanks in a 1:1 ratio of male to female; the next
day the isolation plates were removed after light stimulation for natural spawning, and all
eggs were collected and placed in the E3 culture water (5 mM NaCl, 0.17 mM KCl, 0.4 mM
CaCl2, 0.16 mM MgSO4) for incubation.

4.15. Animal Grouping and Administration

Transgenic Tg (flk1a: EGFP) zebrafish embryos (24 hpf) were stripped of their egg
membranes in Petri dishes containing Pronase E (1 mg/mL) and randomly distributed in
24-well plates with 10 strips/well, using 3 replicates set up for each concentration group.
The plates were then treated with different concentrations of DGS, the specific concentra-
tions administered are illustrated in the corresponding results. After 72 h of treatment at
28.5 ◦C, the development and mortality of each group of zebrafish were enumerated.

Transgenic Tg (flk1a: EGFP) zebrafish embryos (24 hpf) were stripped of their egg
membranes with Pronase E (1 mg/mL) in Petri dishes, which were randomly distributed
in 6-well plates and then treated with different concentrations of DGS as indicated in the
corresponding results. After treatment at 28.5 ◦C for 24 h, the zebrafish larvae were rinsed
several times with water and then transferred to a 96-well plate. The total length of the in-
tersegment vessels (ISVs) of zebrafish larvae was observed and imaged under a fluorescent
microscope. The total ISV length was quantified for each zebrafish using the Image Pro
Plus and the average ISVs length was calculated for each group of zebrafish larvae.

Transgenic Tg (flk1a: EGFP) zebrafish larvae (72 hpf) were randomly distributed in
6-well plates and then treated with different concentrations of DGS, as indicated in the
corresponding results. After treatment at 28.5 ◦C for 24 h, the zebrafish larvae were rinsed
several times with water and then transferred into a 96-well plate with the appropriate
amount of anesthetic. The total length of the main subintestinal vein (MSIV) of zebrafish
larvae was determined under a fluorescent microscope. The total MSIV length of each
zebrafish was quantified using Image Pro Plus, and the mean MSIV length was calculated
for each group of zebrafish larvae.

4.16. Dynamics Molecular Docking

The molecular docking study was conducted with the PyRx v0.8 [52]. VEGFR2 (PDB
ID:3B8Q) was obtained from the RCSB Protein Data Bank (https://www.rcsb.org/, accessed
on 1 March 2022). All polar hydrogens of the protein crystals were added, and the solvent
water molecules were removed and converted into the pdbqt format. All compounds were
obtained from the PubChem database as the sdf format files, and saved in the pdbqt format
after conversion to an energy-minimized form using Pthe yRx v0.8. Docking was performed
in the PyRx v0.8 with the following docking box parameters center_x 39.0 center_y 33.4
center_z 14.5 size_x 19.4 size_y 27.7 size_z 17.4. The results were visualized with the
Pymol v2.4.1.

Desmond software package (developed at D. E. Shaw Research) was used to investi-
gate the molecular interactions. In the molecular dynamics simulations, the complexes were
placed into an automatically calculated cube box in which the complexes were modeled
separately using transferable interatomic potential with three points model (TIP3P). The
optimization of the models was further accomplished by optimized potentials for liquid
simulations 4 (OPLS4). The system was neutralized by the addition of NaCl to make the
system isotonic. A Nosehoover thermostat was used to provide a temperature of 300 k.
The Martyna–Tobias–Klien barostat was used to maintain a pressure of 1.01325 bars. The
total time for the molecular dynamics simulation was 50 ns. Ligand–protein interactions
were simulated using the Interaction Diagram tool in the Desmond package. The Desmond
package was used to generate the RMSD and RMSF of the proteins, and the interactions
were further analyzed.

https://www.rcsb.org/
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4.17. Statistical Analysis

Data are presented as the mean ± SEM. All statistical analyses were performed using
the GraphPad Prism 9.0 software. The Student’s two-tailed t-test was performed to compare
the two study groups, while one-way ANOVA was applied to compare multiple groups.
p < 0.05 was considered to indicate statistical significance.

5. Conclusions

We explored the potential mechanisms of DGS as a phytotherapy for CAD by employ-
ing a network pharmacology-driven strategy. Our findings suggest that DGS may exert
proangiogenic and vasodilatory effects through the activation of the VEGF/VEGFR2/Akt/
Erk/eNOS signaling pathway. Molecular docking and molecular dynamics suggest that
salvianolic acid C may be a key component in exerting angiogenic and vasodilatory effects.
Furthermore, our study results can serve as a reference for the mechanism of DGS as a
natural product for phytotherapy.

Author Contributions: Conception and design of the work, Y.-G.Z., X.-X.L., Z.-M.L. and L.-W.H.;
data collection, Y.-G.Z., X.-X.L., J.-C.Z., Y.-T.-J.Z., R.D., N.W. and Z.-H.M.; analysis and interpretation
of the data, Y.-G.Z., X.-X.L., J.-C.Z., Y.-T.-J.Z., R.D., N.W. and Z.-H.M.; statistical analysis, Y.-G.Z.,
X.-X.L., J.-C.Z., R.D., N.W. and Z.-H.M.; drafting of the manuscript, Y.G-.Z., X.-X.L., J.-C.Z., R.D., N.W.
and Z.-H.M.; critical revision of the manuscript, L.L., S.-L.W., Y.-L.M., S.-S.W., Z.-H.M. and L.-W.H.;
project administration, Z.-M.L. and L.-W.H. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was funded by the Funding of the Key Project at Central Government Level: The
ability establishment of sustainable use for valuable Chinese medicine resources (2060302), Natural
Science Foundation of Shandong Province (ZR2019MH037), and Academic Promotion Programe of
Shandong First Medical University (No. 2019LJ003).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Thanks to the Zebrafish Center of School of Pharmacy and Pharmaceutical
Science, Shandong First Medical University and Shandong Academy of Medical Sciences for provid-
ing zebrafish.

Conflicts of Interest: The authors declare that they have no conflict of interest to disclose.

Sample Availability: Not available.

References
1. Juan-Salvadores, P.; Jiménez Díaz, V.A.; Iglesia Carreño, C.; Guitián González, A.; Veiga, C.; Martínez Reglero, C.; Baz Alonso, J.A.;

Caamaño Isorna, F.; Iñiguez Romo, A. Coronary Artery Disease in Very Young Patients: Analysis of Risk Factors and Long-Term
Follow-Up. J. Cardiovasc. Dev. Dis. 2022, 9, 82. [CrossRef] [PubMed]

2. Rocker, A.J.; Lee, D.J.; Shandas, R.; Park, D. Injectable Polymeric Delivery System for Spatiotemporal and Sequential Release of
Therapeutic Proteins To Promote Therapeutic Angiogenesis and Reduce Inflammation. ACS Biomater. Sci. Eng. 2020, 6, 1217–1227.
[CrossRef] [PubMed]

3. Gautam, N.; Saluja, P.; Malkawi, A.; Rabbat, M.G.; Al-Mallah, M.H.; Pontone, G.; Zhang, Y.; Lee, B.C.; Al’Aref, S.J. Current and
Future Applications of Artificial Intelligence in Coronary Artery Disease. Healthcare 2022, 10, 232. [CrossRef] [PubMed]

4. Khan, M.A.; Hashim, M.J.; Mustafa, H.; Baniyas, M.Y.; Al Suwaidi, S.K.B.M.; AlKatheeri, R.; Alblooshi, F.M.K.; Almatrooshi,
M.E.A.H.; Alzaabi, M.E.H.; Al Darmaki, R.S.; et al. Global Epidemiology of Ischemic Heart Disease: Results from the Global
Burden of Disease Study. Cureus 2020, 12, e9349. [CrossRef] [PubMed]

5. Sen, A.; Singh, A.; Roy, A.; Mohanty, S.; Naik, N.; Kalaivani, M.; Ramakrishnan, L. Role of Endothelial Colony Forming Cells
(ECFCs) Tetrahydrobiopterin (BH4) in Determining ECFCs Functionality in Coronary Artery Disease (CAD) Patients. Sci. Rep.
2022, 12, 1–12. [CrossRef]

6. Jamaiyar, A.; Juguilon, C.; Wan, W.; Richardson, D.; Chinchilla, S.; Gadd, J.; Enrick, M.; Wang, T.; McCabe, C.; Wang, Y.; et al.
The Essential Role for Endothelial Cell Sprouting in Coronary Collateral Growth. J. Mol. Cell. Cardiol. 2022, 165, 158–171.
[CrossRef]

http://doi.org/10.3390/jcdd9030082
http://www.ncbi.nlm.nih.gov/pubmed/35323630
http://doi.org/10.1021/acsbiomaterials.9b01758
http://www.ncbi.nlm.nih.gov/pubmed/33464833
http://doi.org/10.3390/healthcare10020232
http://www.ncbi.nlm.nih.gov/pubmed/35206847
http://doi.org/10.7759/cureus.9349
http://www.ncbi.nlm.nih.gov/pubmed/32742886
http://doi.org/10.1038/s41598-022-06758-8
http://doi.org/10.1016/j.yjmcc.2022.01.005


Molecules 2022, 27, 4075 19 of 20

7. Brendler, T.; Al-Harrasi, A.; Bauer, R.; Gafner, S.; Hardy, M.L.; Heinrich, M.; Hosseinzadeh, H.; Izzo, A.A.; Michaelis, M.;
Nassiri-Asl, M.; et al. Botanical Drugs and Supplements Affecting the Immune Response in the Time of COVID-19: Implications
for Research and Clinical Practice. Phytother. Res. 2021, 35, 3013–3031. [CrossRef]

8. Orekhov, A.N.; Ivanova, E.A. Cellular Models of Atherosclerosis and Their Implication for Testing Natural Substances with
Anti-Atherosclerotic Potential. Phytomedicine 2016, 23, 1190–1197. [CrossRef]

9. Ling, Y.; Shi, J.; Ma, Q.; Yang, Q.; Rong, Y.; He, J.; Chen, M. Vasodilatory Effect of Guanxinning Tablet on Rabbit Thoracic Aorta Is
Modulated by Both Endothelium-Dependent and -Independent Mechanism. Front. Pharmacol. 2021, 12, 754527. [CrossRef]

10. Wang, X.-P.; Wang, P.-F.; Bai, J.-Q.; Gao, S.; Wang, Y.-H.; Quan, L.-N.; Wang, F.; Wang, X.-T.; Wang, J.; Xie, Y.-D. Investigating the
Effects and Possible Mechanisms of Danshen-Honghua Herb Pair on Acute Myocardial Ischemia Induced by Isoproterenol in
Rats. Biomed. Pharmacother. 2019, 118, 109268. [CrossRef]

11. Wu, W.; Wang, Y. Pharmacological Actions and Therapeutic Applications of Salvia Miltiorrhiza Depside Salt and Its Active
Components. Acta Pharmacol. Sin. 2012, 33, 1119–1130. [CrossRef] [PubMed]

12. Tseng, Y.-J.; Hung, Y.-C.; Kuo, C.-E.; Chung, C.-J.; Hsu, C.Y.; Muo, C.-H.; Hsu, S.-F.; Hu, W.-L. Prescription of Radix Salvia
Miltiorrhiza in Taiwan: A Population-Based Study Using the National Health Insurance Research Database. Front. Pharmacol.
2021, 12, 719519. [CrossRef] [PubMed]

13. Cicero, A.F.G.; Colletti, A.; Bellentani, S. Nutraceutical Approach to Non-Alcoholic Fatty Liver Disease (NAFLD): The Available
Clinical Evidence. Nutrients 2018, 10, E1153. [CrossRef] [PubMed]

14. Li, Q.; Cui, Y.; Xu, B.; Wang, Y.; Lv, F.; Li, Z.; Li, H.; Chen, X.; Peng, X.; Chen, Y.; et al. Main Active Components of Jiawei Gegen
Qinlian Decoction Protects against Ulcerative Colitis under Different Dietary Environments in a Gut Microbiota-Dependent
Manner. Pharmacol. Res. 2021, 170, 105694. [CrossRef] [PubMed]

15. Dai, H.; Lv, Z.; Huang, Z.; Ye, N.; Li, S.; Jiang, J.; Cheng, Y.; Shi, F. Dietary Hawthorn-Leaves Flavonoids Improves Ovarian
Function and Liver Lipid Metabolism in Aged Breeder Hens. Poult. Sci. 2021, 100, 101499. [CrossRef]

16. Hu, Y.; Li, Q.; Pan, Y.; Xu, L. Sal B Alleviates Myocardial Ischemic Injury by Inhibiting TLR4 and the Priming Phase of NLRP3
Inflammasome. Molecules 2019, 24, 4416. [CrossRef]

17. Huo, Y.; Yi, B.; Chen, M.; Wang, N.; Chen, P.; Guo, C.; Sun, J. Induction of Nur77 by Hyperoside Inhibits Vascular Smooth Muscle
Cell Proliferation and Neointimal Formation. Biochem. Pharmacol. 2014, 92, 590–598. [CrossRef]

18. Yang, H.; Cheung, M.-K.; Yue, G.G.-L.; Leung, P.-C.; Wong, C.-K.; Lau, C.B.-S. Integrated Network Pharmacology Analysis and
In Vitro Validation Revealed the Potential Active Components and Underlying Mechanistic Pathways of Herba Patriniae in
Colorectal Cancer. Molecules 2021, 26, 6032. [CrossRef]

19. Zhang, R.; Zhu, X.; Bai, H.; Ning, K. Network Pharmacology Databases for Traditional Chinese Medicine: Review and Assessment.
Front. Pharmacol. 2019, 10, 123. [CrossRef]

20. Li, S.; Zhang, W.; Wang, R.; Li, C.; Lin, X.; Wang, L. Screening and Identification of Natural α-Glucosidase and α-Amylase
Inhibitors from Partridge Tea (Mallotus Furetianus Muell-Arg) and in Silico Analysis. Food Chem. 2022, 388, 133004. [CrossRef]

21. Chen, Y.; Zhang, N.; Ma, J.; Zhu, Y.; Wang, M.; Wang, X.; Zhang, P. A Platelet/CMC Coupled with Offline UPLC-QTOF-MS/MS
for Screening Antiplatelet Activity Components from Aqueous Extract of Danshen. J. Pharm. Biomed. Anal. 2016, 117, 178–183.
[CrossRef] [PubMed]

22. Pillarisetti, P.; Myers, K.A. Identification and Characterization of Agnuside, a Natural Proangiogenic Small Molecule. Eur. J. Med.
Chem. 2018, 160, 193–206. [CrossRef] [PubMed]

23. Xiang, W.; Suo, T.-C.; Yu, H.; Li, A.-P.; Zhang, S.-Q.; Wang, C.-H.; Zhu, Y.; Li, Z. A New Strategy for Choosing “Q-Markers”
via Network Pharmacology, Application to the Quality Control of a Chinese Medical Preparation. J. Food Drug Anal. 2018, 26,
858–868. [CrossRef] [PubMed]

24. Li, S.; Zhang, B.; Jiang, D.; Wei, Y.; Zhang, N. Herb Network Construction and Co-Module Analysis for Uncovering the
Combination Rule of Traditional Chinese Herbal Formulae. BMC Bioinform. 2010, 11, S6. [CrossRef] [PubMed]

25. Li, S.; Zhang, B. Traditional Chinese Medicine Network Pharmacology: Theory, Methodology and Application. Chin. J. Nat. Med.
2013, 11, 110–120. [CrossRef]

26. Yu, L.-J.; Zhang, K.-J.; Zhu, J.-Z.; Zheng, Q.; Bao, X.-Y.; Thapa, S.; Wang, Y.; Chu, M.-P. Salvianolic Acid Exerts Cardioprotection
through Promoting Angiogenesis in Animal Models of Acute Myocardial Infarction: Preclinical Evidence. Oxidative Med. Cell.
Longev. 2017, 2017, 8192383. [CrossRef]

27. Syahputra, R.A.; Harahap, U.; Dalimunthe, A.; Nasution, M.P.; Satria, D. The Role of Flavonoids as a Cardioprotective Strategy
against Doxorubicin-Induced Cardiotoxicity: A Review. Molecules 2022, 27, 1320. [CrossRef]

28. Ghigo, A.; Laffargue, M.; Li, M.; Hirsch, E. PI3K and Calcium Signaling in Cardiovascular Disease. Circ. Res. 2017, 121, 282–292.
[CrossRef]

29. Kazakov, A.; Hall, R.; Jagoda, P.; Bachelier, K.; Müller-Best, P.; Semenov, A.; Lammert, F.; Böhm, M.; Laufs, U. Inhibition of
Endothelial Nitric Oxide Synthase Induces and Enhances Myocardial Fibrosis. Cardiovasc. Res. 2013, 100, 211–221. [CrossRef]

30. Apte, R.S.; Chen, D.S.; Ferrara, N. VEGF in Signaling and Disease: Beyond Discovery and Development. Cell 2019, 176, 1248–1264.
[CrossRef]

31. Li, J.; Zhang, Y.; Li, C.; Xie, J.; Liu, Y.; Zhu, W.; Zhang, X.; Jiang, S.; Liu, L.; Ding, Z. HSPA12B Attenuates Cardiac Dysfunction and
Remodelling after Myocardial Infarction through an ENOS-Dependent Mechanism. Cardiovasc. Res. 2013, 99, 674–684. [CrossRef]
[PubMed]

http://doi.org/10.1002/ptr.7008
http://doi.org/10.1016/j.phymed.2016.01.003
http://doi.org/10.3389/fphar.2021.754527
http://doi.org/10.1016/j.biopha.2019.109268
http://doi.org/10.1038/aps.2012.126
http://www.ncbi.nlm.nih.gov/pubmed/22941285
http://doi.org/10.3389/fphar.2021.719519
http://www.ncbi.nlm.nih.gov/pubmed/34393796
http://doi.org/10.3390/nu10091153
http://www.ncbi.nlm.nih.gov/pubmed/30142943
http://doi.org/10.1016/j.phrs.2021.105694
http://www.ncbi.nlm.nih.gov/pubmed/34087350
http://doi.org/10.1016/j.psj.2021.101499
http://doi.org/10.3390/molecules24234416
http://doi.org/10.1016/j.bcp.2014.09.021
http://doi.org/10.3390/molecules26196032
http://doi.org/10.3389/fphar.2019.00123
http://doi.org/10.1016/j.foodchem.2022.133004
http://doi.org/10.1016/j.jpba.2015.06.009
http://www.ncbi.nlm.nih.gov/pubmed/26355772
http://doi.org/10.1016/j.ejmech.2018.10.009
http://www.ncbi.nlm.nih.gov/pubmed/30340142
http://doi.org/10.1016/j.jfda.2017.10.003
http://www.ncbi.nlm.nih.gov/pubmed/29567258
http://doi.org/10.1186/1471-2105-11-S11-S6
http://www.ncbi.nlm.nih.gov/pubmed/21172056
http://doi.org/10.3724/SP.J.1009.2013.00110
http://doi.org/10.1155/2017/8192383
http://doi.org/10.3390/molecules27041320
http://doi.org/10.1161/CIRCRESAHA.117.310183
http://doi.org/10.1093/cvr/cvt181
http://doi.org/10.1016/j.cell.2019.01.021
http://doi.org/10.1093/cvr/cvt139
http://www.ncbi.nlm.nih.gov/pubmed/23729663


Molecules 2022, 27, 4075 20 of 20

32. Li, S.-N.; Li, P.; Liu, W.-H.; Shang, J.-J.; Qiu, S.-L.; Zhou, M.-X.; Liu, H.-X. Danhong Injection Enhances Angiogenesis after
Myocardial Infarction by Activating MiR-126/ERK/VEGF Pathway. Biomed. Pharmacother. 2019, 120, 109538. [CrossRef]
[PubMed]

33. Zhang, X.; Shi, Y.; Wang, L.; Li, X.; Zhang, S.; Wang, X.; Jin, M.; Hsiao, C.-D.; Lin, H.; Han, L.; et al. Metabolomics for Biomarker
Discovery in Fermented Black Garlic and Potential Bioprotective Responses against Cardiovascular Diseases. J. Agric. Food Chem.
2019, 67, 12191–12198. [CrossRef] [PubMed]

34. Dong, R.; Tian, Q.; Shi, Y.; Chen, S.; Zhang, Y.; Deng, Z.; Wang, X.; Yao, Q.; Han, L. An Integrated Strategy for Rapid Discovery and
Identification of Quality Markers in Gardenia Fructus Using an Omics Discrimination-Grey Correlation-Biological Verification
Method. Front. Pharmacol. 2021, 12, 705498. [CrossRef]

35. Lawson, N.D.; Weinstein, B.M. In Vivo Imaging of Embryonic Vascular Development Using Transgenic Zebrafish. Dev. Biol. 2002,
248, 307–318. [CrossRef]

36. He, L.; Huang, X.; Kanisicak, O.; Li, Y.; Wang, Y.; Li, Y.; Pu, W.; Liu, Q.; Zhang, H.; Tian, X.; et al. Preexisting Endothelial Cells
Mediate Cardiac Neovascularization after Injury. J. Clin. Investig. 2017, 127, 2968–2981. [CrossRef]

37. Tang, J.; Zhang, H.; He, L.; Huang, X.; Li, Y.; Pu, W.; Yu, W.; Zhang, L.; Cai, D.; Lui, K.O.; et al. Genetic Fate Mapping Defines the
Vascular Potential of Endocardial Cells in the Adult Heart. Circ. Res. 2018, 122, 984–993. [CrossRef]

38. Greenspan, L.J.; Weinstein, B.M. To Be or Not to Be: Endothelial Cell Plasticity in Development, Repair, and Disease. Angiogenesis
2021, 24, 251–269. [CrossRef]

39. Xiang, Y.; Yao, X.; Wang, X.; Zhao, H.; Zou, H.; Wang, L.; Zhang, Q.-X. Houshiheisan Promotes Angiogenesis via HIF-1α/VEGF
and SDF-1/CXCR4 Pathways: In Vivo and in Vitro. Biosci. Rep. 2019, 39, 1–12. [CrossRef]

40. Monika, P.; Chandraprabha, M.N.; Rangarajan, A.; Waiker, P.V.; Chidambara Murthy, K.N. Challenges in Healing Wound: Role of
Complementary and Alternative Medicine. Front. Nutr. 2021, 8, 791899. [CrossRef]

41. Salo, T.; Dourado, M.R.; Sundquist, E.; Apu, E.H.; Alahuhta, I.; Tuomainen, K.; Vasara, J.; Al-Samadi, A. Organotypic Three-
Dimensional Assays Based on Human Leiomyoma-Derived Matrices. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2018, 373, 20160482.
[CrossRef] [PubMed]

42. Quesada-Gómez, J.M.; Santiago-Mora, R.; Navarro-Valverde, C.; Dorado, G.; Casado-Díaz, A. Stimulation of In-Vitro Angiogenesis
by Low Concentrations of Risedronate Is Mitigated by 1,25-Dihydroxyvitamin D3 or 24,25-Dihydroxyvitamin D3. J. Steroid
Biochem. Mol. Biol. 2015, 148, 214–218. [CrossRef] [PubMed]

43. Lucas-Herald, A.K.; Montezano, A.C.; Alves-Lopes, R.; Haddow, L.; Alimussina, M.; O’Toole, S.; Flett, M.; Lee, B.; Amjad, S.B.;
Steven, M.; et al. Vascular Dysfunction and Increased Cardiovascular Risk in Hypospadias. Eur. Heart J. 2022, 43, 1832–1845.
[CrossRef]

44. Zullino, S.; Buzzella, F.; Simoncini, T. Nitric Oxide and the Biology of Pregnancy. Vasc. Pharmacol. 2018, 110, 71–74. [CrossRef]
[PubMed]

45. Ambari, A.M.; Lilihata, G.; Zuhri, E.; Ekawati, E.; Wijaya, S.A.; Dwiputra, B.; Sukmawan, R.; Radi, B.; Haryana, S.M.; Adiarto,
S.; et al. External Counterpulsation Improves Angiogenesis by Preserving Vascular Endothelial Growth Factor-A and Vascular
Endothelial Growth Factor Receptor-2 but Not Regulating MicroRNA-92a Expression in Patients With Refractory Angina. Front.
Cardiovasc. Med. 2021, 8, 761112. [CrossRef]

46. Li, J.-Z.; Zhou, X.-X.; Wu, W.-Y.; Qiang, H.-F.; Xiao, G.-S.; Wang, Y.; Li, G. Concanavalin A Promotes Angiogenesis and Proliferation
in Endothelial Cells through the Akt/ERK/Cyclin D1 Axis. Pharm. Biol. 2022, 60, 65–74. [CrossRef]

47. Gfeller, D.; Michielin, O.; Zoete, V. Shaping the Interaction Landscape of Bioactive Molecules. Bioinformatics 2013, 29, 3073–3079.
[CrossRef]

48. Safran, M.; Rosen, N.; Twik, M.; BarShir, R.; Stein, T.I.; Dahary, D.; Fishilevich, S.; Lancet, D. The GeneCards Suite. In Practical
Guide to Life Science Databases; Abugessaisa, I., Kasukawa, T., Eds.; Springer Nature Singapore: Singapore, 2021; pp. 27–56.
ISBN 978-981-16-5812-9.

49. Bader, G.D.; Hogue, C.W.V. An Automated Method for Finding Molecular Complexes in Large Protein Interaction Networks.
BMC Bioinform. 2003, 4, 2–27. [CrossRef]

50. Sherman, B.T.; Hao, M.; Qiu, J.; Jiao, X.; Baseler, M.W.; Lane, H.C.; Imamichi, T.; Chang, W. DAVID: A Web Server for Functional
Enrichment Analysis and Functional Annotation of Gene Lists (2021 Update). Nucleic Acids Res. 2022, 10, 1–6. [CrossRef]

51. Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Systematic and Integrative Analysis of Large Gene Lists Using DAVID Bioinformatics
Resources. Nat. Protoc. 2009, 4, 44–57. [CrossRef]

52. Dallakyan, S.; Olson, A.J. Small-Molecule Library Screening by Docking with PyRx. Methods Mol. Biol. 2015, 1263, 243–250.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.biopha.2019.109538
http://www.ncbi.nlm.nih.gov/pubmed/31629250
http://doi.org/10.1021/acs.jafc.9b04073
http://www.ncbi.nlm.nih.gov/pubmed/31588747
http://doi.org/10.3389/fphar.2021.705498
http://doi.org/10.1006/dbio.2002.0711
http://doi.org/10.1172/JCI93868
http://doi.org/10.1161/CIRCRESAHA.117.312354
http://doi.org/10.1007/s10456-020-09761-7
http://doi.org/10.1042/BSR20191006
http://doi.org/10.3389/fnut.2021.791899
http://doi.org/10.1098/rstb.2016.0482
http://www.ncbi.nlm.nih.gov/pubmed/29158312
http://doi.org/10.1016/j.jsbmb.2014.10.018
http://www.ncbi.nlm.nih.gov/pubmed/25445918
http://doi.org/10.1093/eurheartj/ehac112
http://doi.org/10.1016/j.vph.2018.07.004
http://www.ncbi.nlm.nih.gov/pubmed/30076925
http://doi.org/10.3389/fcvm.2021.761112
http://doi.org/10.1080/13880209.2021.2013259
http://doi.org/10.1093/bioinformatics/btt540
http://doi.org/10.1186/1471-2105-4-2
http://doi.org/10.1093/nar/gkac194
http://doi.org/10.1038/nprot.2008.211
http://doi.org/10.1007/978-1-4939-2269-7_19
http://www.ncbi.nlm.nih.gov/pubmed/25618350

	Introduction 
	Results 
	Identification of the Chemical Components of DGS 
	Key Component and Target Screening and Prediction Using Network Pharmacology Analysis 
	Pharmacological Mechanism Analysis in HUVECs 
	Effect of DGS on the Proliferation and Migration of HUVECs 
	NO and VEGF Release and Protein Expression of DGS 

	Bioactivity Evaluation of DGS Based on Zebrafish Model In Vivo 
	Dynamic Molecular Docking of Active Components of DGS with Key Targets 

	Discussion 
	Materials and Methods 
	Cell and Reagents 
	Plant Material and Extraction 
	Chromatographic and Mass Spectrometry Conditions 
	Collection of DGS-Related Targets and CAD-Related Targets 
	Protein–Protein Interaction (PPI) Network 
	Gene Ontology (GO) and KEGG Pathway Enrichment Analysis 
	Cell Culture and Treatment 
	CCK-8 Assay 
	Wound Healing Assay 
	Transwell Assay 
	Tube Formation Assay 
	VEGF and NO Level Detection 
	Western Blotting 
	Animals 
	Animal Grouping and Administration 
	Dynamics Molecular Docking 
	Statistical Analysis 

	Conclusions 
	References

