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ABSTRACT: As one of the most common clinical cardiovascular
diseases (CVDs), coronary heart disease (CHD) is the most
common cause of death in the world. It has been confirmed that
Zhishi Xiebai Guizhi decoction (ZXGD), a classical prescription of
the traditional Chinese medicine (TCM), has achieved certain
effects in the treatment of CHD; however, the mechanism still
remains controversial. In this paper, an integrated approach,
including UPLC-UESI-Q Exactive Focus, gene expression profiling,
network pharmacology, and experimental validation, was intro-
duced to systematically investigate the mechanism of ZXGD in the
treatment of CHD. First, UPLC-UESI-Q Exactive Focus was
applied to identify the chemical compounds of ZXGD. Then, the targets of the components for ZXGD were predicted by MedChem
Studio software embed in the integrative pharmacology-based research platform of TCM, and the differentially expressed genes
(DEGs) of CHD were obtained by gene expression profiling in gene expression omnibus database. The common genes of the above
two genes were obtained by Venn analysis as the targets of GXGD in treatment with CHD. Third, the core targets were screened out
by protein−protein interaction network analysis, and the kyoto encyclopedia of genes and genomes pathway enrichment analysis was
performed by the database for annotation, visualization, and integrated discovery bioinformatics resources. After that, the formula−
herb−compound−target−pathway network was constructed to explore the mechanism of ZXGD in the treatment of CHD. Finally,
molecular docking and the vitro experiment were carried out to validate some key targets. As a result, a total of 39 compounds, 12
core targets, and 4 pathways contributed to ZXGD for the treatment of CHD. This study preliminarily provided a foundation for the
study on the mechanism against CHD for ZXGD and may be a reference for the compatibility mechanism and the extended
application of TCM compound prescription.

1. INTRODUCTION

Coronary heart disease (CHD), as a high incidence of
cardiovascular disease (CVD), is one of the diseases with the
highest mortality in the world, and about 8.9 million people die
of CHD every year.1 With the characteristics of high mortality,
high disability rate, and high recurrence rate, CHD has become
one of the major public health problems.2 The pathogenesis of
CHD was complicated, mainly related to lipid metabolism
disorders, oxidative stress, endothelial cell damage, smooth
muscle cell proliferation and migration, and so forth.3 So far,
the main clinical treatment drugs for CHD consisted of statins
(such as atorvastatin), antiplatelet aggregation drugs (such as
aspirin), vasodilators (such as nitroglycerin), and thrombolytic
and thrombolytic drugs (such as urokinase).3 Although drugs
and surgery have curative effects, the side effects are also
inevitable.4−8 For example, statins may cause liver damage and
muscle damage, and aspirin can increase the risk of
gastrointestinal bleeding. When the area of coronary artery

stenosis expands, heart stent surgery must be required. In
recent years, traditional Chinese medicine (TCM) has been
highlighted for the increasingly important role in the clinical
treatment of CHD. With the incidence and mortality of CHD,
more and more people use TCM as complementary and
alternative treatments.9

The clinical symptoms of CHD are mainly manifested as
pectoralgia that belongs to the categories of “chest stuffiness”
in TCM. Zhishi Xiebai Guizhi decoction (ZXGD) was first
seen in Jin Gui Yao Lue and proposed by Zhongjing Zhang, a
famous medical scientist in the Eastern Han Dynasty. This
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Figure 1. Flowchart for ZXGD in treatment with CHD.
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prescription is composed with five herbs, including Aurantii
fructus immaturus, Allii macrostemonis bulbus, Trichosanthis
fructus, Magnoliae officinalis cortex, and Cinnamomi ramulus
and has therapeutic efficacy with chest stuffiness. Modern
pharmacological research revealed that A. fructus immaturus
has pharmacological effects related to CVD via prolonging
myocardial blood perfusion time to reduce myocardial
ischemic response.10 A. macrostemonis bulbus and T. fructus
are the principal herbs of ZXGD, and modern pharmacology
has proved that A. macrostemonis bulbus can significantly
reduce the contents of serum total cholesterol, low-density
lipoprotein cholesterol, triglyceride level, and atherosclerosis
thickness in hyperlipidemic rats. Meanwhile, T. fructus has
many functions, such as dilating microvessels, increasing
coronary blood flow, increasing hypoxia tolerance, protecting
ischemic myocardium, and so on.11 C. ramulus has affected
blood vessels by increasing coronary blood flow with different
sites of action.12 Some studies have illustrated that M.
officinalis cortex could enhance the activity of superoxide
dismutase and reduce the damage to mitochondria by
inhibiting the lipid peroxidation of the oxygen free-radical
production system to alleviate the damage of cardiomyo-
cytes.13 Despite the certain curative effects of herbs, it is still
unclear about the mechanism of ZXGD in treating CHD due
to the characteristics of multi-components, multi-targets, and
multi-pathways of TCM.
As known, TCM formula plays a therapeutic role through

multi-component synergistic effects. Therefore, choosing a
reasonable and efficient analysis method to quickly identify the
chemical composition of TCM formula is the first step to study
its mechanism. In recent years, UPLC-UESI-Q Exactive Focus
has been recognized as one of the effective methods to identify
the components of TCM formula with good resolution,
excellent sensitivity, and strong structural characterization
capability and has been widely used in the fields of medicine,
chemical industry, biology, environmental protection, and so
on.14−16 In this study, we used UPLC-UESI-Q Exactive Focus
combined with Thermo Scientific Ultimate 3000 system for
the rapid qualitative analysis of the chemical composition for
ZXGD. Then, the targets of the chemical compositions for
ZXGD were determined by a target fishing tool based on
molecular similarity embed in the integrative pharmacology-
based research platform of TCM (TCMIP). To obtain the
genes of disease, with the help of the experimental gene
expression data collected in gene expression omnibus (GEO)

database, the gene expression profile was introduced to identify
the disease-related genes. After that, Venn analysis was
performed to obtain the common genes as the targets of
GXGD in treatment with CHD, and the core targets were
screened out by protein−protein interaction (PPI) network
analysis. Afterward, the kyoto encyclopedia of genes and
genomes (KEGG) pathway enrichment analysis were per-
formed by the database for annotation, visualization, and
integrated discovery (DAVID) bioinformatics resources, and
the formula−herb−compound−target−pathway (F−H−C−
T−P) network was constructed to explore the mechanism of
ZXGD in the treatment of CHD. Ultimately, molecular
docking was used to verify the interactions between core
targets and compounds, and in vitro experiment was also
conducted to validate the potential underlying mechanism of
ZXGD in treatment with CHD. This study aimed to provide a
comprehensive basis for further research studies on the
molecular mechanism of ZXGD in the treatment of CHD.17

The detailed technical strategy of the current study is displayed
in Figure 1.

2. RESULTS

2.1. UPLC-UESI-Q Exactive Focus Analysis of ZXGD.
For mapping the chemical profiles of the extracts of ZXGD, all
data of mass fragmentation coupled with high-resolution
spectrometry provide sufficient information. UPLC-UESI-Q
Exactive Focus was used in this study, and the base peak
chromatogram of ZXGD in the mode of positive and negative
ions is shown in Figure 2A,B. Compounds were identified by
determining the elemental compositions of the precursor and
product ions. The molecular formula and rational fragmenta-
tion patterns and pathways of these compounds were then
identified based on the comparison between these data and
chemical databases.
Xcalibur 3.2 software was used for peak extraction and peak

matching analysis on the collected raw mass spectrometry data.
The collected raw data are imported into Compound Discover
3.0 software. The sample name, retention time, molecular
formula, mass-to-charge ratio, and data set that was established
with the corresponding ion intensity were exported through
peak extraction, online and local database search, compound
prediction, and other data processing. This method could
largely prevent false negative results, thus making the results
faster and more accurate. The establishment of our own
database was based on an independent database of each herb

Figure 2. Total ion flow diagram of ZXGD. (A) Positive ion mode and (B) negative ion mode.
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after checking and summarizing a large number of relevant
references. By looking up the literature of ZXGD and other
articles about UPLC-UESI-Q Exactive Focus, Xinjuan Liu et al.
also used the method of self-built database of each herb
material of ZXGD to study the composition of ZXGD.18 It is a
general method for the component analysis of TCM by UPLC-
MS. Therefore, our analysis method was reliable and feasible.
In this study, a total of 230 compounds were obtained,

including 48 ingredients in A. fructus immaturus, 23
ingredients in A. macrostemonis bulbus, 71 ingredients in T.
fructus, 86 ingredients in M. officinalis cortex, and 48
ingredients in C. ramulus. These compounds were renumbered
as MOL001 to MOL230 (the details are displayed in the
Supporting Information). The compounds of A. fructus
immaturus are mainly flavonoids, including naringin, hesper-
idin, poncirin, and so forth. Hesperidin can reduce vascular
fragility, lower blood pressure, and can be used as a cardiotonic
agent for the adjuvant treatment of CVD.19 Steroid saponins,

sulfur-containing compounds, and nitrogen-containing com-
pounds are the main components of A. macrostemonis
bulbus.20 Nitrogen-containing compounds, such as adenosine,
have pharmacological effects such as dilating coronary blood
vessels and have been widely applied in clinical practices.
Modern pharmacological studies have revealed that the main
component of cinnamon sticks, namely cinnamic aldehyde, has
the effects of promoting blood circulation, dilating blood
vessels around the center, increasing coronary blood flow, and
improving coronary blood circulation.21

2.2. Targets of the Chemical Compositions for ZXGD
in the Treatment of CHD. The targets of chemical
compositions for ZXGD were obtained by MedChem Studio
software, which is a target fishing tool based on molecular
similarity embed in the TCMIP. As a result, 2130 targets were
considered as candidate targets of ZXGD.
A total of 37,348 genes were annotated by gene expression

profiling, and 695 differentially expressed genes (DEGs)

Figure 3. (A) Volcano plot of CHD-related genes. Blue represents downregulated genes, red represents upregulated genes, and gray represents
genes without significantly different expressions. (B) Venn diagrams of common targets between compound targets and CHD-related targets. Blue
area illustrates the target number of ZXGD, red area illustrates the target number of CHD, and purple area illustrates the number of common
targets between two data sets. (C) PPI network for ZXGD in treatment with CHD. The nodes represent targets, and the edges represent the
interaction between two nodes. The larger the circle, the brighter the color, indicating that it plays a more important role in the network. (D)
Bubble plot of KEGG enrichment analysis of ZXGD in treatment with CHD. The gene ratio represented the proportion of targets in 54 core
targets, bubble size depended on the target number of pathways, and P value decided the color (red represents a low value, and green represents a
high value).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04491
ACS Omega 2022, 7, 3925−3939

3928

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04491/suppl_file/ao1c04491_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04491?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04491?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04491?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04491?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


between CHD patients and control individuals were screened
out with P value < 0.05 and |log FC| > 1, which were
considered as CHD-related targets. Among these DEGs, 202
genes were upregulated, and 493 genes were downregulated
(Figure 3A).
The common targets between the disease-related DEGs and

the targets of the compounds were obtained by Venn analysis,
and 92 common targets were determined as the potential
targets for ZXGD in treatment with CHD (Figure 3B).
2.3. PPI Network Construction and Core Target

Determination. The 92 targets of ZXGD were imported
into a STRING 11.0 platform for searching the targets that
interact with the potential targets, and the confidence level was
set as 0.7. After that, the interaction results were imported into
Cytoscape 3.7.2 software to draw the PPI network, and 54
nodes and 162 edges were screened out after deleting the
nodes and edges that were outside the connection relationship
compared with the original network (Figure 3C). In Figure 3C,
the nodes represented targets, and the edges marked the
interaction between the two nodes. The larger the circle, the
brighter the color, indicating that it plays a more important
role in the network.

2.4. Results of KEGG Pathway Analysis. Totally, 54
targets were put into the online enrichment analysis website
DAVID with species set as “Homo sapiens.” According to the
results, 46 KEGG pathways were selected out, and unrelated
pathways were obviously filtered out, such as some diseases
related to bacterium or virus, “Salmonella infection,” and
“Herpes simplex infection.” Finally, the top 17 pathways were
regarded as the key pathways for ZXGD in treatment with
CHD, including the NF-kappa B signaling pathway, toll-like
receptor signaling pathway, and TNF signaling pathway.
Moreover, 17 pathways were mapped as a bubble plot with
R language (Figure 3D).

2.5. F−H−C−T−P Network Construction of ZXGD in
Treatment with CHD. In order to investigate the key
compounds, key targets, and key pathways for ZXGD in
treatment with CHD, the F−H−C−T−P network was
constructed by Cytoscape 3.7.2 (Figure 4). The network
consisted of 258 nodes (1 formula, 5 herbs, 181 hub
compounds, 54 core targets, and 17 key pathways) and 1408
edges. As shown in Figure 4, the formula ZXGD is shown in
sky blue triangle, the herb nodes are shown in green hexagon,
the deep blue square represents compound nodes, the targets

Figure 4. F−H−C−T−P network for ZXGD in the treatment of CHD. The formula ZXGD is shown in sky blue triangle, the herb nodes are shown
in green hexagon, the deep blue square represents compound nodes, the target nodes are shown in orange arrow, and pink diamond represents the
pathway nodes.
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nodes are shown in orange arrow, and pink diamond
represents the pathway nodes. The gray edges stood for the
relationship among the herbs, compounds, targets, and
pathways. Additionally, centrality is a concept that is applied
to network analysis, aiming to spread the significance of a node

throughout the whole network, and it is the most direct
indicator. Therefore, three topological parameters, namely
degree centrality (DC), betweenness centrality (BC), and
closeness centrality (CC), were applied by the network
analyzer in Cytoscape to reflect the significance of nodes

Table 1. DC, BC, and CC Values of the Key Compounds for ZXGD in Treatment with CHD

no. compound ID compound name DC BC CC

1 MOL007 guanosine 20 0.0339 0.4614
2 MOL137 adenosine 19 0.0187 0.4631
3 MOL020 thymidine 16 0.0194 0.4565
4 MOL146 cytidine 16 0.0117 0.4565
5 MOL131 4-(β-D-glucopyranosyloxy)-3-methoxybenzoic acid 16 0.0057 0.4565
6 MOL174 quercetin-3-O-β-D-glucofuranoside 16 0.0054 0.4565
7 MOL052 phlorin 16 0.0053 0.4549
8 MOL054 prunin 16 0.0050 0.4549
9 MOL128 2,7-dimethyl-2,4-diene deca-α,ω-diacid-8-O-β-D-glu 15 0.0056 0.4517
10 MOL121 sinapaldehyde-4-O-β-D-glucopyranoside 15 0.0051 0.4565
11 MOL057 rhoifolin 15 0.0042 0.4517
12 MOL093 coniferin 14 0.0047 0.4517
13 MOL113 manglieside D 14 0.0047 0.4517
14 MOL123 syringin 14 0.0047 0.4517
15 MOL154 maempferol-3-O-β-D-glucoside-7-O-α-rhamnoside 13 0.0033 0.4378
16 MOL106 magnoflorine 12 0.0191 0.4423
17 MOL006 glucose 12 0.0038 0.4423
18 MOL008 L-arabinose 12 0.0038 0.4423
19 MOL105 magnocurarine 11 0.0168 0.4363
20 MOL152 glutamic acid 11 0.0166 0.4276
21 MOL117 pinoresionol-4-O-β-D-glucopyranoside 11 0.0067 0.4439
22 MOL122 syringaresinol-4′-O-β-D-glucopyranoside 11 0.0067 0.4439
23 MOL001 acanthoside D 11 0.0063 0.4408
24 MOL151 galactonic acid-γ-lactone 11 0.0038 0.4454
25 MOL003 chinenoside IV 11 0.0037 0.4334
26 MOL004 chinenoside V 11 0.0037 0.4334
27 MOL173 quercetin-3-O-α-D-nucleoside 11 0.0033 0.4319
28 MOL119 quercitrin 10 0.0039 0.4501
29 MOL009 laxogenin 10 0.0036 0.4305
30 MOL013 methyl-β-D-fructofuranoside 10 0.0029 0.4290
31 MOL169 poriferast-5-ene-3β,4β-diol 9 0.0033 0.4349
32 MOL045 marmin 9 0.0032 0.4305
33 MOL129 23,24-dihydrocucurbitacin D 9 0.0031 0.4334
34 MOL138 α-spinasterol glucoside 9 0.0029 0.4319
35 MOL181 α-spinasterol-3-O-β-D-glucoside 9 0.0029 0.4319
36 MOL021 tigogenin 9 0.0029 0.4290
37 MOL005 gitogenin 9 0.0028 0.4290
38 MOL074 isovanillic acid 8 0.0039 0.4485
39 MOL095 eudesobovatol A 8 0.0027 0.4290

Table 2. DC, BC, and CC Values of the Key Targets for ZXGD in Treatment with CHD

no. gene name target name DC BC CC

1 PTGS1 prostaglandin-endoperoxide synthase 1 152 0.3026 0.6076
2 PTGS2 prostaglandin-endoperoxide synthase 2 117 0.1694 0.5130
3 NFKB2 NF-kappa B subunit 2 68 0.0449 0.4220
4 ALDH2 aldehyde dehydrogenase 2 66 0.0424 0.4112
5 HCK hemopoietic cell kinase 61 0.0403 0.4165
6 TNF tumor necrosis factor 59 0.0610 0.4125
7 CEBPB Ccaat/enhancer-binding protein β 56 0.0183 0.3842
8 LYZ lysozyme 49 0.0230 0.3948
9 PYGL phosphorylase, glycogen, liver 48 0.0205 0.3924
10 NFKBIA NF-kappa B inhibitor α 43 0.0359 0.3785
11 IL1B interleukin 1 β 34 0.0173 0.3819
12 TLR4 toll-like receptor 4 26 0.0173 0.3625
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directly. Subsequently, 39 compounds (Table 1), 12 targets
(Table 2), and 4 pathways (Table 3) were shifted out, and
their topological parameters were greater than the median of
DC, CC, and BC.
2.6. Molecular Docking between Key Compounds

and Targets. It has been proved that the NF-kappa B
signaling pathway is involved in the pathogenesis of CHD and
activated to promote the release of inflammatory cytokine,
both in animal and clinical experiments.22,23 Considering the
significance of the NF-kappa B signaling pathway, the targets
enriched in the NF-kappa B signaling pathway and
corresponding components were selected to molecular docking
to further verify the relative affinity between the compounds
and the targets for ZXGD. Five targets enriched in the NF-
kappa B signaling pathway and corresponding three com-
pounds were selected for molecular docking, including PTGS2,
NFKB2, NFKBIA, TNF, and IL1B and guanosine (MOL007),
thymidine (MOL020), and quercitrin (MOL119) (Table 4).

As the results showed, the complex between PTGS2 and
quercitrin had strong binding abilities, and the binding energy
was −8.41 kcal/mol. In addition, the docking results were
performed and are shown in Figure 5, demonstrating that the
active site of ingredients binds to the targets, which implied the
binding mechanism of ZXGD in treatment with CHD.
2.7. Experimental Validation. 2.7.1. Effects of ZXGD on

CK, LDH, and MDA Contents and SOD Activity by ELISA.
According to the results in vitro experiments, the contents of
CK, LDH, and MDA in the model group were 171.73 ± 2.627
U/L, 57.14 ± 1.43 U/L, and 11.87 ± 0.108 nmol/L,
respectively, and the contents of these indexes were 145.39
± 3.764 U/L, 43.32 ± 0.621 U/L, and 8.97 ± 0.073 nmol/L in
the control group, respectively. The levels of these indexes in
the model group were increased significantly compared with
the control group (P < 0.001) (Figure 6A−C). Compared with

the model group, the contents of LDH and MDA in all ZXGD-
containing serum groups were significantly decreased (P <
0.01), and the contents of CK in the medium dose ZXGD
group [6.93 g/(kg·d)] were significantly decreased (P < 0.01).
Additionally, the activity of SOD has significantly decreased in
the model group [2530.63 ± 74.84 (U/L)], compared with the
control group [2975.85 ± 19.375 (U/L)], and the index in the
different doses of ZXGD-containing serum groups was
significantly increased compared with the model group. All
these results showed that establishment of the hypoxia/
reoxygenation model (H/R) was successful, and ZXGD-
containing serum could alleviate cell injury in H9c2 cells.

2.7.2. Verification of Some Key Targets Enriched in the
NF-Kappa B Signaling Pathway for ZXGD in Treatment with
CHD. According to the results of network pharmacology and
molecular docking, the NF-kappa B signaling pathway may
play an important role in treatment with CHD for ZXGD. The
relative expression of some key targets enriched in the NF-
kappa B signaling pathway was detected by quantitative real-
time PCR (qRT-PCR) analysis to evaluate the effects of
ZXGD, including NFKB, IL1B, TNF, TLR4, and ICAM1. The
relative expression of NFKB in the model group was 1.29 ±
0.01; it is increased significantly (P < 0.001) compared with
the control group (1.00 ± 0.03), and the levels were
significantly decreased in low (P < 0.001), medium (P <
0.001), and high (P < 0.01) ZXGD-containing serum groups.
Meanwhile, the consistent results were also appeared on IL1B,
TNF, TLR4, and ICAM1 (P < 0.01). All dose groups showed
various degrees of decrease in expression. The results
suggested that ZXGD can downregulate the expression of
NFKB, IL1B, TNF, TLR4, and ICAM1 in vitro.

3. DISCUSSION

TCM plays a significant role in treating CHD,24 with great
curative effects on different types of CHD. The mechanism is
still not clear due to its characteristics of multi-components,
multi-targets, and multi-pathways. In this study, an integrated
approach, including UPLC-UESI-Q Exactive Focus, gene
expression profiling, and network pharmacology, was intro-
duced to systematically investigate the mechanism of ZXGD in
the treatment of CHD. As a result, 39 hub compounds, 12 key
targets, and 4 core pathways were closely related to ZXGD in
treating CHD.
Obviously, CHD is mainly caused by coronary athero-

sclerosis that narrows the vascular lumen and eventually leads
to myocardial ischemia, hypoxia, and coronary artery spasm,
related to inflammation, lipid metabolism alterations, and
endothelial injury. The significance of core targets, com-
pounds, and pathways in this study was closely related to the
above mechanisms and phenomena.
Among these compounds, guanosine (MOL007) was one of

the most important compounds with the highest degree value
(DC = 20, BC = 0.0339, and CC = 0.4614). It has been proved
that guanosine increased during myocardial ischemia versus

Table 3. DC, BC, and CC Values of the Key Pathways for ZXGD in Treatment with CHD

no.
pathway

ID pathway name targets DC BC CC

1 hsa04064 NF-kappa B signaling pathway LYN, NFKBIA, CXCL8, PLAU, IL1B, PTGS2, TNF, TLR4, ICAM1, NFKB2 10 0.0084 0.4290
2 hsa04668 TNF signaling pathway NFKBIA, CEBPB, JUN, IL1B, PTGS2, TNF, MMP9, ICAM1 8 0.0033 0.4276
3 hsa04620 toll-like receptor signaling pathway NFKBIA, JUN, CXCL8, IL1B, TLR8, TNF, TLR4, TLR2 8 0.0083 0.3604
4 hsa04062 chemokine signaling pathway LYN, CDC42, NFKBIA, FGR, HCK, CXCL8, CCR5 7 0.0069 0.3422

Table 4. Binding Energy Results between Key Targets and
Compounds for ZXGD in Treatment with CHD

protein name
gene
symbol PDB ID

ligand
name

binding
energy

(kcal/mol)

prostaglandin G/H
synthase 2

PTGS2 5F19 quercitrin −8.41

prostaglandin G/H
synthase 2

PTGS2 5F19 thymidine −6.56

prostaglandin G/H
synthase 2

PTGS2 5F19 guanosine −5.42

NF-kappa-B
inhibitor α

NFKBIA 6Y1J quercitrin −5.34

interleukin-1 β IL1B 3LTQ thymidine −4.39
interleukin-1 β IL1B 3LTQ guanosine −4.21
nuclear factor
NF-kappa B
subunit 2

NFKB2 3JV6 quercitrin −4.06

tumor necrosis factor TNF 5MU8 thymidine −3.60
tumor necrosis factor TNF 5MU8 guanosine −3.33

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04491
ACS Omega 2022, 7, 3925−3939

3931

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


extracorporeal circulation to remarkably inhibit platelet
aggregation induced by ADP and reduce the risk of
thrombosis.25,26 Notably, research studies on a light-induced
real-time thrombosis model have concluded that the inhibitory
mechanism of guanosine may be triggered by exposing a highly
thrombogenic surface to the flowing blood (badimon

chamber) or by oxidative stress damage in the mesenteric
vessels.25 Experiments demonstrated that guanosine could
prevent oxygen/glucose deprivation-induced inflammatory
responses by inhibiting nuclear NF-kappa B active subunit
into the nucleus.27 Moreover, according to some studies,
guanosine may prevent thrombosis and vascular inflammatory

Figure 5. Interaction between key targets and compounds for ZXGD in treatment with CHD. (A) PTGS2 and guanosine; (B) PTGS2 and
thymidine; (C) PTGS2 and quercitrin; (D) IL1B and guanosine; (E) IL1B and thymidine; (F) NFKBIA and quercitrin; (G) TNF and guanosine;
(H) TNF and thymidine; and (I) NFKB2 and quercitrin.
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injury by reducing the P-selectin surface exposure, and it was a
biomarker that favors the progression of atherosclerotic plaque
phenotype.25,28

The significance of adenosine (DC = 19, BC = 0.0187, and
CC = 0.4631), as one of the main compounds of T. fructus,
was mentioned, and adenosine has strong impacts on the
cardiovascular system25,29 by attenuating the severity of
ischemia and limiting the infarct size due to its coronary
vasodilatory action.30,31 It has been proved that exogenous
adenosine improves vascular healing via significantly reducing
the process of endothelial cell proliferation in the rabbit carotid
artery anastomosis model.32 Furthermore, adenosine engages
the members of the G-protein-coupled adenosine receptor
family to mainly mediate the beneficial adaptive and acute
responses within all constituent cells of the heart and
vasculature by regulating the heart rate and conduction,
coronary vascular tone, cardiac and vascular growth,
inflammatory−vascular cell interactions, and cellular stress
resistance.33 It was noted that extracellular guanosine also
displayed the disposition of extracellular adenosine in rats (in
preglomerular vascular endothelial cells and cardiac fibro-
blasts) and in humans (aortic and coronary artery vascular
smooth muscle cells and coronary artery endothelial cells).34 In
other words, guanosine and adenosine may promote each
other to enhance their roles in ZXGD in treating CHD.
Flavonoids were one of the important compounds in various

drugs for the treatment and prophylaxis of cardiovascular
disorders. It was proved that, as the significant flavonoid,
quercitrin (DC = 10, BC = 0.0039, and CC = 0.4501)
contributes to protect against atherosclerosis.35 In the ApoE
knockout mice model, a high-fat diet and ingested quercetin
for 24 weeks were given, and quercitrin significantly reduced
the area of atherosclerotic plaque, alleviated the systemic
oxidative stress, and suppressed the aortic p47phox and

p67phox expressions.36 Similarly, it was shown that quercetin
inhibited oxidant-induced endothelial dysfunction to protect
ApoE(-/-) mice against atherosclerosis by largely increasing
endothelial nitric oxide synthase activity and heme oxygenase-1
(HO-1) protein expression.36,37 Additionally, a clinical study
including 85 patients with CHD has illustrated that quercetin
has anti-inflammatory effects38 related to decreasing the
transcriptional activities of NFKB.39

As for targets, PTGS2 (DC = 117, BC = 0.1694, and CC =
0.5130) was one of the crucial targets with great topological
properties39,40 and was the key target of nonsteroidal anti-
inflammatory drugs, including aspirin and ibuprofen. Mean-
while, PTGS2 reduces fatal thrombotic events by inhibiting the
platelet activation and aggregation.41 A study containing 66
CHD individuals (including stable angina and unstable angina)
has proved that the COX-2 expression of peripheral blood
monocytes increased in CHD patients. In particular, the levels
of COX-2 protein expression were positively related to the
monocyte-platelet aggregate formation rates, and enhanced
COX-2 expression was independently associated with CHD
risk. This association suggested that COX2 may be the core
target of inflammatory regulation in CHD and could result in
the development of atherosclerosis.41

The nuclear factor kappa-beta (NFKB) is a transcription
factor comprising homo- and/or heterodimers formed from
distinct proteins, including REL (cRel), Rel A (p65), RELB,
NFKB1 (p50 and its precursor p105), and NFKB 2 (p52 and
its precursor p100).42 Notably, NFKB is also the endpoint of a
series of signal transduction events and is involved in many
biological processes such as inflammation and immunity.
Adequate research studies have described the connection of
NFKB-related receptor and CVD43,44 because it regulated
many of the proinflammatory genes related to atherosclerosis
by inhibiting its role in vascular inflammation, proliferation of

Figure 6. Experimental validation results for ZXGD. (A−D) Contents of CK, LDH, and MDA and SOD activity in the control group, model group,
and ZXGD-containing serum groups (3.46, 6.93, and 13.86 g/kg) detected by ELISA; (E−I) mRNA expression of NFKB, IL1B, TNF, TLR4, and
ICAM1 in the control group, model group, and ZXGD-containing serum groups (3.46, 6.93, and 13.86 g/kg) detected by qRT-PCR. H/R vs
control, *P < 0.05, **P < 0.01, and ***P < 0.001; ZXGD vs H/R, #P < 0.05, ##P < 0.01, and ###P < 0.001.
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vascular smooth muscle cells, or foam cell formation.45 NFKB
mediates the expression of a variety of proteins to induce the
leukocyte adhesion to the vascular wall and infiltration into the
subintima that strongly links NFKB with the occurrence of
atherosclerosis.46 NFKB2 (DC = 68, BC = 0.0449, and CC =
0.4220) and NFKBIA (DC = 43, BC = 0.0359, and CC =
0.3785) were two crucial proteins that control the primary
mechanism of NFKB activation.47 Previous research studies
were conducted to analyze the expression of apoptotic genes
such as NFKB2 in coronary plaques collected by directional
coronary atherectomy, and an overlap between NFKB2 and
vascular smooth muscle cells was found.47 Further gene
expression analysis exhibited that NFKB2 significantly
enhanced expression in acute coronary syndromes without
ST elevation (ACS) plaques. What is more, research
comprising 402 individuals reported that the expression of
NFKBIA was depressed in the blood of patients with CVD
compared with controls, thus indicating that NFKBIA may
represent novel markers of coronary artery disease suscepti-
bility.48

As the enrichment analysis showed in the bubble plot,
perhaps, the NF-kappa B signaling pathway (DC = 10, BC =
0.0084, and CC = 0.4290) is the most significant pathway of
ZXGD in the development of CHD and comprises various
core targets, such as PTGS2, TNF, IL1B, NFKB2, NFKBIA,
and TLR4. The NF-kappa B pathway was involved in many
biological processes, including cell immunity, inflammation,
and apoptosis, and it played a basic and core role in metabolic
inflammation.49 The NF-kappa B signaling pathway occurs by
NFKB activation through the classical pathway and non-
canonical pathway. In these genes of pathway enrichment
analysis, NFKB2 NFKBIA, TNF, and IL1B represented some
core targets for the noncanonical pathway. On the other hand,
NFKB2 is the key negative regulator that prevents the nuclear
translocation of RELB in resting cells.46 Simultaneously, TNF
(DC = 59, BC = 0.0610, and CC = 0.4125) is a major
inflammatory cytokine involved in activating the NF-kappa B
signaling pathway to induce the production of more
inflammation mediators and reactive oxygen species.50,51 At
the same time, TLR4 involved in the classical pathway
depended on IKK-related kinases through phosphorylates
NFKBIA at positions S32 and S36.50,51 Based on some
research studies, atherosclerotic plaques and neointima were
effectively attenuated by regulating the circulatory lipid profile
and inhibiting the macrophage ox-LDL uptake via suppressing
the LOX-1-NF-kappa B signaling pathway in APOE mice
induced by chronic feeding with high lipid diet.52 Similarly,
when examining the expression of NFKB-related genes
between ruptured and paired stable control segments of
endarterectomy plaque specimens, ruptured plaques contained
significantly higher gene expression levels of major signaling
proteins of the noncanonical pathway.53 These results also
provided a link with TNF family in the noncanonical pathway,
which further illustrates the association between noncanonical
NF-kappa B signaling and adverse cardiovascular events.
Interestingly, quercetin (DC = 10, BC = 0.0039, and CC =
0.4501) had anti-inflammatory properties in patients suffering
from CHD, indicating a decrease in the transcriptional activity
of the nuclear factor of NFKB.38 In other words, quercetin, as a
key component of ZXGD, might regulate the expression of
NFKB-related receptors through the NF-kappa B signaling
pathway for treating CHD.

As mentioned above, the results of bioinformatic analysis
illustrated that the NF-kappa B signaling pathway was the most
important key pathway. In order to further verify that the NF-
kappa B signaling pathway plays an important role in ZXGD in
treating CHD, H/R-induced cardiomyocytes cultured in vitro
were used to simulate myocardial H/R injury to analyze the
CK, LDH, and MDA content, SOD activity, and expression of
mRNA of cardiomyocytes cultured in vitro. The protective
effects of ZXGD on damaged cardiomyocytes via the
upregulation of SOD and downregulation expression of CK,
LDH, and MDA were also observed. Inflammatory response is
one of the important mechanisms in the occurrence of
myocardial ischemia-reperfusion injury. NFKB, IL1B, TNF,
TLR4, and ICAM1 as inflammatory markers play important
roles in inflammatory signaling by aiding the activation of
NFKB. Moreover, almost all studies on ischemia-associated
heart injury demonstrated that the inhibition of NF-kappa B
activity could attenuate inflammation-associated injury and
improve cardiac function.54 In this present study, a model of
cardiomyocyte hypoxia/reoxygenation pathology was first
constructed. qRT-PCR detection analysis concluded that
NFKB, IL1B, TNF, TLR4, and ICAM1 were significantly
upregulated in the model group, which further suggested that
the cardiomyocyte injury model was highly activated. Drug-
containing serum intervention could effectively reduce the
expression and secretion of pro-inflammatory factors, including
NFKB, IL1B, TNF, TLR4, and ICAM1, notably, the high-dose
group had the most significant effects. Different dose groups
showed various degrees of decrease in expression, which
suggested that ZXGD inhibited the production of inflamma-
tory factors from the aspect of the signaling pathway
mechanism.

4. CONCLUSIONS

To sum up, an integrated approach, including UPLC-UESI-Q
Exactive Focus, gene expression profiling, network pharmacol-
ogy, molecular docking, and in vitro experimental validation,
was introduced to systematically investigate the mechanism of
ZXGD in the treatment of CHD. It was found that 39
compounds, 12 targets, and 4 KEGG pathways were closely
related to the mechanisms of ZXGD in treatment with CHD.
Meanwhile, the significance of key compounds such as
quercetin, quercitrin, adenosine, and guanosine in this study
has been demonstrated. Furthermore, the NF-kappa B
signaling pathway, toll-like receptor signaling pathway, and
TNF signaling pathway played a key role by regulating PTGS2,
NFKB1A, NFKB2 TNF, and ICAM1. Most importantly, in
vitro experiments proved that the ZXGD could improve CHD
by downregulating the expression of NFKB, IL1B, TNF,
TLR4, and ICAM1 to regulate the NF-kappa B signaling
pathway. More experimental verification and research still need
to be carried out for ZXGD in treatment with CHD. The
results of this work may provide a theoretical basis for further
research on the molecular mechanism of ZXGD in the
treatment of CHD.

5. METHODS AND MATERIALS

5.1. Chemical Composition Analysis for ZXGD.
5.1.1. Chemicals and Materials. Acetonitrile (HPLC-grade)
and methyl alcohol (HPLC-grade) were obtained from Fisher
Scientific Company. The MS-grade formic acid was obtained
from Sigma-Aldrich (Germany) Trading Co., Ltd. A. fructus
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immaturus, A. macrostemonis bulbus, T. fructus, M. officinalis
cortex, and C. ramulus were all decoction pieces and obtained
from Beijing Tongrentang.
5.1.2. UPLC-UESI-Q Exactive Focus Conditions. The

UPLC-UESI-Q Exactive Focus conditions were used to
analyze the compounds of ZXGD. An instrument, a Thermo
Scientific Q exactive focus system coupled with Thermo
Scientific Ultimate 3000 system, was used for the chromato-
graphic separation. Separation was performed on an Accucore
AQ C18 column (150 mm × 2.1 mm, 2.6 μm), and the
column temperature was maintained at 30 °C. The mobile
phase consisted of two solvents, namely A (0.1% formic acid in
water) and B (methyl alcohol) at a flow rate of 0.3 mL/min.
The inlet method used a linear gradient elution of A and B,
according to the following program (0−13 min, 95−40% A;
13−27 min, 40−5% A; 27−30 min, 5% A; 30−33 min, 5−95%
A; and 33−35 min, 95% A). The injection volume was set at 2
μL. Liquid chromatography HESI-MS analysis was conducted
using the positive and negative electrospray modes. The mass
spectral scan ranges from 100 to 1500 Da, and the spray
voltage was set at 3.5 kV. The other conditions are as follows:
capillary temperature, 320 °C; Aux gas heater temperature, 350
°C; sheath gas flow rate, 40 arb; Aux gas flow rate, 10arb; S-
lens RF level, 50.0 V; resolution, full MS 70000, dd-MS2
35000; and scanning mode, full MS-dd-MS2.
5.1.3. Preparation of Test Solution. 12 g of A. fructus

immaturus, 12 g of M. officinalis cortex, 9 g of A.
macrostemonis bulbus, 6 g of C. ramulus, and 12 g of T.
fructus are weighed out, and all herbs are decoction pieces.
Water was added to soak for 20 min and decocted twice, the
filtrate was filtered and combined twice, and they were cooled.
A proper amount of the above decoction solution was taken,
and the solution was fixed with methyl alcohol to a certain
solubility. The test product was obtained by filtration through
a 0.22 μm microporous membrane.
5.2. Target Prediction for ZXGD in the Treatment of

CHD by Network Pharmacology. 5.2.1. Target Fishing of
the Chemical Compositions for ZXGD. To predict the targets
of compounds, the target fishing was performed in terms of
MedChem Studio (version 3.0) software that is embed in the
TCMIP,55 and it is an efficient similarity tool to identify the
similarity between the known drugs and the test compounds.
The information of the known drugs and the related targets is
originated from DrugBank database.56 The Tanimoto score
was used to characterize the degree of similarity between the
known drugs and the test compounds in MedChem Studio,
and the range of Tanimoto score is in the [0, 1], where “0”
indicates the completely different structures between ingre-
dients and known drugs, and “1” represents the same
structures of the two components. When the Tanimoto score
is higher than 0.6 between the test compounds and the known
drugs, it is considered that the targets of the known drugs are
that of the test compounds.
5.2.2. Determination of CHD Targets by Gene Expression

Profiling. The gene expression profile was carried out by GEO
database (www.ncbi.nlm.nih.gov/geo/)57 to identify the
related targets of CHD. GEO database is an international
public repository for high-throughput microarray and next-
generation sequence functional genomic data sets that are
submitted by the research community and contain a large
number of gene chip sequencing, single cell sequencing, and
omics data of clinical, animal, or cell samples. First, chip
GSE66360 was selected from GEO database through searching

the keywords “coronary heart disease.” The chip contained
gene expression data of the circulating endothelial cells in
patients with 50 CHD and 49 healthy people and was
measured using the HG-133U_PLUS_2 microarray. Second,
the whole probe sets of circulating endothelial cells were
annotated as gene symbols based on the GPL570 platform.
Afterward, differential expressed genes (DEGs) were identified
by comparing gene expression between the CHD group and
control group with a tool named GEO2R in GEO database.
Furthermore, the genes with P value < 0.05 and |log FC| > 1
were considered as the DEGs between CHD patients and
healthy individuals. In particular, genes with log FC > 1 were
regarded as the upregulated genes, and genes with log FC < −1
were downregulated genes. Consequently, the DEGs of CHD
were screened out and diagrammed as a volcano plot with R
language.

5.2.3. Common Targets of Component Targets and CHD
Targets. The common targets of disease-causing genes and
compound targets for ZXGD were determined by the Venn
online tool (http://bioinformatics.psb.ugent.be/webtools/
Venn/), and non-human targets were deleted in this step. As
a result, the targets of the candidate compounds were obtained
for ZXGD in treating CHD.

5.2.4. Core Targets were Determined by PPI Network
Construction for ZXGD in Treating CHD. To screen out the
core targets for ZXGD in treating CHD, the common targets
were mapped into the online search websites (STRING v11.0,
https://string-db.org/),58 which could predict the protein
functional associations and PPIs. The protein type was set at “
Homo sapiens,” and the core targets would be determined by
setting the threshold with the confidence of 0.7. Then, the
interactions were introduced to Cytoscape 3.7.2 to construct
the PPI network.59

5.2.5. KEGG Analysis on ZXGD in Treating CHD. KEGG
pathway enrichment analyses were performed in online
enrichment database DAVID (https://DAVID.ncifcrf.gov/
tools.jsp)60 to investigate the functions and mechanisms of
targets for ZXGD in treating CHD. The KEGG pathways with
P value < 0.01 were regarded as the key pathways of ZXGD in
treating CHD. Additionally, core pathways were mapped as
bubble diagram with R language.

5.2.6. F−H−C−T−P Network Construction of ZXGD in
Treating CHD. The data of herbs, compounds, targets, and
pathways were leading in the software of Cytoscape 3.7.2 to
construct the “F−H−C−T−P” network for ZXGD in the
treatment of CHD, and network topological properties were
analyzed for each node using the Network analyzer with DC,
CC, and BC to identify the hub network of ZXGD in treating
CHD.

5.2.7. Molecular Docking of Key Compounds and Targets.
Molecular docking was used to predict the directive interaction
between core targets and compounds based on the AutoDock
Vina.61 The crystal structures of targets were obtained from
Protein Data Bank (PDB, http://www.rcsb.org), and the
structures of components were obtained from PubChem
database. The whole processes comprised the preparation of
proteins, determination of docking pockets, and molecular
docking with proteins and compounds. Finally, binding energy
was calculated using an iterated local search global optimizer.
Active interaction site and binding energy score were revealed
when the molecule and the protein docked successfully. The
smaller the binding energy, the stronger the binding ability
between compounds and targets.
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5.3. Experimental Validation. 5.3.1. Animals and
Treatments. 12 SD rats (aged eight weeks, weighed 120−
160 g, SPF) were provided by FOREVERGEN company; the
certificate number was 44822700003542. The rats were
housed in the institutional animal facility with standard animal
room conditions at 22 °C under a 12 h light/dark cycle with
free access to food and water. All animals were randomly
divided into the control group (n = 3) and ZXGD group with
low, medium, and high concentrations (n = 9).
5.3.2. Herb Materials. A. fructus immaturus, A. macro-

stemonis bulbus, T., M. officinalis cortex, and C. ramulus of
ZXGD were decoction pieces and obtained from Beijing
Tongrentang.
5.3.3. Preparation of ZXGD. The method is described in

Section 2.3 in detail.
5.3.4. Preparation of Drug-Containing Serum. 12 adult SD

rats were randomly divided into four groups. After 2 days of
adaptive feeding, ZXGD drug-containing serum of high,
medium, and low-dose group and control group was prepared
separately. Rats of high-dose group (n = 3), medium-dose
group (n = 3), and low-dose group (n = 3) were given ZXGD
via intragastric administration with the doses of 13.86 g/(kg·
d), 6.93 g/(kg·d), and 3.46 g/(kg·d) for 3 days. For the control
group, the rats (n = 3) (1 mL/100 g) were given the saline by
intragastric administration once per day for 3 days. After 1 h of
the last treatment, abdominal aortic blood was collected under
aseptic condition and then centrifuged at 2000 rpm for 15 min
to obtain ZXGD drug-containing serum. All serum was filtered
through a 0.22 μm filter membrane and inactivated by water
bath at 56 °C for 30 min and then stored at −20 °C until all
serum could be used for the pharmacological study.
5.3.5. Culture, Passage, and Grouping of H9c2 Cells. H9c2

(ATCC) was grown in the Dulbecco’s modified Eagle’s
medium (HyClone, UT, USA) with 10% FBS (Gibco, NY,
USA). All the medium were supplemented with 100 units of
penicillin per mL and 100 μg of streptomycin per mL (TBD,
Tianjin, China).
5.3.6. Establishment of the Hypoxia/Reoxygenation

Model (H/R) of H9c2 and Intervention of Drug-Containing
Serum. H9c2 cells were divided into five groups, shown as
follows: (1) control group: H9c2 cells were kept in a normal
incubator; (2) the hypoxia/reoxygenation (H/R) group: H9c2
cells were subjected to 4 h of hypoxia (N2/CO2, 95:5),
followed by 2 h of reoxygenation; (3) the H/R + high-dose
ZXGD: H9c2 cells were treated with the ZXGD high-dose
group containing drug serum and reoxygenated for 2 h; (4) the
H/R + medium-dose ZXGD: H9c2 cells subjected to ZXGD
medium-dose group containing drug serum and reoxygenated
for 2 h; and (5) the H/R + low-dose ZXGD: the treatment of
H9c2 cells was the same as mentioned above.
5.3.7. Enzyme-Linked Immunosorbent Assay (ELISA) to

Detect the Levels of CK, LDH, and MDA Contents and SOD
Activity. The levels of CK, LDH, and MDA contents and SOD
activity were determined using commercial ELISA kits

(Meimian Industrial Co., Ltd., Jiangsu, China), according to
the manufacturer’s instructions. Briefly, 50 μL of the standard
and sample was added per well, incubating at 37 °C for 2 h.
Next, 100 μL of the HRP-conjugate antibody was added to
each well, incubating for 60 min at 37 °C. Before adding 50 μL
of stop solution to each well, chromogen solution A (50 μL)
and B (50 μL) were added to each well with mixing and
incubating for 15 min at 37 °C, respectively. Finally, the
absorbance values were measured using a microplate reader
(Thermo Fisher, USA) at 450 nm. All experiments were
performed independently at least three times.

5.3.8. qRT-PCR to Detect mRNA of NFKB, IL1B, TNF, TLR4,
and ICAM1 Expression. The primers were designed and
synthesized by Tanzhen Biotechnology. The primer sequences
for NFKB, IL1B, TNF, TLR4, and ICAM1 are listed in Table
5. The total RNA for H9c2 cells was extracted by Trizol
(BIOTEKE, Beijing, China) and was later employed to
determine the RNA concentration. According to the Prime-
Script RT reagent kit instruction, the RNA was then reversely
transcribed into cDNA. Based on the instruction of the kit, the
polymerase chain reaction was initiated at 85 °C for 1 min,
followed by 40 cycles of amplification of denaturation at 94 °C
for 1 min and annealing at 60 °C for 20 s using a StepOne Plus
device (Applied Biosystems). The 2-DDCT method was
adopted to analyze the data.

5.3.9. Statistical Analysis. Statistical analysis was performed
using SPSS 17.0 software. The measurement data were
expressed as mean − standard deviation. The comparison
among three or more groups was performed by one-way
ANOVA. H/R versus control, *P < 0.05, **P < 0.01, and ***P
< 0.001; ZXGD versus H/R, #P < 0.05, ##P < 0.01, and ###P <
0.001. P < 0.05 indicated the statistical difference. P < 0.01 and
P < 0.001 indicated the significant difference. The drawing of
histogram was performed using Graphad prism 5 software.
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Table 5. Primer Sequences for NFKB, IL1B, TNF, TLR4, and ICAM1 by qRT-PCR

gene name forward (5′−3′) reverse (5′−3′)
NFKB TTTTTGATAACCGTGCCCCC AGCCAGGTCCCGTGAAATAC
IL1B CAGAACATAAGCCAACAAGTGGT GCCGTCTTTCATCACACAGG
TNF CTGAACTTCGGGGTGATCGG GTTTGCTACGACGTGGGCTA
TLR4 CCAGAGCCGTTGGTGTATCT GAGCATTGTCCTCCCACTCG
ICAM1 CCCACCTCACAGGGTACTT CAGGTGAGGACCATATAGCACA
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