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Guide to This Chapter

Network pharmacology is a new research strategy [1] to understand the molecular
and drug mechanisms of complex diseases based on the structure and function of the
“molecular biological network.” The network-based method is a powerful tool for
studying complex diseases and the nonlinear modes of drug-disease interactions
[2]. The WHO drafted guidelines for traditional medicine from 2014 to 2023.
Traditional Chinese Medicine (TCM), as important inheritance of the Chinese nation
and the critical constituent of China’s existing medical and health care system, play
great role in the field of healthcare of Chinese people [3]. Currently, researches on
modernization of traditional medicine, including TCM, have attracted increasing
attention both at home and abroad. Based on network visions and methods, it can
facilitate the systematically understanding of the mechanism of disease pathology
from biological network equilibrium view, promoting study of the relationships
among different diseases and also the study of drug repositioning. What’s more,
network visions and methods could also promote the systematic deciphering of
complex interactions between TCM and disease biomolecular network, and enhance
the R&D on combinatorial drugs.

Fan’s research group from Zhejiang University focus on key scientific issues such
as network regulation of TCM Formulae’s components compatibility. With appli-
cation of omics technologies including transcriptomics, several research strategies
for TCM network pharmacology with disease network as core have been established,
which contributed to the formation of the concept of network formulaology [4, 5]. A
series of significant progresses have made, including establishment of several basic
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databases, such as TCM-PTD, which is a database of potential TCM targets. Based
on the characteristics of integrated regulation of TCM, Fan’s research group pro-
posed a TCM Formulae’s components compatibility optimization strategy according
to their network balance construction algorithm, after which a series of experimental
studies were conducted to establish a comprehensive evaluation method for TCM
efficacy analysis. They also created a multi-component/multi-target/multi-pathway
network construction method for TCM, and the method was successfully applied for
the study of integrated regulation mechanism of TCM, such as Shengmai and Qishen
Yiqi Formulae [6-27]. This chapter took ischemic heart disease as an example,
together with several research examples [12, 13, 15, 18, 19] to introduce disease-
based network pharmacology research, which can provide references for the devel-
opment and application of network pharmacology associated research works.

8.1 Disease Network Construction and Analysis
of Coronary Heart Disease

Coronary heart disease (CHD), as a chronic and complex disease, its occurrence and
development involves multi-genes, multi-signaling pathways, and multi-links. The
construction of disease network could fully integrate the disease-related gene—gene
interactions, and the interactions were abstractly presented as network in the way of
network visualization. Meanwhile, network analysis technology helps study of
disease-associated gene groups and biological pathways at a holistic level. There-
fore, disease networks provide a platform for systematically study interactions
among molecules, which shows important scientific research and application value
for understanding the pathogenesis of CHD and drug development.

8.1.1 Data Acquisition and Processing
8.1.1.1 Text Mining of CHD-Related Genes

The keywords “Coronary heart disease” were applied to searched in the PubMed
database with year limited from 2000/1/1 to 2013/1/23. The search retrieved about
110,000 literatures. In the PubMed retrieved panel, select “Send to” — “Choose
Destination” — “File” — “Format” — “Abstract (text)” — “Create File” from pull-
down menu to save the .txt file containing abstracts. The abstracts information can be
extracted using text mining technology.

Words were extracted from abstracts and the ArrayTrack (V 3.5.0) gene database
was queried to get the potentially related genes, and these genes were retrieved in the
obtained abstracts to attain genes with literatures support. Three researchers then
independently carried out manual confirmations work. Genes associated with CHD
were determined by reading relevant abstracts, full text, and other related references
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to acquire CHD-related genes. The researchers retained 660 CHD-related genes for
further research.

8.1.1.2 Extraction of CHD-Related Genes by Manually Reading
of Literatures

Compared to text mining technology, manual literature mining is time-consuming
and labor-consuming, but it has a high accuracy rate. According to JCR Science
Edition report published by Thomson Reuters, Circulation is the most authoritative
professional journal in the field of cardiac & cardiovascular systems. Therefore,
Circulation was selected as the literature source, with the year set from 2006 to 2011.
By reading literature abstracts, gene and protein information were extracted from
151 abstracts and inconsistent formats were standardized. Official names of genes
(Official Symbol) and gene numbers Entrez ID in NCBI were applied to normaliza-
tion of gene names. Standard protein names adopted were “UniProt ID” and
“UniProt Consortium Protein Name.” Finally, 252 related genes were obtained.

8.1.1.3 Mining CHD-Related Genes from Public Databases

Public databases, containing information on cardiovascular disease-related genes
and proteins, are important resources to study the pathogenesis of cardiovascular
diseases and the mechanism of drug action. Cardiovascular disease-related genes
were selected from the rat genome research database (RGD) [28] by February 11th,
2014. 161 genes related to the cardiovascular disease portal and myocardial ischemia
were selected. These genes were extracted and removed duplications for the con-
struction of CHD @ZJU research platform.

8.1.1.4 Integration of CHD-Related Genes from Different Sources

CHD-related genes were normalized through the three methods by application of
their official names (official symbol) and gene Entrez ID in NCBI, after integration
and removal of duplicated genes, 1073 genes were finally identified. Compared with
the CHD@ZJU version 1.0, 413 new genes were added. Further gene-related
information was annotated, including gene name, gene Entrez Gene ID, and gene
description, literature evidence of the genes, other literature information related to
CHD, PPI relationship information related with the genes, and FDA drug informa-
tion of the genes, etc., new genes in version 2.0 were especially highlighted in red.
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8.1.2 Network Construction and Visualization

CHD@ZJU V2.0 integrates PPI-related information from databases HPRD and
BioGRID. We optimized the internal data structure of the CHD@ZJU database
and the computation and access speed of the website was improved.

Pairwise relationships of 1073 genes were extracted from the integrated PPI
relationships to generate a gene—gene interaction relationship table, including 4030
pairs. Cytoscape Web [29] was used to construct a CHD disease network. The
network model includes 1073 nodes and 4030 edges, with the largest sub-network
containing 819 nodes and 3988 edges.

In disease network, gene groups with similar biological functions (corresponding
to the sub-network or sub-cluster in the network), also known as biological function
modules, can concurrently involve in certain phase of disease biogenesis. Thus,
further analysis of biological functional modules is expected to reveal the pathogen-
esis of complex diseases and to provide support for the design and R&D of
therapeutic drugs.

8.1.3 Network Analysis and Prediction

Network analysis was conducted using network topological attribute analysis, clus-
ter analysis of sub-network/sub-cluster, and biological function gene ontology
(GO) analysis.

8.1.3.1 Network Topological Attribute Analysis

The topological properties of the disease network were evaluated, and results
showed that the distribution of node connectivity of the constructed disease network
conformed to the power-law distribution (R2 = 0.890), that is, the CHD network
indicated scale-free properties and obtain the general characteristics of biological
network.

The network analyzer plug-in in Cytoscape software was applied to calculate the
node degree (Degree) and betweenness (Betweenness Centrality) of disease net-
work. In biological networks, nodes with large degrees are usually considered as
“Hubs” of the network, while nodes with high betweenness are called “bottleneck™
(Bottleneck Node). These topological properties represent the importance of nodes
in the network [30]. In addition, some studies showed that important genes related to
diseases usually tend to form hub nodes in biological networks [31-34].

The degree and betweenness of nodes in disease network can be calculated and
two strategies were adopted for node ranking analysis:



8 Disease-Based Network Pharmacology Practice Process 399

Betweenness as the Screening Criteria

23 network nodes were obtained with betweenness greater than 0.02 and sorted from
large to small according to betweenness values from the CHD-related gene network
topology parameters (betweenness > 0.02).

23 genes were imported into ArrayTrack 3.5, “Pathway Enrichment Analysis”
was performed to retrieve 32 signaling pathways. Pathways were divided into six
categories according to their biological functions: cell adhesion and connection,
apoptosis, myocardial and smooth muscle contraction, energy metabolism, immune
inflammation, and cell signal transduction-related pathways.

If the threshold value of betweenness is set at 0.01, 65 nodes can be obtained. The
signaling pathway enrichment analysis revealed 32 pathways in 7 types. These
pathways were basically the same as those obtained when the betweenness threshold
was set at 0.02. Three new signaling pathways were different, i.e., Cytosolic
DNA-sensing pathway (p = 0.025) related to immune inflammation and RIG-I-
like receptor signaling pathway (p = 0.046); Signal molecular related pathways of
extracellular matrix: ECM-receptor interaction (p = 0.002).

Degree as the Screening Standard

Nodes with degrees greater than 10 were sorted in descending order of degree value.
Simultaneously, the betweenness was greater than 0.02, and 22 nodes were obtained
for the topological parameters of CHD-related gene network (degree > 10,
betweenness > 0.02).

The signaling pathway enrichment analysis of these 22 genes indicated that there
were mainly 32 signaling pathways in 6 categories.

If the degree is set as greater than 10, it returned 221 nodes meeting the criteria.
Signaling pathway enrichment analysis of these genes can be performed to get
35 signaling pathways in 7 categories with 5 newly-added signaling pathways, i.e.,
PPAR signaling pathway related to energy metabolism (P = 0.019); Immune
inflammation-related signaling pathway RIG-I-like receptor signaling pathway
(p = 0.000), Cytosolic DNA-sensing pathway (p = 0.006); Extracellular signal
molecule related signaling pathway ECM-receptor interaction (p = 0.002),
Cytokine-cytokine receptor interaction (p = 0.002).

The pathways enriched using the key genes can reflect the biological functions of
the gene group and can provide support for explanation of CHD pathogenesis. Our
network analysis results indicated that the abnormal function of one or several
signaling pathways in the biological pathways, such as cell adhesion and connection,
apoptosis, contraction of myocardium and smooth muscle, energy metabolism,
immune inflammation, cell signal transduction, and so on, may be related to the
pathogenesis of CHD.
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8.1.3.2 Cluster Analysis of Sub-Network/Sub-Cluster

Network medicine investigates human diseases in the view of network. Its theories
and methods are based on the associations between human diseases occurrence and
the disturbance of the disease module. The tacit hypothesis is that “Topological
Modules,” “Functional Modules,” and “Disease Modules” could overlap in the
network. Therefore, functional modules are equivalent to topological modules, and
disease can be regarded as disturbance and disruption of functional modules [35].
The topological module can be obtained by applying a network clustering
algorithm. MCODE plug-in in Cytoscape was adopted to analyze the network
topological properties to discover highly interactive areas, namely clusters
[36]. The MCODE sub-cluster analysis was carried out for the entire CHD disease
network, and a total of 38 sub-clusters were returned. These sub-clusters were further
analyzed for their biological functions (GO_Biological_Process, GO_BP).

8.1.3.3 GO Analysis of Biological Functions

BiNGO, another plug-in in Cytoscape, can integrate the molecular interaction
networks, visualize and analyze the GO categories of genes in biological networks
to discover functional modules of the network [37].

GO_BP analysis was performed on the top 15 sub-clusters obtained from the
extraction and analysis of the MCODE sub-clusters. Homo sapiens was selected as
the species with other parameters in BiNGO settings dialog box setting to the
default, i.e., the statistical significance level is set as 0.05, the whole annotation is
taken as the reference set for analysis. Finally, a total of 13 sub-cluster GO analysis
results were returned, however, results for sub-cluster 9 were not returned, and
sub-cluster 15 had only 2 nodes, hence GO analysis was not performed.

This chapter set sub-clusters 1, 2, and 3 as examples to conduct GO_BP analysis.
The analysis results and discussion are listed as follows:

1. Sub-cluster 1, cluster genes included E2F1, IRS2, RELA, SOCSI1, ESR1, RBI,
SIRT1, IRS1, STAT3, BRCA1, STAT6, HIF1A, HDACI, JAK1, PARPI,
PIK3R1, and GHR. GO_BP analysis found that the functions of these genes
were involved in three aspects: intracellular and extracellular stimulation signals,
synthesis and metabolism of biological molecules in the body, regulation of cell
proliferation and apoptosis.

(a) The responses to intracellular and extracellular stimulation signals may be
mainly due to the organisms response to various biomolecules (hormones,
cytokines, etc.) during the occurrence and developmental stages of CHD.

(b) The synthesis and metabolic regulation of biomolecules, including glycolipid
metabolism and other processes related to body energy metabolism. For
example, insulin-related signaling pathways in sub-cluster 1 were involved
in regulating the transport and metabolism of glucose, p-oxidation of fatty
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acids, etc., which show important role in the pathogenesis of CHD. The
related GO_BP categories included: GO-ID 10907, positive regulation of
glucose metabolic process; GO-ID 45913, positive regulation of carbohydrate
metabolic process; GO-ID 10828, positive regulation of glucose transport;
GO-ID 19216, regulation of lipid metabolic process; GO-ID 32000, positive
regulation of fatty acid beta-oxidation; GO-ID 43550, regulation of lipid
kinase activity; GO-ID46321, positive regulation of fatty acid oxidation, etc.

(c) Cell proliferation and apoptosis are involved in the pathological process of
myocardial infarction. The main related GO_BP categories included: GO-ID
42127, regulation of cell proliferation; GO-ID 8284, positive regulation of
cell proliferation; GO-ID 42981, regulation of apoptosis; GO-ID 43067,
regulation of programmed cell death; GO-ID 10,941, regulation of cell
death, etc.

2. Sub-cluster 2, cluster genes included PPARA, CAVI1, TNF, IL6ST, GRB2,
PPARG, NFKBIA, FOXO1, NR3C1, CTNNBI1, RPA1, FOS, GATA2, CD44,
RACI, RUNXI1, MYC, CCNA2, CHUK, HSPAS, AKT2, NFATCI, IRAKI,
MAP 2K1, RXRA, SMADS, TP53, SMAD3, SMADI, CDK4, PRKCD, KDR,
HDAC4, HDAC3, CDKNI1A, ETS1, MAPK3, MAPKS, and MDM4. GO_BP
analysis found that the functions of these genes were mainly involved in the
responses to intracellular and extracellular stimulation signals, regulation of cell
proliferation, differentiation, and apoptosis, and the regulation of immune inflam-
matory related processes:

(a) The responses to intracellular and extracellular stimulation signals may be
produced by the corresponding response of the body caused by myocardial
infarction, for example: GO-ID 9611 response to wounding.

(b) Cell proliferation, differentiation, and apoptosis are involved in the patholog-
ical process of myocardial ischemia and infarction. The corresponding
GO_BP categories are: GO-ID 42127, regulation of cell proliferation;
GO-ID 8285, negative regulation of cell proliferation; GO-ID 45595, regu-
lation of cell differentiation; GO-ID 43069, negative regulation of
programmed cell death; GO-ID 42981, regulation of apoptosis; GO-ID
43067, regulation of programmed cell death; GO-ID 10941, regulation of
cell death; GO-ID 45767, regulation of anti-apoptosis; GO-ID 51726, regu-
lation of cell cycle, etc.

(c) Immune inflammatory reaction occurs throughout the development of CHD,
the main GO_BP categories include: GO-ID 2376, immune system process;
GO-ID 2682, regulation of immune system process; GO-ID 2520, immune
system development; GO-ID 6954, inflammatory response; GO-ID 2673,
regulation of acute inflammatory response; GO-ID 50727, regulation of
inflammatory response, etc.

3. Sub-cluster 3, cluster genes included: BID, TRAF1, THRA, ERBB2, NFKBI,
BCL2L1, FOX03, SRC, ATF2, IGF1IR, VDR, CSNK2A1, CXCR4, RHOA,
FAS, APEX1, AR, SOCS3, SMAD2, PTPN11, CCNDI1, TNFRSF10B, EP300,
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HDAC?2, JUN, MDM2, JAK?2, PTPNI1, and TNFAIP3. GO_BP analysis found
that the main functions of these genes are regulation of cell proliferation, differ-
entiation and apoptosis, and regulation of hypoxic and oxidative stress.

(a) In myocardial infarction, cell proliferation, differentiation, and apoptosis
involve myocardial cells, endothelial cells, smooth muscle cells, immune
inflammatory cells, etc. The main GO_BP categories include: GO-ID
42981, regulation of apoptosis; GO-ID 43067, regulation of programmed
cell death; GO-ID 10941, regulation of cell death; GO-ID 45595, regulation
of cell differentiation; GO-ID 8219, cell death; GO-ID 6915, apoptosis;
GO-ID 12501, programmed cell death; GO-ID 6916, anti-apoptosis; GO-ID
42127, regulation of cell proliferation; GO-ID 8633, activation of
pro-apoptotic gene products; GO-ID 51726, regulation of cell cycle; GO-ID
6917, induction of apoptosis; GO-ID 12502, induction of programmed cell
death, etc.

(b) Hypoxia and oxidative stress play an important role in the occurrence and
development of systolic heart disease. The GO_BP categories include:
GO-ID 51341, regulation of oxidoreductase activity; GO-ID 1666, response
to hypoxia; GO-ID 70482, response to oxygen levels; GO-ID 42542, response
to hydrogen peroxide; GO-ID 6979, response to oxidative stress; GO-ID
302, response to reactive oxygen species, etc.

Similarly, this chapter also conducted GO_BP analysis of the other
10 sub-clusters, results mainly involving angiogenesis, leukocyte chemotactic
migration, and cell apoptosis; oxidative stress injury, damage repair; cell prolifera-
tion, migration and apoptosis, fatty acid oxidative metabolism; immune
inflammation-related biological processes; calcium ion channel regulation; Cell-
extracellular matrix interaction regulation; coagulation function cascade reaction,
and other biological pathways.

8.1.4 Validation and Summary
8.1.4.1 Enrichment Results Discussion

Functions of signaling pathways enriched through disease network analysis and their
association relationships with diseases are discussed and analyzed as follows:

1. The role of apoptosis and necrosis in CHD: In acute myocardial infarction (AMI),
cardiomyocyte apoptosis and necrosis occur rapidly, and the related signaling
pathways like cell cycle, apoptosis, and p53 signaling pathway play a key role in
the pathological process of cardiomyocyte apoptosis and necrosis [38—40].

2. The immune inflammatory response involves throughout the entire occurrence
and development process of atherosclerosis (AS), and is the key biological
process of CHD [41-44]. Inflammatory response involves throughout the entire
process of AMI. Hypoxia is one of the causes of inflammation. Inflammation
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involves all stages of ischemic injury [45]. Of all the 37 enriched signaling
pathways, 11 are associated with immune inflammation, including: T cell recep-
tor signaling pathway, Chemokine signaling pathway, B cell receptor signaling
pathway, Fc epsilon RI signaling pathway, Fc gamma R-mediated phagocytosis,
natural killer cell mediated cytotoxicity, toll-like receptor signaling pathway,
leukocyte transendothelial migration, NOD-like receptor signaling pathway,
cytosolic DNA-sensing pathway, RIG-I-like receptor signaling pathway. Studies
indicate that MAPK signaling pathway, with regulatory effects on cell prolifer-
ation, differentiation, and apoptosis, plays an important role in inflammatory
response, and is a potential target of anti-inflammatory therapy [46].

3. Energy metabolism plays an essential role in the occurrence and development of
CHD. Myocardial energy metabolism includes the metabolism and utilization of
fatty acids and glucose. Cardiac insulin promotes cardiomyocytes to utilize fatty
acids and glucose for ATP synthesis, while myocardial ischemia inhibits normal
conduction of insulin signaling pathway [47], with subsequent inducing of the
occurrence of adverse left ventricular remodeling after myocardial infarction.
This process is related to the decreased function of mitochondrial fatty acid
oxidation in cardiomyocytes [48]. For PPAR signaling pathway, it can inhibit
myocardial ischemia by promoting glucose utilization and anti-inflammatory
effects [49], in which adiponectin is a key adipocytokine that can promote fatty
acids p-oxidation and increase the utilization of glucose [50].

4. The role of angiogenesis in CHD: VEGEF signaling pathway regulates the prolif-
eration, migration or cell viability of vascular endothelial cells, promotes vaso-
dilation, and improves blood supply post-myocardial infarction [51-53]. The
mTOR signaling pathway has a regulatory effect on hypoxia induced angiogen-
esis, and can promote the recovery of blood flow supply to ischemic myocardium
post-myocardial infarction [54, 55].

5. The role of cell adhesion and junction in CHD: Focal adhesion is the medium for
cells to connect with the ECM through the cytoskeleton, while AS is the internal
pathological basis of CHD. The disturbance of blood “Fluid Shear Stress” at the
bifurcation point of arteries is transmitted through focal adhesion and causes
morphological and functional changes of endothelial cells, which promotes the
occurrence and development of AS [56]. At the same time, focal adhesion also
mediates endothelial injury due to lipoproteins and promotes the progress of AS
[57]. The integrity of the structure and function of endothelial cells is an vital
basis for maintaining the normal functions of the cardiovascular system.
Adherens junction, Gap junction, and Tight junction are three critical connections
between endothelial cells. Abnormal connection between these cells changes the
morphology and function of the endothelium, increases the permeability of the
endothelium, and promotes the occurrence and development of AS [58]. In
addition, injury to endothelial cells causes pro-inflammatory cells to adhere to
the surface of damaged endothelial cells, and to migrate and invade farther into
the blood vessel wall in the endothelium, participating in the formation of
atherosclerotic plaques together with the involving of actin cytoskeleton
[59]. Endothelial tissue is a continuous monolayer structure of endothelial cells
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in the inner wall of blood vessels, which plays the role of a functional barrier
between blood and vascular smooth muscle. The changes in endothelial structure
and function directly affect the contraction function of blood vessels. On one
hand, the functional barrier of endothelial tissue is changed with increased
permeability, which induces some vasoactive substances in blood circulation to
invade into the vascular wall. On the other hand, the injured endothelium
synthesizes and secretes vasoactive substances (such as endothelin), or metabo-
lizes the precursor substances in the blood circulation into vasoactive substances
(such as Angl transforming to Angll), which cause vasoconstriction and affect the
blood and oxygen supply to the myocardium [60].

6. The role of ventricular remodeling and myocardial injury repair in CHD: The
TGF-beta signaling pathway is activated in the repair process post-myocardial
infarction, which has a pleiotropic and multifunctional regulatory effect on
different types of cells involved in the repair [61]. Myocardial infarction triggers
inflammation, which eventually forms scar tissue. In the early stage of infarction
repair, TGF-p inhibits the activity of macrophages with subsequent inhibition of
synthesis of chemokines and cytokines by endothelial cells to show anti-
inflammatory effects. In the followed process, TGF-p causes ECM deposition,
activates the fibrosis signaling pathway, and induces fibrosis and hypertrophy of
non-infarcted myocardium, which all contribute to left ventricular remodeling
[62]. The notch signaling pathway plays a key role in mammalian heart devel-
opment [63] as well as in the myocardial repair [64] and regeneration process
after infarction. The hedgehog signaling pathway, another signaling pathway
regulating the development and formation of tissues and organs, plays an impor-
tant role in cardiac repair post-myocardial infarction. Erythropoietin (EPO) can
promote angiogenesis through the hedgehog signaling pathway and plays a
protective role [65] in the heart after infarction. Another mechanism of the
hedgehog signaling pathway on cardiac function recovery post-myocardial
infarction is to upregulate the expression of angiogenic genes and to enhance
the migration of bone marrow progenitor cells to the infarcted myocardium [66].

7. The role of other biological processes in CHD: ErbB and Wnt signaling pathways
have multiple roles in regulating biological processes, including cardiac devel-
opment, cardiomyocyte proliferation, myocardial cell viability, etc. ErbB signal-
ing pathway is especially vital for cardiac development and can regulate the
balance of both sympathetic vagus nerve and hemodynamics. The activation of
ErbB signaling pathway can reverse the declining cardiac function post-
myocardial infarction [67]. Wnt signaling pathway plays an significant role in
stem cell biological activity, cardiac development and differentiation, angiogen-
esis, etc. [68—70] What’s more, the Jak-STAT signaling pathway has a versatile
biological functions, involving cell proliferation, differentiation, migration, and
apoptosis, and is an essential signaling cascade for organisms [71]. Studies have
found that under pathological conditions, the renin-angiotensin system (RAS) is
activated, and Ang II binds to its receptor to further activate Jak-STAT signaling
pathway, participating in cardiac dysfunction caused by myocardial ischemia-
reperfusion [72]; In addition, the Jak-STAT signaling pathway plays an important
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role in the occurrence of myocardial infarction and post-myocardial infarction
ventricular remodeling, which may be related to the activation of the
pro-inflammatory signaling pathway of Jak-STAT signaling pathway [73].

The abovementioned analysis indicates that the pathogenesis of CHD involves
immune inflammatory reaction, apoptosis and necrosis, energy metabolism of cells,
cell adhesion and connection, angiogenesis, myocardial injury repair, ventricular
remodeling, and other related biological processes.

8.1.4.2 Conclusion

1. The disease network of CHD was improved and the CHD@ZJU2.0 disease
network research platform was established through application of the integrated
text knowledge mining, manually literature validation and public database knowl-
edge methods. With the guidance of network biology, network pharmacology and
network medicine concepts and methods, network analysis was applied to iden-
tify key genes and biological pathways of the CHD disease network. CHD @ZJU,
the disease network research platform, has currently been updated to version 3.0.

2. The results of network analysis preliminarily show that CHD is a polygenic,
multi-biological pathways associated disease. Pathogenesis related biological
processes mainly include: Immune inflammatory response, cell proliferation,
differentiation and apoptosis-related processes, angiogenesis, hypoxia and oxi-
dative stress response, glucose and fatty acid related energy metabolism, myo-
cardial injury repair, and ventricular remodeling. The construction and
improvement of the CHD disease network research model can facilitate the
subsequent experimental research works.

8.2 Research Practice of the Application of Disease
Network in TCM Prescriptions

8.2.1 Integrated Mechanism Study of TCM Prescriptions
Modes of Action

The Qishen Yiqi formulae mainly contain water-soluble components from Radix
Astragali, Salvia Miltiorrhiza, and Panax Notoginseng, together with volatile oil
components from Dalbergia Odorifera. Our previous research results [74, 75] show
that the pharmacodynamic material basis for Qishen Yiqi formulae are mainly
saponins from Radix Astragali, phenolic acids from Salvia Miltiorrhiza, saponins
from Panax Notoginseng, and volatile oil components from Dalbergia Odorifera. Shi
Pei-ying [75] studied the non-volatile and volatile chemical constituents of Qishen
Yiqi formulae by application of liquid chromatography mass spectrometry
(LC/TOF/MS), liquid chromatography ion trap mass spectrometry (LC/IT/MS),
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and gas chromatography mass spectrometry (GC/MS). A total of 35 non-volatile
components were identified, and the compounds with highest contents were of
danshensu, salvianolic acid B, salvianolic acid A, isosalvianolic acid C, ginsenoside
Rby, and ginsenoside Rd. 24 volatile components were identified in the Qishen Yiqi
extract. By comparing the total ion flow diagram of Qishen Yiqi and Dalbergia
Odorifera extracts, 5 volatile components with high content amount were obtained,
notably cis-a-santalol, nerolidol, E-nerolidol (ENL), (3S,6R,7R)-3,7,11-trimethyl-
3,6-epoxy-1,10-dodecadien-7-ol (RDL), and (3S,6S,7R)-3,7,11-trimethyl-3,6-
epoxy-1,10-dodecadien-7-0l (SDL), respectively. Analysis of plasma samples of
SD rats after intragastric administration of Qishen Yiqi extract (6 g/kg) revealed
that the constituents absorbed into the blood were four phenolic acid compounds and
seven saponins compounds.

In addition, our research group’s Li et al. [76, 77] used HPLC-UV-ELSD and
HPLC-DAD-ESI-MS" methods to study the content of related components in
Qishen Yiqi dropping pills. Combined with results of this study, Shi Pei-ying
suggested that astragaloside IV (Ast), Danshensu (DSS), Ginsenoside Rg; (Rgy),
and ginsenoside Rb; (Rb;) in the Qishen Yiqi formulae may be its representative
effective components in blood corresponding to drugs in Qishen Yiqi. Other domes-
tic research groups have also conducted research on the pharmacodynamic material
basis of Qishen Yiqi formulae [78].

Based on the research results of the chemical composition of TCM prescription
and in vivo pharmacokinetics, effective components of the Qishen Yiqi formulae are
the saponins of Radix Astragali, phenolic acids of Salvia Miltiorrhiza, saponins of
Panax Notoginseng, and volatile oil of Dalbergia Odorifera. Representative com-
pounds were selected from corresponding TCM fractions, i.e., Ast, DSS, Rg;, and
ENL were identified as the four main active compounds. Study was designed to
investigate the effects of single compound administration and combined compounds
administration on rat AMI models. Gene chip technology and network pharmacol-
ogy methods were used, together with CHD@ZJU V2.0 ischemic heart disease
network, and the synergistic mechanism of four main active components of the
Qishen Yiqi formulae against the rat AMI at the transcriptional level.

8.2.1.1 Data Acquisition and Processing

Left Anterior Descending Coronary Artery (LAD) ligation was done under anesthe-
sia in rats. Myocardial infarction model rats were randomly divided into groups with
intragastric administration (i.g) on every morning for 7 consecutive days (i.g volume
10 ml/kg). The sham operation group (1% sodium carboxymethy] cellulose solution,
1% CMCNa), model group (1% CMCNa), Ast group (80 mg/kg), DSS group
(44 mg/kg), Rg; group (8 mg/kg), ENL (53.3 mg/kg), 4H group, Qishen Yiqi
decoction group (QSYQ). Five rats in each group were used for gene chip research,
i.e., sham, model, Ast, DSS, Rgl, ENL, and 4H.

Extraction of rat myocardial tissue for gene chip detection required surgical
instruments with DEPC RNase-free water treatment, autoclaved, and dried.
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Ophthalmic scissors and ophthalmic tweezers were used to obtain about 300 mg of
myocardial tissue at the junction between the infarcted and normal myocardium
below the site of ligation. The Affymetrix Rat Genome 230 2.0 chip was selected and
entrusted to the chip company for testing. The company used Affymetrix GeneChip
Command Console software (version 4.0, Affymetrix) to process and extracts the
original data from the scanned original images.

The original data document was downloaded from the Arraytrack server, and
Excel was used to standardize with median set as 1000 for all data. The standardized
calculation is as follows:

Probe expression value after standardization
= original expression value in the chip/median x 1000.

The average value of probe expression was calculated. The expression value
obtained after normalization was further calculated through a logarithm of base
2 (Log2exPression valuey 4 attain the average log2 value of each probe. 1073 ischemic
heart disease-related genes were downloaded from the CHD disease network plat-
form CHD@ZJUV?2.0, constructed in Sect. 8.1, and 902 ischemic heart disease-
related genes were extracted and returned from the 26,430 genes on the chip.
Reverse Rate (RR) of each gene was calculated, and finally the signaling pathway
enrichment analysis was done in Arraytrack.

The formula for calculating the gene callback rate is as follows:

RR = (D —M)/(S—M)

where RR stands for the callback rate, that is, the ability of drug to regulate gene
expression in the opposite direction of the model’s change against the sham opera-
tion group, so it can return to the sham operation level. D stands for component or
component combination, M stands for model, and S stands for sham operation.

Where a gene is up-regulated relative to the sham operation after LAD ligation,
i.e., M > S, the effective callback condition is M > D > S, then the callback rate is
0 < RR < 1. If the gene is down-regulated relative to the sham operation after LAD
ligation, i.e., S > M, the effective callback condition is S > D > M, then the callback
rate is 0 < RR < 1, that is, the closer the RR value getting to 1, the stronger the
callback effect shows.

However, callback rate RR > 1 indicates the over-callback effect, that is, the gene
continues to be regulated in the direction of sham surgery after the gene was recalled
to the level of sham surgery due to drug intervention, and the callback rate RR < 0
indicates no callback effect.
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8.2.1.2 Network Analysis and Prediction

ArrayTrack software was used to conduct signaling pathway enrichment analysis of
those effective callback genes. There were 466 effective callback genes for Ast,
365 effective callback genes for DSS, 495 effective callback genes for Rgy,
425 effective callback genes for ENL, and 444 effective callback genes for the 4H
group. The respective groups of regulated signaling pathways and signaling pathway
network were constructed and referred to as the drug-signaling pathway network.
The network attributes included 49 nodes, 179 edges, and 44 signaling pathways.
There were 26 signaling pathways with significant regulation of single administra-
tion of the four components and combined administration of the four components,
accounting for 59.1% of the total enriched signaling pathways. These signaling
pathways mainly involved biological processes such as immune inflammation, cell
adhesion and connection, angiogenesis, ventricular remodeling and myocardial
repair, and energy metabolism. There were 34 signaling pathways that are signifi-
cantly regulated by Ast (p < 0.05), 35 by Rg; (p < 0.05), 39 by DSS (p < 0.05),
36 by ENL (p < 0.05), and 35 by 4H (p < 0.05).

The results of network analysis show that each component can regulate multiple
ischemic heart disease-related signaling pathways. Some signaling pathways are
regulated by only one component, while others are regulated by two to four
components simultaneously.

Glycerolipid metabolism signaling pathway is only regulated by Ast, while the
three signaling pathways of nicotinate and nicotinamide metabolism, steroid bio-
synthesis, and cell cycle are only modulated by DSS. And methane metabolism
signaling pathway is only regulated by ENL.

Ast and Rg; can significantly regulate PPAR signaling pathway and pyruvate
metabolism. DSS and ENL can both significantly regulate p53 signaling pathway,
tight junction, and RIG-I-like receptor signaling pathway.

The three components of Ast, DSS, and Rg; can significantly regulate cardiac
muscle contraction and Fc gamma R-mediated phagocytosis. Ast, DSS, and ENL
can significantly regulate ABC transporters; Ast, Rg;, and ENL can significantly
regulate ECM-receptor interaction; DSS, Rg;, and ENL can significantly regulate
Leukocyte transendothelial migration, Hematopoietic cell lineage, and natural killer
cell mediated cytotoxicity.

The four components of Ast, DSS, Rg;, and ENL can significantly regulate
arachidonic acid metabolism.

There are 26 signaling pathways with significant regulation of single and com-
bined administration of the four components, including: adherens junction,
adipocytokine signaling pathway, apoptosis, B cell receptor signaling pathway,
calcium signaling pathway, chemokine signaling pathway, complement and coagu-
lation cascades, cytokine-cytokine receptor interaction, ErbB signaling pathway, Fc
epsilon RI signaling pathway, focal adhesion, gap junction, GnRH signaling path-
way, insulin signaling pathway, Jak-STAT signaling pathway, MAPK signaling
pathway, mTOR signaling pathway, NOD-like receptor signaling pathway,
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regulation of actin cytoskeleton, renin-angiotensin system, T cell receptor signaling
pathway, TGF-beta signaling pathway, toll-like receptor signaling pathway, vascular
smooth muscle contraction, VEGF signaling pathway, and Wnt signaling pathway.

8.2.1.3 Validation and Summary
Experimental Validation

Lipopolysaccharide (LPS)-induced inflammatory cellular model in RAW264.7
mouse mononuclear macrophages was applied to study the anti-inflammatory effect
and mechanism of ENL (the main component of the volatile oil of Dalbergia
Odorifera) and the two components SDL and RDL (isolated from the oil of
Dalbergia Odorifera for the first time). Meanwhile, the synergistic anti-inflammatory
effects of the four main components of QSYQ, i.e., Ast, DSS, Rg;, and ENL, were
studied.

The effects of ENL, SDL, and RDL were investigated in order to identify their
safety concentration ranges which would have no affections to the viability of
RAW264.7 cells, and the inhibitory effect of these compounds against the produc-
tion of NO in RAW264.7 cells induced by LPS was evaluated. The synergistic
inhibitory effects of sodium danshensu and ginsenoside Rg; against LPS-induced
secretion of NO in RAW264.7 were also investigated. The inhibitory effects of the
combined treatment of the four components against LPS induced NO secretion in
RAW264.7 were detected by the Griess method. Further, the effects of small
molecule (Tool Compound), i.e., U0126, TO070907, Pioglitazone hydrochloride
(Pio), ZnPPIX on the NO secretion in LPS stimulated RAW264.7 were investigated.
Among them, U0126 is a selective ERK1/2 phosphorylation inhibitor, T0070907 is
an inhibitor of PPARYy phosphorylation, Pio is a PPARY agonist, and ZnPPIX is a
specific inhibitor of HO-1. Western blot method was selected to detect the protein
expression levels of ERK1/2, phospho-ERK1/2, PPARY, and HO-1.

Main Conclusions

1. Gene chip technology and network pharmacology method were applied, the
synergetic mechanisms of the four main components of the QSYQ against AMI
in rats were studied at the transcriptome level, and the four main components have
regulatory effects on multiple genes related to ischemic heart disease. Among the
genes with effective callbacks from the combination of the four components,
more than 50% of genes are involved in effective callbacks by at least two
components, reflecting the synergistic effects of all four active components on
the regulation of related genes. In the component combination administration
group, there were 40 genes that are up-regulated and the four components had
synergistic effects against LAD ligation. 36 genes that were down-regulated
indicated synergistic effects by the four components after modeling. Biological
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function and signaling pathway enrichment analysis of these genes revealed
several pathways, including immune inflammation, angiogenesis, ventricular
remodeling and myocardial repair, energy metabolism, etc., which may be the
key biological pathways for the four components of the QSYQ to play a multi-
target and multi-pathway integrated synergy against rat AMI.

2. Experimental verification studies revealed that ENL, SDL, and RDL inhibit the
secretion of NO in LPS-induced RAW264.7 monocytes macrophages. The
mechanism of action of the three components (especially ENL and SDL) may
be partly through inhibition of ERK1/2 and PPARYy phosphorylation, and
increase of PPARY and HO-1 expression involving NF-kB, ROS, iNOS, and so
on, which all contributed to inhibition of LPS-induced NO production in
RAW264.7 macrophages. The combined co-culture of DSS and Rg; with
RAW?264.7 could synergistically enhance the inhibition effects of LPS induced
NO secretion in a dose-effect relationship. This effect of DSS and Rg; could be
attenuated or even abolished by ZnPPIX, an HO-1-specific inhibitor. Thus, DSS
and Rg; may play an anti-inflammatory role by partially promoting the expres-
sion of HO-1. Meanwhile, compared to the single component administration
group, the combined administration of Ast, DSS, Rg;, and ENL of the four
components could synergistically enhance the inhibition effects on the
LPS-induced NO secretion and exhibited a good dose-response relationship.

3. The component-target-pathway network of the main pharmacodynamic sub-
stance of the QSYQ was constructed, and experimental data revealed that the
regulation network of Qishen Yiqi dropping pills consist of 12 effective compo-
nents and 55 targets acting on 17 pathways, involving both AMI stage (Vasodi-
lation, anti-myocardial apoptosis, anti-inflammatory protection of the
endothelium, and improved energy metabolism) and ventricular remodeling
stage (promoting angiogenesis, improving cardiac function, anti-myocardial
fibrosis, and anti-platelet aggregation). This indicated the integrative regulation
effects of QSYQ as multi-components, multi-targets, and multi-pathways modes
of action.

8.2.2 Compatibility Law:
“Sovereign-Minister-Assistant-Courier” in TCM
Formulae

Network pharmacology technology provides a new perspective for the systematic
exploration of integrated regulation modes of TCM formulae. Qishen Yiqi formulae
were set as an example to explain the scientific connotation of its compatibility law
in combating AMI. This section proposes a new research model of integrated
regulation of TCM based on biological network equilibrium analysis. Firstly, the
Organism Disturbed Network (ODN) model was constructed by integrating disease-
related gene information, transcriptome expression, and interaction related
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information. We also analyze the ability of the Qishen Yiqi formulae and its
components of Radix Astragali, Salvia Miltiorrhiza, Panax Notoginseng, and
Dalbergia Odorifera on recovering and regulating of the ODN. The network recov-
ery ability algorithm was improved and applied to quantitatively evaluate the
efficacy of Qishen Yiqi formulae. Results indicated that the Qishen Yiqi formulae
was significantly better than the four TCM drugs of QSYQ administered alone
against AMI, and had a synergistic mode of effect. As for the ability of network
recovery, the sovereign drug and minister drug (Radix Astragali and Salvia
Miltiorrhiza) is significantly better than that of the assistant drug and courier drug
(Panax Notoginseng and Dalbergia Odorifera), which complies with the compati-
bility law of “sovereign-minister-assistant-courier or Jun-Chen-Zuo-Shi rules.”
Pathway enrichment analysis sheds light on the compatibility rules of the Qishen
Yiqi formulae and its components at the pathway level.

8.2.2.1 Data Acquisition and Processing
Preparation of Myocardial Tissue Samples from AMI Rats

The AMI rat myocardial tissue samples were provided by the Institute of Pharmaco-
informatics, Zhejiang University. A total of seven groups of samples were involved
in this study, including normal group (Ctrl), model group (MI), Qishen Yiqi Decoc-
tion group (QSYQ), Salvia Miltiorrhiza group (DS), Radix Astragali group (HQ),
Panax Notoginseng group (SQ), and Dalbergia Odorifera group (JX). Three biolog-
ical replicate samples were included in each group.

Chip Experiment and Data Preprocessing

RNA extraction, purification, sample quality inspection, chip experiment, and data
acquisition were completed by chip company. The Affymetrix Rat 230 2.0 chip was
used, and the final chip data was saved in the .CEL format files. ArrayTrack software
was applied to read the .CEL files and the chip data was exported to Excel in .txt
format files for normalization processing. Data from 21 chips was processed for data
standardization. The median expression value for each chip was set to 1.000
(Median = 1000) by multiplying with the weight coefficient.

8.2.2.2 Network Construction and Visualization
Construction of Organism Disturbed Network (ODN)

The whole process can be divided into four parts: data collection, data arrangement,
network construction and visualization, and network analysis.
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In the data collection process, the AMI-related gene information, correlation, and
expression profile information were collected through knowledge mining techniques
and transcriptomics experiments. In the data management process, genes related to
CHD and myocardial ischemia in CHD@ZJU and RGD databases were integrated.
Protein—protein interaction (PPI) relationship information in both HPRD and
BioGRID databases was also integrated. Gene expression information was attained
through chip expression data processing using data normalization. AMI disease
biological network was constructed by using integrated genetic information and
PPI relationship as nodes and edges, respectively. Each node in the network repre-
sents a gene, and each edge represents the interaction relationship between the
corresponding proteins of two genes. Then, the gene expression profile information
of AMI was obtained by transcriptomics technology, and it was combined with the
disease biological network in the form of network annotation (including node
annotation and edge annotation) to form ODN. Cytoscape software was applied to
conduct visualization research of the ODN.

Calculation of Network Recovery Index (NRI) of ODN Model

NRI-ODN, which is oriented to the Organism Disturbed Network model, enables to
integrate node topology attributes and callback efficiency, to comprehensively
evaluate the ability of network recovery regulation of drugs. In this study, node
topology attributes are defined by the degree of nodes. The node callback efficiency
is evaluated by “Efficiency of Recovery regulation” (EoR).

EoR is an index describing the callback efficiency of a node based on a quanti-
tative callback state (RL'). RL’ is a continuous variable form of the callback state
index RL, and the calculation is shown in Formula 8.1. The EoR calculation is
shown in Formula 8.2, and its maximum value is 100%, that is, the drug can
eliminate the expression change caused by the AMI modeling. For example, if the
mean Log?2 value of expression intensity in the normal control group is 5, and that in
the model group is 10. EoR = 50% indicates that the expression intensity of this
gene was regulated in recovery by 50% (value = 7.5) or over-regulated by 50%
(value = 12.5) after drug administration. While EOR = 100% indicates that the gene
expression intensity returned to the normal control state after administration
(value = 10). If EoR < 0, it means that the drug does not have a callback effect
(value < 5) or produces an excessive over-callback effect (>15) on the gene, and this
type of gene does not contribute to the efficacy of the drug.

RL/ _ LOgEdrug - LOgEdisease
LogE control — LOgE gisease ’

EoR = 100% — |100% — RL'|, (8.2)

(8.1)

NRIgppy was calculated by Formula 8.4. The callback level (Recovery
Regulation-ODN, RRODN) comprehensively considers the influence of node
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topology and callback efficiency on the callback level, as shown in Formula 8.3.
Where W, represents the degree of the node and EoRqsiive indicates that only
those nodes with positive EoR (value > 0) are used in the RRODN calculation.
Finally, NRIopy Was obtained by calculating the overall network, the sum of the
RRODN of significantly up-regulated genes and significantly down-regulated genes.

RRODN = Z Wtopo X EORpositive’ (83)
NRIopy = RRODN,; + RRODN,, + RRODNyoyn, (8.4)

8.2.2.3 Network Analysis and Prediction

The study applied the NRI-ODN to evaluate the efficacy of the Qishen Yiqi formulae
against AMI, and analyzed the impact of the node’s Fold Change (FC) on the
callback level RRODN and NRIgpn. The callback efficiency of Qishen Yiqi and
its single drugs to the nodes of the ODN were calculated through EoR. The genes
with effective callback ability were defined with EoR > 50% as the threshold, and
the effective callback genes lists of Qishen Yiqi and its four drugs were obtained.

Pathway enrichment analysis methods were used to analyze the biological sig-
naling pathways involved in each gene list. ArrayTrack (version 3.5.0) software was
cited to analyze the pathway of the effective callback gene list. The KEGG pathway
database was selected as the pathway information source, and fisher p value < 0.05
was set as the standard to identify the significant pathways. The KEGG pathway
database contains cellular processes, environmental information processes, metabo-
lism, human diseases, etc. Considering the relevance with PPIL, only cellular and
environmental information processes were studied in this research.

8.2.2.4 Validation and Summary
Network Construction and EoR Calculation Results

The AMlI-related disease biological network based on the Qishen Yiqi data involves
a total of 324 genes and 623 pairs of interaction relationships. The largest
sub-network is the ODN, involving 281 genes and 616 interaction relationships.
Each node represents a gene, and each edge represents an interaction relationship
between the corresponding proteins of the genes. The color of the nodes represents
the changed state of expression in the modeling group, where red represents the
up-regulated expression of the modeling group as compared to the normal group;
and green represents the down-regulated expression of the modeling group versus
the normal group (as shown in Fig. 8.1a).

The EoR index was used to annotate the callback ability of the Qishen Yiqi
decoction after administration (as shown in Fig. 8.1b). A blue node indicated that the
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Fig. 8.1 Graph of the AMI-related Organism Disturbed Network (ODN) (Qishen Yiqi network)
based on the Qishen Yiqi gene chip expression data

Qishen Yiqi formulae could callback the expression imbalance caused by AMI after
its administration, while a gray node indicated that there was no callback effect. The
four drugs of Qishen Yiqi formulae—Salvia Miltiorrhiza (Salvia), Radix Astragali
(Astragalus), Panax Notoginseng (Notoginseng), and Dalbergia Odorifera
(Dalbergia), are shown in Fig. 8.1c.
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Calculation Results of RRODN and NRIppy of Qishen Yiqi Formulae

Among the four drugs, the NRIgpy index of Salvia Miltiorrhiza and Radix Astragali
was higher than that of Panax Notoginseng and Dalbergia Odorifera. The Qishen
Yiqi formulae, Radix Astragali, and Salvia Miltiorrhiza had a very significant
callback effect on the ODN (p < 0.01). Dalbergia Odorifera had a significant
callback effect (p < 0.05), and the Panax Notoginseng alone showed an insignificant
callback effect on the ODN (p > 0.1).

Results of Network Recovery Regulation Ability

In this study, the absolute value of FC > 0.5 was used as the screening criterion for
significantly up-regulated and down-regulated genes, and the influence of this
screening criterion on the calculation results of RRODN was investigated. The RR
value of Qishen Yiqi formulae is always higher than those of its four drugs alone.
When the FC threshold is greater than 1, the RRODN levels of Salvia Miltiorrhiza
and Radix Astragali are higher than those of Panax Notoginseng and Dalbergia
Odorifera. When the FC is greater than 1, the significant RRODN value of Qishen
Yiqi formulae shows little difference with that of Salvia Miltiorrhiza, while the
significant RRODN values corresponding to Radix Astragali, Panax Notoginseng,
and Dalbergia Odorifera are similar.

Compatibility Rules of Qishen Yiqi at the Pathway Level

EoR > 50% was used as the threshold value to define the effective callback genes of
the Qishen Yiqi formulae and its four drugs against ODN, and the biological
pathway enrichment of the genes with EoR > 50% were counted and analyzed.
The results indicated that Radix Astragali could affect more pathways, while the
other three drugs had similar number of signaling pathways. The 14 pathways
regulated by the Qishen Yiqi formulae can be also regulated by at least one of its
drugs. Radix Astragali and Salvia Miltiorrhiza could both regulate 10 pathways of
the 14 pathways, Panax Notoginseng could regulate 8 pathways, while Dalbergia
Odorifera could only regulate 5 pathways, which all indicates that Radix Astragali
and Salvia Miltiorrhiza may play a major role in the regulation effects of Qishen Yiqi
formulae at the pathway level.
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8.2.3 Study of “Tonifying Qi and Activating Blood” Efficacy
in TCM Formulae

The Qishen Yiqi formulae is composed of Salvia Miltiorrhiza, Radix Astragali,
Panax Notoginseng, and Dalbergia Odorifera, and it is prescribed for treatment of
ischemic heart disease [79]. The Qishen Yiqi dripping pills manufactured according
to Qishen Yiqi formulae [80] are clinically used for the treatment of CHD due to Qi
deficiency and blood stasis with definite curative effects. The four herbs are formu-
lated in accordance with the prescription of “sovereign-minister-assistant-courier,”
however, their mechanism of the treatment of ischemic heart disease and related
complications needs to be further studied [81]. The preparation was originally called
Huangqi Danshen Dropping Pills [82-84], and then renamed as Qishen Yiqi
dropping pills. TCM theory indicates that Qi deficiency and blood stasis lead to
the pathogenesis of ischemic heart disease. Tonifying Qi and activating blood
circulation is the basic treatment regimen for ischemic heart disease. Therefore,
research on the efficacy of Qi tonifying and blood activating could conducted from
the view of the Qi tonifying and blood activating of Radix Astragali and Salvia
Miltiorrhiza. Based on the ischemic heart disease network, with the regulation of
Salvia Miltiorrhiza and Radix Astragali and network regulation analysis method, it is
feasible to carry out research of efficacy of Qi tonifying and blood activating on the
disease molecular network view. What’s more, further cellular and molecular biol-
ogy experiments are warranted to verify related molecular mechanisms.

8.2.3.1 Data Acquisition and Processing
Construction of Ischemic Heart Disease Network

The disease network was constructed with application of CHD @ZJU cardiovascular
disease network pharmacology research platform, which was used to investigate the
efficacy of the Qishen Yiqi formulae of its Qi tonifying and blood circulation
promoting.

Construction of Molecular Network of Radix Astragali and Salvia Miltiorrhiza
for Regulating of Ischemic Heart Disease

The myocardial tissue samples of AMI rats were provided by the Institute of
Pharmacoinformatics, Zhejiang University. A total of seven groups of samples
were involved in this study, including normal group (Ctrl), model group (MI),
Qishen Yiqi Decoction group (QSYQ), Salvia Miltiorrhiza group (DS), Radix
Astragali group (HQ), Panax Notoginseng group (SQ), and Dalbergia Odorifera
group (JX). Three biological replicate samples were included in each group.
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RNA extraction, purification, sample quality inspection, chip experiment, and
data acquisition were completed by chip company. The Affymetrix Rat 230 2.0 chip
was used, and the final chip data was saved in the. CEL format files. ArrayTrack
software was applied to read the. CEL files and the chip data was exported to Excel
in .txt format files for normalization processing. Data from 21 chips was processed
for data standardization. The median expression value for each chip was set to 1.000
(Median = 1000) by multiplying with the weight coefficient.

8.2.3.2 Network Construction and Visualization

In the network modeling process, the PPI relationships were obtained with integra-
tion of HPRD and BioGRID databases. As for disease-associated genes collection,
CHD@ZJU was applied, together with CHD and myocardial ischemia related genes
from RGD database were also used. The chip expression data was processed with
normalization to attain gene expression information. Gene expression profile infor-
mation of AMI was obtained through transcriptomics technology, then Cytoscape
software (version 3.0.1) was used to conduct the research on visualization of
the ODN.

8.2.3.3 Network Analysis and Prediction

Efficacy exploration of Radix Astragali and Salvia Miltiorrhiza in “tonifying Qi and
promoting blood circulation” in ischemic heart disease at molecular network level.

In Sect. 8.2.2, the NRIgpN was used to study the compatibility rules of the Qishen
Yiqi formulae with “sovereign-minister-assistant-courier.” At the molecular network
level, the network recovery regulation ability of the sovereign and minister drugs
(Radix Astragali and Salvia Miltiorrhiza) is significantly better than that of assistant
and courier drugs (Panax Notoginseng and Dalbergia Odorifera), which is accord
with the compatibility rules “sovereign-minister-assistant-courier” of these drugs. In
our previous pharmacodynamic and proteomics research, results showed that Radix
Astragali and Salvia Miltiorrhiza, the sovereign and minister drugs in Qishen Yiqi
formulae, targeted on the energy metabolism and blood circulation pathways of the
imbalance network, respectively, which was consistent with the traditional efficacy
of “replenishing Qi and promoting blood circulation.”

In this section, NRI-ODN algorithm was cited to calculate the callback ability of
the drug to the organisms network balance, and the drug efficacy was evaluated
systematically. The NRI-ODN algorithm further considered the influence of network
topology and node callback efficiency on the overall recovery regulation ability, so it
could reflect the influence of TCM drugs on the network more reasonably.

Further pathway enrichment analysis was carried out. Effective callback genes
with a threshold value (EoR > 50%) were defined and obtained for Qishen Yiqi
formulae and its constituent drugs. ArrayTrack (version 3.5.0) software was cited to
analyze the pathway of the effective callback gene list. The KEGG pathway database
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was selected as the pathway information source, and fisher p value < 0.05 was set as
the standard to identify the significant pathways. The KEGG pathway database
contains cellular processes, environmental information processes, metabolism,
human diseases, etc. Considering the relevance with PPI, only cellular and environ-
mental information processes were studied in this research.

8.2.3.4 Validation and Summary

“Tonifying Qi” Effects of Radix Astragali: Detecting Energy
Metabolism-Related Indicators

The rats LAD ligation model was used on under anesthesia. Myocardial infarction
Rats were divided randomly into different groups with intragastric administration of
TCM every morning for 7 consecutive days. The rats were administered 10 ml/kg in
the Sham operation group (1% CMCNa), model group model (1% CMCNa), high-
dose Radix Astragali group (200 mg/kg/day, ARE-H), and Radix Astragali low-dose
group (100 mg/kg/day, ARE-L). Radix Astragali extract was provided by Tianjin
Tasly Pharmaceutical Co., Ltd.

After 7 days of administration, the rats were anesthetized by intraperitoneal
injection of 360 mg/kg chloral hydrate. Blood was collected from the abdominal
aorta and allowed to stand for 30 min at room temperature, then was centrifuged at
4000 rpm for 15 min. The supernatant was collected and stored in the refrigerator at
—80 °C. Then the heart was perfused with 20 ml of precooled normal saline, and was
cut off and washed in precooled normal saline. The connective tissue and right
ventricle were removed. Myocardium below the ligation site were placed in a
precooled 2 ml cryopreservation tube and stored at —80 °C.

The test kit was used to measure biochemical indicators in the serum and
myocardial tissue, HPLC chromatography method was used to detect the content
of high-energy phosphate compounds in myocardial tissue, and Western Blot was
used to detect the expression of proteins related to energy metabolism in the
myocardial tissue.

Serum and myocardial tissue homogenate: detecting of content or activity of
lactate dehydrogenase (LDH), pyruvate (PA), lactic acid (LD), creatine kinase (CK),
and free fatty acid (FFA).

Effects of Representative Ingredients of Radix Astragali on Energy
Metabolism of Hypoxic Cardiomyocytes

The effects of the three representative compounds, i.e. Astragaloside IV, calycosin,
and formononetin, against ATPase activity in H9c2 cardiomyocytes were detected
respectively. The hypoxic device consists of a hypoxic culture chamber (Modular
Incubator Chamber, Billups-Rothenberg). Hypoxic conditions were created by using
mixed air to replace the air in the hypoxic culture chamber (ventilate mixed air for
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about 15 min). The culture chamber was placed in a 37 °C, 5% CO, incubator for
12 h. The ATP content of cardiomyocytes was detected using the CellTiter-Glo™
reagent, and the luminescence intensity was measured with a fluorescence chemilu-
minescence analyzer (Tecan F200, USA).

At the same time, the effects of the three representative compounds against
ATPase activity in cardiomyocytes were detected, using a reference ultra-trace
ATPase test kit according to kit instructions.

Finally, Western Blot was conducted to detect the effects of the three active
compounds on the expression of the PGC-1 and PPAR-«a, two proteins which are
associated with energy metabolism in hypoxic cardiomyocytes.

Main Conclusions

1. Based on the ischemic heart disease network and transcriptomics information,
NRI-ODN algorithm application can reflect the recovery regulation ability of
Radix Astragali and Salvia Miltiorrhiza on the organisms network balance and is
able to evaluate TCM drug efficacy systematically. Pathway level studies indi-
cated that the “Qi tonifying and blood circulation activating” of Radix Astragali
and Salvia Miltiorrhiza may be associated with the regulation of myocardial
energy metabolism and blood circulation.

2. Radix Astragali extract showed effects on LDH activity and CK, FFA, PA, and
LA levels in the serum and myocardial tissue of AMI rats. Compared to the sham
operation group, the LDH activity and CK level in the serum and ischemic
myocardial tissue were significantly increased. After administration of Radix
Astragali extract (200 mg/kg/day, 100 mg/kg/day), the LDH activity and CK
level in the serum and ischemic myocardium significantly decreased compared to
those of the model group. The serum LDH activity and CK levels of ischemic
myocardial tissue in the high-dose group were significantly different from those
in the model group (P < 0.05). These results show that the Radix Astragali extract
could effectively alleviate ischemic injury of AMI rats. Compared with the sham
operation group, the levels of FFA, PA, and LA in serum and ischemic myocar-
dial tissue were significantly increased. After intragastric administration of the
Radix Astragali extract (200 mg/kg/day, 100 mg/kg/day), the levels of FFA, PA,
and LA in serum and ischemic myocardial tissue decreased compared to those in
the model group. The levels of FFA, PA, and LA in serum and ischemic
myocardium of the high-dose group (200 mg/kg/day) significantly decreased
(P < 0.01, P < 0.05), while the FFA level in ischemic myocardium with the
low-dose administration (100 mg/kg/day) showed significantly decreased
(P < 0.05). The results showed that the Radix Astragali extract could effectively
regulate the energy metabolism-related metabolites in serum and myocardial
tissue of AMI rats.

3. Effects of Radix Astragali extract on high-energy phosphate compounds in
ischemic myocardial tissues of rats with myocardial ischemia. The HPLC detec-
tion showed that after LAD ligation, the levels of ATP, ADP, AMP, and TAN in
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myocardial tissue decreased. Compared to the model group, the concentrations of
ATP, ADP, AMP, and TAN increased with treatment of Radix Astragali extract
of high and low dosages.

4. Effects of active compounds of Radix Astragali on ATP level of hypoxic
cardiomyocytes. Ast can promote the production of ATP in H9¢2 cardiomyocytes
under hypoxic conditions in a dose-dependent manner. Compounds Cal and For
can also increase the production of ATP, showing a good dose-effect relationship.

5. Effects of Radix Astragali active compounds on ATPase activity of hypoxic
cardiomyocytes. Compounds Ast, Cal, and For can enhance the activities of
Na*-K*-ATPase and Ca®*-Mg>*-ATPase of H9c2 under hypoxic conditions
with a good dose-effect relationship.

6. Effects of active compounds of Radix Astragali on PGC-1 and PPAR-a in
hypoxic cardiomyocytes. Compared with the normal group, the protein expres-
sion of PPAR-a decreased significantly while protein expression of PGC-1
decreased a little. Ast, Cal, and For can significantly promote the expression of
PGC-1, but the expression of PPAR-« increases slightly.

In summary, Radix Astragali can improve the energy metabolism of ischemic
myocardium, and PPAR pathway activation may be the involved mode of action.

8.3 Practice of Disease Network Application for Holistic
Efficacy Evaluation of TCM Drug

The rational application of network pharmacology techniques in the field of TCM
research and the development of TCM network pharmacology are currently hotspots
of TCM drug research. Currently, the applications of network pharmacology in
TCM research mainly involve the construction of TCM information database,
construction of TCM network model, study of the TCM components-target relation-
ships, analysis of TCM biological network, and so on. Establishing a scientific and
systematic evaluation system to conduct activity evaluation of TCM is a key
technical link [85] in the creation and optimal design of modern new TCM drugs,
which is also a difficult point in the current research. With the discovery of drug
multi-target effects, drug optimization design strategy based on multiple targets is
able to more reasonably reflect drug efficacy, side effects, in vivo processes, and
other characteristics [86]. Network pharmacology research has further developed the
concept of multi-objective optimization. The effects of a drug on the overall network
as a comprehensive evaluation index to replace the traditional single-indicator or
multi-objective evaluation system, in which pharmacodynamic evaluation based on
system biology data has made remarkable progresses [87, 88] in the field of the drug
repositioning. By constructing the system network model, drug actions were
represented as the characteristics of the holistic network, which makes breakthrough
against the bottleneck that single target could not fully represent the overall effects of
drugs against the biological system, while it also solves the faced problem of multi-
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objective optimization when using multi-efficacy indicators for evaluation. What’s
more, the network model also reflects changes in the biological system responding to
diseases and drugs at the molecular level. This allows for further research on the
mode of action and reveals the biological pathways and molecular mechanisms
involved during the drug treatment process. This type of research does not rely on
the drug structural characteristics, nor does it aim to a specific disease target, which
reduces the research limitations. Therefore, compared to the structure-dependent
traditional chemical medicine research, it is more suitable for the development of
holistic Chinese medicine research.

Holistic biological network analysis is different from the study of drug-target
network, which adopts homogeneous network or a hybrid network model integrating
both homogeneous and heterogeneous networks to replace the heterogeneous drug-
target network. More emphasis is placed on the relationship within the biological
system together with the impact of drugs on the whole biological network, rather
than only focusing on the direct effect and impact of drugs on the target.

Considering Shenmai injection as an example, the Network Recovery Index
(NRI) was used to quantitatively to evaluate the callback effect of Shenmai Injection
on acute myocardial ischemia imbalance network.

8.3.1 Data Acquisition and Processing
8.3.1.1 Research on Acute Myocardial Ischemia in Rats

Male SD rats were subjected to LAD ligation, and divided into three groups, sham,
model, and drug. The dosage of Shenmai injection was 10 ml/kg, and the rats were
intraperitoneally injected for 7 consecutive days (n = 8 in each group). After 7 days
of administration, rat cardiac function was evaluated by echocardiography. The
ischemic penumbra area between the necrotic area and normal tissue in the myocar-
dium were sampled and used for mRNA extraction and chip analysis research. The
animal experiment was conducted by the department of pharmacology, the second
military medical university, and the echocardiography measurement results were
processed by Zhongshan Hospital affiliated to Fudan University.

8.3.1.2 Chip Experiments and Data Preprocessing

The chip used in this study was the Affymetrix Rat 230 2.0 chip based on rat
genome-wide chip, including 31,099 probes. There were 24 samples, n = 4 for red
ginseng group, and n = 5 for the Ophiopogon japonicus group, Shenmai injection
group, normal group, and model group. Affymetrix expression profiling chip
matching Kit—GeneChip 3'TVT Express Kit (Cat#901229, Affymetrix, Santa
Clara, CA, US) and standard operating procedures (SOPs) were applied to amplify,
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label, and purify mRNA in the total RNA of the samples to obtain Biotin-labeled
cRNAs.

According to the hybrid standard procedure and matching kit provided by the
Affymetrix expression profile chip—GeneChip® Hybridization, Wash and Stain Kit
(Cat#900720, Affymetrix, Santa Clara, CA, US), rolling hybridization was carried
out for 16 h in a 45 °C Hybridization Oven 645 (Cat#00-0331-220V, Affymetrix,
Santa Clara, CA, US). After the hybridization was completed, the chip was then
washed in a Fluidics Station 450 (Cat#00-0079, Affymetrix, Santa Clara, CA, US)
according to the SOPs provided by Affymetrix.

The chip results were scanned by GeneChip® Scanner 3000 (Cat#00-00212,
Affymetrix, Santa Clara, CA, US). The original data were read by Command
Console Software 3.1 (Affymetrix, Santa Clara, CA, US). Qualified data was
normalized using Gene Spring Software 11.0 (Agilent technologies, Santa Clara,
CA, US) with application of MAS 5.0 as the algorithm.

The chip experiments were completed by the Shanghai Biotechnology
Corporation.

8.3.2 Network Construction and Visualization

The network model, used to evaluate the effects of Shenmai injection against AMI, is
referred to the enriched pathway network model, and was mainly based on the
significantly enriched signaling pathways and related gene-association information
in AMI. The specific construction process is as follows: (1) P value < 0.01 and Fold
change > 1.5 were selected as the threshold, the genes were extracted and pathway
enrichment analysis was conducted to obtain the corresponding information.
(2) KEGG database was used to retrieve all of the genes contained in these pathways.
(3) The HPRD database was used to acquire the correlation relationships between
these genes, and network model was constructed.

With p value < 0.01 and fold change > 1.5 as the threshold, a total of 1957
probes, with differential expressions produced with comparing of the model and
control groups, were obtained and involved a total of 1376 related genes. Pathway
enrichment analysis was performed on these genes, and 27 enriched KEGG signal-
ing pathways (Fisher P value < 0.05) were obtained, including 10 metabolism
pathways and 10 cellular process pathways, 2 environmental signal transduction
pathways, 4 disease pathways, and DNA replication pathway. These pathways
involve a total of 1478 related genes. By searching the HPRD database, 905 genes
were found to have at least one PPI association with other genes (or themselves),
involving a total of 2618 PPIs. 700 genes were found to form the largest
sub-network. The enriched pathway network diagram was generated, in which
nodes of different colors represented that they belong to different signaling path-
ways. Network parameter analysis showed that the connectivity distribution is in
accordance with the characteristics of scale-free network (R> = 0.868), indicating
that it has the properties of general biological network.



8 Disease-Based Network Pharmacology Practice Process 423
8.3.3 Network Analysis and Prediction

Analysis of the alleviation effects of Shenmai injection against network imbalance
induced by AML.

Changes of gene expression levels were used to create networks to reflect the
status of the network before and post-modeling and Shenmai injection administra-
tion, as well as the recovery regulation trend post-Shenmai injection administration.
In the drug regulation network, the red node represents the up-regulated expression
level, while the green node represents the down-regulated node. By conducting
network comparing, i.e., Model vs sham, Shenmai vs sham, Shenmai vs Model,
holistic network expression changes were analyzed both for post-AMI and
post-Shenmai injection administration treatments. Information on regulation of the
overall network expression on MI was obtained, and efficacy associated mechanism
post-Shenmai administration was found.

Shenmai injection shows the ability to make recovery regulation effects against
the network imbalance caused by ischemic modeling. What’s more, NRI index was
applied to evaluate the network recovery capability. For NRI calculation, refer to
Sect. 8.2.2.

8.3.4 Main Conclusions

1. Echocardiography evaluation of left ventricular function in the rats was done
7 days after AMI as the apparent pharmacodynamic index of Shenmai injection,
to calculate the evaluation indexes of left ventricular function, including Ejection
Fraction (EF) and Fractional Shortening (FS). The EF and FS values of rats in the
modeling group decreased significantly after 7 days of AMI and increased
significantly after Shenmai injection administration (P < 0.05), showing myo-
cardial repair effects. However, the changes of EF and FS values after adminis-
tration of red ginseng and Ophiopogon japonicus alone, respectively, were not
statistically significant (p > 0.05).

2. The administration of Shenmai injection alleviates network disorders caused by
AML. It was found that the holistic network expression change-related trend is
similar to that of after the administration of the Shenmai injection, that is,
the injection does not produce excessively strong regulatory effects that affect
the balance of the organisms. Compared to the regulatory trend of MI modeling,
the change in expression levels of the Shenmai injection is almost opposite, that
is, the Shenmai injection could alleviate the imbalance of the enrichment pathway
network caused by AMI and regulate it back to a normal status.

3. By analyzing the expression levels of the top 10 genes with the most significant
expression imbalance after MI modeling, it was found that the expression levels
of all nodes that were significantly regulated were recalled after the administra-
tion of the Shenmai injection, which further confirms the conclusion that the
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Shenmai injection has a callback to the network imbalance caused by ischemic
modeling.

4. Shenmai injection has over 90% recovery regulation ability for genes that are
significantly dysregulated after AMI, and the overall network callback ability was
77.9%. In contrast, the network callback ability of red ginseng and Ophiopogon
japonicus is relatively weak. Red ginseng can only callback about 50% of the
ODN, while the effect of Ophiopogon japonicus is even lower, with only about
16.4-35.4%. Finally, the NRI score of Shenmai injection was 0.876, much higher
than the NRI scores of red ginseng and Ophiopogon japonicus (0.498 and 0.269,
respectively), indicating that red ginseng and Ophiopogon japonicus have a
significant synergistic enhancing effect when administered concurrently in
Shenmai injection. They also produce a stronger callback effect on the expression
imbalance that occurs in the enriched pathway network.

Human disease spectrum has changed from communicable diseases to
non-communicable diseases (NCDs). The mortality and disability rate of NCDs
has brought severe challenges to the human medical and health system. The occur-
rence and development of diseases are often not limited to a single gene, but a
manifestation of the interactions among internally associated multi-molecular pro-
cesses. Humans have made new progress in understanding complex diseases. From
the view of structure and function of the “molecular biological network™ to system-
atically reveal the molecular mechanisms of complex diseases, the internal relation-
ships between disease and disease, and the modes of action of drugs is a new
research strategy.

Humanity’s understanding of the role of drugs has changed from the traditional
“one drug, one target” model to the “network target, multi-component treatment”
pattern. As a historical heritage and treasure of China, TCM plays an important role
in China’s medical and health care system, and thus makes positive contributions to
the world’s medical and health system. TCM is the most important way for
preventing and treating diseases in China. As a complex system with multiple
ingredients, TCM has a nonlinear interaction relationship with complex diseases.
Therefore, the understanding and analysis of this mode of action need to break
through the traditional pharmacological research methods. With the rapid develop-
ment of bioinformatics, systems biology, and polypharmacology, web-based
methods have become a powerful tool for the study of complex diseases and
nonlinear drug-disease complex modes of action.

In summary, this chapter studies cardiovascular disease, which is rank first in the
diseases to cause human deaths, and analyzes the occurrence and development of
ischemic heart disease through disease network construction and analysis. Based on
the disease network, we conducted the research on the integrated mechanisms of
TCM, the law of compatibility, the efficacy of “supplementing Qi and promoting
blood circulation,” and the regulation of ODN. In the research process, pharmaco-
dynamics, pharmacokinetics, transcriptomics, proteomics, metabolomics, bioinfor-
matics, network pharmacology, and other methods and technologies were integrated
to design experimental studies at the organism, cellular, molecular, and other levels.
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Examples of several famous TCM products mentioned in this chapter, namely
Qishen Yiqi dropping pills, Xuesaitong injection, and Shenmai injection, have
obvious clinical efficacy and social benefits. They play integrated regulation roles,
including multi-components, multi-targets, and multi-pathways in the prevention
and treatment of ischemic heart disease. Therefore, the research in this chapter was
also designed and carried out based on a systematic and integrated perspective. The
research concepts and methods in this chapter can provide references for the study of
other diseases and the effects of other drugs.

Certainly, for disease-based network pharmacology study there will be more
extended applications, including deciphering of disease—disease associations
(DDAs), drug repositioning research, drug-target prediction, and research on net-
work toxicology of TCM. Future research also needs to integrate multi-dimensional
“-omics” information, including genes, RNA, proteins, endogenous metabolites,
etc., which could facilitate the network-based research to play a key role in the
modernization and internationalization of TCM.
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