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Since the molecular mechanisms underlying in the pathogenesis of cardiovascular diseases (CVD) 
are extremely complex and have not yet been elucidated in detail, CVD remain the leading cause 
of death worldwide. Traditional Chinese medicine involves the treatment of disease from an overall 
perspective, and its therapeutic effects on CVD have been demonstrated. However, the mechanisms 
contributing to the multiscale treatment of cardiovascular diseases at the systematic level remain 
unclear. Network pharmacology methods and a gene chip data analysis were integrated and applied 
in the present study, which was conducted to investigate the potential target genes and related 
pathways of Shenfu Decoction (SFD) for the treatment of myocardial injury. The gene chip analysis 
was initially performed, followed by network pharmacology to identify differentially expressed 
genes (DEG) and a functional enrichment analysis. Protein-protein networks were constructed 
and a module analysis was conducted. A network analysis was used to identify the target genes of 
SFD. Regarding the results obtained, 1134 DEG were identified using the STRING website. The 
module analysis revealed that nine hub genes exhibited ubiquitin-protein ligase activity. Therefore, 
SFD significantly alters the expression of ubiquitination-related genes and, thus, plays an important 
therapeutic role in the treatment of heart failure. In conclusion, hub genes may provide a more 
detailed understanding of the molecular mechanisms of action of as well as candidate targets for 
SFD therapy.

1. Introduction

Cardiovascular diseases (CVD) are the leading 
cause of death worldwide (1). The application of 
traditional Chinese medicine (TCM) to the treatment 
of COVID-19 has been examined and it is now used in 
clinical settings in China; however, there is currently 
insufficient evidence for its global expansion (2). The 
use Chinese herbs to prevent various diseases, including 
CVD, has been investigated (3). Bioinformatics 
has become an important tool in the medical field 
because it effectively reveals relevant knowledge 
hidden in big data, thereby promoting the discovery 
of integrated information (4). The core concepts of 
TCM and network pharmacology are similar (5), with 
multicomponent therapy and network targets as the 
basis for TCM (6) and a molecular network for network 

pharmacology (7). Although many methods may be 
applied in investigations of the mechanisms of action of 
TCM in the treatment of CVD, network pharmacology 
is widely accepted and used because it provides a broad 
perspective (8).
 The cardioprotective effects of Shenfu Decoction 
(SFD) have been demonstrated. It has been shown 
to inhibit myocardial cell apoptosis in rats with heart 
failure (9) and protect against myocardial ischemia-
reperfusion injury (10). Metabonomics (11) and 
proteomics also revealed its protective effects against 
heart failure. Moreover, the chemome (12) and 
serum pharmacochemistry (13) of SFD have been 
characterized.
 The rapid development of network pharmacology 
has contributed to a more detailed understanding of 
and insights into the mechanisms by which TCM 
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exerts its effects on complex diseases (14). Therefore, 
in the present study, network pharmacology was used 
to elucidate the complex molecular mechanisms of 
action of SFD in the treatment of CVD. We initially 
treated cells with the corresponding drugs and then 
subjected samples to a gene chip analysis. Potential 
targets were mapped to the corresponding database 
for a bioinformatic analysis, which provides a bridge 
for clarifying the mechanisms by which SFD exerts its 
cardiovascular protective effects. 

2. Materials and Methods

2.1. Preparation of the SFD extract

Two Chinese herbal medicines, ginseng and aconite, 
were selected at a ratio of 2:1 to prepare SFD. Forty-
five grams of Chinese herbal medicine was added to 
900 mL of water to prepare SFD. The hot water extract 
obtained was then freeze-dried. Tochimoto Tenkai-do 
(Osaka, Japan) provided Panax ginseng CA Meyer (Lot 
No. 008607037) and Aconitum carmichaeli Debeaux 
(Lot No. 032017001) for the present study.

2.2. Cell culture and treatment

The rat cardiac myoblast cell line H9C2 was purchased 
from the European Collection of Authenticated Cell 
Cultures (ECACC: Salisbury, England). According 
to the information provided in the instructions, the 
medium selected was complete DMEM containing 
10% fetal bovine serum and culture conditions were 
37°C in a 10% CO2 humidification box. Three groups 
were included in the present study: 1) Control group; 
2) Model group; 3) SFD treatment group. Doxorubicin 
(DXR: Sandoz, Yamagata, Japan: Lot No. HY8542)-
mediated H9C2 cytotoxicity was induced as previously 
described (15). Following a treatment with SFD 
or vehicle for 24 hours, cells were incubated with 
or without DXR (2 μM) for another 24 h to induce 
cardiotoxicity.

2.3. RNA extraction

Total RNA was extracted from H9C2 cells using 
TRIsure (Bioline, Luckenwale, Germany), and genomic 
DNA was removed by DNase I (TaKaRa, Ohtsu, 
Japan), according to the manufacturers' instructions. 
The quantity and quality of RNA were assessed using 
a 2100 biological analyzer (Agilent, CA, USA). High-
quality RNA samples (OD260/280 = 1.8-2.0 RIN ≥ 7) were 
used to construct sequencing libraries. 

2.4. Microarray data 

Three samples each from the Control, Model, and SFD 
treatment groups were hybridized with an SurePrint 

G3 Mouse Gene Expression v2 8 × 60K Microarray 
at 65℃ for 14 h to analyze expression levels using 
microarray methods. 

2.5. Identification of differentially expressed genes 
(DEG)

DEG among Control, Model, and SFD treatment group 
samples were screened using Venn diagrams. |log2FC| ≥ 
1 was considered to be significant. 

2.6. Protein-protein interaction (PPI) network 
construction and a module analysis

As a classic PPI network construction tool, the STRING 
database (16) was employed in the present study, and 
the standard for significance was a combined score > 
0.4. In the module analysis after network construction, 
Cytoscape's plug-in Molecular Complex Detection 
(MCODE) was selected (17). The selection of key hub 
genes relied on the following three characteristics: 
"degree", "intermediateness", and "intimacy". The 
criterion selected in the present study was that these 
three characteristics were higher than the corresponding 
median values.

2.7. Enrichment analyses of candidate genes

WebGestalt is a functional enrichment analysis web 
tool (18). The WebGestalt online database, as a popular 
biological analysis database, facilitates analyses of 
the functions of DEG. The standard for statistical 
selection is p < 0.05. WebGestalt's over-representation 
enrichment analysis method is used to identify 
and analyze potential targets. As a gene annotation 
tool, a gene ontology analysis involves a functional 
analysis that includes molecular function, biological 
pathway, and cell component analyses (19). The Kyoto 
Encyclopedia of Genes and Genomes (KEGG) is a 
well-known path analysis tool (20). 

2.8. Co-expression analysis

GeneMANIA is a user friendly and flexible web 
server that is used to generate hypotheses about gene 
functions, analyze gene lists, and assess gene priority 
for a functional analysis (21). The database comprises 
many functions, such as a physical interaction analysis, 
co-expression predictions, co-localization, and a genetic 
interaction analysis. These functions were used in the 
present study to construct the SFD gene network.

3. Results and Discussion

3.1. Identification of DEG

Gene expression datasets were obtained [SET01: 
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biological network (Table S1, http://www.ddtjournal.
com/action/getSupplementalData.php?ID=79). The 
network module (cluster or community) is the sub-
network that is generally defined. The characteristic 
of the sub-network is that connections between its 
nodes are more reliable and firmer than the loose 
connections in the remainder of the network. In other 
words, a module is a collection of many nodes with 
a high degree of correlation. Module identification is 
important because the amount of crucial information 
extracted from the network is limited, and it facilitates 
the discovery of vital information by researchers that 
may be hidden in the network. Network modules have 
been utilized in network pharmacology-based TCM 
studies to reveal the combination rule of TCM herbal 
formulae (22), chemical modules with similar structures 
(23), and proteins with equivalent functions (24). 
Multi-component and multi-objective analyses have 
always been a difficult and hot issue in TCM research. 
Network modularity is based on the "Law of Similarity 
Attraction" analysis method, which is a precise and 
powerful method to describe the complexity of TCM. 
Figure 2B shows the PPI network of the 293 nodes and 
1083 edges obtained with a degree of between 5 and 42 
inclusive. Although the scope of Figure 2B is smaller 
than that of Figure 2A, it is also difficult to identify 
target molecules. Therefore, as shown in Figure 2C, we 
established a novel network to identify target molecules 

Control group vs. Model group, SET02: Model group vs 
SFD treatment group]. After standardizing microarray 
results, DEG were identified. The overlap between the 
two data sets contained 1,134 genes, as shown in the 
Venn diagram (Figure 1). 

3.2. Prediction analysis of pharmacological mechanisms 
based on network pharmacology and module 
identification

Based on the STRING database, a PPI network was 
constructed with a combined score > 0.4 (Figure 2A), 
with 908 nodes and 1822 edges together forming a large 

Figure 1. Venn diagram of the number of genes showing treatment-
induced changes in expression. Differentially expressed genes with 
a fold change ≥ 2 in microarray data were selected among mRNA 
expression profiling set-1 (control vs. DXR) and set-2 (DXR vs. SFD + 
DXR). The two data sets show the overlap of 1,134 genes.

Figure 2. PPI network structure and module identification. (A) PPI network of differentially expressed genes (DEG). (B) The PPI network of 
DEG was constructed using Cytoscape. (C) The most significant module with 9 nodes and 36 edges was obtained from the PPI network. 
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more accurately. 
 Through the plug-in MCODE, the most significant 
module was obtained from the PPI network with 9 nodes 
-36 edges. The names, abbreviations, and functions 
of these hub genes are shown in Table S2 (http://
www.ddtjournal.com/action/getSupplementalData.
php?ID=80). We then calculated three topological 
f ea tu res  ( "degree" ,  " in te rmed ia teness" ,  and 
"compactness") of the candidate molecules. According 
to the screening criteria described above, three candidate 
molecules were identified ("degree" > 9, "betweenness" 
> 0.000111031, and "closeness" > 0.27027027), as 
shown in Table S3 (http://www.ddtjournal.com/action/
getSupplementalData.php?ID=80). All 9 genes were 
associated with the functions of the ubiquitin-proteasome 
system (UPS), which is important in the etiology of 
CVD. 
 UPS plays an essential role in the many mechanisms 
involved in mediating the degradation of intracellular 
proteins (25). Ubiquitination and proteasome-mediated 
degradation are the two main steps of UPS-mediated 
proteolysis. In other words, ubiquitination is a series 
of enzymatic reactions in cells (26). Dysfunctional 
UPS has been implicated in the development of many 

CVD (such as atherosclerosis, myocardial ischemia, 
hypertrophy, and heart failure) (27).
 One of the main factors restricting the use of 
anthracycline antibiotics (such as DXR) in clinical 
set t ings is  cardiotoxici ty  (28) .  DXR-induced 
cardiotoxicity may increase the activity of UPS (29). 
Sishi et al. also demonstrated that chymotrypsin-like 
activity in the heart was inhibited by DXR, while the 
ubiquitination of proteins was simultaneously increased 
(30). Dysfunctions in the ubiquitin-proteasome pathway 
(UPP) have also been shown to play an important role in 
CVD (31). The overactivation of UPP has been identified 
as a contributing factor to the development of acute 
cardiotoxicity as an adverse event of the administration 
of anthracyclines.

3.3. Enrichment analyses of hub genes 

The biological  process,  cellular  composit ion, 
molecular function, and pathway of the target 
protein were analyzed by the WebGestalt database. 
The results obtained (Figure 3A) indicated that hub 
genes were significantly involved in a number of 
biological processes, including metabolic processes, 

Figure 3. Enrichment analyses of nine hub genes. (A) An enrichment analysis through the WebGestalt database. (B) A KEGG pathway analysis 
of nine hub genes.
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biological regulation, cellular component organization, 
multicellular organismal processes, developmental 
processes, localization, cell communication, responses 
to stimuli, cell proliferation, and multi-organism 
processes. According to the classification of cellular 
components, the protein was located in a protein-
containing complex, the nucleus, and endomembrane 
system. The molecular function of the target protein 
involved transferase activity and protein binding. To 
further confirm that the biological processes involved 
in the treatment of myocardial injury by SFD play a 
role in the corresponding pathological events in the 
course of disease progression, we used the KEGG 
database for a pathway enrichment analysis. Seven 
important signal pathways were obtained (p < 0.05). 
These results (Figure 3B) indicated that the protective 
effects of SFD against myocardial injury involve seven 
signaling pathways. Previous studies demonstrated 
that SFD exerted cardiotonic effects by regulating the 
TNF signaling pathway (32), apoptosis (33), the PI3K-
Akt signaling pathway (34), TGF-β/Smads signaling 
pathway (35), and Akt/eNOS signaling pathway (36). 
Ubiquitination (37) and neddylation (38) were also 
shown to play a role in myocardial injury; however, the 
relationships between SFD and these pathways need to 
be confirmed in further studies. Therefore, SFD appears 
to exert protective effects against myocardial injury 
by regulating 7 pathways and 10 biological processes. 
In addition, previous studies demonstrated that SFD 
may cure heart failure by regulating the TGF-β/Smads 
signaling pathway, apoptosis, and the PI3K-Akt, Akt/

eNOS, and TNF signaling pathways. In summary, 
regarding myocardial injury, a number of proteins and 
pathways in the biological network may be regulated 
by SFD, which ultimately controls the occurrence and 
development of CVD.

3.4. GeneMANIA analysis

The GeneMANIA database was selected to further 
analyze the interaction network among hub genes 
(Figure 4). The 9 central nodes representing hub genes 
were surrounded by 20 nodes representing genes that 
strongly correlated with the hub genes in terms of 
physical interactions (85.09%), shared protein domains 
(12.85%), pathways (1.8%), and genetic interactions 
(0.26%). The top five genes displaying the strongest 
correlations with hub genes included S-phase kinase-
associated protein 1 (SKP1), ETS variant 1 (ETV1), 
F-box and leucine rich repeat protein 15 (FBXL15), 
ETV5, and ATPase Na+/K+ transporting subunit 
alpha 2 (ATP1A2), among which SKP1 correlated 
with cullin 1 (CUL1), ubiquitin-conjugating enzyme 
E2D 1 (UBE2D1), F-box protein 17 (FBXO17), and 
FBXO44 in terms of physical interactions. ETV1 
correlated with de-etiolated homolog 1 (DET1) in 
terms of physical interactions and with LIM domain 
only protein 7 (LMO7) and HECT with C2 and WW 
domain containing E3 ubiquitin protein ligase 2 
(HECW2) in terms of genetic interactions. FBXL15 
correlated with CUL1 and HECW2 in terms of physical 
interactions and with FBXO44 and FBXO17 in terms 

Figure 4. Gene-gene interaction network among hub genes. A gene is represented by a node. The strength of the interaction is expressed by 
the size of the node. Inter-node connection lines represent the types of gene-gene interactions, while the line color shows the types of interactions. 
The possible function of each gene is represented by the color of the node. 
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of shared protein domains. ETV5 correlated with 
DET1 in terms of physical interactions and with zinc 
and ring finger 2 (ZNRF2) and UBE2D1 in terms of 
genetic interactions. In addition, ATP1A2 correlated 
with ZNRF2 in terms of physical interactions. Further 
functional analyses revealed that these proteins showed 
the strongest correlation with ubiquitin-protein ligase 
activity (FDR = 4.45E–09). Additionally, these proteins 
correlated with small conjugating protein ligase activity, 
acid-amino acid ligase activity, ligase activity, the 
formation of carbon-nitrogen bonds, the Skp, Cullin, 
F-box containing complex (SCF) ubiquitin ligase 
complex, ubiquitin ligase complex, and cullin-RING 
ubiquitin ligase complex. 
 To simultaneously identify the target genes of 
SFD for protection against heart failure in the present 
study, the bioinformatic analysis method, including 
the identification of DEG, and a functional enrichment 
analysis were extensively used. A total of 1,134 
DEG were identified using the STRING website. A 
module analysis showed that nine hub genes exhibited 
ubiquitin-protein ligase activity. In summary, the hub 
genes and related pathways discovered in the present 
study will provide a more detailed understanding of the 
mechanisms by which SFD protects the myocardium, 
which will lead to novel research concepts for SFD. 
Since the safety of drug treatments and the importance 
of communication with patients are increasing (39), the 
preventative and therapeutic effects of SFD on heart 
failure increase the safety of anticancer drug treatments 
and will also lead to peace of mind for patients.
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