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Background: Cardiovascular complications, such as diabetic cardiomyopathy (DCM), are the leading cause of death in dia-
betic patients. Shengmai Powder (SMP) was found to have cardioprotective effects.
Material/Methods: Based on the systematic pharmacological methodology, this research determined the genes of DCM and the
known targets of SMP, predicted potential compounds and targets of SMP, constructed networks for DCM and
SMP, and performed network analysis.

Results: Five network were constructed: (1) the DCM gene PPI network; (2) the Compound-compound target network of
SMP; (3) the SMP-DCM PPI network; (4) the Compound-known target network of SMP; (5) and the SMP known
target-DCM PPI network. Several DCM and treatment related targets, clusters, signaling pathways, and biolog-
ical processes were found.

Conclusions: SMP is able to regulate glycometabolism-related, lipid metabolism-related, inflammatory response-related, oxi-
dative stress-related signaling pathways, and biological processes and targets, which suggests that SMP may
have a therapeutic effect on DCM.
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Background

Diabetic cardiomyopathy (DCM) is defined as ventricular dys-
function without coronary artery disease (CAD) and hyperten-
sion [1]. The number of new cases of DCM increases in pro-
portion to newly diagnosed cases of diabetes mellitus (DM)
worldwide [2]. As a serious metabolic disease, diabetes affects
about 5% of the world’s people. Epidemiological data show that
the number of people with diabetes is expected to increase dra-
matically, to 592 million by 2035, which will lead to huge medical
and economic burdens [2,3]. More importantly, more than 1 bil-
lion people worldwide are overweight (BMI >25 and <29.9) or
obese (BMI »30) [4]. These factors contribute to the DM epidemic.

Cardiovascular complications, mainly ischemic heart disease,
are the leading cause of death in diabetic patients. The ear-
ly changes in the structure and function of DCM are mainly
congestive heart failure with diastolic dysfunction; in the later
stage, the heart failure caused by extensive myocardial necro-
sis and systolic dysfunction leads to cardiogenic shock [4-7].
The potential molecular mechanisms of DCM may include:
(1) Increased oxidation of fatty acids and lipotoxicity lead to
mitochondrial dysfunction; (2) Mitochondrial dysfunction and
endoplasmic reticulum stress promote apoptosis; (3) Oxidative
stress, increased AGE signaling, and inflammation may pro-
mote the expression of profibrotic genes or apoptosis [7-9].

At present, there are many treatment strategies for DCM,
including blood sugar control, B-adrenergic blocker, blood lip-
id regulation, exercise, PPARa agonists, antioxidants, antago-
nistic renin-angiotensin-aldosterone system (RAAS), and calci-
um upregulation [5,7,10]. With the concept of comprehensive
treatment of DCM, alternative medicine is gradually becom-
ing an important part of DCM treatment, which significantly
improves the clinical symptoms of DCM. Traditional Chinese
Medicine (TCM), as an important supplement and complemen-
tary form of alternative medicine, has a long history of ap-
plication in DCM treatment and is a promising strategy that
has been widely used in the treatment of DCM. Shengmai
Powder (SMP) is an herbal TCM formula. It was originally re-
corded in “Yi Xue Qi Yuan”, whose author was Yuansu Zhang
of the Jin Dynasty. It consists of Renshen (Panax ginseng,
Araliaceae), Maidong (Ophiopogon japonicas, Liliaceae), and
Wuweizi (Schisandra chinensis, Schisandraceae). The details of
this formula are recorded in the Chinese Pharmacopoeia [11].
SMP is traditionally used for patient with ischemic diseases,
diabetes, and heart failure. A systematic review of Shengmai
Injection (SMI) showed that Western medicine combined with
SMI can improve its therapeutic effect on chronic heart fail-
ure [11]. However, higher-quality randomized controlled trials
are needed to increase the strength of evidence [11]. In addi-
tion, although the safety of SMI should be carefully monitored
during the trial [11], the safety of SMP for oral use is high.
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Recently, more and more evidence has shown the protective
effect of SMP on heart and blood vessels. Zhao et al. (2016)
pointed out that SMP attenuates cardiac hypertrophy and fibro-
sis through the TGF-B-dependent pathway [12]. Liu et al. (2018)
reported that SMP can improve cell apoptosis and promote
angiogenesis in rats with myocardial ischemia-reperfusion
injury [13]. Zhan et al. (2015) found that SMP can regulate
myocardial energy metabolism through multiple metabolic
pathways (such as stimulating glucose metabolism and inhib-
iting fatty acid metabolism) to improve cardiac efficiency [14].
Ni et al. (2011) also found that SMP can inhibit myocardial fi-
brosis in diabetic cardiomyopathy mice and significantly de-
lay the formation of diabetic cardiomyopathy in hyperglycemia
rat models [15]. However, the pharmacological mechanisms
underlying the effect of SMP on DCM have not yet been fully
elucidated. Since the characteristics of systemic pharmacol-
ogy are compatible with the “multi-target — multi-biological
process — multi-pathway” characteristics of TCM, the present
study explored the mechanism underlying the effect of SMP
on DCM by using a systematic pharmacological methodology.

Material and Methods

Materials collection
SMP compounds collection

This research utilized the Traditional Chinese Medicine (TCM)
Database@Taiwan [16] (http://tcm.cmu.edu.tw/zh-tw/) and
the Traditional Chinese Medicine Systems Pharmacology
Database [17] (TcmSPTM, http://Isp.nwsuaf.edu.cn) to deter-
mine the compounds present in SMP.

The TCM Database@Taiwan is a comprehensive TCM database
and a Traditional Chinese Medicine Systems Pharmacology
Database [17], while TCMSP is a unique system pharmacology
platform designed for Chinese herbal medicines [18].

Potential compounds prediction

To predict the potential compounds of SMP, 3 ADME-related
models — oral bioavailability (OB), Caco-2 permeability, and
drug-likeness (DL) — were used in this research [18,19]. The stan-
dard was OB >30%, Caco-2 >-0.4, and DL >0.18. Any com-
pounds meeting this standard were selected for subsequent
research, while all others were excluded. The details of OB,
Coca-4, and DL, and the methodology of acquisition, were de-
scribed in our previous work [18,19].

After the prediction, we discovered many potential compounds
of SMP: alexandrin, aposiopolamine, arachidonate, beta-sitos-
terol, celabenzine, chrysanthemaxanthin, dianthramine, diop,
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frutinone A, fumarine, ginsenoside Rg5, ginsenoside Rh4, girin-
imbin, gomisin B, inermin, kaempferol, panaxadiol, stigmas-
terol, suchilactone, malkangunin, deoxyharringtonine, angel-
oylgomisin O, gomisin A, gomisin G, gomisin R, longikaurin A,
schizandrer B, and wuweizisu C. The details of these com-
pounds are described in Supplementary Table 1.

Supplements of potential compounds

Because the predictive ability of biological models is limited,
some of the important compounds may be missing. To avoid
this, we searched many references and selected oral compounds
with pharmacological activity as supplement compounds [20].

After the discovery of supplements potential compounds [21],
we found several supplements potential compounds: 5,7,2,4-tet-
rahydroxy-8-methoxy-6-methyl homoisoflavanone (1243677-
84-0), 5,7,4-trihydroxy-6-methyl homoisoflavanone (1243677-
86-2), 5,7-dihydroxy-4-methoxy-6-methyl homoisoflavanone
(212201-10-0), 6-formylisoophiopogonanone A, desmethyl-
isophiopogonone B, methylophiopogonanone A, methylophio-
pogonanone B, methylophiopogonone A, ophiopogonanone A,
ophiopogonanone E, ophiopogonin D, and ophiopogonin D’.
The details of these compounds are described in Supplementary
Table 2.

Compound targets and known targets for SMP

The structures of potential compounds were acquired from
SciFinder (http://scifinder.cas.org). The PharmMapper (http://
lilab.ecust.edu.cn/pharmmapper/) was used to predict the com-
pound targets [22]. The known targets were obtained from
the TCMSP [17].

Protein name correction

The UniProtKB (http://www.uniprot.org/) was used for the cor-
rection of protein names and the collection of official symbols,
with the species limited to “Homo sapiens”. The details are
described in Supplementary Tables 3 and 4.

DCM genes

The OMIM database and Genecards were used to collect the
DCM-related disease genes and targets [18,19]. The OMIM
database (http://omim.org/) is the database that catalogs all
known diseases with a genetic component [23]. Genecards
(http://www.genecards.org) is “a database about genes, their
products and biomedical applications maintained by Israel’s
Weizmann Institute of science” [18,19]. The details of DCM
genes are shown in Supplementary Table 5.
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Protein-protein interaction data

The String database (http://string-db.org/) and the IntAct da-
tabase (http://www.ebi.ac.uk/intact/) were utilized to obtain
data on protein-protein interaction (PPI). While searching
the String database, the species was limited to “Homo sapi-
ens” [18,19,24,25] with confidence score >0.4. The node in-
teraction type was default.

Network construction
Network construction method

Cytoscape 3.4.0 software was used for the network visu-
alization and network analysis [26] (http://cytoscape.org/).
Several networks were constructed: (1) DCM gene PPI network;
(2) Compound-compound target network of SMP; (3) SMP-DCM
PPI network; (4) Compound-known target network of SMP; and
(5) SMP known target-DCM PPI network.

Cluster

The definition the acquisition methods of clusters were de-
scribed in our previous works [18,19]. The clusters of each
network were obtained by analyzing the corresponding net-
works by MCODE, a plug-in of Cytoscape [27,28] with default
value (Degree Cutoff=2, Node Density Cutoff=0.1, Node Score
Cutoff=0.2, K-Core=2, and Max. Depth=100).

Enrichment analysis

DAVID ver 6.8 (https://david-d.ncifcrf.gov) was applied for Gene
Ontology (GO) enrichment analysis and pathway enrichment
analysis [29]. The P value in the biological processes and sig-
naling pathways is the modified Fisher exact P value, EASE
score [29], in which a lower score indicated greater enrichment.

Results and Discussion

Diabetic cardiomyopathy network analysis
Diabetic cardiomyopathy network

One hundred and fifty-seven genes were input into the String
database to collect the PPl information so as to build this work.
It contains 157 nodes and 1502 edges (Figure 1). Several genes
are thought to be the key gene because they have higher de-
grees: INS (88 edges), TNF (73 edges), TP53 (64 edges), NOS3
(61 edges), MAPKS (58 edges), IGF1 (57 edges), CRP (55 edges),
IL1B (51 edges), TF (50 edges), EDN1(50 edges), and PPARG
(50 edges). These genes may be the key or central genes in
diabetic cardiomyopathy.
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Figure 1. Diabetic cardiomyopathy network.
Clusters of diabetic cardiomyopathy network

Network analysis produced 7 clusters (Table 1, Figure 2).
The genes of each cluster were entered into DAVID for GO en-
richment analysis, which yielded several biological processes.
Cluster 6 did not return any DCM-related biological processes.

Cluster 1 contained glycometabolism-related, lipid metabo-
lism-related, cardiovascular disease-related (e.g., blood pres-
sure, blood lipids, and foam cells), inflammatory-related (e.g.,
inflammatory factors and interleukins), and oxidative stress-
related biological processes. Cluster 2 is mainly related to iron
metabolism and oxidative stress. Cluster 3 is associated with
vasomotor regulation. Cluster 4 is related to calcium ion ho-
meostasis. Clusters 5 and 7 contain several oxidative stress-
related biological processes. The details of each cluster and
biological process are described in Supplementary Table 6.

Pathway of diabetic cardiomyopathy network

All DCM genes were entered into DAVID for pathway enrich-
ment analysis, showing 29 DCM-related pathways (Figure 3).
The FoxO signaling pathway contained 14 genes, the PI3K-Akt
signaling pathway and AMPK signaling pathway included 13
genes, the insulin resistance and calcium signaling pathway
had 12 genes, and the inflammatory mediator regulation of
TRP channels contained 11 genes (Supplementary Table 7)

The above network analysis of DCM genes in the PPI network
showed that glycometabolism-related, lipid metabolism-re-
lated, cardiovascular disease-related, inflammatory-related,
and oxidative stress-related biological processes are involved
in the development of DCM. Recent research also shows that
targeted administration of drugs interfering with these bio-
logical processes can benefit some patients with DCM [7,8].
FoxO, PI3K-Akt, AMPK signaling pathway, and insulin resistance
are the core pathways that mediate cardiomyocyte metabolic
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Table 1. Cluster of diabetic cardiomyopathy network.

Cluster Score Nodes Edges Genes
AGTR1, NOS1, CD36, TNF, IL1B, MMP2, CSF3, SERPINE1, TLR4, TF, SPP1, IGF1,
1 21.385 27 278 PPARA, TP53, ACE, CRP, RETN, INS, EDN1, ICAM1, CCL2, PPARG, LPL, LEP, MAPK14,
KNG1, NOS3
RHOA, SOCS3, CP, SLC11A2, SLC40A1, CYBRD1, IREB2, TFRC, HEPH, TNFSF11, ACO1,
2 9.417 25 113 SLC2A4, CAT, FOXO1, SIRT1, AGT, HFE, HFE2, HAMP, APOB, MAPK8, HMOX1, ADIPOQ,
CTGF, TFR2
APLN, APLNR, ADRBK1, GNAQ, S1PR3, BDKRB1, RLN3, BDKRB2, S1PR1, EDNRA,
3 7.6 11 38
EDN2
4 3.333 4 5 YWHAQ, ATP2A3, ATP2A2, NOTCH2
5 3 3 3 BDNF, SOD2, SOD1
6 3 3 3 FN1, LPA, SERPINA1
7 3 3 3 NFE2L2, TXN, KEAP1
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Figure 2. Cluster of diabetic cardiomyopathy network.

disorders, coronary microangiopathy, myocardial interstitial
fibrosis, and cardiac autonomic neuropathy in DCM [30,31].
These pathways have many DCM-related genes and may be
the key pathways in development of DCM. Early intervention
in these signaling pathways may be a strategy for future treat-
ment and prevention of DCM.

Cardiovascular complications of diabetes have important ef-
fects on the life expectancy and quality of life of T2DM pa-
tients. DCM is mainly characterized by diastolic dysfunction,
myocardial fibrosis, and cardiac hypertrophy [32], which are

associated with reactive oxygen species (ROS) production,
inflammation, and mitochondrial dysfunction [33]. Abnormal
signaling pathways in the metabolism of hearts of diabetic pa-
tients include insulin signaling, AMPK signaling, and B-adren-
ergic signaling. Some studies have shown that knocking out
cardiac insulin receptors will reduce glucose uptake in cardio-
myocytes, increase oxidative stress in the heart, and reduce
mitochondrial function and cardiac function [34-36]. The AMPK
signaling pathway is involved in a variety of cellular processes,
including regulation of glycolysis and fatty acid oxidation, ini-
tiation of autophagy, and synthesis of lipids, glycogen, and
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Figure 3. Pathway of diabetic cardiomyopathy network (Blue circle stands for breast cancer gene. Red diamond stands for pathway).

proteins [37]. Many studies have shown that metformin, which
is an AMPK activator, can improve cardiac outcome in TIDM
and T2DM rodent models [38]. The relationship between B-ad-
renergic signaling and insulin resistance is becoming the focus
of DCM research [39]. Some findings suggest a complex rela-
tionship between B-adrenergic and insulin signaling pathways
in diabetic hearts, and each pathway plays an indispensable
role in the development of cardiac pathology [40,41]. In addi-
tion, diabetes-related systemic disorders of glucose, insulin,
and fatty acids promote changes in cardiac metabolic charac-
teristics and changes in key cardiac signaling pathways [30].
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Compound-compound target network

This network consists of 440 nodes (400 compound target
nodes and 40 compound nodes) and 6361 edges. The re-
lationship among compounds and targets can be observed
through this network. For example, the targets CDK2, BACE1,
CA2, GSTP1, PDE4D, ABO, HSP90AA1, GSTA1, FKBP1A, PTPN1,
F2, METAP2, and LCK are regulated by all compounds. These
targets are in the center of the network, and may be the most
important ones for SMP (Figure 4).
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Figure 4. Compound-compound target network of SMP consist of 400 compound targets and 40 compounds (Pink hexagon stand
for compound targets; The circles with different colors stand for compounds of different herbs: orange circle — Schisandra
chinensis, Schisandraceae, yellow circle — Ophiopogon japonicas, Liliaceae, blue circle — Panax ginseng, Araliaceae. Red
diamond stands for common compound of Schisandra chinensis, Schisandraceae and Panax ginseng, Araliaceae).

SMP-DCM network analysis Clusters of SMP-DCM network

SMP-DCM network Fourteen clusters were collected after being analyzed by
MCODE. There are some DCM-related genes in clusters (Blue

The Integrated DCM network and SMP network and the SMP- circles). These genes may be the key genes of SMP involved

DCM network were assessed. This network contains 519 nodes in treating DCM (Table 2, Figure 6).

and 8293 edges. There are 363 nodes that are compound tar-

gets, 26 nodes are DCM-compound targets, and 130 nodes These clusters, except for cluster 12, were subjected to GO

are DCM genes (Figure 5). enrichment analysis and several biological processes were
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®

Figure 5. SMP-DCM network (Pink, blue, purple circle stand for compound target, DCM genes, DCM-compound target, resp.).

obtained. Clusters 6, 9, 10, 11, 13, and 14 did not contain
DCM-related biological processes. Cluster 1 contains glycome-
tabolism-related, lipid metabolism-related, cardiovascular dis-
ease-related (e.g., blood pressure, blood lipids, and foam cells),
inflammatory-related (e.g., inflammatory factors and interleu-
kins), and oxidative stress-related biological processes. Cluster 2
contains vasomotor regulation-associated, cardiomyocyte apop-
tosis-related, and inflammatory-related biological processes.
Cluster 3 mainly contains anti-oxidation processes. Clusters 4
and 7 are mainly related to anti-cardiomyocyte apoptosis and
anti-oxidation. Cluster 5 is associated with glucose metabo-
lism. Cluster 8 involves apoptosis and oxidative stress-related
biological processes. The details of each cluster and biological
process are described in Supplementary Table 8.

Pathway of SMP-DCM network

By importing all targets into DAVID, we found 22 DCM-related
pathways (Figure 7). The PI3K-Akt signaling pathway has the
most genes (39 genes), the Rap1 signaling pathway has 31
genes, the insulin signaling pathway has 27 genes, and the
MAPK signaling pathway has 26 genes. The targets near the
center are regulated by more compounds. These pathways
and targets may be the key pathways by which SMP is active
in treating DCM. The details are described in Supplementary
Table 9.

As mentioned above, abnormalities of insulin signaling, AMPK
signaling, and B-adrenergic signaling play a crucial role in the
development of DCM, which was also found in pathways of
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Table 2. Cluster of SMP-DCM network.

Cluster Score Nodes Edges
1 40.981 54 1086
2 13.25 41 265

CLINICAL RESEARCH

Targets and genes

ICAM1, SERPINE1, IGF1, JAK2, CALM1, AKT1, CALM2, CALM3, GRB2, EDN1, TP53,
LCK, MAPK14, CDKN2A, CAT, KDR, CTGF, IL1B, KIT, CCL2, NOS1, ANXA5, REN, RHOA,
SPP1, IL2, NR3C1, INS, PIK3CG, HRAS, LEP, ABL1, TNF, TLR4, CASP3, CSF3, ESR1,
EGFR, MMP2, MAPK1, SRC, ACE, HSP90AA1, MAP2K1, KNG1, HPGDS, CDC42,
BCL2L1, MMP9, F2, PARP1, PLG, RAF1, PPARG

PTK2, ADIPOQ, LPL, CDK2, BDNF, AR, CRP, TNFSF11, PLAT, SOCS3, XIAP, ALB, INSR,

HBAL, PTPN11, SLC2A4, MMP3, AGT, PGR, RAC2, IGF1R, SYK, CSK, AGTR1, MAPKS,

STAT1, NOS2, FN1, MMP1, MDM2, CASP1, GSK3B, HMOX1, NOS3, TF, HCK, FOXO1,
SELE, CCL5, RETN, PLAU

MET, FGF1, F7, SIRT1, PRKCQ, MAPK12, PGF, SOCS1, RAC1, CDK®6, EIF4E, CD36, GSR,

4 4.375 33 70 PIK3R1, HDAC1, ZAP70, SOD2, BTK, TXN, GJA1, APAF1, CASP7, PRKCB, PTPN1, SELP,
PPARA, HSPA8, ETS1, DUSP1, APOB, ERBB4, TEK, LYZ
5 4 6 10 TXN2, CLPP, GPI, IMPDH2, AK1, TPI1
6 4 6 10 GART, HPRT1, CDA, NT5M, TK1, DTYMK
ACE2, PDE5A, RLN3, APLN, PLK1, GLRX, NFE2L2, GMPR, GC, CTNNA1, GSTP1,
7 3.512 4 72 CSNK2A1, RND3, S1PR3, DPP4, HSP90AB1, APOA2, HSPD1, CRYZ, GMPR2, YWHAQ,
: PDPK1, FKBP1A, TGFBR1, HSPE1, GP1BA, EDN2, GCK, BDKRB2, CMA1, BDKRB1,
AKR1B1, PPP1CC, CP, PAK6, APLNR, TYMS, ACO1, ALDH2, HP, PRDX2, IMPDH1
8 35 13 21 NQO1, STK11, SOD1, ELANE, BECN1, KEAP1, SERPINA1, MMP7, LGALS3, ATIC, CTSS,
’ CTSB, RHEB
9 3.222 19 29 ADK, ME2, NNT, PDHB, PKLR, PROC, AHCY, G6PD, ARF4, F11, APRT, DHFR, SHMT1,
: PSPH, F10, SDS, MTAP, NME2, ACADM
10 3 3 3 RAB5A, TFRC, RAB11A
11 3 5 6 LPA, RBP4, AHSG, FGG, TTR
12 3 3 3 GSTZ1, FTH1, NR1H2
13 3 3 3 RARG, CRABP2, RARB
14 2.667 7 8 SORD, AKR1C2, AKR1C3, AKR1C1, AMY1A, HK1, PYGL
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Figure 6. Cluster of SMP-DCM network (Pink, blue, purple circle stands for compound target, DCM genes and compound-DCM target,

resp.).
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Figure 7. Pathway o of SMP-DCM network (Blue circle stands for compound target. Red diamond stands for pathway. The hexagons
with different colors stand for compounds of different herbs: orange hexagon — Schisandra chinensis, Schisandraceae, yellow
hexagon — Ophiopogon japonicas, Liliaceae, blue hexagon — Panax ginseng, Araliaceae. Red triangle stands for common
compound of Schisandra chinensis, Schisandraceae and Panax ginseng, Araliaceae).

the SMP-DCM network that SMP can regulate the signaling
pathways associated with these 3 pathways. Atherosclerosis
also contributes to the development of DCM and is consid-
ered to be the main cause of heart failure in diabetic patients.
GO enrichment revealed many atherosclerosis-related biologi-
cal processes and pathways (e.g., signaling pathways and bio-
logical processes that regulate insulin resistance, blood pres-
sure, and blood lipids), such as GO: 0008217, GO: 0010744,
GO: 0032869, GO: 0045907, GO: 0050995, GO: 0035924, GO:
0045909, hsa04370, hsa04931, hsa04668, hsa04924, and
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hsa04920, suggesting that SMP may have a therapeutic ef-
fect on atherosclerosis.

In addition, in the pharmacological experimental studies of
these compounds, it was also found that they can affect DCM-
related genes, targets, biological processes, and signaling
pathways. Zhang et al. found that, in a Wistar rat model of
myocardial injury induced by doxorubicin, ginsenoside Rgl,
ophiopogonin D, ophiopogonin D’, and schisandrin reduced
the risk of myocardial fibrosis and inhibited cardiac remodeling
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by downregulating IL-6 and TNF-o and inhibiting MMPs and
COL-IV overexpression [42]. Qian et al. found that ophiopogo-
nin D can inhibit the enzymatic activity of catalase, HO-1, and
caspases and block activation of the NF-kappaB and ERK sig-
naling pathways in an endothelial injury model induced by H(2)
0(2) [43]. Huang et al. showed that ophiopogonin D can ex-
ert anti-oxidative and anti-apoptotic effects by activating the
PI3K/Akt/eNOS signaling pathway and inhibiting the NF-xB
signaling pathway to regulate cardiac function, reduce lac-
tate dehydrogenase and creatine kinase production, and im-
prove damaged myocardial structures [44]. Liu et. al found that
kaempferol can attenuate the cardiac fibrosis, hypertrophy,
and dysfunction induced by Angll in mice [45]. Another study
showed that kaempferol can inhibit inflammatory responses
and oxidative stress in rats with DCM [46].

Apoptosis is another important factor in the pathology of dia-
betes, which can lead to loss of myocardial cells and decreased
myocardial contractility, and ultimately lead to cardiac remodel-
ing [47]. Recent studies have shown that cardiomyocyte apop-
tosis is increased in the hearts of diabetic patients and ani-
mals [48-50], the degree of which is similar to the severity of
diabetic cardiomyopathy [50]. The cardiomyocyte apoptosis in
DCM is initiated by the intrinsic pathway (mitochondria-medi-
ated pathway) and the exogenous pathway (a death receptor-
mediated pathway) [51-53]. The activation of caspase-8 in the
exogenous pathway or cytochrome C-activated caspase-9 in
the endogenous pathway can activate the final performer cas-
pase-3 and lead to apoptosis [54]. This study shows that SMP
can regulate the endogenous or exogenous apoptotic path-
way or factors in the Bcl-2 family to delay the development of
DCM, including GO: 0043066 and GO: 0010667.

Altered myocardial insulin signaling may be one of the im-
portant mechanisms for the development of DCM [55]. There
have been many studies on the relationship between insulin
resistance and heart failure, showing, for example, that there
is a complex interaction between the Akt signaling pathway
and the insulin signaling pathway, in which chronic activa-
tion accelerates ventricular remodeling [56—58]. Human stud-
ies have shown that insulin receptor (IR)-mediated signaling is
enhanced in heart failure [58], while hyperinsulinemia directly
impairs cardiac function by inhibiting cardiomyocyte adrenergic
signaling, which involves the myocardial contraction-required
cAMP/PKA activity and substrate phosphorylation [59]. As a
member of the MAPK signaling pathway family, the ERK1/2
signaling pathway plays a crucial role in accelerating the devel-
opment of DCM. Many studies have shown that activation of
ERK1/2 promotes oxidative stress [60], inflammation, cardiac
hypertrophic fibrosis [61-63], myocardial dysfunction [64,65],
ventricular remodeling, and apoptosis [66] in the hearts of
DCM patients, which eventually lead to heart failure. The pres-
ent study shows that SMP can prevent ERK1/2 activation in

CLINICAL RESEARCH

cardiomyocytes by targeted regulation of the MAPK signaling
pathway and ultimately preventing DCM.

From a macroscopic perspective, metabolic disorders in T2DM
patients can also cause a series of pathophysiological changes,
including the above molecular pathological changes. The hyper-
glycemia and hyperlipidemia in T2DM patients increase the
production of inflammatory substances TNF-q, IL-1 3, and IL-6
by increasing ROS production or activation of the NF-xB sig-
naling pathway [67,68] in the myocardium of diabetics, which
leads to oxidative stress, endothelial dysfunction, damaged cell
calcium treatment, mitochondrial dysfunction, metabolic dis-
orders, and extracellular matrix remodeling, which ultimately
results in DCM [69,70]. Hyperinsulinemia may also negative-
ly regulate the activation of Akt/endothelial nitric oxide syn-
thase (eNOS); and the endothelial dysfunction caused by it
mainly includes 2 parts: (1) increased oxidized low-density li-
poprotein, endothelin-1, angiotensin I, and oxidative stress;
and (2) reduction of insulin or growth factors in endothelial
cells [71]. These may be the main factors leading to coronary
dysfunction in diabetes. Fortunately, our study shows that SMP
can regulate signaling pathways and biological processes re-
lated to blood lipids (e.g., GO: 0050995, GO: 0045444, and
hsa04920), blood glucose (e.g., GO: 0006006, GO: 0046326,
GO: 0045725, hsa04922, and hsa00010), and NO metabolism
(e.g., GO: 0045429, GO: 0050999, GO: 0051000, GO: 0051770,
and hsa04621).

In the energy stress adaptation of diabetic cardiomyocytes,
reactive oxygen species promote the development of DCM.
Antioxidant treatment strategies have been found to have
some cardiac benefits in diabetic animal models [72]. Recent
evidence shows that supplementation with endogenous anti-
oxidants facilitates the treatment of DCM [72], including con-
ventional antioxidants (SOD isoforms, catalase, GPx, Trx, and
vitamins C and E), and novel therapies (representing drug co-
enzyme Q10). Coenzyme Q10 attenuated diastolic dysfunction,
cardiomyocyte hypertrophy, and cardiac fibrosis in a type 2 di-
abetes db/db mouse model [73], and targeted improvement
of upregulation of reactive oxygen species after hyperglyce-
mia can prevent DCM in type 1 diabetic mice [74].

In summary, SMP is able to regulate a variety of signaling path-
ways and biological processes related to glycometabolism, lipid
metabolism, inflammatory, and oxidative stress. This suggests
that SMP can prevent DCM, but further research is needed.
Compound-known target-DCM network analysis

Compound-known target network

This network has 124 nodes (22 compound nodes and 102
compound target nodes) and 288 edges. This network is the
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Figure 8. Compound-known target network (Blue hexagon stand for known target. The representative of red, orange circle, and purple

and red diamond is the same as Figure 4).

verification of the previous network, and some of the rela-
tionships discovered in the previous network can be found in
this network (Figure 8).

SMP known target-DCM network

The SMP known target-DCM network has 242 nodes and 3354
edges (Figure 9). This network is also the verification of the
previous network, while some of the relationships discovered
in the previous network can be found in this network.
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Cluster and pathway of SMP known target-DCM network

Network analysis found 9 clusters (Table 3, Figure 10). The genes
of each cluster were entered into DAVID to undergo GO en-
richment analysis, which yielded several biological processes.
Clusters 3, 5, and 8 did not return DCM-related biological
processes.

Clusters 1 and 2 contain glycometabolism-related, lipid metabo-
lism-related, cardiovascular disease-related (e.g., blood pressure,
blood lipids, and foam cells), inflammatory-related (e.g., inflam-
matory factors and interleukins), and oxidative stress-related
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ifeal

Figure 9. SMP known target-DCM network (Pink, blue, purple circle stand for known target, DCM genes, DCM-compound target, resp.).

biological processes. Cluster 4 is mainly involved in iron me-
tabolism. Cluster 6 is mainly related to glucose metabolism
and apoptosis. Cluster 7 involves several lipid metabolism-re-
lated biological processes. Cluster 9 is related to vasomotor
regulation. These results are shown in Supplementary Table 10.

We found 8 DCM-related pathways, which are identical to the
pathways in Figures 3 and 7, demonstrating that these path-
ways may be key pathways for DCM development (Figure 11,
Supplementary Table 11).

In this compound-known target network, we found some sig-
naling pathways and biological processes that have appeared in
the previous network, such as hsa04924, hsa04920, hsa04931,
GO: 0055117, and GO: 0051000. Several clusters are also similar

in functions. This somewhat verifies the reliability of the pre-
dicted target network. These results show that SMP can reg-
ulate DCM-related genes and targets through its compounds,
thereby further regulating DCM-related biological processes
and signaling pathways. This may be the mechanism by which
SMP intervenes in DCM. However, because this method failed
to directly reflect the impact of compound content on biolog-
ical processes, more research is required to test the effects of
SMP and compounds in relation to DCM and to confirm the
pharmacological and molecular mechanisms involved.

In the current strategy of treating DCM, it can be found that
the strategies for protecting the myocardium are regulating
energy metabolism and improving myocardial fibrosis and
anti-inflammatory and anti-oxidative stress, in which regulation
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Table 3. Cluster of SMP known target-DCM network.

Cluster Score Nodes Edges Targets and genes
IL1B, CCL2, NOS2, HMOX1, NOS3, NOS1, AKT1, RHOA, BCL2, SPP1, BAX, JUN, CASP3,
1 36.533 46 822 MMP1, SELE, VCAM1, ICAM1, INS, SERPINE1, AR, IGF1, BDNF, CRP, LEP, INSR, PTGS2,
’ TNF, TLR4, NR3C1, F2, CSF3, PIK3CG, EDN1, TP53, MMP2, ACE, MAPK14, MAPKS,
CALM1, CALM2, KNG1, CALM3, CDKN2A, CAT, KDR, ESR1
PPARA, HSP90AAL, TF, FOXO1, RELA, IKBKB, DUSP1, RETN, STAT1, PPARG, LPL, PGR,
) 10.824 35 184 ADIPOQ, CHRM3, CHRM1, TNFSF11, SIRT1, CD36, ADRA1A, CHRMS5, SLC2A4, AGT,
’ HTR2A, AGTR1, IGF1R, SOD2, ADRA1B, ADRA1D, EDNRA, SOD1, EDN2, BDKRB2,
CTGF, BDKRB1, GNAQ
3 10 10 45 CHRM4, OPRD1, CHRM2, RLN3, APLN, S1PR1, OPRM1, ADRA2A, S1PR3, APLNR
4 6.154 14 40 HAMP, SERPINA1, FTL, SLC11A2, TXN2, ACO1, IREB2, HEPH, CYBRD1, PDK4, TOP2A,
’ HSPE1, HFE, SLC40A1
5 4 4 6 GABRA1, GABRA2, GABRA3, GABRA6
6 3.333 4 5 PRKAA1, STK11, BECN1, PPP3CA
7 3273 12 18 NCOA1, SLC6A4, GSTM1, GSTM2, RLN2, NR1H2, CYP1A1, NR1H3, CYP1B1, VIPR1,
’ DRD1, ADRB1
8 3 3 3 NCOA2, RXRA, ANGPTL4
9 3 3 3 KCNH2, SCN5A, CAMK2D
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Figure 10. Cluster of SMP known target-DCM network (Pink, blue, purple circle stands for known target, DCM genes and known-DCM
target, resp.).

of myocardial energy metabolism has become an important
strategy for the treatment of DCM and preventing its progres-
sion to late events such as heart failure [75]. The present study
shows the important role of SMP in regulating cellular metab-
olism, especially in energy metabolism. At present, trimetazi-
dine is the main drug used to improve myocardial metabolism
in clinical practice, the mechanism of which is to selectively in-
hibit the activity of long-chain 3-ketoacyl-CoA thiolase, thereby
improving the energy metabolism of cardiomyocytes [76,77].
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Early administration of trimetazidine can inhibit myocardial fi-
brosis and against oxidative stress, thereby improving DCM [78],
and piperazine and ranolazine, as regulators of free fatty acid
metabolism, can also improve myocardial metabolism and mi-
tochondrial function [79,80].

To further validate the network constructed by the small-
molecule drug virtual prediction database and its core impor-
tant pathways and important core biological processes, we
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Table 4. SIRT1/AMPK/PGC-1a signaling pathway (mean+SEM). Data from reference [82-84].

P-AMPK/AMPK SIRT1/beta-actin Acetylated PGC-1a PGC-10/beta-actin
Non-DM 1.0+£0.09 1.0+£0.09 1.0+0.09 1.0+£0.25
"""" do/db  049:001*  075:009%  17:009% 0681009
"""" db/dbsSL  007:001* 095010 125:004* 0981002

Tip: * P<0.05, ** P<0.01 vs. non-DM group; # P<0.05, # P<0.01 vs. db/db group.

searched the experimental evidence of SMP intervention in fibrosis through a TGF-B-dependent pathway, thereby exert-
DCM in PubMed. Tian et al. found that SMP alleviated DCM ing cardioprotective effects on DCM [12]. Ni et al. found that
by improving mitochondrial lipid metabolism disorder [81]. SMP can inhibit myocardial fibrosis in a DCM rat model [15].
Zhao et al. found that SMP attenuates cardiac hypertrophy and We contacted the authors of these 3 studies by email, in which
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Tian et al. replied to us and were willing to share their data
to verify our research.

Experiments show that upregulation of SIRT1/AMPK/PGC1
signaling may contribute to the cardioprotective effects of
SMP [12,15,81]. Western blot analysis showed a decrease in
SIRT1 and p-AMPK (Thr172) protein levels in diabetic hearts,
accompanied by an increase in acetylated PGC-1a levels (acety-
lated lysine sites at 110 KDa), although expression of PGC-1c
was not altered [82-84]. SMP significantly enhanced the pro-
tein levels of SIRT1 and p-AMPKo and decreased the expres-
sion of acetylated PGC-1a. SMP also restores NRF1 and TFAM
levels [12,15,81]. These results are shown in Table 4.

Supplementary Data

Supplementary Table 1. The details of each compound.

Supplementary Table 2. The details of each compound.

Supplementary Table 3. Compound targets for each compounds.

Supplementary Table 4. Known targets for each compounds.

Supplementary Table 5. Diabetic heart disease Ggenes.

Supplementary Table 6. Enrichment analysis of clusters based
on Gene Ontology (GO) annotation.

Supplementary Table 7. Pathway enrichment analysis.
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Conclusions

SMP can regulate glycometabolism-related, lipid metabolism-
related, inflammatory response-related, and oxidative stress-
related signaling pathways, as well as biological processes
and targets, which suggest that SMP may have a therapeu-
tic effect on DCM.
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