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A B S T R A C T

Acute myocardial infarction (AMI) remains a significant health challenge globally, highlighting
the ongoing need for effective treatments. Shexiang-Tongxin dropping pill (STDP) is widely uti-
lized as a therapeutic option for AMI in China and Southeast Asia. However, the intricate
mechanisms of action of STDP against AMI remain largely unknown. The pharmacodynamic ef-
fects of STDP in treating AMI were evaluated both in vitro and in vivo using human umbilical vein
endothelial cell oxygen-glucose deprivation, RAW264.7 cell inflammatory injury, and rat left
anterior descending surgery models. The whole transcriptome sequencing was performed to
analyze gene expression changes in experimental rat hearts after left anterior descending surgery.
An integrative approach combining network pharmacology and sequencing data was used to
determine the multi-target and multi-pathway mechanisms underlying the action of STDP against
AMI. Molecular docking was conducted to identify the primary anti-AMI ingredients in STDP.
STDP treatment significantly resisted AMI in vivo and protected against inflammatory and hypoxic
injuries in vitro. It resulted in 63 % (901 of 1430) of genes showing restorative regulation in the
AMI disease network, relating to the TGF-β, PI3K, apoptosis, and MAPK pathways. Validation
experiments indicated that inhibiting apoptosis and ERK/MAPK pathways by reducing Bax and p-
ERK1/2 expression levels in rat hearts may be a crucial mechanism of STDP against AMI. Mo-
lecular target prediction indicated that tanshinone IIA, salvianolic acid A, salvianolic acid B, and
resibufogenin were the essential pharmacodynamic substances of STDP in AMI treatment. This
study sheds light on novel mechanisms by which STDP rebalances the AMI disease network
through its multi-target and multi-pathway effects. The findings offer data support for the more
precise clinical application of STDP.

* Corresponding author. Pharmaceutical Informatics Institute, College of Pharmaceutical Sciences, Zhejiang University, #866 Yuhangtang Road,
Hangzhou, 310058, China.
** Corresponding author. Pharmaceutical Informatics Institute, College of Pharmaceutical Sciences, Zhejiang University, #866 Yuhangtang Road,
Hangzhou, 310058, China.

E-mail addresses: luxy@zju.edu.cn (X. Lu), fanxh@zju.edu.cn (X. Fan).
1 These authors contributed equally to this article.

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

https://doi.org/10.1016/j.heliyon.2024.e39939
Received 6 March 2024; Received in revised form 27 October 2024; Accepted 28 October 2024

Heliyon 10 (2024) e39939 

Available online 29 October 2024 
2405-8440/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

mailto:luxy@zju.edu.cn
mailto:fanxh@zju.edu.cn
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e39939
https://doi.org/10.1016/j.heliyon.2024.e39939
https://doi.org/10.1016/j.heliyon.2024.e39939
http://creativecommons.org/licenses/by-nc-nd/4.0/


1. Introduction

Acute myocardial infarction (AMI) continues to be a leading contributor to worldwide health challenges, with more than 7 million
newly affected individuals [1] and an annual mortality of 17.3 million cases [2]. The inflammatory response to ischemic syndrome is
crucial in defining the myocardial infarction (MI) size and consequent negative remodeling of the left ventricular [3]. Despite the
significant improvements in managing AMI over the past 30 years, the 30-day mortality rate remains at 7.9 %, and the 1-year mortality
rate is approximately 10 % [4,5], threatening the developing and developed countries with high economic burden. AMI therapies
require improvements because the currently available strategies have many limitations. The most effective treatment for AMI is
primary percutaneous coronary intervention (PPCI); however, this strategy has disadvantages, such as limited time of door-to-balloon,
critical complications, and high healthcare costs. Other drug treatments, such as antiplatelet agents, β-blockers, and
angiotensin-converting enzyme inhibitors, are directed at a single pathway or target and induce severe adverse reactions, such as
cardiogenic shock and bleeding complications [1,6,7]. Several therapies targeting the inflammatory response after AMI, such as the
subcutaneous injection of IL-1 receptor antagonists and intravenous injections of Tocilizumab and rhuMAb CD18, have also received
attention recently. Notably, some of these therapies, which focus on a single inflammatory target, showed no benefits in reducing MI
size or improving clinical prognosis [3,8–10]. Thus, developing a multi-target approach with limited adverse reactions may be a di-
rection for AMI treatment.
Shexiang-Tongxin dropping pill (STDP), sanctioned by the China National Medical Products Administration, is a common na-

tionally protected Traditional Chinese Medicine (TCM) product in the treatment of cardiovascular diseases within China and Southeast
Asia [11,12]. Clinical evidence showed that STDP benefits the improvement of left ventricular function, coronary slow flow phe-
nomenon, and inflammation in patients with AMI, followed by PPCI [13,14]. Similarly, pre-clinical studies demonstrated that STDP
alone can ameliorate coronary microcirculation disturbance and cardiac dysfunction after myocardial ischemia-reperfusion in pigs
[15] and protect against isoproterenol (ISO)- or pituitrin-induced myocardial ischemia injury in rats [16,17]. These studies suggest
that STDP is an effective drug for treating AMI with highly acceptable safety. However, the multi-target mechanisms of STDP against
AMI at the system level are poorly understood.
Network pharmacology approaches are used for unbiased elucidation of mechanisms of action of drugs and are particularly suitable

for revealing the multi-target effects of TCM [18]. The complex interactions between TCM and diseases can be revealed by this
approach [19]. Moreover, it enables the effective mapping of critical nodes implicated in disease at the system level and the identi-
fication of the multi-target activity of TCM on this disease network [20]. Our team and many other researchers have successfully
elucidated the mechanisms of TCM through network pharmacology [21–25]. For example, the cardiovascular protective effects of the
Yangxinshi table are primarily related to the coagulation cascades, neurotrophins, and AMPK signaling pathways, as revealed by a
network pharmacology strategy [21]. By combining compound-target-pathway network analysis with both in vivo and in vitro studies, a
multi-component, multi-target, and multi-pathway mode of action of QiShenYiQi against MI was clarified in our previous study [22].
Network pharmacology and RNA sequencing revealed that the inhibition of mitochondrial homeostasis-mediated apoptosis through
the stabilization of β-tubulin and stimulation of SIRT1 protected sinoatrial node cells in cardiac hypoxic environments [23].
In this study, whole transcriptome sequencing was performed on experimental rat hearts to explore the regulatory effects of STDP

on AMI rats at the genetic level. Network pharmacology technique was further used to comprehensively identify the complex multi-
target and multi-pathway mechanisms of action of STDP for AMI treatment. Moreover, in vivo validation experiments and molecular
docking studies were performed to validate the precision of the vital targets and forecast the essential anti-AMI ingredients in STDP.

2. Materials and Methods

2.1. Drug

STDP (Lot No. 170204) was supplied by Inner Mongolia Conba Pharmaceutical Co., Ltd. (Ordos, China; National Medical Products
Administration Med Drug Permit No. Z20080018). The seven medicinal ingredients in STDP are Salvia miltiorrhiza Bunge, Panax
ginseng C.A.Mey., Borneolum Syntheticum, Moschus (the dried secretion of musk sac of adult male Moschus berezovskii Flerov, Moschus
sifanicus Przewalski, or Moschus moschiferus Linnaeus), Bufonis Venenum (the dried secretion of Bufo bufo gargarizans Cantor, or Bufo
melanostictus Schneider), Bovis Calculus Artifactus (processed with cow bile powder, hyodeoxycholic acid, cholic acid, taurine, bili-
rubin, cholesterol, and trace elements, among others), and Fel Ursi (the dried bile in the gallbladder of Ursus arctos Linnaeus, or
Selenarctos thibetanus G. Cuvier). The production process and chemical fingerprint of STDP were extensively described in our previous
study [26]. Seven medicinal herbs were processed into STDP following the method outlined in the Chinese Pharmacopoeia (2020
Edition).

2.2. Animal experiments

Male Sprague-Dawley rats weighing between 200 and 220 g, obtained from Shanghai SLAC Laboratory Animal Co., Ltd., were
accommodated in a regulated environment (25± 1 ◦C, 12-h light/dark cycles) with free access to food and water. Animal experiments
adhered to the guidelines of the Animal Care and Use Committee of Zhejiang University School of Medicine. The specific STDP dose
administered to rats was calculated based on a human equivalent dosage of 210 mg/60 kg and the body surface area conversion value
of 6.2 for rats and humans [27]. The calculated clinically equivalent STDP dose in rats was approximately 22 mg/kg/day, and a twice
clinically equivalent STDP dose was approximately 43 mg/kg/day. Based on the preliminary study (Supplementary Fig. 1), we found
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that the twice clinically equivalent STDP dose had a more significant therapeutic effect on AMI than the clinically equivalent STDP
dose did. Therefore, the twice clinically equivalent STDP dose was used for the subsequent experiments. After acclimatization, rats
were randomly divided into three groups, namely Sham, Model, and STDP. The STDP group was administered intragastrically with 43
mg/kg STDP daily in a volume of 1 mL/100 g of body weight. The Sham and Model groups were administered 1 % sodium carbox-
ymethyl cellulose at 1 mL/100 g body weight. The drug was administered once daily for 7 days. Following this, the AMI model was
established through left anterior descending (LAD) coronary artery ligation surgery [28,29], with the Sham group undergoing peri-
cardial laceration without ligation. Drug administration continued for 3 days after surgery.

2.3. Echocardiography

Following the completion of the trial, the rats were anesthetized using 1.5 % pentobarbital sodium. The thoracic fur was metic-
ulously removed, and the rats were securely positioned on the operating platform. Vital cardiac functional parameters and trans-
thoracic echocardiographic images were acquired using the VINNO D6 VET ultrasound system (equipped with a probe, Vinno
Technology Ltd., Suzhou, China) [30,31].

2.4. Enzyme-linked immunosorbent assay (ELISA)

The concentrations of inflammatory cytokines interleukin (IL)-6 and IL-1β in rat serum were quantified using the Rat IL-6 ELISA Kit
and the Rat IL-1β ELISA Kit from Elabscience Biotechnology Ltd., Wuhan, China, respectively. The measurements were performed in
strict accordance with the protocols provided by the manufacturer.

2.5. Estimation of myocardial infarct size

The blood residue in the heart removed in the previous step was rinsed off with saline, and four hearts from each group were frozen
at − 20 ◦C for around 2 h. The frozen hearts were sliced horizontally into five uniform slices, approximately 2 mm thickness each. The
heart slices were stained with 1 % 2,3,5-triphenyl tetrazolium chloride (TTC, Solarbio Co., Ltd., Beijing, China, G3005) maintained at
37 ◦C for a quarter of an hour in a water bath, and were subsequently fixed with 4 % paraformaldehyde. Photographs were taken the
next day, and the infarct area was analyzed using the ImageJ software v1.53a to calculate the relative infarct size of each rat heart. The
formula was as follows:

Infarct percent size=
Sum of infarct area of each heart section
Sum of the total area of each heart section

× 100% (1)

2.6. Histopathological evaluation

Three rat hearts from each group were fixed in 4 % paraformaldehyde for 48 h, embedded in paraffin, and cut into 4 μm sections for
hematoxylin-eosin (HE) and terminal deoxynucleotidyl transferase-mediated dNTP nick end labeling (TUNEL) staining. HE staining
was used to observe histopathological changes in heart tissue, and TUNEL staining was used to investigate cardiac tissue apoptosis.
Images were taken with a Nikon inverted fluorescence microscope (Nikon Eclipse Ti-SR, Tokyo, Japan).

2.7. Cell culture

Human umbilical vein endothelial cells (HUVECs) and RAW264.7 murine macrophage cells were purchased from the Chinese
Academy of Sciences Typical Culture Collection Committee Cell Bank (Shanghai, China). Cells were cultured in a high-glucose Dul-
becco’s modified Eagle’s medium (DMEM, Gibco, ThermoFisher Scientific Inc., Waltham, MA, USA) supplemented with 100 U/mL
penicillin, 100 μg/mL streptomycin (Gibco, ThermoFisher Scientific), and 10 % heat-inactivated fetal bovine serum (Gibco, Ther-
moFisher Scientific). The cell culture incubation conditions were set to 37 ◦C and 5 % CO2.

2.8. Nitric oxide assay

RAW264.7 cells were cultured normally in 96-well plates for 24 h. Subsequently, 200 ng/mL lipopolysaccharide (LPS), either alone
or in combination with varying concentrations of STDP (25, 50, 100, and 200 μg/mL) or 1.276 μMdexamethasone (positive drug), was
incubated for an additional 24 h. Nitric oxide levels in the cell supernatants were subsequently determined using a nitric oxide assay kit
(Shanghai Beyotime Biotechnology Co., Ltd, S0021M).

2.9. Cell counting kit-8 (CCK-8) assay

The oxygen-glucose deprivation (OGD) model was used to evaluate the anti-endothelial hypoxic injury effect of STDP. HUVECs
were seeded in 96-well flat-bottom plates at a density of 8× 104 cells per well. Following a 24-h incubation under standard conditions,
the original culture medium was discarded, and the cells were then divided into three groups, namely Control, Model, and STDP
treatment. Cells in the Control group were supplemented with a high-glucose DMEM complete medium, those in the OGDModel group
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were supplemented with a DMEM sugar-free medium, and those in the STDP treatment group were supplemented with 25 μg/mL of
STDP (DMEM sugar-free medium diluted). The cells in all groups were incubated under hypoxic conditions (95 % nitrogen, 5 % carbon
dioxide) for 6 h. Subsequently, the original culture mediumwas substituted with 10 % CCK-8 solution, and the cells were incubated for
an additional 2 h in the dark. The absorbance readings of the solutions were taken at 450 nm using the Infinite M1000 Pro spectro-
photometer (TECAN Ltd., Männedorf, Germany).

2.10. Transcriptome sequencing and data analysis

Total RNA was extracted from the heart tissue of three rats in each group using TrizolTM reagent (Thermo Fisher Scientific, MA,
USA). The RNA integrity was verified through agarose gel electrophoresis. Subsequently, an Illumina NEBNext® UltraTM RNA Library
Prep Kit (NEB, MA, USA) was used to build sequencing libraries following the provided protocols. A Qubit 2.0 Fluorometer (Thermo
Fisher Scientific, MA, USA) was used to determine the DNA content, and an Agilent 2100 Bioanalyzer (Agilent, CA, USA) was used to
evaluate the integrity of library DNA. Only the DNA samples that passed the quality inspection were selected for sequencing on the
Illumina HiSeq X platform (Illumina, CA, USA).
The sequenced image data were converted to sequence reads data using CASAVA (Illumina, CA, USA) base identification. The

sequence reads data were referenced and compared using HISAT2 v2.0.5, followed by new gene prediction with StringTie. The fea-
tureCounts tool in subread software was applied to quantify the gene expression levels and summed to acquire the gene expression
matrix of all samples. Differences in quantitative sequencing were analyzed using the DEGseq2 R package v1.16.1 to compare the
variations in gene transcript levels among the Sham, Model, and STDP groups and calculate the P values and Fold Change. Differ-
entially expressed genes (DEGs) between the Model and Sham groups, as well as the STDP and Model groups, were screened based on P
values less than 0.05 and an absolute Fold Change greater than 1.5.

2.11. AMI disease network construction and analysis

The Dplyr tool in R software was used to extract the rat cardiovascular disease-related genes from the CHD@ZJU3.0 cardiovascular
disease database (http://tcm.zju.edu.cn/chd/). These genes were integrated with transcriptome sequencing data to obtain an inter-
section, and the genes in this intersection were used to construct the AMI disease network based on the protein-protein interactions of
these genes analyzed using the String database (https://string-db.org/). The disease network was visualized using Cytoscape V3.8.0
software. Pathway enrichment analysis was performed through the Kyoto Encyclopedia of Genes and Genomes database (https://
www.kegg.jp/) to identify the pathways closely related to the onset and progression of the disease.
Based on the constructed AMI disease network, the significant nodes in the network were identified according to the network

topology and transcriptomics-based approach (NTRA) previously proposed by our group [20]. Briefly, the NTRA rank was calculated
by combining the topological and transcriptomics ranks. The former is a combination of the relative ranking of betweenness and
degree, and the latter is a combination of the relative ranking of Fold Change and P value ranks. Larger Fold Change indicates greater
changes in gene expression, while smaller P values represent more significant changes in gene expression. A higher NTRA rank means
greater importance of a gene in the disease network.
Upon this basis, we further used the efficiency of recovery regulation (EoR) theory to comprehensively assess the rebalancing effect

of STDP on the AMI disease network [32]. We aimed to calculate the gene regulation level (RL) in response to STDP treatment and
determine the efficacy of STDP intervention in restoring the genes disrupted by LAD surgery. The calculation was performed according
to Eqs. (2) and (3). EoR >0 represented a restorative regulatory effect of STDP treatment on this gene in the AMI disease network.

RL=
Fold Change(STDP/Model)
Fold Change(Sham/Model)

(2)

EoR=100% − |100% − RL| (3)

2.12. Pathway enrichment analysis

Only genes in the top 50 % of the NTRA rank and with EoR >0 were considered for pathway enrichment analysis. Ingenuity
Pathways Analysis (IPA) software and Metascape (https://metascape.org/gp/index.html) were used for pathway enrichment and
biological function analyses.

2.13. Quantitative real-time PCR (qRT-PCR)

The accuracy of the sequencing data was verified using qRT-PCR. Total RNA was extracted with Trizol reagent (Beyotime
Biotechnology, Shanghai, China, R0016), and equal amounts of RNA from each of the three individual samples within a group were
mixed to obtain a representative sample for that group. The RNA samples were then reverse transcribed using the QuantiNova Reverse
Transcription Kit (QIAGEN, Hilden, Germany), adhering to the protocol provided by the manufacturer. Subsequently, real-time PCR
reactions were performed with specific primers with Hieff UNICON® qPCR SYBR Green Master Mix (Yeasen Biotechnology, Shanghai,
China, 11198ES03). The primer sequences are presented in Supplementary Table S1. The internal reference gene was Actb, and gene
expression levels were quantified using the 2− ΔΔCt method. The experiment was performed in triplicates.
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2.14. Western blot analysis

Heart tissue lysates were generated with radioimmunoprecipitation assay buffer (RIPA, Beyotime Biotechnology, Shanghai, China,
P0013B) containing 1 % phenylmethanesulfonyl fluoride (PMSF, Beyotime Biotechnology, Shanghai, China, ST506), and a bicin-
choninic acid (BCA) protein assay kit (Thermo Fisher Scientific, MA, USA) was used to measure the concentrations of the protein
samples. The same amount of protein samples from three identical samples within a group were mixed and used as a representative
sample for that group. The protein samples from each group were transferred to polyvinylidene fluoride (PVDF, Millipore, MA, USA,
IPVH00010) membranes through 10 % sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Bio-Rad Laboratories, CA, USA).
These PVDF membranes were then blocked using a 5 % skim milk powder solution and incubated overnight at 4 ◦C with primary
antibodies against GADPH (Beyotime Biotechnology, Shanghai, China, AF1186), Bax (Beyotime Biotechnology, Shanghai, China,
AF1270), ERK1/2 (Cell Signaling Technology, MA, USA, 9102S), and p-ERK1/2 (Cell Signaling Technology, MA, USA, 8544S). The
membranes were then washed four times and incubated with horseradish peroxidase-conjugated secondary antibody for 1 h at room
temperature. Finally, the blots were assessed using the Bio-Rad ChemiDocTM imaging system (Bio-Rad Laboratories, CA, USA). To
detect the ERK1/2 protein, the PVDF membrane of p-ERK1/2 protein was washed with stripping buffer for 15 min to remove previous
signals and re-blocked. Subsequently, the PVDF membrane was incubated at 4 ◦C overnight with the ERK primary antibody, followed
by re-incubation with a secondary antibody and color development. GAPDH served as an internal standard, and the resulting data were
processed using Image Lab 6.0 software.

2.15. Molecular docking

Canonical SMILES of the 13 key ingredients (taurine, taurodeoxycholic acid, gentisic acid, cinobufotalin, bufalin, cinobufagin,
resibufogenin, protocatechualdehyde, danshensu, tanshinone IIA, salvianolic acid A, salvianolic acid B, and salvianolic acid D) of STDP
[26] were collected in the Pubchem (https://pubchem.ncbi.nlm.nih.gov/) database. The receptor molecule pdb structures of target
proteins were searched in the Research Collaboratory for Structural Bioinformatics Protein Data Bank [33] (RCSB PDB, https://www.
rcsb.org/) with the following filtering criteria setting: Source Organismwas set toHomo sapiens; Experimental Method was set to X-Ray
Diffraction; Refinement Resolution ≤3; Release Date ≤10. Molecular docking was conducted with AutoDock Vina (version 1.2.5) [34,
35] to predict the binding affinity and conformation of STDP critical ingredients to the respective targets. The sdf format files of the 13
key ingredients were saved in pdb format through PyMOL (https://www.pymol.org/) and imported into AutoDockTools for assigning
atom types and adding atomic charges and saved as molecular docking ligands in pdbqt format. PyMOL was used to remove crystal
water and heteroatoms from the receptor molecule and imported into AutoDockTools to assign atom types, add atom charges, and save
as molecule-to-acceptor in pdbqt format. The parameters for molecular docking were set thus: ligands were flexible; receptors were
rigid; exhaustiveness was set to 32; other parameters were set to default values. For Bax (PDB ID: 4S0O), with the target protein as the
center of the grid, the grid size (size x/y/z) and center coordinate (center x/y/z) parameters were adjusted to ensure that the receptor
protein was entirely covered by the docking grid. For the other proteins, we used the co-crystal ligand in the PDB structure to identify
the protein pocket center coordinates and set the grid size (size 20/20/20). In cases where the binding energy is less than 0 kcal/mol,
the receptor is shown to bind spontaneously to the ligand. PyMoL is used to account for the three-dimensional binding interactions of
the putative binding mode structures of the receptors and ligands.

2.16. Statistical analyses

All data were presented as mean ± standard deviation (SD). ImageJ software was used for image processing, Image Lab 6.0
software was adopted for counting protein bands, and GraphPad Prism 8 software was used for statistical analysis. Differences between
groups were analyzed using a one-way analysis of variance and Dunnett’s multiple comparison test. A P less than 0.05 was considered
to indicate a significant difference.

3. Results

3.1. STDP treatment reduces myocardial infarct size and enhances cardiac function in AMI rats

We first evaluated the therapeutic effects of STDP in AMI rats by assessing the MI size using TTC staining after 10 days of drug
treatment. LAD surgery (Model) caused significant MI in the rat hearts, with an infarct size of 42.1 %, compared with that in rat hearts
in the Sham group (Fig. 1A and B). After administration of STDP, the relative mean infarct size of rats in the STDP group was reduced to
18.9 %, which was significantly reduced by 55.1 % in comparison to the rats in the Model group (P< 0.01). Furthermore, we evaluated
the effects of STDP on cardiac function in AMI rats by analyzing crucial echocardiographic parameters. AMI rats exhibited a significant
reduction in left ventricular end-diastolic posterior wall thickness (LVPWd), left ventricular end-systolic posterior wall thickness
(LVPWs), left ventricular ejection fraction (LVEF), and left ventricular fractional shortening (LVFS, Fig. 1C and D) compared with that
in the Sham group. In contrast, following STDP treatment, LVPWd, LVPWs, LVEF, and LVFS levels were significantly restored in AMI
rats compared with those in the Model group rats. In addition, brain natriuretic peptide (BNP), a ventricular hormone, is a highly
sensitive and specific marker of changes in ventricular function [36,37]. AMI modeling triggered a marked increase in serum levels of
BNP in comparison to the Sham group. In contrast, after STDP administration, there was a significant decrease in the serum levels of
BNP in AMI rats (Supplementary Fig. 5). These findings suggest that STDP can effectively reduceMI size andmarkedly enhance cardiac
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Fig. 1. STDP reduces MI size and enhances cardiac function in AMI rats. (A) Representative TTC-stained heart tissue sections. White color: MI area;
Red color: non-MI area; Scale (white line): 1 cm. n = 4. (B) Statistics of the relative infarct size of the heart tissue in AMI rats. (C) Representative
echocardiogram images. n = 4. (D) Statistics of the key cardiac functional parameters in AMI rats. Compared with the Sham group (Sham), **P <

0.01; Compared with the Model group (Model), ##P < 0.01. STDP: Shexiang-Tongxin dropping pill. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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function in AMI rats, demonstrating its significant therapeutic effect on AMI.

3.2. STDP treatment alleviates inflammatory and myocardial injury and inhibits cardiomyocyte apoptosis in AMI rats

The inflammatory response plays a crucial pathophysiological role in AMI, and early intervention studies targeting the IL-1 and IL-6
pathways have shown promising outcomes [38]. Thus, the suppressive effect of STDP on the inflammatory response elicited by the AMI

Fig. 2. STDP reduces inflammatory and cardiac injury, and cardiomyocyte apoptosis in AMI rats. (A) The serum IL-1β and IL-6 levels in AMI rats.
(B) Representative HE-stained sections of the left ventricle of AMI rats after 10 days of STDP treatment, (magnification, × 400), bars = 50 μm. (B)
Representative images of TUNEL staining. Images were captured from three randomly selected areas of the left ventricle. Apoptosis of car-
diomyocytes in the heart was revealed by yellow-green fluorescence. n = 3, magnification of 400×, bars = 20 μm. Compared with the Sham group
(Sham), **P < 0.01; Compared with the Model group (Model), ##P < 0.01. STDP: Shexiang-Tongxin dropping pill. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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model was further examined by measuring the serum IL-1β and IL-6 levels. A significant increase in the serum concentrations of IL-1β
and IL-6 was observed in the Model group compared with those in the Sham group (P < 0.01) (Fig. 2A). Conversely, STDP treatment
resulted in normalized IL-1β and IL-6 levels similar to those observed in the Sham group. These findings indicate that STDP exerted a
substantial anti-inflammatory effect in the AMI rats.
Histopathological examination was conducted on the rat heart tissues, and HE staining showed that the myocardial fibers in the

Sham group were well-arranged without evident structural changes, and the cytoplasm was uniformly stained. In contrast, the
myocardial tissues in the Model group showed structural damage with loosely arranged and broken myocardial fibers, crinkled nuclei,
and cytoplasmic vacuolation and edema. The structural damage in the myocardium of AMI rats was significantly improved following
STDP treatment (Fig. 2B). Owing to the significance of cardiomyocyte apoptosis in AMI [39], we further investigated the effect of STDP
on cardiomyocyte apoptosis in AMI rats using the TUNEL assay. No cardiomyocyte apoptosis was observed in the Sham group, whereas
the number of apoptotic cardiomyocytes was increased in the Model group (Fig. 2C). Compared with the Model group, the
STDP-treated group exhibited a significant decrease in cardiomyocyte apoptosis, indicating that STDP attenuated the pathological
apoptosis of cardiomyocytes in AMI rats. These findings suggest that STDP can reduce pathological changes and inhibit cardiomyocyte
apoptosis in AMI.

3.3. STDP exerts protective effects against LPS-induced inflammatory injury in RAW264.7 cells and OGD-induced hypoxic injury in
HUVECs

We adopted the LPS-induced inflammation model of RAW264.7 cells to investigate the anti-inflammatory activity of STDP using
the nitric oxide release inhibition rate as an indicator. At 25–200 μg/mL, STDP had a dose-dependent inhibitory effect on LPS-induced
nitric oxide release from RAW264.7 cells, and the inhibition ratio exceeded 60 % at 200 μg/mL STDP, which was higher than that of
the positive drug (Dexamethasone)-treated group (Fig. 3A). This suggests that STDP had a significant anti-inflammatory effect in vitro.
The OGD model was further used to investigate the effect of STDP in the hypoxia-injured HUVECs. Compared with that of the control
group, the cell survival rate of the Model group was approximately 40 %, indicating that the OGD injury model was successfully
established (Fig. 3B). Compared with the Model group, 25 μg/mL of STDP significantly improved the HUVECs survival rate after OGD
injury, indicating that STDP has a protective effect against hypoxic injury.

3.4. STDP treatment restores the transcriptional profile of rat hearts altered by LAD modeling

The myocardial tissues from the infarcted and normal intersection regions were collected from three rats in each group for tran-
scriptome sequencing. Analysis of the transcriptome sequencing data from the three groups revealed 526 and 131 upregulated and
downregulated DEGs, respectively, in the Model group after LAD surgery compared with those in the Sham group (Fig. 4B). Among
these DEGs, 175 were commonly significantly induced after STDP treatment, and their expression trends were opposite to those in the
Model group, tending toward that in the Control group (Fig. 4C and D). To assess the accuracy of the sequencing data, four DEGs
(Depp1, Cd99, Nmrk2, and Fbxl22) were subjected to qRT-PCR. qRT-PCR and transcriptome sequencing data showed consistent trends,
indicating that transcriptome sequencing data can be used to construct disease networks (Fig. 4E).

Fig. 3. STDP has anti-inflammatory and anti-hypoxic damage effects in vitro. (A) The inhibition rate of nitric oxide release from RAW264.7 cells in
the LPS-induced inflammation model. (B) HUVECs survival rate after OGD modeling and STDP treatment. Compared with the Positive Drug group,
*P < 0.05. Compared with the Model group (Model), **P < 0.01. n = 3. STDP: Shexiang-Tongxin dropping pill.
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3.5. STDP treatment restores the AMI disease network

We used whole-transcriptome sequencing combined with a network pharmacology strategy to further analyze the potential
pharmacological mechanisms of STDP against AMI. A total of 1641 genes associated with cardiovascular disease in rats were extracted
using the Dpylr tool and matched to 34,154 sequenced genes. The resulting common genes were used to construct the AMI network,
which comprised 1430 nodes (genes) and 37,291 edges after excluding individual genes with no connections. This indicates that AMI is
a complex disease involving multiple targets and multiple pathways. The network was visualized using Cytoscape v3.8.0, and the
impact of LAD surgery was visualized by the Log2 (Fold Change) of gene expression in the Sham group vs. Model group after LAD
surgery in the established AMI network (Fig. 5A and B). The red and blue nodes indicate upregulation and downregulation of the
corresponding gene expression after LAD surgery, respectively (Fig. 5B). The size of the node indicates the importance of the gene in
the AMI network, with larger nodes representing more important genes. Pathways closely related to AMI, including apoptosis, MAPK,
TGF-β, PI3K, and inflammation pathways, were significantly enriched after LAD surgery (Fig. 5B). The restorative regulatory effect of
STDP treatment on genes was marked with EoR (Fig. 5C). Black nodes indicate no regulatory effect of STDP on the gene, while pink

Fig. 4. RNA-seq analysis of myocardial tissues obtained from STDP-treated mice with AMI. (A) Experimental procedure. Details are described in the
“Materials and Methods” section. (B) Number of upregulated and downregulated DEGs in the Model group vs Sham group and the STDP group vs
Model group. (C) Venn diagram of DEGs between the Model and Sham groups and between the STDP and Model groups. (D) Heat map of 175 genes
that were commonly induced after STDP treatment. (E) Gene expression levels of Depp1, Cd99, Nmrk2, and Fbxl22 were measured by RNA-seq and
qRT-PCR. The internal reference was Actb, n = 3. STDP: Shexiang-Tongxin dropping pill.
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nodes represent a regulatory effect, i.e., EoR >0. The node color gradually increased according to the increased regulatory index EoR.
A total of 901 genes were restored after STDP treatment, accounting for 63 % of the disease network. Among these genes, 491 were
restored at a rate of ≥80.0 %, indicating that STDP can restate the AMI disease network from an overall perspective.

3.6. STDP attenuates AMI in rats predominately through apoptotic and energy metabolic signaling pathways

The topological and transcriptomic parameters of the nodes in the network were combined to extract the key genes that ranked in
the top 50 % of the NTRA ranking with EoR>0. A total of 437 genes were selected and subjected to pathway enrichment analysis using

Fig. 5. STDP treatment rebalances the AMI network perturbed by LAD surgery. (A) Sham group network. Each node means one gene, and each edge
represents the protein-protein interaction relationship between the corresponding proteins of two genes. The size of the nodes is related to the NTRA
ranking, and the circles in the network indicate KEGG-enriched critical pathways. (B) LAD surgery perturbs the AMI network, and the nodes in red
represent the up-regulation of gene expression after LAD surgery (Log2 Fold Change (Sham/Model) > 0). The blue nodes indicate the down-
regulation of gene expression after LAD surgery (Log2 Fold Change (Sham/Model) < 0). The darker color represents the greater change in gene
expression. (C) Recovery regulation of AMI network by STDP treatment. The pink node has an EoR >0, indicating that STDP treatment played a
restoring role on the gene, and the darker the pink color, the higher the rate of restoring regulation of the gene. Nodes in black indicate no recovery
regulation of this gene with STDP treatment. n = 3. STDP: Shexiang-Tongxin dropping pill. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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IPA. A total of 496 pathways were enriched, and the pathways associated with the development of AMI, such as apoptosis and energy
metabolism, were significantly enriched (Fig. 6A). Further analysis of essential genes in these pathways revealed that those related to
theMAPK and apoptosis signaling pathways were greatly affected. The ERK/MAPK and apoptosis-related signaling pathways were also
significantly enriched after STDP treatment, suggesting that ERK/MAPK and apoptosis pathways may be an important mechanism of
STDP against AMI. Metascape was further used for biological functional analysis, and the results showed that STDP may act as an anti-
AMI agent by regulating apoptosis, inflammation, MAPK, and angiogenesis signaling pathways (Fig. 6B). The crucial genes associated
with AMI, including Fas, Stat3, Gsk-3β, and Foxo3, were significantly affected in the top 25 enriched pathways identified through IPA.
These genes were notably restored after STDP administration with EoR values > 85 % (Supplementary Tables S2 and 3).

3.7. STDP mediates anti-AMI effects by inhibiting the apoptosis and ERK/MAPK pathways

The pathway enrichment analysis and biofunctional analysis revealed that the apoptosis and ERK/MAPK pathways were signifi-
cantly regulated; therefore, the expression levels of the key proteins in these pathways were verified by western blot. The gene and
protein levels of Bax (a pro-apoptotic protein) were significantly upregulated after AMI modeling compared with those in the Sham
group, while its expression was significantly downregulated following STDP administration compared with that in the Model group
(Fig. 7A and B; Supplementary Figs. 4 and 6), consistent with TUNEL analysis of cardiac tissues. These findings indicate that apoptosis
is crucial in the development of AMI [40,41] and that STDP exerts an anti-apoptotic effect by inhibiting Bax expression, which is one of
the important mechanisms underlying its therapeutic efficacy in AMI treatment. Furthermore, the phosphorylation level of ERK1/2
protein exhibited a similar trend following STDP treatment, further suggesting that STDP acts as an anti-AMI agent by inhibiting the
MAPK pathway.

3.8. Tanshinone IIA, salvianolic acid B, salvianolic acid A, and resibufogenin may be the main anti-AMI ingredients in STDP

Thirteen essential ingredients (taurine, taurodeoxycholic acid, gentisic acid, cinobufotalin, bufalin, cinobufagin, resibufogenin,
protocatechualdehyde, danshensu, tanshinone IIA, salvianolic acid A, salvianolic acid B, and salvianolic acid D) of STDP were sub-
jected to molecular docking with the key proteins involved in the protective mechanisms of STDP, i.e., Bax (PDB ID: 4S0O), ERK1 (PDB
ID: 6GES), and ERK2 (PDB ID: 4QP1). The specific predicted protein binding pocket locations and Grid box sizes are presented in
Table 1. The molecular docking analysis of 13 key ingredients with three target proteins using AutoDock Vina is presented in Table 2.
Among them, the binding energies of tanshinone IIA, salvianolic acid B, salvianolic acid A, and resibufogenin with Bax (PDB ID: 4S0O)
were< − 8 kcal/mol, and the scores of bindings with ERK1 (PDB ID: 6GES) and ERK2 (PDB ID: 4QP1) were lower than co-crystal ligand
in the PDB structure, indicating a relatively high affinity between these four ingredients with the three targets. We used PyMol to
visualize the putative binding mode of the receptors and ligands. The binding poses and sites of the interactions between the key active
ingredients and the core targets are shown in Fig. 8. Salvianolic acid B established four hydrogen bonds with 4S0O by interacting with
the residues Pro43, Pro130, Asn106, and Gln28 (Fig. 8A). Additionally, it formed two hydrogen bonds with 4QP1 through interactions
with residues Thr159 and Gly182 (Fig. 8C). In Fig. 8B, Tanshinone IIA and salvianolic acid A showed a good shape complementarity

Fig. 6. STDP attenuates AMI in rats predominately through apoptotic and energy metabolic signaling pathways. (A) The top 25 pathways were
significantly enriched by IPA software under the NTRA and EoR methods. (B) Results of biological function analysis of the recovery regulation genes
after STDP treatment. These colors represent different pathways in action, and pathways with the same nodes of action are close to each other. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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with the binding pocket of 6GES protein and exhibited high affinity. Resibufogenin formed three hydrogen bonds with 6GES by
interacting with the residues Met125, Lys131, and Ser170 (Fig. 8B). These indicate that tanshinone IIA, salvianolic acid A, salvianolic
acid B, and resibufogenin may be the main pharmacodynamic substances of STDP for anti-AMI.

4. Discussion

AMI is the most critical manifestation of coronary artery disease [1]. Although the prognosis of AMI has improved significantly in
the past decade, it continues to be the predominant source of morbidity and mortality worldwide. After AMI, the affected myocardium
undergoes hypoxia and apoptosis, triggering an inflammatory response; this sustained inflammation causes collagen accumulation,
resulting in cardiac remodeling and heart failure [42,43]. PPCI and coronary artery bypass grafting are the most common clinical
treatments for AMI currently; however, they may cause critical complications, such as bleeding and ischemia-reperfusion injury [44].
Meanwhile, the single-target immunotherapy against post-MI inflammatory response showed no significant improvement in MI size
and clinical outcome [3], prompting the identification of safer multi-targeted drugs. Clinical studies have demonstrated that STDP can
effectively attenuate myocardial injury and cardiac pathological remodeling caused by myocardial ischemia-reperfusion after AMI,
revealing its potential and safety in treating AMI [45]. However, the molecular mechanism of STDP against AMI remains elusive. To

Fig. 7. STDP protects rats from AMI by down-regulating apoptosis and ERK/MAPK pathway. (A) Protein expression levels of Bax, p-ERK1/2, and
ERK1/2 in rat heart tissue. GAPDH was used as an internal reference (Supplementary Fig. 6). (B) Results of quantitative analysis of western blot
images using Image Lab software. Compared with the Sham group (Sham), **P < 0.01; Compared with the Model group (Model), ##P < 0.01. STDP:
Shexiang-Tongxin dropping pill.

Table 1
Target gene protein pocket coordinates and grid box sizes.

Target gene PDB ID Protein pocket coordinates Grid box size

Bax 4S0O X = 20.67, Y = − 0.17, Z = 16.31 X = 41, Y = 41, Z = 41
ERK1 6GES X = 31.37, Y = − 12.20, Z = − 14.20 X = 20, Y = 20, Z = 20
ERK2 4QP1 X = − 25.01, Y = − 32.27, Z = − 43.91 X = 20, Y = 20, Z = 20

Table 2
Molecular docking affinity values for binding of major ingredients to core targets.

Protein 4S0O 6GES 4QP1

Affinity kcal/mol

Compound

Tanshinone IIA − 9.1 − 9.4 − 7.4
Salvianolic acid B − 8.8 − 8.4 − 8.6
Salvianolic acid A − 8.4 − 8.7 − 8.2
Resibufogenin − 8.3 − 8.7 − 7.5
Salvianolic acid D − 7.5 − 8.6 − 7.5
Taurodeoxycholic acid − 8.2 − 7.7 − 7.0
Bufalin − 8.0 − 7.9 − 7.8
Cinobufotalin − 8.0 − 6.0 − 7.2
Cinobufagin − 7.5 − 8.2 − 7.5
Danshensu − 6.3 − 6.3 − 5.7
Gentisic acid − 5.7 − 5.4 − 5.1
Protocatechualdehyde − 5.4 − 5.3 − 5.0
Taurine − 4.0 − 3.3 − 3.5
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explore the molecular mechanism of STDP against AMI, its pharmacodynamic effects in treating AMI were evaluated in vitro and in vivo
using HUVECs oxygen-glucose deprivation, RAW264.7 cell inflammatory injury, and rat LAD surgery models. Subsequently, the whole
transcriptome gene sequencing technology and network pharmacology analysis were integrated to elucidate the molecular mechanism
of STDP against AMI. Finally, we performed molecular docking to identify the key anti-AMI ingredients in STDP.
In this study, STDP improved cardiac function, reduced myocardial infarct size, and exerted substantial protective effects against

LAD-induced AMI diversely. These include the reduction of inflammation response, mitigation of cardiac tissue structural damage, and
attenuation of cardiomyocyte apoptosis in AMI rats. Meanwhile, in vitro, STDP also exerted anti-inflammatory damage and anti-
cellular hypoxic injury effects. Further analysis of whole-transcriptome sequencing data from experimental rat hearts using a
network pharmacology approach revealed that STDP could provide anti-AMI effects through multiple targets, and 63 % of the dys-
regulated genes after AMI were restored after STDP treatment, with more than half of them recovered at the rate of >80 %. Integrated
pathway enrichment analysis, biofunctional analysis, and in vivo validation experiments showed that the inhibition of apoptosis and
ERK/MAPK pathways by reducing the expression levels of Bax and p-ERK1/2 may be an important mechanism of STDP against AMI.
Molecular docking of these three core proteins with 13 key ingredients in the STDP revealed that tanshinone IIA, salvianolic acid A,

Fig. 8. Docking poses of Tanshinone IIA, Salvianolic acid B, Salvianolic acid A, and Resibufogenin with three core targets. (A) Bax-Tanshinone IIA,
Bax-Salvianolic acid A, Bax-Salvianolic acid B, and Bax-Resibufogenin. (B) ERK1-Tanshinone IIA, ERK1-Salvianolic acid A, ERK1-Salvianolic acid B,
and ERK1-Resibufogenin. (C) ERK2-Tanshinone IIA, ERK2-Salvianolic acid A, ERK2-Salvianolic acid B, and ERK2-Resibufogenin.
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salvianolic acid B, and resibufogenin have high affinity with Bax, ERK1, and ERK2. These results suggest that tanshinone IIA, sal-
vianolic acid A, salvianolic acid B, and resibufogenin are the primary pharmacodynamic substances of STDP in AMI treatment by
targeting Bax and ERK1/2.
Apoptosis is a major contributor to myocardial injury after AMI [28] and mediates post-MI myocardial cell death, left ventricular

remodeling, and heart failure [29]. Bax overexpression in human post-MI cardiomyocytes accelerated cellular injury after MI [46].
Moreover, Fas expression was positively correlated with apoptosis activation [28]. Bax and Fas downregulation, Bcl-2 upregulation,
and increased Bcl-2/Bax ratio attenuated cardiomyocyte apoptosis after AMI [47]. STAT3, a crucial factor in the JAK/STAT (IL-6)
signaling pathway, and phosphorylated STAT3 protein expression levels, were significantly reduced in the myocardium of MI rats after
JAK2 inhibitor treatment. Meanwhile, the Bax protein expression level was increased, indicating that the JAK/STAT pathway was
involved in post-MI cardiomyocyte apoptosis [48]. Similarly, according to a report, STDP could protect the heart from
pituitrin-induced myocardial ischemic injury through an anti-apoptotic effect [16]. Our study confirmed these findings, as TUNEL
staining showed that STDP attenuated the pathological apoptosis of cardiomyocytes in AMI rats, and topological and transcriptomic
sequencing also revealed that Bax, Bcl-2, and Stat3mRNAs and Bax protein were significantly increased in the heart tissue of AMI rats
after LAD surgery. After STDP intervention, the recovery regulation efficiency of Bax, Bcl-2, and Stat3 were 72.05 %, 94.19 %, and
85.83 % (Supplementary Table S3), respectively. These findings demonstrate that STDP inhibited Bax expression and exerted an
anti-apoptotic effect, which was a crucial mechanism for its therapeutic efficacy in AMI treatment.
Previous studies showed that reduced ERK1/2 protein expression after AMI improved cardiac function in rats and that MAPK

signaling pathway inhibition attenuated ISO-induced myocardial injury, implying that ERK/MAPK signaling pathway inhibition could
prevent cardiomyocyte apoptosis [49,50]. Similarly, the protective effect of STDP against ISO-induced myocardial injury was
reportedly related to the ERK1/2 signaling pathway [17]. ERK1/2 mediated M1-polarized macrophage chemotaxis and inflammatory
cytokine production in an MI mouse model, suggesting that ERK1/2 was involved in the inflammatory response after MI [51]. In our
study, p-ERK1/2 protein expression levels were increased in the heart tissues of AMI rats after LAD surgery, while STDP decreased
p-ERK1/2 protein expression levels, indicating that STDP might play a myocardial protective role in AMI by inhibiting the ERK/MAPK
signaling pathway.
In addition, we established a “compound-target network” between the 13 key ingredients in STDP and genes that showed recovery

of regulation after STDP treatment (Supplementary Fig. 3). The potential targets of these ingredients were predicted through the
PharmMapper database [52–54] and got a total of 434 potential target genes. Subsequently, we took the intersection of these genes
with the 901 genes with EoR >0 and obtained 107 genes. The 107 genes were further used to construct the “compound-target”
network. Further pathway analysis showed that these genes were mainly involved in the pathways of lipid and atherosclerosis,
regulation of inflammatory response, and regulation of apoptotic signaling. These pathways are known to play an important role in the
development of AMI and show a recovery regulation trend after STDP treatment.
In addition to the pathways associated with disease phenotypes, STDP intervention significantly enriched the PI3K/Akt pathway

(Fig. 6A), which is a critical mechanism in the onset, progression, and treatment of MI. Its downstream molecules, glycogen synthase
kinase 3β (GSK-3β) and forkhead box O3 (FOXO3), were involved in the protection of cardiac myocytes. The upregulation of GSK-3β
and p-GSK-3β expression reportedly activates the PI3K/Akt/GSK-3β signaling pathway to protect the myocardium from AMI injury
[55]. GSK-3β is also a key mediator of the inflammatory response and has been implicated in various cardiac diseases. GSK-3β could
directly mediate the activation of the NLRP3 inflammasome, which in turn leads to cardiac dysfunction in MI [56]. Foxo3a activation
could promote resistance to oxidative stress and reduce MI [51]. FOXO3 could also promote antigen-presenting cells to express and
secrete IL-10, IL-33, and IL-34, establishing a regulatory T cell (Treg)-inducing niche in the mediastinal lymph node. After myocardial
deployment, Tregs contribute to the reduction of inflammation following MI and cardiac repair [57]. Similarly, this study showed that
the expression levels of Gsk-3β and Foxo3a were decreased in the rat heart after LAD surgery, and after STDP administration, their
expression was restored by 91.41 % and 88.61 %, respectively (Supplementary Table S3). Notably, along with the key targets high-
lighted above, STDP may also benefit AMI therapy through several newly discovered anti-AMI targets. Lysine demethylase 3A
(KDM3A), also known as Jumonji domain-containing 1A, performs various biological functions, such as positive regulation of gene
expression and response to hypoxia. KDM3A overexpression can improve cardiac function, attenuate cardiac oxidative stress and
pathological changes, and protect the myocardium from AMI-induced injury [58]. TBC1 domain family member 15 (TBC1D15)
mRNA/protein levels were downregulated in human ischemic cardiomyopathy or MI samples [59], and high TBC1D15 expression
restored lysosomal degradation by binding to mitochondrial Fis1 and promoting the clearance of damaged mitochondria, helping the
heart retain myocardial mitochondrial function and integrity and protecting cardiac contractile function [60]. TBC1D15 could also
recruit Drp1 to the mitochondrial-lysosome contact sites and bind to Drp1 to promote asymmetric mitochondrial fission and clearance
to preserve mitochondrial integrity [60]. These imply that TBC1D15 may be an ideal new target for treating MI. ATP synthase
inhibitory factor subunit 1 (ATPIF1), a protein that inhibits ATP hydrolysis through the reverse function of ATP synthase during
myocardial ischemia, is significantly upregulated in LAD surgery-induced MI cardiomyocytes, and ATPIF1 knockdown resulted in a
significant reduction in the expression level of glycolytic pathway proteins in the heart after MI and improved pathological remodeling
of the heart by promoting metabolic reprogramming [61]. Dachshund family transcription factor 1 (Dach1) is expressed in embryonic
and adult coronary endothelial cells. Overexpressed Dach1 enhanced normal arterial differentiation, increasing the number of arteries
after MI and extending arterial branching, which could promote recovery from ischemic injury and improve survival and cardiac
function after MI, serving as a potential therapeutic MI target for enhancing ischemic cardiac revascularization [62]. After STDP
treatment, the recovery regulation rates of these four newly identified targets were 82.7% (Kdm3a), 92.4% (Tbc1d15), 85.6% (Atpif1),
and 78.2 % (Dach1) (Supplementary Table S4), respectively. These findings suggest that STDP, a common clinical drug for AMI, is
highly effective and can play a comprehensive role in treating AMI. Additionally, STDP may exert its benefits by targeting newly
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identified AMI targets, such as KDM3A, TBC1D15, ATPIF1, and Dach1.

5. Conclusions

Our study demonstrated that the anti-AMI effects of STDP primarily involve the reduction of myocardial infarct size, enhancement
of cardiac function, reduction of inflammatory response, attenuation of cardiac pathological changes, and inhibition of cardiomyocyte
apoptosis. The protective effects of STDP against LPS-induced inflammatory injury and OGD-induced hypoxic injury were also
demonstrated in vitro. Integrating network pharmacology analysis with whole transcriptome sequencing data revealed that STDP
restored 63 % of the AMI disease network. Additionally, inhibiting apoptosis by decreasing Bax expression levels and reducing the
activity of the ERK/MAPK pathway by reducing p-ERK1/2 expression levels may be the crucial mechanisms underlying the anti-AMI
effects of STDP. Tanshinone IIA, salvianolic acid A, salvianolic acid B, and resibufogenin may be the main pharmacodynamic sub-
stances of STDP in the treatment of AMI by targeting Bax and ERK1/2. Overall, our results suggest that STDP can exert therapeutic
effects in AMI through multiple targets and pathways.
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MI myocardial infarction
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LVPWd left ventricular end-diastolic posterior wall thickness
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LVFS left ventricular fractional shortening
ELISA Enzyme-linked immunosorbent assay
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CCK-8 Cell counting kit-8
OGD oxygen-glucose deprivation
DEGs differentially expressed genes
KEGG Kyoto encyclopedia of genes and genomes
NTRA network topology and transcriptomics-based approach
EoR efficiency of recovery regulation
RL regulation level
IPA ingenuity pathways analysis
qRT-PCR quantitative real-time PCR
RIPA radioimmunoprecipitation assay
PMSF phenylmethanesulfonyl fluoride
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RCSB PDB RCSB Protein Data Bank
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GSK-3β glycogen synthase kinase 3β
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KDM3A lysine demethylase 3A
TBC1D15 TBC1 domain family member 15
ATPIF1 ATP synthase inhibitory factor subunit 1
Dach1 Dachshund family transcription factor 1
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