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ABSTRACT: Objective: Cardiac ischemia-reperfusion (I/R) injury has negative effects on the brain and can even lead to the
occurrence of ischemic stroke. Clinical evidence shows that Danhong injection (DHI) protects the heart and brain following
ischemic events. This study investigated the mechanisms and key active compounds underlying the therapeutic effect of DHI against
brain damage induced by cardiac I/R injury. Methods: The gene expression omnibus database provided GSE66360 and GSE22255
data sets. The R programming language was used to identify the common differentially expressed genes (cDEGs). Gene ontology
and Kyoto Encyclopedia of Genes and Genomes enrichment analysis were performed, and protein—protein interaction network was
constructed. Active compounds of DHI were collected from the Traditional Chinese Medicine Systems Pharmacology database.
Molecular docking and molecular dynamics simulations were performed. The MMPBSA method was used to calculate the binding-
free energy. The pkCSM server and DruLiTo software were used for Absorption, Distribution, metabolism, excretion, and toxicity
(ADMET) analysis and drug-likeness analysis. Finally, in vitro experiments were conducted to validate the results. Results: A total of
27 cDEGs had been identified. The PPI and enrichment results indicated that TNF-a was considered to be the core target. A total of
80 active compounds were retrieved. The molecular docking results indicated that tanshinone I (TSI), tanshinone IIA (TSIIA), and
hydroxyl safflower yellow A (HSYA) were selected as core active compounds. Molecular dynamics verification revealed that the
conformations were relatively stable without significant fluctuations. MMPBSA analysis revealed that the binding energies of TSI,
TSIIA, and HSYA with TNF-a were —36.01, —21.71, and —14.80 kcal/mo], respectively. LEUS7 residue of TNF-a has the highest
contribution. TSI and TSIIA passed both the ADMET analysis and drug-likeness screening, whereas HSYA did not. Experimental
verification confirmed that DHI and TSIIA reduced the expression of TNF-a, NLRP3, and IL-1/ in the injured H9C2 and rat brain
microvascular endothelial cells. Conclusion: TNF-a can be considered to be a key target for BD-CI/R. TSIIA in DHI exerts a
significant inhibitory effect on the inflammatory damage of BD-CI/R, providing new insights for future drug development.
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1. INTRODUCTION anxiety, depression, insomnia, and even cognitive impair-
With the increase in the aging population and lifestyle changes, ment."™ The calcium imbalance, inflammatory response, and
there is a rise in the incidence of acute myocardial infarction oxidative stress that occur after cardiac I/R injury gradually
(AMI) year by year."” Reperfusion therapy is the preferred

approach for treating AMI. Regrettably, patients often Received: January 7, 2024

encounter numerous adverse sequelae despite the success of Revised: ~ March 22, 2024

reperfusion.” Patients with AMI not only face cardiac Accepted: March 26, 2024

complications but also encounter varying degrees of brain Published: April 11, 2024

damage. After the occurrence of cardiac ischemia/reperfusion
(I/R) injury, dendritic spine loss leads to the appearance of
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Figure 1. Research flowchart. Read in order from top to bottom.

disrupt the blood—brain barrier (BBB), exacerbating damage complications. Currently, anti-I/R injury often uses angioten-
to the brain.>” Ischemic stroke (IS) is one of the most serious sin-converting enzyme inhibitors, beta-blockers, calcium
18342 https://doi.org/10.1021/acsomega.4c00200
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Figure 2. Screening of DEGs. (A1) Data normalization of GSE66360 (MI) analysis. (A2) Data normalization of GSE22255 (IS) analysis. (B1) The
volcano plot of MI and (B2) the volcano plot of IS. Upregulated genes are represented in red, downregulated genes are in blue, and no significant
difference is indicated by gray. (C1) Heatmap of MI and (C2) heatmap of IS. Heatmaps display the gene expression trends, with rows representing
genes and columns representing samples. G1 represents the disease group, while G2 represents the normal group.

channel blockers, and diuretics.*” These treatment measures
can reduce myocardial oxygen consumption, improve heart
function to prolong lifespan, but they have side effects such as
edema, hyperkalemia, fatigue, and dizziness, which affect the
quality of life of patients.” Due to the complexity of the
pathogenesis of cardiovascular and cerebrovascular diseases,
the existing single treatment methods often fail to meet clinical
needs. Therefore, seeking comprehensive treatment methods
for brain damage caused by cardiac I/R injury (BD-CI/R) has
become a new research focus.

Studies have confirmed that natural ingredients such as
flavonoids like quercetin, terpenes like catalpol, polyphenols
like resveratrol, saponins like dioscin, derived from herbs, can
improve I/R injury through antioxidative, anti-inflammatory,
antiapoptotic, and regulation of energy metabolism path-
ways.”'"""* This indicates that natural products have the
comprehensive therapeutic advantage of multiple components,
targets, and mechanisms of action. Danhong Injection (DHI)

is composed of Salviae Miltiorrhizae Radix et Rhizoma, known
as Danshen in Chinese (DS), and Carthami Flos, known as
Honghua in Chinese (HH). DHI exhibits effects such as
antiplatelet coagulation, anti-inflammation, antioxidation, and
antiapoptosis.>'* DHI is commonly used for the prevention
and treatment of cardiovascular and cerebrovascular dis-
eases.' !¢ However, further research is needed to investigate
the effective active compounds and key mechanisms of action
of DHI on BD-CI/R.

Systems pharmacology is an interdisciplinary and integrated
research approach with bioinformatics, computational biology,
network pharmacology, molecular docking, molecular dynam-
ics, and other techniques.'” It combines the actions of drugs
with biological information at various levels of the biological
system to construct and analyze integrative models of the
actions of drugs.'® Additionally, high-throughput sequencing
technologies and microarray chip technologies have facilitated
the establishment of gene expression profiles of diseases.” In
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Figure 3. Screening of common differentially expended genes
(cDEGs) of brain damage caused by cardiac I/R injury. The Venn
diagram shows a total of 27 cDEGs, consisting of 26 upregulated
genes and 1 downregulated gene.

Table 1. cDEGs of BD-CI/R

cDEGs 1og2FC of MI  log2FC of IS  average log2FC  regulation

JUN 1.668 1.382 1.525 up
ZFP36 1.928 0.800 1.364 up
CXCL8 1.377 2.658 2.018 up
DUSP1 0.953 0.611 0.782 up
NFKBIA 1.742 0.673 1.208 up
IER3 2.035 1.194 1.61S up
EGR1 1.046 1.448 1.247 up
GO0S2 1.248 2.293 1.771 up
CCL3 2.625 1.883 2254 up
TNF 1.193 1.513 1.353 up
DUSP2 0.890 1.230 1.060 up
PPPIR1SA 1.986 1.161 1.573 up
OSM 0.871 0.864 0.868 up
TNFAIP3 1.282 0.988 1135 up
CDKNIA 1.590 0.629 1.109 up
FOS 2.032 0.924 1.478 up
PTGS2 1.402 1.761 1.581 up
JUNB 0.842 0.677 0.760 up
DDIT4 0.809 0.686 0.748 up
ATEF3 0.778 0.605 0.691 up
NFKBIZ 1.362 0.860 1111 up
CXCL2 1.977 0.993 1.485 up
SOD2 1.572 0.598 1.085 up
IL1B 2.688 1.560 2.124 up
CD83 2217 1.227 1.722 up
RGS1 1.232 0.864 1.048 up
TNFRSF17 —0.930 —1.030 —0.980 down

this study, we aimed to determine the key active compounds of
DHI and identify the key targets for treating BD-CI/R through
bioinformatics, computer simulation, and experimental vali-
dation (The workflow of this study is shown in Figure 1).

2. MATERIALS AND METHODS

2.1. Tools, Databases, and Reagents. Gene Expression
Omnibus (GEO): http://www.ncbinlm.nih.gov/geo/; BioL-
adder platform: https://www.bioladder.cn/; Metascape:
https://metascape.org/; STRING: https://string-db.org/;
UniProt: https://www.uniprot.org/; TCMSP: https://old.
tcmsp-e.com/tcmsp.php; RCSB Protein Data Bank (RCSB
PDB): https://www.rcsb.org/; PubChem: https://pubchem.

ncbi.nlm.nih.gov/; CgenFF: https://cgenfl.silcsbio.com/;
pkCSM: https://biosig.lab.ug.edu.au/pkesm/; Drug Likeness
Tool (DruLiTo): https://niper.gov.in/pi_dev_tools/
DruLiToWeb/DruLiTo_indexhtml; limma package v3.40.2
of R software; AutoDock Tools v1.5.7; AutoDock Vina v1.2.3;
Cytoscape v3.9.1; PyMOL v2.4.0 Open-Source; Discovery
Studio Visualizer v21.1.0.20298; GROMACS software package
2022.2; Avogadro v1.2.0; QtGrace v0.2.7; DHI (China Food
and Drug Administration Permission Number: Z20026866,
Shangdong Heze Buchang Pharmaceutical Co., Ltd., China.);
TSIIA (CAS NO. 568—72—9, Shanghai Aladdin Biochemical
Technology Co., Ltd., China.); Anti-TNF-a antibody (Cat no.
17590—1-AP, Proteintech Group, Inc.,, Wuhan, China.); Anti-
IL-15 antibody (Cat no. 16806—1-AP, Proteintech Group,
Inc, Wuhan, China.); Anti-NLRP3 antibody (Cat no.
ab270449, Abcam Biocompany Cambridge, MA, USA.).

2.2. Identifying of Potential Gene Targets of Brain
Damage Caused by Cardiac I/R Injury. Related data sets
were obtained from the GEO database. The GEO database is
an international public storage, which collects gene expression
data from various organisms, including high-throughput
microarray and next-generation sequencing data.”” The data
sets were analyzed for differentially expressed genes (DEGs)
using the Limma software package in R software. DEGs were
determined to correct the false positive results by applying P <
0.05 and [log2FCl > 0.585.>' Subsequently, volcano and heat
maps were generated separately. The DEGs were uploaded to
the BioLadder platform to generate a Venn diagram. According
to the Venn diagram, the common DEGs (cDEGs) between
cardiac I/R injury and brain damage were acquired.

2.3. Gene Ontology and Kyoto Encyclopedia of
Genes and Genomes Enrichment Analysis. Gene
ontology (GO) and Kyoto Encyclopedia of Genes and
Genome (KEGG) enrichment analyses are bioinformatics
methods to functionally analyze a gene set by identifying genes
associated with specific biological processes (BP) and
pathways. Metascape database®” is an efficient tool for gene
analysis in the era of big data. The cDEGs of BD-CI/R were
uploaded to the Metascape platform, with the organism set as
human and P < 0.05 as the threshold.”® The results were
visualized and analyzed by using the BioLadder platform.

2.4, Protein—Protein Interaction Network Construc-
tion. Protein—protein interaction (PPI) analysis is utilized to
systematically analyze and reveal the interaction relationships
between proteins. The cDEGs were uploaded to the STRING
database™ for PPI analysis, where unconnected targets were
eliminated and other parameters were kept at default settings.
Visualization analysis and screening of the core target were
performed using Cytoscape v3.9.1 software.

2.5. Collection of Active Compounds. TCMSP data-
base,”> a comprehensive pharmacology database of traditional
Chinese medicines, currently collects 499 herbs and 12,144
compounds at the time of writing this paper. It was utilized to
collect the active compounds of DS and HH separately with
screening criteria of OB > 30 and DL > 0.18. > Additional
active compounds were supplemented by referring to the
testing standards for DS and HH in the Chinese
Pharmacopoeia.*

2.6. Molecular Docking Screening. Molecular docking
can predict the binding modes and affinity between drug
molecules and protein receptors.”” The 3D crystal structure of
the protein target was obtained from the PDB database.”® The
preprocessed protein target was added hydrogens using
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Figure 4. Results of enrichment analysis. (A-B) The chord diagrams of the top 10 entries in the GO and KEGG enrichment analysis. (C) The map
of the TNF signaling pathway. Red indicates upregulated genes, while green represents downregulated genes.

AutoDock Tools v1.5.7 and set as the receptor with pdbqt
format. A protein grid box was constructed to define a specific
volume space within the protein structure and to limit the
active site area for docking. To proceed, 3D structure files of
active compounds were obtained from the PubChem plat-
form.”” Active compounds, after adding hydrogens, were
calculated as atomic charges and then converted into pdbqt
format. Finally, molecular docking was performed using
AutoDock Vina v1.2.3. The results were visually analyzed
using PyMOL v2.4.0 and Discovery Studio v21.1.0 software.

18345

2.7. Molecular Dynamics Simulation. Molecular dy-
namics is an interdisciplinary technique that is particularly
important in studying the interactions between proteins and
ligands.”® It is based on Newtonian classical mechanics and is
widely used for molecular research.”’ Molecular dynamics
simulations were performed using the GROMACS software
package, based on the results obtained from molecular
docking.”> The CHARMMS36 force field was used for protein
topology analysis. The TIP3P water model was chosen to build
the topology. Ligand atoms were reordered using Avogadro

https://doi.org/10.1021/acsomega.4c00200
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version 1.2.0 before uploading to the CGenFF server to obtain
topology information. The system of the protein—ligand
complex was constructed and solvated in a dodecahedral
box, with the box boundary set at a distance of 1.2 nm from the
solute. Ions such as chloride or sodium were added to
neutralize charge deviations. Energy minimization was
performed using the steepest descent algorithm with maximum
steps of 50,000. The temperature and pressure were
maintained at 300 K and 1.0 bar using the Berendsen
thermostat and Parrinello—Rahman barostat.>> Subsequently,
200 ns molecular dynamics simulations were conducted, and
the results were visualized by using QtGrace v027 software.
2.8. Calculation of Binding-Free Energy. Obtain the
trajectories of the final 1 ns from the molecular dynamics
simulation system.”***> The molecular mechanics Poisson—
Boltzmann surface area (MM-PBSA) method*® was utilized to
evaluate the stability and calculate the binding free energy. The
ipb = 2 model was used for the calculation, as it can more
accurately describe the charge distribution on the protein

surface and solvation effects. The binding free energy was
calculated using the following equation®”

AG(bind) = AG(complex) — [AG(receptor)
+ AG(ligand)]

Where AG(complex) represents the free energy of the
protein—ligand complex, AG(receptor) represents the free
energy of the protein, and AG(ligand) represents the free
energy of the ligand. Additionally, an energy decomposition
analysis was performed to calculate the per-residue energy
contributions in the binding site region to ligand binding.

2.9. Exploring the Bioavailability and Toxicity of
Active Compounds. Absorption, distribution, metabolism,
excretion, and toxicity properties (ADMET) analysis has the
potential to minimize research costs and decrease the
probability of failure in subsequent animal and clinical
experiments. Based on the molecular docking results, the
active compounds were uploaded to the pkCSM server”® for

18346 https://doi.org/10.1021/acsomega.4c00200
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Table 2. 80 Active Ingredients of Danshen-Honghua

Mol ID molecule name

MOLO001601  1,2,5,6-tetrahydrotanshinone
MOLO001659  poriferasterol

MOLO001771  poriferast-5-en-3beta-ol
MOLO001942  isoimperatorin

MOL002222  sugiol

MOL002651  dehydrotanshinone II A
MOL002776  baicalin

MOL000569  digallate

MOL000006  luteolin

MOL007036  5,6-dihydroxy-7-isopropyl-1,1-dimethyl-2,3-
dihydrophenanthren-4-one

MOL007041

MOL007045  3a-hydroxytanshinonella

MOL007048  (E)-3-[2-(3,4-dihydroxyphenyl)-7-hydroxy-benzofuran-4-yl]
acrylic acid

MOL007049  4-methylenemiltirone

MOL007050  2-(4-hydroxy-3-methoxyphenyl)-S-(3-hydroxypropyl)-7-
methoxy-3-benzofurancarboxaldehyde

MOL007058  Formyltanshinone

MOLO007059  3-beta-hydroxymethyllenetanshiquinone
MOL007061  methylenetanshinquinone

MOLO007063  przewalskin a

MOL007064  przewalskin b

MOL007068  przewaquinone B

MOL007069  przewaquinone ¢

MOL007070  (6S,7R)-6,7-dihydroxy-1,6-dimethyl-8,9-dihydro-7H-
naphtho[8,7-g]benzofuran-10,11-dione

MOLO007071  przewaquinone f
MOL007077  sclareol

MOLO007079  tanshinaldehyde
MOL007081  danshenol B

MOL007082  danshenol A

MOLO007085  salvilenone

MOLO007088  cryptotanshinone
MOL007093  dan-shexinkum d
MOL007094  danshenspiroketallactone
MOLO007098  deoxyneocryptotanshinone
MOL007100  dihydrotanshinlactone
MOL007101  dihydrotanshinonel
MOLO007105  epidanshenspiroketallactone
MOL007107  C09092

MOL007108  isocryptotanshi-none
MOLO007111  isotanshinone II
MOLO007115  manool

MOLO007119  miltionone I

2-isopropyl-8-methylphenanthrene-3,4-dione

Mol ID molecule name

MOL007120  miltionone II
MOLO007121  miltipolone
MOL007122  miltirone

MOLO007124  neocryptotanshinone ii
MOLO007125  neocryptotanshinone

MOLO007127  1-methyl-8,9-dihydro-7H-naphtho[S,6-g]benzofuran-
6,10,11-trione

MOLO007130  prolithospermic acid

MOL007132  (2R)-3-(3,4-dihydroxyphenyl)-2-[(Z)-3-(3,4-
dihydroxyphenyl)acryloyl{oxy-propionic acid

MOLO007141  salvianolic acid g

MOLO007142  salvianolic acid j

MOLO007143  salvilenone I

MOLO007145  salviolone

MOLO007150  (6S)-6-hydroxy-1-methyl-6-methylol-8,9-dihydro-7H-
naphtho(8,7-g]benzofuran-10,11-quinone

MOLO007151  tanshindiol B
MOLO007152  przewaquinone E
MOLO007154  tanshinone iia

MOL007155  (6S)-6-(hydroxymethyl)-1,6-dimethyl-8,9-dihydro-7H-
naphtho[8,7-g]benzofuran-10,11-dione

MOLO007156  tanshinone VI
MOLO000098  quercetin
MOLO000358  beta-sitosterol
MOL000422  kaempferol
MOLO000449  stigmasterol
MOL000953 CLR

MOL002694  4-[(E)-4-(3,5-dimethoxy-4-oxo-1-cyclohexa-2,5-
dienylidene )but-2-enylidene]-2,6-dimethoxycyclohexa-2,5-
dien-1-one

MOL002695  lignan

MOL002710  pyrethrin II
MOL002712  6-hydroxykaempferol
MOL002714  baicalein

MOL002717  qt_carthamone
MOLO002721  quercetagetin
MOL002757  7,8-dimethyl-1H-pyrimido[$,6-g]quinoxaline-2,4-dione
MOL002773  beta-carotene
MOL007134  danshensu
MOL007157  tanshinone i
MOL007074  salvianolic acid b
MOL002690  hydroxysafflor-yellow-A
MOLO001452  protocatechualdehyde
MOL007136  salvianolic acid a
MOL007138  salvianolic acid d

computational analysis. The outcomes were then presented in
a chart format.

2.10. Drug-Likeness Analysis. Drug-likeness of the core
active compounds was analyzed using DruLiTo software and
screened according to Lipinski’s rule.”” Lipinski’s rule generally
refers to active compounds with molecular weight (MW) less
than 500 Da, hydrogen bond donors (HBD) no more than S,
hydrogen bond acceptors (HBA) no more than 10, logarithmic
partition coefficient (log P) no greater than 5. Moreover,
topological polar surface area (TPSA) and Atom-based
Logarithm of the partition coefficient (Alog P) were also
analyzed.""*

2.11. Experimental Verification. 2.711.1. H9C2 Cells and
Treatments. The H9C2 cells were cultivated in DMEM
medium supplemented with 10% FBS, within a CO, cell

incubator set at 37 °C. The cells were randomly divided into
five groups: control group, oxygen-glucose deprivation/
reperfusion (OGD/R) group, DHI (1 uL/mL) group, DHI
(10 uL/mL) group, and TSIIA (3 uM) group. Except for the
control group, the cells cultured in MEM medium underwent a
12 h hypoxic treatment in a chamber consisting of 94% N,, 5%
CO,, and 1% O,. The supernatant from H9C2 cells after the
OGD/R-induced injury was collected for further use. The DHI
group and TSIIA group were subsequently treated with
DMEM medium containing DHI and TSIIA, respectively,
followed by 24 h of incubation under normal oxygen
conditions.

2.11.2. Rat Brain Microvascular Endothelial Cells and
Treatments. Rat brain microvascular endothelial cells
(RBMEC) were grown in a CO, cell incubator set at 37 °C

https://doi.org/10.1021/acsomega.4c00200
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binding
energy
Mol ID active Ingredient (kcal/mol)
MOLO002757  7,8-dimethyl-1H-pyrimido[$,6-g]quinoxaline-2,4- —8.406
dione
MOL007136  salvianolic acid a —8.406
MOL007105  epidanshenspiroketallactone —8.402
MOL007045  3a-hydroxytanshinonella —8.390
MOL007141  salvianolic acid g —8.360
MOL007079  tanshinaldehyde —8.340
MOLO007120  miltionone II —8.328
MOL002714  baicalein —8.317
MOLO007156  tanshinone VI —8.205
MOLO007143  salvilenone I —8.130
MOL007122  miltirone —8.11§
MOL007036  5,6-dihydroxy-7-isopropyl-1,1-dimethyl-2,3- —8.023
dihydrophenanthren-4-one
MOLO002710  pyrethrin II —8.017
MOL007107  C09092 —8.011
MOLO007048  (E)-3-[2-(3,4-dihydroxyphenyl)-7-hydroxy- —8.009
benzofuran-4-ylJacrylic acid
MOL002712  6-hydroxykaempferol —7.933
MOL007098  deoxyneocryptotanshinone —7.932
MOL007124  neocryptotanshinone ii —7.932
MOLO007138  salvianolic acid d —7.927
MOL007142  salvianolic acid j —7.918
MOLO007119  miltionone I —7.897
MOL007063  przewalskin a —7.890
MOLO007125  neocryptotanshinone —7.819
MOL002222  sugiol —7.800
MOL002694  4-[(E)-4-(3,5-dimethoxy-4-oxo-1-cyclohexa-2,5- —7.794
dienylidene)but-2-enylidene]-2,6-
dimethoxycyclohexa-2,5-dien-1-one
MOLO001942  isoimperatorin —7.762
MOL002690  hydroxysafflor-yellow-A —7.743
MOL007130  prolithospermic acid =7.739
MOL000569  Digallate =7.730
MOLO007132  (2R)-3-(3,4-dihydroxyphenyl)-2-[(Z)-3-(3,4- -7.729
dihydroxyphenyl)acryloyl]oxy-propionic acid
MOLO007050  2-(4-hydroxy-3-methoxyphenyl)-S-(3- —7.663
hydroxypropyl)-7-methoxy-3-
benzofurancarboxaldehyde
MOL002717  qt_carthamone —7.555
MOLO007115  manool —7.538
MOL007077  sclareol —7.523
MOLO000098  quercetin —7.329
MOL000422  kaempferol —7.263
MOL002695  lignan —7.062
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Table 3. Binding-Free Energy Information on Active Compounds with TNF-«
binding
energy
Mol ID active Ingredient (kcal/mol)
MOL007093  dan-shexinkum d —9.882
MOLO007111  isotanshinone II —9.676
MOL000449  stigmasterol —9.587
MOLO007068  przewaquinone B —9.493
MOLO007157  tanshinone i —9.323
MOL001659  poriferasterol —9.168
MOL007150  (6S)-6-hydroxy-1-methyl-6-methylol-8,9-dihydro- —9.135
7H-naphtho[8,7-g]benzofuran-10,11-quinone
MOL007059  3-beta-hydroxymethyllenetanshiquinone —9.092
MOL007101  dihydrotanshinonel -9.073
MOL007061  methylenetanshinquinone —9.056
MOL002773  beta-carotene —9.046
MOL002776  baicalin —9.035
MOL007069  przewaquinone ¢ —8.998
MOL007058  formyltanshinone —8.988
MOLO007152  przewaquinone E —8.985
MOLO007154  tanshinone iia —8.929
MOL007094  danshenspiroketallactone —8.921
MOL002651  dehydrotanshinone II A —8.908
MOL001771  poriferast-S-en-3beta-ol —8.894
MOLO002721  quercetagetin —8.881
MOLO001601  1,2,5,6-tetrahydrotanshinone —8.875
MOLO000006  Luteolin —8.872
MOLO007081  danshenol B —8.869
MOLO007082  danshenol A —8.857
MOLO007070  (68,7R)-6,7-dihydroxy-1,6-dimethyl-8,9-dihydro- -8.854
7H-naphtho[8,7-g]benzofuran-10,11-dione
MOLO000358  beta-sitosterol —8.851
MOL007108  isocryptotanshi-none —8.783
MOLO007074  salvianolic acid b —8.771
MOL007100  dihydrotanshinlactone —8.748
MOL000953 CLR —-8.727
MOL007127  1-methyl-8,9-dihydro-7H-naphtho[S,6-g] —8.717
benzofuran-6,10,11-trione
MOL007071  przewaquinone f —8.708
MOL007085  salvilenone —8.705
MOLO007145  salviolone —8.696
MOLO007151  tanshindiol B —8.628
MOL007064  przewalskin b —8.621
MOL007041  2-isopropyl-8-methylphenanthrene-3,4-dione —8.579
MOLO007155  (65)-6-(hydroxymethyl)-1,6-dimethyl-8,9-dihydro- —8.540
7H-naphtho[8,7-g]benzofuran-10,11-dione
MOLO007088  cryptotanshinone —8.531
MOL007121  miltipolone —8.448
MOL007049  4-methylenemiltirone —8.434

using DMEM medium supplemented with FBS (10%). The
cells were allocated into five groups in a random manner:
control group, model group, DHI (1 yL/mL) group, DHI (10
uL/mL) group, and TSIIA (3 uM) group. The method of cell-
to-cell damage model induced by the transfer of cell
supernatant was used to construct an RBMEC injury model
caused by myocardial ischemia.”’ Apart from the control
group, the DMEM culture medium of the remaining groups
was replaced with the supernatant from OGD/R-H9C2 cells,
and incubated in a 37 °C incubator under normal oxygen
conditions for 24 h. Subsequently, the DHI group and TSIIA
group were treated with DMEM culture medium containing
DHI and TSIIA, while the remaining groups were treated with
DMEM culture medium without any drugs. The cells were
incubated at 37 °C under normal oxygen conditions for 24 h.

2.11.3. Western Blot. After treatment with drugs, HOC2
cells and RBMEC were collected separately and then washed
twice with PBS before being lysed using a RIPA buffer. Total
protein was separated by SDS-PAGE and transferred onto a
PVDF membrane. After the transfer of proteins, a blocking
step was carried out using a 1X TBST solution fortified with
nonfat milk powder (5%) at room temperature for 2 h.
Subsequently, the samples were incubated with the primary
antibody overnight at 4 °C. On the subsequent day, the
membrane was washed three times with TBST, followed by
incubation with the corresponding secondary antibody (mouse
or rabbit) at room temperature for 1 h. Finally, the images
were captured using a chemiluminescence imaging system
(Azure Biosystems, Dublin, USA) and subsequently analyzed
with Image] software.

https://doi.org/10.1021/acsomega.4c00200
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Figure 6. Molecular docking results. (A1) TNF-a-TSI, (A2) TNF-a-TSIIA, and (A3) TNF-a-HSYA: Pocket diagrams. (B1—B3): Three-
dimensional patterns of bond, respectively. (C1—C3): Two-dimensional patterns of bond, respectively.

2.12. Statistical Analysis. The data analysis was
performed using GraphPad Prism 9.0 software, and the results
were presented as the mean =+ standard error of the mean.
Statistical significance was determined using a one-way analysis
of variance followed by Tukey’s multiple comparison test. A
significance level of P < 0.05 was considered statistically
significant.

3. RESULTS

3.1. Identified cDEGs of BD-CI/R. GSE66360 and
GSE22255 data sets were finally selected. The GSE66360
data set consists of blood samples from 49 MI patients and 50
healthy volunteers, while the GSE22255 data set includes
blood samples from 20 IS patients and 20 healthy volunteers.
Both data sets, using microarray technology, obtained gene
expression levels of the samples and generated gene expression
profiles through Affymetrix Human Genome U133 Plus 2.0
Array. The two data sets were normalized, and then batch
effects were removed. The results are listed in Figure 2. In
GSE66360, a total of 1144 DEGs were identified, including
635 upregulated and 509 downregulated genes. For
GSE22255, 33 DEGs were obtained, with 31 upregulated
and 2 downregulated genes. To enhance the clarity of

observing differential gene expression, we generated volcano
plots and heat maps for two distinct data sets (Figure 2).

The DEGs were then uploaded to the BioLadder platform
separately to generate the Venn diagrams. The Venn diagram
showed 26 overlapping upregulated genes and 1 overlapping
downregulated gene between the two data sets, resulting in a
total of 27 cDEGs of BD-CI/R, as shown in Figure 3 and Table
1.

3.2. Results of GO and KEGG Enrichment Analysis. In
the GO analysis, a total of 408 entries were obtained. These
entries consisted of 385 BP, 4 Cellular Components (CC), and
19 Molecular Functions (MF). BP was mainly enriched in
lipopolysaccharides, cytokine-mediated signaling pathways,
inflammatory responses, etc. CC was primarily enriched in
transcription factor complexes, transcription regulatory com-
plexes, membrane rafts, etc. MF results indicated that the
cDEGs were mainly associated with cytokine activity, chemo-
kine activity, receptor—ligand activity, and binding processes.
The KEGG analysis generated 66 signaling pathways, including
the IL-17 signaling pathway, TNF signaling pathway, Lipid and
atherosclerosis, NF-kappa B signaling pathway, and NOD-like
receptor signaling pathway, etc. The top 10 results from GO
and KEGG analyses were presented using chord diagrams

https://doi.org/10.1021/acsomega.4c00200
ACS Omega 2024, 9, 18341-18357
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Figure 7. Visualization analysis of molecular dynamics results. (A) RMSD. (B) RMSF. (C) RG. (D) SASA.

(Figure 4A,B). In addition, a KEGG pathway map of the TNF
signaling pathway was generated, as shown in Figure 4C.

3.3. Construction of PPl Network. To avoid bias from a
single computational method, we employed various Cytoscape
plugins, including CytoNCA, MCODE, and cytoHubba, were
employed. The PPI networks are shown in Figure 5. By
integrating the three computational approaches, TNF was
ultimately determined as the key target for BD-CI/R. By
querying the UniProt database for the unified names of targets,
it is known that the TNF mentioned here corresponds to
Tumor Necrosis Factor-alpha (TNF-a).

3.4. Collection of Active Compounds. Based on the
screening criteria, 65 active compounds of DS and 22 active
compounds of HH were collected from the TCMSP database.
It is worth noting that the OB and DL values are not the only
criteria for screening active compounds. By referring to
relevant literature,”* it was discovered that protocatechuic
aldehyde, danshensu, salvianolic acid A, and salvianolic acid D,
which fall outside the threshold range, possess research value.
Therefore, they were added to the sample for further research.
Tanshinone I, salvianolic acid B, and Hydroxyl Safflower
Yellow A (HSYA) were also supplemented by consulting the
Chinese Pharmacopoeia.”® A total of 80 active compounds
were obtained after the removal of duplicate and targetless
compounds in TCMSP, as shown in Table 2.

18350

3.5. Molecular Docking Results. The 80 collected active
compounds were docked respectively to TNF-a (PDB ID:
2AZ75).*® Active compounds were screened with a threshold of
binding free energy lower than —7 kcal/mol.*”*®* Table 3
presents the result that 78 active compounds show good
binding to TNF-a. Based on the analysis of molecular docking
results and the Chinese Pharmacopoeia,26 TSI, TSIIA, and
HSYA were ultimately selected for further research. Visual-
ization analysis is shown in Figure 6. TSI was bound to the
TYR, LEU, and GLY residues of TNF-a through one hydrogen
bond as well as hydrophobic interactions. TSIIA interacted
with the HIS, TYR, and LEU residues of TNF-a via one
hydrogen bond and hydrophobic interactions. HSYA formed
four hydrogen bonds and hydrophobic interactions with the
GLY, TYR, LEU, and HIS residues of TNF-a. It is also
observed that all three compounds are located in the active site
region of TNF-a.

3.6. Validation of the Stability through Molecular
Dynamics Simulation. Molecular dynamics simulations were
conducted using GROMACS to validate the interactions of
TSI, TSIIA, and HSYA with TNF-a. Root mean square
deviation (RMSD), Root Mean Square Fluctuation (RMSF),
Radius of Gyration (RG), and Solvent Accessible Surface Area
(SASA) were separately calculated and visually analyzed.
RMSD and RMSF evaluate the binding state and stability of

https://doi.org/10.1021/acsomega.4c00200
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Figure 8. Results of Binding free energies analysis and residue decomposition analysis. (A1) TNF-a-TSI, (A2) TNF-a-TSIIA, and (A3) TNF-a-
HSYA: Binding free energies. (B1—B3): Contribution of residue decomposition, respectively.

the protein—ligand complexes, with lower values and lower
fluctuations indicating more stable binding.*” As shown in
Figure 7A, the RMSD of the TNF-a-TSI complex remained
relatively stable without large fluctuations. TNF-a-TSIIA
complex RMSD became stable after 83 ns, while the TNF-a-
HSYA complex RMSD violently fluctuated initially but
gradually stabilized after 89 ns. The RMSF values assist in
examining the deviation of the ligand from its initial
conformation and the motion degree of the protein residues.
Greater fluctuations indicate higher instability of the residues,
while lesser fluctuations suggest greater stability of the
residues.’’ In Figure 7B, the RMSF values of residues in all
three complexes fluctuated within 0.1-0.4 nm, indicating
stable overall dynamics. As displayed in Figure 7C, the RG
value of the TNF-a-TSI complex fluctuated at 125 ns but
became stable afterward. TNF-a-TSIIA and TNF-a-HSYA
complexes exhibited similar stable RG values in the midto-end
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phase. The SASA value of a protein has long been considered
to be one of the key factors affecting protein folding and
stability.”” In Figure 7D, the SASA value of TNF-a-TSI is
relatively stable within 250—265 nm? The SASA value of the
TNEF-a-TSIIA complex was the lowest, while that of the TNF-
a-HSYA complex was the highest. Additionally, greater
fluctuations in the SASA value were observed in the TNF-a-
HSYA complex. The trends in RG and SASA corroborated the
findings from the RMSD analysis.

3.7. Results of MMPBSA Calculations. The binding free
energies of TSI, TSIIA, and HSYA with TNF-a were —36.01,
—21.71, and —14.80 kcal/mol, respectively (Figure 8). TSI
interacted with residues LEUSS, VAL123, GLN125, LEUS7,
TYRS9, GLYI121, and GLY122, among which LEUS7
contributed the most. For TSIIA, key residues were LEUS7,
TYRS9, VAL123, and LEU157, with the largest contribution
coming from LEUS7. Among residues VAL13, LEUS7,

https://doi.org/10.1021/acsomega.4c00200
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Table 4. Results of the ADMET Analysis”

property model name TSI
absorption water solubility —4.443
Caco, permeability 1.401
intestinal absorption (human) 98.909
skin permeability —2.414
P-glycoprotein substrate yes
P-glycoprotein I inhibitor no
P-glycoprotein II inhibitor no
distribution VDss (human) 0.561
fraction unbound (human) 0.142
BBB permeability 0.447
CNS permeability —1.446
metabolism CYP2D6 substrate no
CYP3A4 substrate yes
CYP1A2 inhibitor yes
CYP2C19 inhibitor yes
CYP2C9 inhibitor no
CYP2D6 inhibitor no
CYP3A4 inhibitor no
excretion total clearance 0.209
renal OCT?2 substrate no
roxicity AMES toxicity yes
max. tolerated dose (human) —0.116
hERG I inhibitor no
hERG II inhibitor no
oral rat acute toxicity (LDsp) 2.453
oral rat chronic toxicity (LOAEL) 2.08
hepatotoxicity no
skin sensitization no
T. pyriformis toxicity 0.645
minnow toxicity —0.148

TSIIA HSYA unit
—4.494 -2.073 numeric (log mol/L)
1.419 —0.587 numeric (log Papp in 107 cm/s)
96.253 2.70S numeric (% absorbed)
—2.591 —2.735 numeric (log Kp)

no yes categorical (yes/no)

no yes categorical (yes/no)

no no categorical (yes/no)
0.325 —0.49 numeric (log L/kg)

0.059 0.414 numeric (Fu)

0.302 —1.391 numeric (log BB)

—1.494 —5.225 numeric (log PS)

no no categorical (yes/no)

yes no categorical (yes/no)

yes no categorical (yes/no)

yes no categorical (yes/no)

yes no categorical (yes/no)

no no categorical (yes/no)

no no categorical (yes/no)
0.821 0.865 numeric (log mL/min/kg)
no no categorical (yes/no)

no no categorical (yes/no)
—0.116 0.011 numeric (log mg/kg/day)
no no categorical (yes/no)

no yes categorical (yes/no)
2.649 2.671 numeric (mol/kg)

1.885 527 numeric (log mg/kg_bw/day)
no no categorical (yes/no)

no no categorical (yes/no)
0.655 0.285 numeric (log ug/L)
—0.488 14.756 numeric (log mM)

“TSI, tanshinone I; TSIIA, tanshinone 1IA; HSYA, Hydroxyl Safflower Yellow A.

Table 5. Drug-Likeness Analysis Results of Tanshinone I,
Tanshinone IIA, and HSYA

description tanshinone I tanshinone ITA HSYA
MW 276.08 294.13 612.17
HBD 0 0 12
HBA 3 3 16
logp 2.493 3.247 —2.322
TPSA 43.37 43.37 295.36
Alogp 1.54 0.909 —5.213

TYRS9, TYR119, TYR151, ILE155, GLY122, VALI123,
LEU157, and GLY122, it is GLY122 that made the greatest
contribution to the interaction with HSYA.

3.8. Results of ADMET Analysis. The ADMET analysis
was conducted on TSI, TSIIA, and HSYA (Table 4). TSI and
TSIIA exhibited higher absorption rates compared to that of
HSYA. HSYA was considered to have poor permeability
because its intestinal absorption rate is less than $0%.”" The
skin penetration rates of these three compounds are all below
—2.5. TSI and HSYA were recognized as substrates for P-
glycoprotein, exhibiting increased transport rates and limiting
intestinal absorption. VDss (human), Fraction unbound
(human), BBB permeability, and central nervous system
(CNS) permeability are commonly used to study drug
distribution. HSYA demonstrated a lower VDss value
compared with TSI and TSIIA. Higher VDss values indicate
a wider distribution range and a greater likelihood of

18352

accumulating in target tissues. According to the standards of
the pkCSM server,”® compounds have low capability to cross
BBB and CNS when logBB is less than —1 and logPS is less
than —3. TSI and TSIIA demonstrate good BBB permeability
and a good ability to enter the CNS. Regarding metabolism,
HSYA was not observed to bind to any cytochrome P450
isoforms, whereas TSI and TSIIA are capable of binding with
certain P450 subtypes. Total body clearance of drugs is
calculated from hepatic and renal clearances. The analysis
revealed clearance rates of 0.209 for TSI, 0.821 for TSIIA, and
0.865 for HSYA. The toxicity analysis indicated that none of
the three compounds would cause skin sensitization and
hepatic injury. Except for HSYA, TSIA and TSIIA did not
exhibit hERG inhibition. Other toxicity-related indicators,
AMES toxicity, oral rat acute toxicity (LDsy), and oral rat
chronic toxicity (LOAEL) were also assessed (Table 4).

3.9. Results of Drug-Likeness Screening. The drug-
likeness analysis of TSI, TSIIA, and HSYA was performed
based on Lipinski’s rule. Table S displays the results, indicating
that the MW of HSYA is 612.17, which exceeds the threshold
of 500, rendering it unable to pass the test. Moreover, HBA
and HBD in HSYA significantly surpass the predetermined
threshold. This could be attributed to its substantial MW and
the existence of multiple torsion angles. TSI and TSIIA all
adhere to Lipinski’s rule.

3.10. Results of Experimental Verification. Bioinfor-
matics and computer simulation analysis indicate that TNF-a
can serve as a key target of BD-CI/R. In the KEGG
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Figure 9. Effect of DHI and TSIIA on the protein levels associated with brain damage caused by cardiac I/R injury. (A) Representative images of
TNF-a, NLRP3, and IL-1 in HIC2 cells. (B-D) The quantitative expression data of TNF-a, NLRP3, and IL-1/ in HOC2 cells. (E) Representative
images of TNF-a, NLRP3, and IL-1/ in RBMEC. (F—H) The quantitative expression data of TNF-a, NLRP3, and IL-1/} in RBMEC. *P < 0.05 vs

Control group; *P < 0.05 vs model group.

enrichment analysis, the NOD-like receptor signaling pathway
was enriched and ranked highly. TNF-a can activate the NOD-
like receptor protein 3 (NLRP3) pathway to release
inflammasomes, exacerbating inflammatory damage.’” More-
over, relevant studies have shown that NLRP3 is involved in

. . 53,54
the occurrence and development of ischemic diseases.

Therefore, TNF-a and NLRP3 were selected for further
experimental validation. The results are listed in Figure 9. The
results showed that the expression levels of TNF-a, NLRP3,
and IL-1 were significantly increased in H9C2 cells after
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OGD/R injury. The expression of TNF-a, NLRP3, and IL-1/
was suppressed by treatment with TSIIA. After treatment with
DHI (10 uL/mL), it also exhibited a partial inhibitory effect.
Further experimental results showed that the expression levels
of TNF-a, NLRP3, and IL-1§ in RBMEC treated with
supernatant from OGD/R-H9C2 cells were elevated compared
to the control group. It indicated the successful establishment
of an in vitro model of BD-CI/R. After treatment with DHI
(10 yL/mL), the expression levels of NLRP3 and IL-1/ were
reduced compared to the model group. In the TSIIA group,
the expression levels of the three proteins in RBMEC were all
decreased.

4. DISCUSSION

Clinically, it has been found that a cardiac I/R injury can cause
damage to the brain. Therefore, it is essential to treat the heart
and brain together. Our study found that the core target of BD-
CI/R was TNF-a. The key active compound of DHI in
treating BD-CI/R was TSIIA. DHI and TSIIA can reduce the
inflammatory response of BD-CI/R and alleviate damage to
the heart and brain.

Bioinformatics methods were used to identify cDEGs of the
BD-CI/R. A total of 27 cDEGs were obtained. We discovered
a significantly higher number of upregulated genes compared
to downregulated ones, consistent with trends observed in
previous studies.””*° Enrichment analysis indicated that there
is a close association between BD-CI/R and inflammatory
response, particularly concerning the IL-17 signaling pathway,
TNF signaling pathway, NOD-like receptor signaling pathway,
Lipid and atherosclerosis, and others. While an inflammatory
response is a short-term protective mechanism, it can lead to
adverse effects if it becomes excessive. Therefore regulating the
inflammatory response becomes an important approach for
treating ischemic diseases.”>® According to the PPI results,
the target proteins TNF-a, CXCLS, IL1j, NFKBIA, and JUN
play important roles in the process of BD-CI/R. Among them,
TNF-a ranks the highest in overall relevance.

DHI targets antioxidation, anti—inﬂammatory responses,
promotion of angiogenesis, inhibition of platelet aggregation,
as well as anticoag.;ulation.sg’60 Previous studies of DHI have
primarily focused on the mechanisms of action in a single
disease, with limited research conducted on the mechanisms
and core compounds in BD-CI/R. In this study, molecular
docking and molecular dynamics simulations were used to
screen the active compounds of DHI, and eventually, TSI,
TSIIA, and HSYA were selected as the key compounds. The
MMPBSA results showed that TSI and TSIIA exhibited the
highest binding affinity, whereas HSYA demonstrated the
lowest affinity. In addition, we analyzed the contribution of the
TNF-a residues during the binding process. Research has
revealed that inhibitors bind to residues within the TNF-a
dimer, blocking the transition from dimer to trimer to inhibit
its activation.”® The inhibitors achieve this by binding to
residues Leu57, TyrS9, Ser60, GIn61, Tyr119, Leul20, Gly121,
Gly122, Tyrl51, Leu$s, Val123, and Ile155.**°" Our study
found that the residues targeted by TSI, TSIIA, and HSYA
partially overlap with those targeted by TNF-a inhibitors. This
indicates the potential of these three compounds to inhibit the
TNF-a activity. ADMET and drug-likeness analysis further
verify the pharmacological properties of TSI, TSIIA, and
HSYA. TSI and TSIIA outperform HSYA in terms of the MW,
TPSA, AlogP, and toxicity. TSI and TSIIA exhibit a lower
TPSA value of 43.37, whereas HSYA demonstrates a higher

TPSA value of 295.36. Interestingly, research has unveiled a
negative association between TPSA and TNF-a inhibitors.”
TSI, TSIIA, and HSYA display AlogP values of 1.54, 0.909, and
—5.213, respectively. The greater the AlogP value, the higher
the solubility of the compound in organic solvents, indicating a
greater lipophilicity.”® In summary, the results of molecular
dynamics and binding-free energy are mutually corroborated
by pharmacological properties.

In experimental verification, we used the method of
transferring the cell supernatant to induce the BD-CI/R
model. Transferring cytokines, reactive oxygen species, ions,
and other substances released from injured H9C2 cells to
RBMEC facilitated construction of a comprehensive injury
model.** Our research indicates that the expressions of TNF-a,
NLRP3, and IL-1$ in RBMEC, which have been damaged by
OGD/R-H9C2 cells, are significantly increased. Meanwhile,
we found that DHI and TSIIA can reduce the inflammatory
response of BD-CI/R while alleviating damage to the heart and
brain. This suggests that the therapeutic effects of DHI and
TSIIA may be mediated through the TNF signaling pathway.

As an important inflammatory cytokine, TNF-a plays a
complex role in the occurrence and development of
cardiovascular diseases. TNF-a responses involve two
receptors: TNFR1 mediates cell apoptosis and inflammation,
and TNFR2 mediates tissue repair and regeneration.®*
Abnormal expression of TNF-ar can increase the activity of
the NLRP3 inflammasome. Upon activation of the NLRP3
inflammasome, the caspase-1 precursor is triggered, sub-
sequently facilitating the cleavage of pro-IL-18 by
GSDMD.® This process ultimately results in the extracellular
release of mature IL-1. Moreover, TNF-a can directly activate
caspase-1, consequently enhancing the maturation and release
of IL-14 and IL-18.°° The inflammasome composed of
NLRP3, ASC, and caspase-1 plays a crucial role in the damage
and repair of the myocardium and neurons. Studies have found
that the activation of the NLRP3 inflammasome accelerates
pyroptosis.”” In addition, the NLRP3 inflammasome is also
involved in ischemic heart disease through inflammation,
oxidative stress, myocardial fibrosis, and cardiac remodeling.68
NLRP3 is widely present in neurons, microglia, and brain
vascular endothelial cells, expanding brain inflammation
leading to changes in cell permeability, cell membrane rupture,
and cell apoptosis.”” Interestingly, the activation of the NLRP3
inflammasome can also increase TNF-a binding to its
receptors, exacerbating inflammatory damage.”””" This is a
complex and bidirectional reaction process. Hence, it is
imperative to investigate the mechanisms of action of TNF-a
and NLRP3 in BD-CI/R. Our research demonstrates that BD-
CI/R induces pyroptosis in H9C2 cells and RBMEC. DHI and
TSIIA decreased the expression of TNF-a, NLRP3, and IL-1f3
in BD-CI/R. Computer simulation results and experimental
findings confirm that DHI and TSIIA can reduce inflammatory
damage and pyroptosis during BD-CI/R through the TNF
signaling pathway.

This study relies on bioinformatics and computer simulation
techniques to explore the mechanism of DHI treatment for
BD-CI/R and verify the results through experiments. However,
our study has certain limitations due to time constraints and
other factors. Further research on the NLRP3 pathway and
nucleotide-binding oligomerization domain like the receptor
family is needed in the future.
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5. CONCLUSIONS

The results indicate that TNF-a may be the key target that
influences BD-CI/R. TSIIA and DHI can reduce the
expressions of TNF-, NLRP3, and IL-1§ in BD-CI/R. The
LEUS7 residue of TNF-a may have played an important role
in the binding process with TSIIA. These findings provide a
theoretical basis for future related research.
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