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ABSTRACT: Danhong injection (DHI), a Chinese patent compound
injection, is widely used in the treatment of cardiovascular diseases
(CVD) in China. However, the underlying mechanisms have not been
fully elucidated. This study investigated the therapeutic effect and the
underlying mechanisms of DHI against ischemia-reperfusion (I/R)
injury and endothelial dysfunction (ED). Network pharmacology
analysis revealed that DHI had six core active compounds (Danshensu,
salvianolic acid A, salvianolic acid B, rosmarinic acid, protocatechualde-
hyde, and caffeic acid) and 19 potential targets in treating I/R injury.
Notably, the regulation of apoptosis was significantly enriched, as
indicated by the results of the gene ontology (GO) enrichment analysis.
Molecular docking studies confirmed that these targets had high affinity
with the active compounds of DHI. Finally, experimental validation in
vivo and in vitro demonstrated that DHI could mitigate I/R injury and ED, potentially by reducing oxidative damage through the
inhibition of apoptosis via the PTEN/AKT pathway. These findings significantly advance our understanding of the molecular
mechanisms in DHI treatment and contribute further to promoting the clinical application of CVD.

1. INTRODUCTION
Ischemic heart disease and ischemic stroke are the leading
causes of death in cardiovascular diseases (CVD), and timely
blood supply therapy is a classic strategy. Unfortunately, tissues
may undergo temporary ischemia, followed by a sudden
restoration of blood supply, which can damage the
mitochondrial electron transport chain and disrupt oxidative
phosphorylation. This disruption leads to an increase in the
generation of reactive oxygen species (ROS), ultimately
triggering cell death. This pathophysiological process is
known as ischemia/reperfusion (I/R) injury.1,2 Vascular
endothelial cells are located in the first layer inner surface of
vessels, so they will be the first to be attacked by I/R injury.3

Studies have shown that oxidative stress-induced endothelial
dysfunction (ED) is recognized as a contributing factor in the
development of I/R injury.4 The imbalance between oxidants
and antioxidants in cells can disrupt redox signaling and cause
molecular damage, leading to a range of phenotypic changes,
including altered gene expression, arrested cell proliferation
and growth, cellular senescence, and cell death, ultimately
resulting in ED.5,6 Hence, protecting endothelial cells against
oxidative stress may be an essential element in treating the
development or progression of ischemic CVD.7

Danhong injection (DHI), a traditional Chinese medicine, is
a compound derived from Radix Salvia miltiorrhiza Bge.
(Labiatae, Danshen in Chinese) and Carthamus tinctorius L.

(Compositae, Honghua in Chinese),8 which has been widely
employed in the treatment of CVD for many years.9,10

Previous studies have demonstrated that DHI exhibits various
pharmacological effects, including anti-inflammatory, hypolipi-
demic, anticoagulant, antithrombotic, and antioxidant proper-
ties.11−14 Our previous studies have found that DHI and its
active ingredients can inhibit autophagy induced by oxidative
stress.15 Therefore, the present study employed network
pharmacology combined with molecular docking verification
and experimental validation to clarify the possible mechanisms
of DHI against I/R injury and ED, providing data to support
further investigation into the mechanisms of the primary active
components of DHI in ameliorating I/R injury.

2. RESULTS
2.1. Identification of Chemical Constituents in DHI.

Based on the screening criteria, 87 active compounds of DHI
were collected from the TCMSP database and literature, as
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Figure 1. Results of PPI network analysis of DHI interfering with I/R injury and ED intersection targets. (A) Common targets of DHI, I/R injury,
and ED. (B) Process of identifying 19 hub genes. (C) GO terms in the BP category. (D) KEGG analysis of apoptosis.
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shown in Supporting Information Table S1. The chromato-
graphic fingerprint of DHI was established using high-
performance liquid chromatography (HPLC).16 According to
a previous experiment, we chose six primary active substances
in qualified DHI, including Salvianic acid A (danshensu,
C9H9O5), Protocatechuicaldehyde (C7H6O3), Rosmarinic
acid (C18H16O8), Caffeic acid (C9H8O4), Salvianolic acid B
(C36H30O16) and Salvianolic acid A (C26H22O10).
2.2. Network Pharmacology Analysis. 2.2.1. Protein−

Protein Interaction Network and Hub Genes. According to
three databases�DisGeNET, GeneCards, and OMIM�the
number of confirmed or potential targets for I/R injury and
ED. All targets were screened and standardized using the
STRING database, resulting in 1507 and 11,270 remaining
targets after removing duplicates. Ultimately, 260 common
targets were identified as candidate targets for improving I/R
injury and ED through DHI (Figure 1A).
To identify the key components and core targets of DHI for

improving I/R injury and ED, PPI interconnection network
information on 260 overlapping targets was obtained through
the STRING database after excluding unconnected targets
(Supplementary Figure S2). The network was then visualized
by using Cytoscape. Furthermore, we employed the MOCDE
plugin in Cytoscape to identify the hub targets. Then, 19 hub
targets were identified using the Cytoscape. The significance of
these indicators is represented by the color of the nodes, with
darker nodes indicating greater importance (Figure 1B)

2.2.2. Enrichment Analysis. Gene Ontology (GO) enrich-
ment analyses were conducted using the 19 targets shared by
DHI, ED, and I/R injury. The biological processes (BP)
associated with DHI intervention in I/R injury and ED
included response to xenobiotic stimulus, negative regulation
of the apoptotic process, positive regulation of nitric oxide
biosynthetic process, negative regulation of gene expression,
and positive regulation of apoptotic process (Figure 1C). The
cellular components (CC) predominantly involved the
protein-containing complex, mitochondrion, cytoplasm, nucle-
oplasm, and cytosol (Supplementary Figure S3). The
molecular functions (MF) encompassed enzyme binding,
ubiquitin protein ligase binding, nitric-oxide synthase regulator
activity, identical protein binding, and protein phosphatase
binding (Supplementary Figure S4).
By combining the results of enrichment analysis, we

concentrated on the effects of apoptosis on I/R injury and
ED, investigating how DHI can mitigate these conditions by
influencing the apoptotic processes. We explored the
regulation of the apoptosis pathway (hsa04210). The apoptosis
pathway was drawn by KEGG (https://www.genome.jp/)
(Figure 1D).

2.2.3. Molecular Docking Validation. The AutoDockTools
software was utilized for molecular docking to validate the
reliability of the findings obtained through network pharma-
cology. Affinity < −5.0 kcal·mol−1 implies good binding
activity; affinity < −7.0 kcal·mol−1 suggests strong docking
activity. Using PyMOL, the six core bioactive compounds were
observed to enter the active pockets of three receptors,
respectively. Docking parameters and details of compounds
and targets are presented in Table 1. Combined with KEGG
analysis and GO enrichment analysis, we have focused on two
targets: AKT1 and BCL-2. The two- and three-dimensional
conformations of these representative complexes, along with
representative examples, are illustrated in Figure 2A,B.

2.3. DHI Improved Antioxidant Activity in MCAO
Rats. MCAO rats were established; the infarct size decreased
following DHI administration (Supplementary Figure S5), and
serum was collected to investigate the impact of DHI on
antioxidant activity in I/R injury. The MDA level significantly
increased following I/R injury (P < 0.01). However, after DHI
treatment (1 mL/kg), the MDA levels were significantly
reversed (P < 0.01) (Figure 3A). The production of SOD and
GSH/GSSG (P < 0.05) in the MCAO group decreased, which
was compared to the sham group. Following treatment with
DHI, the levels of SOD and the GSH/GSSG ratio (P < 0.05)
increased in comparison to the MCAO group (Figure 3B, C).
2.4. DHI Regulated Apoptosis-Related Protein Ex-

pression in MCAO Rats. The expression of the apoptosis-
related proteins BCL-2 and BAX were determined using
Western blot analysis. Compared to the control group, the
expression of BAX protein in MCAO rats was significantly
increased (P < 0.01), while the expression of BCL-2 protein
was significantly decreased (P < 0.01). Following DHI
treatment, the expression levels of BAX and BCL-2 were
reversed (Figure 3D−G).
According to the key genes of the hsa04210 pathway, we

assessed the expression levels of the AKT and PTEN proteins.
As shown in Figure 3H−J, the expression of AKT (phospho
T308) protein in the MCAO group was significantly lower
than that in the sham group (P < 0.01), while the expression of
PTEN protein was elevated. Following DHI treatment, the
expression of AKT (phospho T308) protein significantly
increased (P < 0.05), and the expression of the PTEN protein
decreased (P < 0.01).
2.5. DHI Treatment Inhibited the Cell Viability and

Increased Cell Proliferation Rate in H2O2-Induced
HUVECs. The cytotoxicity of H2O2 on HUVECs was
evaluated, and we detected that the cell viability gradually
decreased after exposure to H2O2, and a significant decrease
was found at 200 μM (P < 0.05) (Figure 4A). Therefore, 200
μM H2O2 was selected as the optimum concentration for the
following experiments. The results of the MTT assay indicated
that the concentrations 0.5−5 μL/mL DHI did not affect the
cell viability on HUVECs (Figure 4B) and 0.1−1 μL/mL DHI
significantly increased the loss of cell viability induced by H2O2
(P < 0.05) (Figure 4C). Therefore, DHI concentrations of 0.5
and 1 μL/mL were selected for all subsequent experiments.
The EdU detection results indicated that the cell

proliferation rate significantly decreased following H2O2
treatment (P < 0.01). In contrast, DHI treatment was able
to reverse the decrease in the cell proliferation rate caused by
H2O2 (P < 0.05) (Figure 4D).
2.6. DHI Improved Antioxidant Activity in H2O2-

Induced HUVECs.We also examined the MDA content, SOD
activity, and GSH/GSSG ratio within cells. As shown in Figure
4E, the levels of MDA were significantly increased in the

Table 1. Affinity (kcal/mol) of Molecular Docking
Simulation

bioactive compounds AKT1 BCL-2

caffeic acid −5.3 −5.9
danshensu −5.3 −5.8
protocatechualdehyde −4.7 −5.2
rosmarinic acid −6.2 −6.4
salvianolic acid A −6.3 −6.7
salvianolic acid B −6.3 −7.7
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H2O2-treated group (P < 0.05), which could be reversed by
DHI treatment (P < 0.05). Additionally, H2O2 treatment led to
a significant decrease in the activity of SOD and the ratio of
GSH/GSSG compared to the control group (P < 0.01), and
DHI treatment significantly enhanced the SOD activity and
GSH/GSSG compared with the H2O2-treated group (P <
0.05) (Figure 4F, G).
As displayed in Figure 4H, the level of ROS in the H2O2-

treated group was significantly elevated compared to that in
the control group (P < 0.01), and it was inhibited in the DHI
treatment group (0.5 μL/mL) (P < 0.01).
2.7. DHI Inhibited Apoptosis in H2O2-Induced

HUVECs. The flow cytometry results indicate that the
apoptosis rate significantly increased following H2O2 treatment
compared to the control group, but was lower in cells treated
with DHI (Figure 5A). Compared with the control group, the
expression level of BAX in the H2O2 group was significantly
increased (P < 0.05), while the expression level of BCL-2 was
significantly decreased (P < 0.05). In contrast to the H2O2
group, the expression of BAX significantly decreased, and the
expression of BCL-2 and BCL-2/BAX significantly increased in
the 0.5 μL/mL DHI group (Figure 5B−E). Western blot
analysis also demonstrated that the expression of AKT
(phospho T308) protein in the H2O2 group was significantly
lower than that in the control group (P < 0.05), while the
expression of PTEN protein was significantly increased (P <
0.05) Figures 5F−H). Following DHI treatment, these effects
were reversed (P < 0.05).

3. DISCUSSION
I/R injury is an unavoidable complication in the treatment of
ischemic stroke.17 Identifying a safe and effective treatment
method is crucial for reducing the mortality associated with
this condition. DHI is one of the most commonly used
injectable medications for treating ischemic stroke.18 Studies
have reported that oxidative stress-induced ED plays a
significant role in the onset and progression of I/R injury.19

Our previous research demonstrated that DHI can protect
endothelial cells from oxidative stress; however, the specific
protective mechanisms remain unclear. Therefore, this experi-
ment was conducted to investigate the protective effect of DHI
on I/R injury and ED and its potential molecular mechanisms.
This was achieved by integrating network pharmacology,
molecular docking, and experimental validation.
According to the results of the GO enrichment analysis, 19

hub genes are significantly associated with the regulation of
apoptosis. Molecular docking studies indicated that the active
compounds in DHI exhibited a strong binding affinity to the
corresponding targets associated with the apoptosis pathway.
This suggests that the therapeutic effects of DHI on I/R injury
and ED may be associated with the apoptosis pathway.
Furthermore, the apoptosis pathway was visualized using a
bioinformatics platform, revealing that AKT1 and BCL-2 are
key targets related to apoptosis.
DHI, due to its unique injection characteristics, exerts some

of its therapeutic effects through endothelial cells. Therefore, a
rat model of MCAO and H2O2-induced HUVECs model was

Figure 2. Heat map of molecular docking results. (A) Salvianolic acid A acts on AKT1. (B) Salvianolic acid A act on BCL-2.
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utilized to evaluate the potential impact of DHI on I/R injury
and ED. The experiments in vivo and in vitro demonstrated
that DHI effectively alleviated brain I/R injury and HUVECs
cell viability. Additionally, DHI improved antioxidative stress
in the MCAO rats and H2O2-induced HUVECs. These
findings suggest that DHI may provide protective effects by
inhibiting lipid peroxidation and restoring antioxidant levels.
AKT1 is an isoform of AKT, and both are closely associated

with apoptosis.20 PTEN is an important tumor suppressor
gene primarily involved in regulating signal transduction
pathways related to cell survival and cell death.21 It is
considered an inhibitor of the AKT signaling pathway and
suppresses the expression of AKT.22 Once AKT is activated, it
can effectively inhibit apoptosis and promote cell growth by
further regulating the expression of downstream transcription
factors or antiapoptotic factors, such as those in the BCL
family.23 BCL-2 and BAX are the two main members of the
BCL-2 gene family. BCL-2 inhibits apoptosis, while BAX plays
a pro-apoptotic role.24 As marker proteins of apoptosis, they
play a crucial role in the signaling regulation of the apoptosis
pathway.25,26 DHI treatment significantly increased the levels
of BCL-2 in rat cardiac tissue while suppressing the expression
of BAX and caspase-3, thereby exerting a cardioprotective
effect.27 In our study, we obtained similar findings, indicating
that DHI not only exerts cardioprotective effects by inhibiting
cell apoptosis but also plays a role in protecting against I/R
injury and ED through the inhibition of cell apoptosis.

Based on the experimental results and network analysis, DHI
may alleviate I/R injury and ED by regulating oxidative stress-
induced apoptosis. However, further studies are needed to
elucidate the antiapoptotic mechanisms of DHI and the
regulation of the PTEN/AKT pathway.

4. CONCLUSIONS
Network pharmacology analysis suggests that DHI plays a
significant role in I/R injury and ED through various
compounds, targets, and pathways. Molecular docking studies,
along with experimental verification, confirm that DHI exerts
its protective effects primarily by modulating the apoptosis
pathway. The findings of this study provide a theoretical
foundation for the application of DHI in the treatment of an
ischemic stroke.

5. MATERIALS AND METHODS
5.1. Tools, Databases, and Reagents. STRING:

https://string-db.org/; Traditional Chinese Medicine System
Pharmacology (TCMSP): https://old.tcmsp-e.com/tcmsp.
php; SwissTargetPrediction: http://swisstargetprediction.ch/;
PubChem: https://pubchem.ncbi.nlm.nih.gov/; Protein Data
Bank (RCSB PDB): https://www.rcsb.org/; Database for
Annotation, Visualization, and Integrated Discovery (DAVID):
https://david.ncifcrf.gov; OMIM database: https://omim.org/
; DisGeNET database: https://www.disgenet.org/; GeneCards
database: http://www.genecards.org/; Venn diagram: http://
www.bioinformatics.com.cn/; BATMAN-TCM: http://bionet.

Figure 3. Effect of DHI on oxidative stress and apoptosis in MACO rats. (A) Effect of DHI on the MDA level. (B) Effect of DHI on the SOD level.
(C) Effect of DHI on the GSH/GSSG level. (D) Respective blots of BAX and BCL-2. (E) Effect of DHI on the BCL-2 expression. (F) Effect of
DHI on the BAX expression. (G) Effect of DHI on the BCL-2/BAX ratio. (H) Respective blots of AKT (phospho T308) and PTEN. (I) Effect of
DHI on AKT (phospho T308) expression. (J) Effect of DHI on PTEN expression. Values are presented as mean ± SD (n = 3). *P < 0.05, **P <
0.01 vs SHAM group. #P < 0.05, ##P < 0.01 vs MCAO group.
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ncpsb.org.cn/; Cytoscape v3.10.1; AutoDockTools v1.5.6;
PyMOL v2.6.0. DHI was supplied by Heze Buchang
Pharmaceutical Co. Roswell Park Memorial Institute (RPMI)
1640 and fetal bovine serum (FBS) was produced by Gibco
BRL (CA, United States). The MTT assay kit was purchased
from Sigma (St. Louis, United States). FITC-Annexin V
apoptosis detection kit (556547) was obtained from BD
Biosciences (NJ, United States). RIPA lysis buffer (P0013B),
PMSF (ST506), BCA (P0009), EdU (C0071S), ROS
(S0033S), Malondialdehyde (MDA, S0131S), Superoxide
Dismutase (SOD, S0101S), and GSH/GSSG (S0053) assay
kits were purchased from Beyotime Biotechnology (Shanghai,
China). Antibodies specific for BAX (UniProtKB Q07812, cat.
ab32503, 1:1000, Abcam), BCL-2 (UniProtKB P10415, cat.
ab32124, 1:1000, Abcam), AKT (phospho T308) (UniProtKB
P31749, cat. ab38449, 1:1000, Abcam), PTEN (UniProtKB
P60484, cat. ab32199, 1:1000, Abcam), and GAPDH
(UniProtKB P46406, cat. ab8245, 1:2000, Abcam) were
obtained from Abcam (Cambridge, United Kingdom). Goat
Anti-Rabbit IgG H&L (cat. ab97051) and Goat Anti-Mouse

IgG H&L (cat. ab6789) were obtained from Abcam (Cam-
bridge, United Kingdom).
5.2. Identifying Potential Gene Targets of ED Caused

by I/R Injury. Potential therapeutic targets of I/R injury and
ED were excavated from the OMIM database, DisGeNET
database, and GeneCards database, using the keywords
“ischemia/reperfusion injury” and “endothelial dysfunction”.
The disease targets were standardized as Gene Symbols by
using the STRING database.
5.3. Screening of Active Compounds and Action

Targets of DHI. The active compounds in DHI were screened
from the TCMSP database and the published literature. The
screening criteria were OB ≥ 30% and DL ≥ 0.18.
Additionally, low DL values but values high and concentrations
with pharmacological effects were also adopted as considered
active components. Canonical SMILES structures were from
PubChem while potential targets were obtained in identified
using SwissTargetPrediction and BATMAN-TCM. Subse-
quently, the protein targets were entered into the STRING
database for normalization using “Homo sapiens”.

Figure 4. Effects of DHI on cell viability, proliferation rate and oxidative stress in H2O2-induced HUVECs. (A) HUVECs were exposed to different
concentration of H2O2 for 2 h. (B) HUVECs were treated with different concentration of DHI for 24 h. (C) HUVECs were processed with various
concentrations of DHI for 24 h after treated with H2O2. (D) Percentage of EdU-positive cells of H2O2-induced HUVECs after DHI treatment for
24 h by EdU staining (20×). (E) Effect of DHI on the MDA level. (F) Effect of DHI on the SOD level. (G) Effect of DHI on the GSH/GSSG
level. (H) Effect of DHI on the ROS level. Values are presented as the mean ± SD *P < 0.05, **P < 0.01 vs Control group; #P < 0.05, ##P < 0.01 vs
H2O2 group.
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5.4. Construction of the Protein−Protein Interaction
(PPI) and Hub Genes Network. The overlapping proteins
between DHI and diseases were uploaded to the STRING
database to generate a PPI network analysis, where
unconnected targets were eliminated, and other parameters
were kept at default settings. The results were visualized using
Cytoscape, and the hub genes were identified with the
MOCDE tool integrated within Cytoscape. Then, the
STRING database was used to construct the PPI network,
which was visualized by using Cytoscape.
5.5. Enrichment Pathway Analysis. The hub genes were

input into the DAVID database to further explore hub genes
and potential functional modules for Gene Ontology (GO)
enrichment analysis. The results were visualized by using an
online platform for data analysis and visualization (https://
www.bioinformatics.com.cn/).
5.6. Molecular Docking Validation. Molecular docking

between the core components and the core targets was
conducted based on the aforementioned analysis. The three-
dimensional crystal structures of the target proteins were
retrieved from the RCSB PDB. Docking parameters and the
details of the targets are presented in Table 2. The
corresponding PDB format files were downloaded, dewatered,
and hydrogenated using AutoDockTools. These files were then
selected as receptors and saved in PDBQT format. The MOL2
files of the active components were obtained from the TCMSP

database, hydrogenated in AutoDockTools, designated as
ligands, and exported as PDBQT files. Molecular docking
was performed using AutoDock Vina. Components and targets
exhibiting strong binding activity were screened based on their
affinity and visualized using PyMOL.
5.7. Experimental Verification. 5.7.1. Animals and

Treatment. Adult male Sprague−Dawley rats (280−300 g)
(No. IACUC-20210412-08) were obtained from the Exper-
imental Animal Center of Zhejiang Chinese Medical
University. All rats were maintained in a temperature-
controlled room (25 °C ± 1) with a 12 h light cycle fed
with distilled water and a standard diet. All animal experiments
were performed in accordance with the animal welfare and
ethics guidelines of the Institutional Animal Care and Use
Committee and approved by the Animal Care and Use
Committee of Zhejiang Chinese Medical University (No.

Figure 5. Effect of DHI on apoptosis in H2O2-induced HUVECs. (A) Apoptosis cells are shown in the Q1-LR quadrant of each plot. (B)
Respective blot of BAX and BCL-2. (C) Effect of DHI on BCL-2 expression. (D) Effect of DHI on BAX expression. (E) Effect of DHI on the BCL-
2/BAX ratio. (F) Respective blot of AKT (phospho T308) and PTEN. (G) Effect of DHI on AKT (phospho T308) expression. (H) Effect of DHI
on PTEN expression. Values are presented as mean ± SD (n = 3). *P < 0.05, **P < 0.01 vs Control group. #P < 0.05, ##P < 0.01 vs H2O2 group.

Table 2. Docking Parameters of the Corresponding
Apoptosis Pathway-Related Targets

center coordinates (X, Y,
Z) size (X, Y, Z)

gene PDB ID X Y Z X Y Z

AKT1 1UNQ 19.8 21.0 4.6 24.8 25.5 43.3
BCL2 4LXD 23.6 33.5 9.0 21.8 28.5 23.1

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c10868
ACS Omega 2025, 10, 9604−9612

9610

https://www.bioinformatics.com.cn/
https://www.bioinformatics.com.cn/
https://pubs.acs.org/doi/10.1021/acsomega.4c10868?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10868?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10868?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10868?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10868?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


20210412). This study is reported in accordance with Animal
Research: Reporting of In Vivo Experiments guidelines.

5.7.2. Middle Cerebral Artery Occlusion (MCAO) Model
Establishment. After anesthesia, a 3-0 nylon suture with a
silicone-coated tip was inserted into the right common carotid
artery and advanced through the internal carotid artery to
occlude the middle cerebral artery (MCA). The occlusion was
maintained for 2h, and then the suture was removed to allow
reperfusion for 24 h. Sham-operated rats were subjected to the
same surgical procedure, but the MCA was not occluded. Rats
were randomly divided into three groups: sham-operated
(SHAM), MCAO, and DHI. The volume of DHI administered
was 1 mL/kg. One hour after the onset, the rats received either
saline or DHI via vein injection. Blood was centrifuged at 4000
rpm for 10 min, and separated serum was stored in Eppendorf
tubes stored at −80 °C.

5.7.3. Cells Culture and Treatment. The HUVECs were
purchased from the Institute of Biology, Chinese Academy of
Sciences (Shanghai, China). HUVECs were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin at 37 °C in a humidified
atmosphere of 5% CO2, subculture at 80% of the bottom of
the culture bottle.
The cells were divided into four groups, Control group

(Cont): HUVECs were placed within a 6-well plate (3 × 105
cells/well), Cultured with normal medium; H2O2 group: after
24 h, HUVECs were induced by exposure to H2O2 for 2 h;
DHI group: HUVECs were exposed to H2O2 for 2 h before
being treated with two concentrations of DHI (1, 0.5 μL/mL)
for 24 h.

5.7.4. MTT Assay. Briefly, cells were seeded in a 96-well
plate at a density of 1 × 104 cells per well. Following various
treatments, 10 μL of MTT was added to each well and
incubated at 37 °C for 4 h. Subsequently, the supernatant was
discarded, and the formazan crystals were dissolved in 150 μL
of DMSO. After being incubated for 10 min, the absorbance
was measured at 490 nm using a microplate reader (Bio Tek,
USA).

5.7.5. EdU Assay. BeyoClick EdU Cell Proliferation Kit for
Imaging, Alexa Fluor 488 dye was used for detecting cells after
treatment, according to the manufacture’s protocol.

5.7.6. GSH/GSSG Ratio, Activity of SOD, and MDA Levels.
The cell homogenate and blood samples were prepared
according to the kit instructions. The GSH/GSSG, SOD,
and MDA assays were performed by using the commercial kits.

5.7.7. Intracellular ROS Measurement. The HUVECs were
collected and washed three times with cold PBS. Subsequently,
the cells were incubated with DCFH-DA (10 μM) at 37 °C for
20 min in the dark, followed by two washes with PBS. The
relative fluorescence intensity of the cells was measured using
flow cytometry.

5.7.8. Western Blot. After treatment, total protein was
extracted from the cells and brain tissue using RIPA lysis buffer
containing 1 mM PMSF. The protein concentration was
determined using a BCA assay kit. Proteins from each sample
were separated by SDS-PAGE gel electrophoresis and
subsequently transferred to a PVDF membrane. The PVDF
membrane was incubated overnight at 4 °C with primary
antibodies against BAX, BCL-2, AKT (phospho T308), PTEN,
and GAPDH. Following this, the membrane was incubated
with a secondary antibody for 2 h. Membranes were scanned
by using a chemiluminescent detection system. Each experi-

ment was repeated three times by following the same
procedure to obtain an average value.

5.7.9. Flow Cytometry. The HUVECs were collected and
washed three times with cold PBS. They were then incubated
and stained with an FITC-Annexin V Apoptosis Detection kit
at room temperature for 15 min in the dark. Subsequently, the
cells were analyzed by using flow cytometry.
5.8. Statistical Analysis. Statistical analysis was conducted

using GraphPad Prism 9, and data were presented as the mean
± SD. One-way ANOVA followed by Tukey multiple
comparison tests was used to establish statistical significance.
P < 0.05 was considered statistically significant.
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