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Original Research Article

Mechanism Investigation of Tianxiangdan 
Against Myocardial Ischemia Based on 
Network Pharmacology, Molecular 
Docking, and in vitro Experimental

Lin Jiang1, Yuan-Jia Yue2 , Mei Tang3, Yu-Che Wu4, Xiao Liu4 and Yu Li5

Abstract

Objectives: Tianxiangdan capsule (TXD) has been clinically used in the treatment of coronary heart disease angina pectoris. 
This study aimed to evaluate the mechanisms of TXD against myocardial ischemia and provide evidence for its subsequent 
clinical application.
Materials and Methods: Active components and mechanisms of action of TXD against myocardial ischemia were predicted 
and analyzed by network pharmacology and molecular docking. The chemical constituents in TXD were determined by HPLC-
MS. The oxidative damage model was established using H2O2, which caused myocardial ischemia damage. The MTT assay and 
Hoechst 33342 staining were used to evaluate cell viability, while cleaved caspase-3 immunofluorescence staining was used 
to determine cell apoptosis. The fluorescent probe method detected ROS and intracellular Ca2+, while spectrophotometry 
was used to measure SOD, MDA, and NO levels in myocardial cells. Western blotting was used to detect the expression 
levels of ERɑ, PI3K, p-PI3K, AKT, p-AKT, and eNOS in cells.
Results: It was found that TXD plays a protective role in myocardial ischemia through the estrogen pathway. The TXD drug-
containing plasma exhibited increased cell survival rates and suppressed MDA levels, elevated SOD and NO levels, and significantly 
suppressed ROS levels as well as intracellular Ca2+ levels. Moreover, the TXD drug-containing plasma pretreated cells had 
significantly suppressed PI3K, p-PI3K, AKT, and p-AKT expression levels, as well as elevated ERɑ and eNOS expression levels.
Conclusion: TXD activates estrogen receptor ERɑ, enhances NO release of cardiomyocytes through the estrogen signaling 
pathway, improves intracellular Ca2+ overload, oxidative stress injury, and apoptosis, and plays a protective role in myocardial 
ischemia injury.
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Introduction

Myocardial ischemia is a pathological state that is 
characterized by reduced cardiac blood flow, resulting in 
reduced oxygen supply, abnormal myocardial energy 
metabolism, and inability to support heart functions (Gibbons, 
2021). In China, the prevalence of myocardial ischemia has 
been on the rise (Li & Kronenberg, 2021). Myocardial 
ischemia is associated with various etiologies, including 
decreased aortic blood supply, coronary artery occlusion, 
blood viscosity changes, and myocardial lesions. Traditional 
Chinese medicine (TCM) has excellent therapeutic effects 
and has become an important treatment modality in the 
treatment of myocardial ischemia (Dong et al., 2023).
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In 2015, TXD received a clinical approval for the clinical 
approval of Class 6.1 Chinese medicine (No. 2015L03185).
TXD is composed of four Chinese medicinal materials: Salvia 
miltiorrhiza Bge. (Labiatae), Rhodiola rosea L. 
(Crassulaceae), Dalbergia odorifera T. Chen (Leguminosae), 
and Ziziphora clinopodioides subsp. bungeana (Juz.) Rech. f. 
(Labiatae) (Sawuer et al., 2021). Studies have confirmed that 
tanshinones and phenolic acids in S. miltiorrhiza can dilate 
coronary arteries and improve microcirculation. Salidroside, 
tyrosol, and flavonoids in S. miltiorrhiza improve vascular 
endothelium dysfunction and promote mitochondrial 
biosynthesis (Li et al., 2018). Essential oils and some 
flavonoids are the main active components of D. odorifera 
and Z. clinopodioides (Lin et al., 2022). TXD has been shown 
to reduce the degree of microthrombosis in rats with coronary 
microcirculation disorder. Moreover, it has anti-inflammatory 
properties that inhibit inflammatory responses. Preclinical 
pharmacodynamic data of TXD show that it can significantly 
improve coronary flow, increase cardiac output in dogs with 
myocardial ischemia, and reduce myocardial ischemia (Zhao 
et al., 2022). These compounds can increase the activity of 
antioxidant enzymes and inhibit thrombosis (Sawuer et al., 
2021). TXD potential active ingredients mediated targeting 
25 target proteins and regulated arachidonic acid metabolism, 
calcium signaling pathways, and so on (Zhang et al., 2021). 
Studies on the mechanisms of anti-myocardial ischemic 
action of TXD have been sporadic and superficial, lacking in 
systematic in-depth evaluations. Its active ingredients and 
mechanisms of action are not precise, which has greatly 
limited its development and clinical use. Therefore, it is 
important to elucidate on the mechanisms of TXD in 
myocardial ischemia in order to provide a scientific basis for 
its clinical application.

Network pharmacology elucidates on the interactions 
between drugs and organisms from the perspectives of system 
biology and biological network’s balance (Nogales et al., 
2022; Zhang et al., 2021). In this study, network pharmacology 
and molecular docking methods were used to predict the anti-
myocardial ischemia mechanisms of TXD as well as its active 
components.

Materials and Methods

Experimental Reagents and Instruments

Tianxiangdan Capsule was obtained from The Fourth Clinical 
Medical College of Xinjiang Medical University (20190901). 
Salvianolic acid B, cryptotanshinone, tanshinone ⅡA, salidroside, 
kaempferol, hyperoside, naringenin, and salvianic acid A sodium 
were purchased from the China Institute for Food and Drug 
Control. Fetal bovine serum and pancreatin were purchased 
from Gibco, USA. D-Hanks buffer was purchased from Boster, 
China; collagenase II was purchased from Worthing-BioChem, 
USA; MTT and DMSO were purchased from MP Biomedicals, 
USA; DMEM/high glucose was bought from HyClone, USA; 

hydrogen peroxide was purchased from Tianjin Hongyan 
Chemical Reagent Factory, China; β-estradiol and DAPI were 
purchased from Sigma, USA; superoxide dismutase (SOD), 
malondialdehyde (MDA), and nitric oxide (NO) kit were 
purchased from Beyotime, China; Hoechst 33342, reactive 
oxygen species assay kit, Triton X-100, and Fluo-3/AM were 
purchased from Solarbio, China; anti-ESR1 (Boster), cleaved 
caspase-3, anti-beta actin, anti-PI3K kinase p85 alpha, anti-PI3K 
kinase p85 (phospho), anti-AKT, anti-AKT (phospho), anti-
eNOS, and anti-rabbit IgG (HRP-linked antibody) were 
purchased from Cell Signaling Technology; anti-alpha Smooth 
Muscle Actin and FITC antibodies against Mouse IgG H&L 
(Alexa Fluor 488) were purchased from Abcam, UK. The 
inverted microscope and Enzyme standard instrument were 
purchased from Olympus, Japan; the Western blot full set was 
purchased from Bio-Rad, USA; flow cytometer was purchased 
from BD, USA; and laser confocal microscope was purchased 
from Nikon, Japan.

HPLC-MS Analysis

The plasma samples were dissolved in methanol and a protein 
precipitate was formed. Then, it was filtered using a 0.22-μm 
filter, making up the missing weight with methanol.

Separation was performed on a BEH C18 column (100 mm 
× 2.1 mm) at 30°C with a flow rate of 0.3 mL/min. The 
mobile phase was a mixture of acetonitrile (A) and 0.1% 
formic acid water (B). The gradient program of the mobile 
phase was as follows: 0–1 min, 5%–20% A; 1–3 min, 20%–
90% A; and 3–6.1 min, 90%–95% A. The injection volume 
was 3 μL. The quasi-molecular ions [M−H]− and [M+H]+ 
were selected as precursor ions and subjected to target-MS/
MS analyses. Using MRM scanning mode, the acquisition 
parameters were as follows: ion source temperature 150°C, 
electrospray voltage 2.8 kV, solvent removal gas: 800 L/h, 
taper voltage ESI+: 26 V; ESI–: 5 V; while the mass range 
was recorded from m/z 100 to 800. The Masslynx V4.1 
software was used for quantitative analysis.

Preliminary Prediction of Network Pharmacology

The Tianxiangdan compound data were obtained from the 
TCMSP database (http://tcmspw.com/tcmsp.php), TCMID 
(https://bidd.group/TCMID/), and HERB (http://drug.ac.cn/). 
According to parameter values, OB ≥ 30%, DL ≥ 0.18, MW 
≤ 500, Alogp ≤ 5, Hdon ≤ 5, and Hacc ≤ 10 were used for 
subsequent processes. The SMILES for each compound were 
entered into the Swiss Target Prediction database (http://
www.swisstargetprediction.ch/), and the list of predicted 
target genes corresponding to the compound was obtained. 
Using the DisGeNET database (https://www.disgenet.org/), 
the disease name “myocardial ischemia” was used to obtain 
the information about its target genes. Get Functional Proteins 
network at STRING (https://string-db.org/). Pathway 
enrichment analysis of the overlapping genes was done using 
the DAVID database (https://david.ncifcrf.gov/) and 
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Metascape database (http://metascape.org/). Structures of 
protein receptors were obtained from the RCSB database 
(http://www.rcsb.org). Optimal conformation with the lowest 
docking binding energy was selected for the docking binding 
mode analysis, and results were drawn using the Pymol 2.3.0 
software.

Experimental Grouping

Cells were treated in groups when they were in good 
condition. Control group: only DMEM high glucose culture 
medium was added; Model: 100 μmol/L H2O2 solution 
prepared by DMEM high glucose culture medium was added 
for 2 h; Blank plasma (Bp): 15% blank plasma prepared with 
DMEM high glucose culture medium was added for 24 h, and 
then 100 μmol/L H2O2 solution was added for 2 h; 
Tianxiangdan capsule drug-containing plasma low-
concentration, medium-concentration and high-concentration 
(5% Dp, 10% Dp, and 15% Dp): 5%, 10%, and 15% drug-
containing plasma prepared with DMEM high-glucose 
culture medium was added to treat for 24 h, and then 100 
μmol/L H2O2 solution was added to damage for 2 h; E2: 10−8 
mol/L E2 prepared by DMEM high glucose culture medium 
was added for 24 h, and then 100 μmol/L H2O2 solution was 
added for 2 h damage.

Experimental Animals

Based on the random number table, rats were labeled and 
divided into four groups (20 in each group). Based on the 
surface area of human and rat bodies, the rats received 6.3 
times the dose of healthy human adults (0.378 g/kg/day). On 
the evening of the third day, rats were fasted overnight and 
only provided drinking water. Starting from the morning of 
the fourth day, rats received a day dosage. Rats in the control 
group were treated similarly, except that they were given 
physiological saline. Rats were weighed and anesthetized  
by intraperitoneal injection of pentobarbital sodium 
(40 mg−1·kg−1). Surgical anesthetization was performed 1 h 
after the last drug administration, and blood was collected 
from the abdominal aorta of rats. The collected drug-
containing plasma was centrifuged at 4°C for 3000 rpm for 
10 min. Plasma samples were inactivated at 56°C for 30 min, 
and samples were filtered using a 0.22-μm filter and stored at 
−80°C for later use.

Cell Viability Assay

Cell viability was determined through the MTT assay. 
Myocardial cell suspensions (100 μL) were inoculated in a 
96-well plate at a density of 1 × 106/well and cultured for 3 
days. Cells were treated in groups when they were in good 
condition. Then, the original medium was discarded and 
replaced with 100 μL of DMEM/High Glucose solution 
medium and 10 μL MTT (5 mg/mL) followed by 4 h of 

culture. A volume of 150 μL DMSO was added to each well. 
Samples absorbance was measured at 490 nm with an enzyme 
standard instrument. Cell viability was determined using the 
following formula: Cell viability (%) = (drug group − blank 
group)/(normal group − blank group) × 100%.

Hoechst 33342 Ataining

Cardiomyocytes were inoculated in a six-well plate coated with 
polylysine-coated cover glasses at a density of 1 × 106/well. 
After treatment, they fixed in 4% paraformaldehyde at room 
temperature for 20 min. Cells were stained with 10 mg/mL 
Hoechst 33342 at 37°C for 10 min. Cell apoptotic morphologies 
were observed under a fluorescence microscope. Normal cells 
had oval nuclei with homogeneous chromatin. The nuclei of 
apoptotic cells exhibited a shrunk morphology, their chromatin 
was aggregated, and apoptotic bodies were formed.

Immunofluorescence Staining of Cleaved 
Caspase-3 Cells

Cardiomyocytes were seeded in a 35-mm laser confocal dish 
coated with polylysine at a density of 1 × 106/well. After 
treatment, fixed in 4% paraformaldehyde at room temperature 
for 20 min, after which they were permeated with 0.5% Triton 
X-100 for 15 min. Next, goat serum was added and sealed for 
30 min. Cells were incubated with cleaved caspase-3 antibody 
(1:400) at 4°C overnight. Next, they were incubated with a 
secondary antibody (FITC) at room temperature for 2 h and 
then subjected to PI staining for 10 min. The fluorescence 
intensity of cardiomyocytes was imaged by LSCM. Cells 
showing green fluorescence represented cleaved caspase-3 
expression, red fluorescence represented cardiac myocytes in 
the field of view, and cell apoptosis was determined using the 
formula: Cell apoptosis rate = (green fluorescent cell number 
/ red fluorescent cell number) × 100%.

Measurement of Intracellular ROS Levels

Cardiomyocytes were inoculated in a 35-mm laser confocal 
dish and six-well plate at a density of 1 × 106/well. After 
treatment, they were washed three times using PBS, incubated 
with DCF-HA in a 37°C incubator for 30 min, and washed 
three times using PBS. The fluorescence intensity of DCF-HA 
was imaged by LSCM. Cells in a six-well plate were digested 
with trypsin, and the mean fluorescence density of DCF was 
measured by flow cytometry.

Determination of SOD, MDA, Ca2+, and NO 
Levels in Myocardial Cells

Cardiomyocytes were inoculated in a six-well plate at a 
density of 1 × 106/well. After treatment, they were collected 
and washed three times using 4°C PBS. Then, cells were 
lysed using the cell lysis buffer and centrifuged at 4°C. Cell 
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supernatants were collected and used in the measurement of 
SOD, MDA, Ca2+, and NO levels in myocardial cells 
following the kit instructions.

Western Blotting Analysis

Cardiomyocytes were inoculated in a six-well plate at a 
density of 1 × 106/well. After treatment, they were washed 
using PBS and treated with the RIPA cell lysis buffer 
containing PMSF for 30 min on ice. After lysis, samples were 
centrifuged, and the supernatant was used to measure protein 
concentrations using the BCA quantitative protein kit. Equal 
amounts of protein samples were separated by SDS-PAGE 
and transferred onto the PVDF membranes. Membranes were 
blocked with 5% skim milk powder at room temperature for 
1 h. The membranes were incubated with primary antibodies: 
β-actin (1:1000), ERɑ (1:500), PI3K (1:1000), p-PI3K 
(1:1500), AKT (1:1000), p-AKT (1:2000), and eNOS 
(1:1000) overnight at 4°C. Then, membranes were washed 
three times using Tris-buffered saline Tween (TBST) and 
incubated with an HRP-conjugated secondary antibody for 
1 h at room temperature in a shaker. Then, protein bands were 
detected using enhanced chemiluminescence (ECL kit) and 
quantified by the ImageJ analysis software. β-actin was used 
as the internal control.

Statistical Analysis

Data were analyzed using the SPSS 21.0 statistical software. 
Measurement data are expressed as the mean ± standard 
deviation (SD). One-way ANOVA was used for comparisons 
among groups. p < 0.05 was set as the threshold for statistical 
significance.

Results

Chemical Compounds in Tianxiangdan Capsule

The components were quantitatively analyzed by HPLC-MS, 
and the results showed as follows: With reference to the 
standard material composition, the six characteristic 
components in the drug-containing plasma of TXD were 
identified to be completely consistent. In the HPLC-MS 
[M-H]− model, six components were identified: (1) 
salidroside, (2) hyperoside, (3) salvianolic acid B, (4) 
naringenin, (5) kaempferol, and (6) salvianic acid A sodium 
(Figure 1).

Predicting the Core Target of TXD for the 
Treatment of Myocardial Ischemia

Compounds of TXD were searched, and 51 species of S. 
miltiorrhiza, 31 species of D. odorifera, 13 species of 
Rhodiola rosea, and 23 species of Z. clinopodioides Lam 
were obtained. The venn diagram was used to map the target 
genes of the TXD active ingredients with the target genes of 
myocardial ischemia, and 29 overlapping genes were 
obtained. We find that estrogen receptor alpha (ERα), heat 
shock protein (HSP) group (HSPA2 and HSPA1A), matrix 
metalloproteinase (MMPS) group (MMP9 and MMP2) and 
phosphatidylinositol 3-hydroxyl kinase (PI3K) group 
(PIK3CA, PIK3CB and PIK3CD) are the key targets. 
Molecular docking visualization was performed between 
ERα, the core target protein of the estrogen signaling pathway, 
and salidroside with the highest content of blood component. 
Interactions between salidroside and ERα formed seven 
hydrogen bonds in the Glu385, Arg515, Leu479, and Thr483 

Figure 1. (A) The Component of Drug-containing Plasma Reference Substance was Detected by HPLC-MS. (B) Molecular Structure of 
Chemical Component.
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positions of the A chain. Besides, hydrophobic contacts 
formed between salidroside and the surrounding residues 
(Asn455, Ser512, Leu508, Ile451, Leu511, and Ser456) 
significantly promoted the interactions between salidroside 
and ERα ( Figure 2 ).  

 Effects of TXD and E2 on the Activity of 
H 2 O 2 -induced Myocardial Cells 

 Compared with the control group, H 2 O 2 -induced cell injury 
resulted in a significant decrease in cell viability ( p  < 0.05). We 
found that after the concentration of H 2 O 2  was 100 μmol/L and 
cultured cells for 2 h, the survival rate of cells was reduced to 
50%–60%, the degree of cell damage was moderate, and the 
method had good reproducibility. Therefore, 100 μmol/L H2O2
damage to cells for 2 h was chosen as the oxidative damage 

modelling method in this experiment. In contrast, the survival 
rate of cells treated with the TXD drug-containing plasma was 
improved. Besides, the 10 −8  mol/L E2-treated cells also 
exhibited an improved cell survival rate. The TXD drug-
containing plasma and E2-treated cells exhibited a protective 
effect on H 2 O 2 -induced injured myocardial cells ( Figure 3 ).  

 Effects of TXD Drug-containing Plasma and E2 
on SOD, MDA, Ca 2+ , and NO in H 2 O 2 -induced 
Myocardial Cells 

 After H 2 O 2  treatment, SOD(A) and NO(C) levels in the 
myocardial cells were suppressed, while MDA(B) and 
Ca 2+ (D) levels were elevated ( p  < 0.05). Pretreatment with 
TXD drug-containing plasma group and E2 group enhanced 
SOD and NO levels in myocardial cells following oxidative 

 Figure 2.    (A) Venn Diagram of TXD-myocardial Ischemia. (B) Network Diagram of the Interactions Between Overlapping Genes. (C) 
Enrichment Histogram of Overlapping Genes. (D) The Predicted Bubble Plots of the Signaling Pathways Associated with Myocardial 
Ischemia. (E) Top Compounds Ranked in Terms of Affinity After Molecular Docking. (F) Molecular Docking of Salidroside and ERɑ.    

 Abbreviation: TXD, Tianxiangdan capsule. 

 Figure 3.    (A) The Effect of Different Concentrations of H 2 O 2  on the Viability of Cardiomyocytes. (B) Influence of Different Culture 
Times on Cell Viability at a Concentration of 100 μmol/L. (C) Simple Effects and Intervention Effects of TXD Drug-containing Plasma on 
Myocardial Cells. (D) Simple Effects and Intervention Effects of Different Concentrations of E2 on Cardiomyocytes. Data are Expressed 
as mean ± SD ( N  = 3).    

 Note:  *p  < 0.05,  **p  < 0.01, and * **p  < 0.001. 

 Abbreviations: TXD, Tianxiangdan capsule; E2, β-estradiol. 



Jiang et al. 	 789

damage and suppressed MDA and Ca2+ levels (p < 0.05). 
These results suggest that TXD drug-containing plasma and 
E2 can improve endogenous antioxidant capacities of 
myocardial cells, inhibit the production of oxygen free 
radicals, and reduce lipid peroxidation damage (Figure 4).

Effects of TXD and E2 on the Level of ROS in 
H2O2-induced Myocardial Cells

After H2O2 treatment, oxidative damage occurred in cells, 
and ROS level in cardiomyocytes was significantly 
elevated. In this study, a DCFH-DA fluorescent probe was 
used to detect the effects of TXD drug-containing plasma 
and E2 on the level of ROS in myocardial cells after 
oxidative damage. Experimental results showed that 
compared with the model group, the TXD drug-containing 
plasma group and E2 group significantly reduced the 
fluorescence intensity of DCF in myocardial cells after 
H2O2 treatment (p < 0.01). These findings imply that TXD 
drug-containing plasma and E2 inhibited the production of 
ROS in myocardial cells after oxidative stress injury 
(Figure 5).

TXD Inhibits Apoptosis and Attenuates H2O2 
Damage

Hoechst 33342 staining revealed that after H2O2 treatment, 
cells exhibited morphological features associated with 

apoptosis, including nuclear contraction, nuclear chromatin 
condensation, and apoptotic body formation. Compared with 
the control group, immunofluorescence staining of cleaved 
caspase-3 revealed that the model group was significantly 
increased after H2O2 treatment (p < 0.05). However, in the 
TXD drug-containing plasma group and E2 group, there was 
a significant reduction in apoptosis. Therefore, TXD drug-
containing plasma and E2 can improve oxidatively damaged 
myocardial cells and enhance viability (Figure 6).

Effects of TXD Drug-containing Plasma and E2 
on NO Release in Estrogen Pathway

To verify the anti-myocardial ischemia effect of TXD through 
the regulation of the estrogen signaling pathway, We 
performed Western blotting on proteins related to NO release 
in the estrogen pathway analyzed online by KEGG. The focus 
was on the effect of TXD-containing plasma and E2 on the 
expression levels of ERɑ, PI3K, p-PI3K, AKT, p-AKT, and 
eNOS in myocardial cells after oxidative injury.

Compared with the control group, protein levels of ERɑ 
and eNOS in the model group were significantly decreased, 
while protein levels of PI3K, p-PI3K, AKT, and p-AKT were 
significantly elevated (p < 0.01). Compared with the model 
group, protein levels of PI3K, p-PI3K, AKT, and p-AKT in 
the TXD drug-containing plasma group and E2 group were 
significantly decreased. In contrast, protein levels of ERɑ and 
eNOS were significantly elevated (p < 0.01) (Figure 7).

Figure 4. (A–D) Effect of TXD Drug-containing Plasma and E2 on SOD, MDA, NO, and Ca2+ Content in H2O2-induced Myocardial 
Cells. (E) Intracellular Ca2+ Fluorescence Intensity was Evaluated by LSCM (200×). Data are Expressed as mean ± SD (N = 3).

Note: *p < 0.05, **p < 0.01, and ***p < 0.001.

Abbreviations: TXD, Tianxiangdan capsule; E2, β-estradiol; SOD, superoxide dismutase; MDA, malondiadease; NO, nitric oxide.
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Figure 5. (A) Fluorescence Intensity of Cell DCF was Observed by LSCM (100×). (B) Fluorescence Intensity of DCF in Cardiomyocytes 
as Measured by Flow Cytometry. (C) Histogram of the Fluorescence Intensity of DCF in Different Experimental Groups. Data are 
Expressed as mean ± SD (N = 3).

Note: *p < 0.05, **p < 0.01, and ***p < 0.001.

Figure 6. (A) Hoechst 33342 Staining Revealed the Effects of TXD Drug-containing Plasma and E2 on H2O2-induced Myocardial Cell Damage 
(100×). (B) Apoptotic Morphologies of Myocardial Cells were Evaluated by Fluorescence Microscopy (100×). (C) Caspase-3 Apoptosis Rate of 
the Effects of TXD Drug-containing Plasma and E2 on H2O2-induced Myocardial Cell Damage. Data are Expressed as mean ± SD (N = 3).

Note: *p < 0.05 and **p < 0.01.

Abbreviation: E2, β-estradiol.
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Figure 7. Effects of TXD Drug-containing Plasma and E2 on Proteins in Estrogen Pathway of ESR1, PI3K, p-PI3K, AKT, p-AKT, and 
eNOS Expression. Data are Expressed as mean ± SD (N = 3).

Note: *p < 0.05, **p < 0.01, and ***p < 0.001.

Abbreviations: E2, β-estradiol; ESR1, estrogen receptor 1; PI3K, phosphatidylinositol-3-hydroxykinase; AKT, serine protein kinase; eNOS, endothelial 
nitric oxide synthase.

Discussion

When myocardial injury occurs, oxidative stress, cell 
apoptosis, and other conditions result in irreversible damage 
to myocardial cells (Xiao et al., 2022). Myocardial ischemic 
injury is a complex phenomenon associated with several 
independent etiologies, such as genetic factors, obesity, 
environmental factors, and gender factors (Regitz-Zagrosek 
& Gebhard, 2023). Clinical studies have found that the 
incidence of cardiovascular diseases in males is significantly 
higher than that in females, and there is no significant 
difference between the incidence of cardiovascular diseases 
in postmenopausal females and males (Vaccarino et al., 
2018). Low estrogen levels and postmenopausal women are 
at higher risk of cardiovascular disease than normal women. 
The gender differences in cardiovascular disease presentation 
are consistent with the network pharmacological prediction 
of the TXD against myocardial ischemia, which focuses our 
study on the mechanism of the TXD’s anti-myocardial 
ischemia action on the estrogen signaling pathway. The 
results of molecular docking between TXD and estrogen 
receptor ERɑ indicated that salidroside may be the main 
active component of TXD against myocardial ischemia.

Cell death occurs after ischemic injury, resulting in an 
energy crisis in cells, swelling, and rupture of organelles, 
which is then followed by cell apoptosis that is characterized 
by chromatin concentration and caspase activation. Caspases 
are central regulators of apoptosis, and a member of this 
family (Caspase-3) is the critical mediator of neuronal cell 
apoptosis (Zhao & Vinten-Johansen, 2002). After Caspase-3 

activation, apoptosis cannot be prevented. Activation of the 
apoptotic pathway and an imbalance in cell survival factors 
determine cell survival and death, and oxidative stress is the 
main stimulus that triggers apoptosis and death of necrotic 
cardiomyocytes. Oxidative stress also disrupts intracellular 
signals associated with ROS generation and activates 
apoptotic regulatory proteins to mediate a series of cellular 
responses causing increased rates of apoptosis (Bugger & 
Pfeil, 2020). After H2O2-induced cell injury, cell apoptosis 
rate and ROS level in the model group were significantly 
elevated. In contrast, the TXD drug-containing plasma and 
E2 pretreatment group significantly suppressed cell apoptosis 
rate and ROS level. The results show that the TXD drug-
containing plasma enhanced the activity of cardiomyocytes, 
improved the morphology of apoptosis, and reduced the rate 
of apoptosis and intracellular ROS levels against H2O2-
induced oxidative stress injury.

Regardless of external or internal factors, Ca2+ accumulates 
following damage to myocardial cells (Larsson et al., 2017). 
Intracellular Ca2+ is a crucial second messenger for excitation-
contraction and excitation-transcriptional coupling of 
coronary smooth muscles and regulates the proliferation, 
migration, and calcification of coronary smooth muscles (Yu 
et al., 2022). Moreover, Ca2+ induces intercellular decoupling 
during myocardial ischemia, which marks the transition from 
reversible ischemic injury to irreversible ischemic injury 
(Razavi et al., 2022). This leads to excessive intracellular and 
mitochondrial Ca2+ levels, which causes cell contracture, 
protein lysis, and mitochondrial failure, and ultimately to 
necrosis or apoptotic death. The fluorescence intensity of 
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Ca2+ in the model group was significantly increased, while 
that of TXD drug-containing plasma and E2 pretreated cells 
was significantly decreased. The results revealed that TXD 
drug-containing plasma suppressed intracellular Ca2+ levels 
and reduced damage to myocardial cells. SOD plays an 
essential role in oxidation balance in the body. It catalyzes the 
reaction involved in reducing cell damage attributed to free 
radicals (Mei et al., 2022). MDA is one of the lipid 
peroxidation products used to measure oxidative stress in 
vivo (Nie et al., 2021). NO is a significant regulatory factor in 
the cardiovascular system that protects cardiomyocytes by 
regulating downstream protein cascade reactions (Fioranelli 
et al., 2018). We found that SOD content and NO level in the 
model group were suppressed, while MDA level was elevated. 
After TXD drug-containing plasma and E2 pretreatment, 
SOD content and NO level were found to be elevated, and 
MDA content was greatly suppressed. Therefore, TXD drug-
containing plasma has antioxidant capacities and it can 
increase the release of NO and relax the vascular smooth 
muscle, thus relieving angina.

The role of the estrogen signaling pathway is to activate 
relevant receptors, producing physiological effects. The heart 
has three estrogen receptors: ERɑ, ERß, and GPER. ESR1 is 
the editing gene of ERɑ, which plays a more important role in 
cardiovascular maintenance than ERß (Grinshpun et al., 2023). 
Estrogen receptor activation can induce multiple signaling 
pathways, including regulation of NO and Ca2+ release 
pathways, apoptosis pathways, antioxidant stress pathways, 
anti-inflammatory pathways, nuclear effects, and so on, change 
the expression or activity of ion channels, contractile proteins, 
and ROS production, and regulate vascular function, 
inflammation, metabolism, and cardiomyocyte survival. 
Protein kinases are part of signal transduction and are involved 
in the transfer of extracellular information from the cytoplasm 
to the nucleus (Adachi et al., 2022). In addition, estrogen can 
also participate in the regulation of complex diseases. This 
study investigated the pathway of the estrogen signaling 
pathway that activates ERɑ, regulates PI3K/Akt/eNOS, and 
releases NO. Compared with the model group, ERɑ, eNOS, 
and NO levels in TXD and E2 groups were significantly 
increased. This suggests that giving TXD activates ERɑ, 
increases the release of NO, and relieves angina. However, the 
expression levels of PI3K, P-PI3K, AKT, and P-Akt were 
significantly decreased in this signaling system. Considering 
that PI3K and AKT may be involved in the expression of 
multiple signaling pathways, the overall level of superposition 
masked the effect of a single pathway.

Conclusion

It is shown that TXD exerts its anti-myocardial ischemic 
effect through the estrogen pathway. Experiments of H2O2-
induced ischemia injury in cardiomyocytes confirmed that 
TXD activates estrogen receptor ERɑ, enhances NO release 

of cardiomyocytes through estrogen signaling pathway, 
improves intracellular Ca2+ overload, oxidative stress injury, 
and apoptosis, and plays a protective role in myocardial 
ischemia injury.

Abbreviations

TXD: Tianxiangdan capsule; E2: β-estradiol; TCM: Traditional 
Chinese Medicine; TCMSP: Traditional Chinese Medicine system 
pharmacology analysis platform; CNKI: Chinese National 
Knowledge Infrastructure; ADME: Absorption, distribution, 
metabolism, excretion; OB: Oral bioavailability; DL: Drug-likeness; 
MW: Molecule weight; Alogp, Water partition coefficient; Hdon/
Hacc, Hydrogen-bond donors/acceptors; Bp: Blank plasma; Dp: 
Drug-containing plasma; SOD: Superoxide dismutase; MDA: 
Malondiadease; NO: Nitric oxide; ESR1: Estrogen receptor 1; PI3K: 
Phosphatidylinositol-3-hydroxykinase; AKT: Serine protein kinase; 
eNOS: Endothelial nitric oxide synthase.

Acknowledgments

The authors thank Xinjiang Medical University for providing the 
experimental platform.

Authors’ Contributions

LJ and Y-JY designed the research. MT, XL, and YL performed the 
research. Y-CW contributed the analytic tools. LJ and MT wrote the 
manuscript.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect to 
the research, authorship, and/or publication of this article.

Funding

This study was supported by the State Key Laboratory of 
Pathogenesis, Prevention and Treatment of High Incidence Diseases 
in Central Asia Fund (SKL-HIDCA-2020-8).

Statement of Informed Consent and Ethics Approval

This experiment was approved by the Experimental Animal Ethics 
Committee of Xinjiang Medical University (Ethics Batch Number: 
IACUC-20210326-13; dated 26-3-2021). The experiments were 
performed in compliance with the Animal Research: Reporting of in 
vivo Experiments (ARRIVE) guidelines.

ORCID iD

Yuan-Jia Yue  https://orcid.org/0009-0009-4735-3974

References

Adachi, A., Honda, T., Egawa, G., Kanameishi, S., Takimoto, R., 
Miyake, T., & Kabashima, K. (2022). Estradiol suppresses pso-
riatic inflammation in mice by regulating neutrophil and macro-
phage functions. Journal of Allergy and Clinical Immunology, 
150(4), 909–919.e908. https://doi.org/10.1016/j.jaci.2022.03.028

Bugger, H., & Pfeil, K. (2020). Mitochondrial ROS in myocardial 
ischemia reperfusion and remodeling. Biochimica et Biophysica 



Jiang et al. 	 793

Acta. Molecular Basis of Disease, 1866(7), 165768. https://doi.
org/10.1016/j.bbadis.2020.165768

Dong, L., Shen, Z., Chi, H., Wang, Y., Shi, Z., Fang, H., Yang, 
Y., & Rong, J. (2023). Research progress of Chinese medicine 
in the treatment of myocardial ischemia-reperfusion injury. 
American Journal of Chinese Medicine, 51(1), 1–17. https://
doi.org/10.1142/S0192415X23500015

Fioranelli, M., Bottaccioli, A. G., Bottaccioli, F., Bianchi, M., Rovesti, 
M., & Roccia, M. G. (2018). Stress and inflammation in coronary 
artery disease: A review Psychoneuroendocrineimmunology-
based. Frontiers in Immunology, 9, 2031. https://doi.org/10.3389/
fimmu.2018.02031

Gibbons, R. J. (2021). Myocardial ischemia in the management of 
chronic coronary artery disease: Past and present. Circulation. 
Cardiovascular Imaging, 14(1), e011615. https://doi.org/10.1161/
CIRCIMAGING.120.011615

Grinshpun, A., Sandusky, Z. M., & Jeselsohn, R. (2023). The clinical 
utility of ESR1 mutations in hormone receptor-positive, HER2-
negative advanced breast cancer. Hematology/Oncology Clinics 
of North America, 37(1), 169–181. https://doi.org/10.1016/j.
hoc.2022.08.016

Larsson, S. C., Burgess, S., & Michaëlsson, K. (2017). Association 
of genetic variants related to serum calcium levels with coro-
nary artery disease and myocardial infarction. JAMA, 318(4), 
371–380. https://doi.org/10.1001/jama.2017.8981

Li, D. L., & Kronenberg, M. W. (2021). Myocardial perfusion and 
viability imaging in coronary artery disease: Clinical value 
in diagnosis, prognosis, and therapeutic guidance. American 
Journal of Medicine, 134(8), 968–975. https://doi.org/10.1016/j.
amjmed.2021.03.011

Li, Z. M., Xu, S. W., & Liu, P. Q. (2018). Salvia miltiorrhizaBurge 
(Danshen): A golden herbal medicine in cardiovascular thera-
peutics. Acta Pharmacologica Sinica, 39(5), 802–824. https://
doi.org/10.1038/aps.2017.193

Lin, R., Mu, F., Li, Y., Duan, J., Zhao, M., Guan, Y., Liu, K., Bai, 
Y., Wen, A., Wei, P., Wang, J., & Xi, M. (2022). Corrigendum 
to “Salvia miltiorrhiza and the volatile of Dalbergia odorifera 
attenuate chronic myocardial ischemia injury in a pig model: 
A metabonomic approach for the mechanism study”. Oxidative 
Medicine and Cellular Longevity, 2022, 9763253. https://doi.
org/10.1155/2022/9763253

Mei, S. L., Xia, Z. Y., Qiu, Z., Jia, Y. F., Zhou, J. J., & Zhou, B. 
(2022). Shenmai injection attenuates myocardial ischemia/
reperfusion injury by targeting Nrf2/GPX4 signalling-mediated 
ferroptosis. Chinese Journal of Integrative Medicine, 28(11), 
983–991. https://doi.org/10.1007/s11655-022-3620-x

Nie, C., Ding, X., A, R., Zheng, M., Li, Z., Pan, S., & Yang, W. 
(2021). Hydrogen gas inhalation alleviates myocardial isch-
emia-reperfusion injury by the inhibition of oxidative stress 
and NLRP3-mediated pyroptosis in rats. Life Sciences, 272, 
119248. https://doi.org/10.1016/j.lfs.2021.119248

Nogales, C., Mamdouh, Z. M., List, M., Kiel, C., Casas, A. I., & 
Schmidt, H. H. H. W. (2022). Network pharmacology: Curing 
causal mechanisms instead of treating symptoms. Trends 

in Pharmacological Sciences, 43(2), 136–150. https://doi.
org/10.1016/j.tips.2021.11.004

Razavi, A. C., Agatston, A. S., Shaw, L. J., De Cecco, C.N., van 
Assen, M., Sperling, L.S., Bittencourt, M.S., Daubert, M.A., 
Nasir, K., Blumenthal, R.S., Mortensen, M.B., Whelton, 
S.P., Blaha, M.J., & Dzaye, O. (2022). Evolving role of cal-
cium density in coronary artery calcium scoring and athero-
sclerotic cardiovascular disease risk. JACC. Cardiovascular 
Imaging, 15(9), 1648–1662. https://doi.org/10.1016/j.
jcmg.2022.02.026

Regitz-Zagrosek, V., & Gebhard, C. (2023). Gender medicine: 
Effects of sex and gender on cardiovascular disease manifesta-
tion and outcomes. Nature Reviews. Cardiology, 20(4), 236–
247. https://doi.org/10.1038/s41569-022-00797-4

Sawuer, G., Ma, X. K., Zhang, Y. J., Zhang, X. M., Ainiwaer, Z., 
& An, D. Q. (2021). Tianxiangdan improves coronary micro-
vascular dysfunction in rats by inhibiting microvascular inflam-
mation via Nrf2 activation. Evidence-Based Complementary 
and Alternative Medicine: eCAM, 2021, 4114784. https://doi.
org/10.1155/2021/4114784

Vaccarino, V., Sullivan, S., Hammadah, M., Wilmot, K., Al 
Mheid, I., Ramadan, R., Elon, L., Pimple, P.M., Garcia, 
E.V., Nye, J., Shah, A.J., Alkhoder, A., Levantsevych, O., 
Gay, H., Obideen, M., Huang, M., Lewis, T.T., Bremner, 
J.D., Quyyumi, A.A., & Raggi, P. (2018). Mental stress-
induced-myocardial ischemia in young patients with recent 
myocardial infarction: Sex differences and mechanisms. 
Circulation, 137(8), 794–805. https://doi.org/10.1161/
CIRCULATIONAHA.117.030849

Xiao, H., Zhang, M., Wu, H., Wu, J., Hu, X., Pei, X., Li, D., Zhao, 
L., Hua, Q., Meng, B., Zhang, X., Peng, L., Cheng, X., Li, Z., 
Yang, W., Zhang, Q., Zhang, Y., Lu, Y., & Pan, Z. (2022). 
CIRKIL exacerbates cardiac ischemia/reperfusion injury by 
interacting with Ku70. Circulation Research, 130(5), e3–e17. 
https://doi.org/10.1161/CIRCRESAHA.121.318992

Yu, W., Zhang, F., Liu, B., Wang, J., Shao, X., Yang, M. F., Yang, 
X., Wu, Z., Li, S., Shi, Y., Wang, B., Xu, Y., & Wang, Y. 
(2022). Incremental value of epicardial fat volume to coronary 
artery calcium score and traditional risk factors for predicting 
myocardial ischemia in patients with suspected coronary artery 
disease. Journal of Nuclear Cardiology, 29(4), 1583–1592. 
https://doi.org/10.1007/s12350-021-02538-5

Zhang, W., Cao, Y., Chen, S., Li, F., Chen, X., & Liu, Y. (2021). 
Integrated metabolomics and network pharmacology approach 
to exploring the potential mechanism of tianxiang capsule for 
treating motion sickness. Journal of Ethnopharmacology, 275, 
114107. https://doi.org/10.1016/j.jep.2021.114107

Zhao, M. F., Sun, L. F., Xie, X. L., & An, D. Q. (2022). Proteomic 
study of Tianxiangdan intervention in rats with myocardial 
ischemia. Journal of Physiology and Pharmacology, 73(2), 
438-55. https://doi.org/10.26402/jpp.2022.2.13

Zhao, Z. Q., & Vinten-Johansen, J. (2002). Myocardial apoptosis 
and ischemic preconditioning. Cardiovascular Research, 55(3), 
438–455. https://doi.org/10.1016/S0008-6363(02)00442-X


