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Abstract. Myocardial ischemia triggers an inflammatory 
reaction and oxidative stress that increases apoptosis of 
myocardiocytes. It has been evidenced that tanshinone‑IIA 
(Tan‑IIA) protects against heart failure post‑myocardial 
infarction via inhibition of the apoptotic pathway. The 
purpose of the present study was to investigate the therapeutic 
effect of Tan‑IIA in a rat model of myocardial ischemia, and 
explore the possible mechanism of Tan‑IIA in myocardio‑
cytes. The rat model of myocardial ischemia was established 
by left anterior descending coronary artery and rats received 
treatment with either Tan‑IIA (10 mg/kg) or PBS for 20 days 
continuously. The cardiac function in the experimental rat 
model was detected using the Sequoia 512 echocardiography 
system on day 21. The cell viability of myocardiocytes was 
assessed by CCK‑8 assay. Apoptosis of myocardiocytes 
and myocardial tissue was evaluated by TUNEL assay. The 
infarct size of the myocardial ischemia rat was determined 
through 2,3,5‑triphenyltetrazolium chloride (TTC) and 
Evan blue double staining assay. The expression levels of 
apoptotic factors were assessed by immunohistochemistry, 
western blotting and immunofluorescence. The results 
demonstrated that Tan‑IIA reduced myocardial infarct size 
and improved the myocardial function in myocardial isch‑
emia rats. Compared with PBS, Tan‑IIA treatment decreased 
myocardial tissue apoptosis and the expression levels of 

caspase‑3, Cyto c and Apaf‑1 in myocardial tissue. Tan‑IIA 
increased the viability of impaired myocardiocytes, inhib‑
ited apoptosis of impaired myocardiocytes and increased 
Bcl‑2 and Bak expression in myocardiocytes. In addition, 
Tan‑IIA increased Bim and CHOP, decreased TBARS, ROS 
and H2O2 production, decreased ATF4 and IRE1α expres‑
sion, and reduced intracellular calcium and oxidative stress 
in myocardiocytes. Furthermore, caspase‑3 overexpression 
blocked Tan‑IIA‑decreased apoptosis of myocardiocytes. 
In conclusion, the data in the present study indicated that 
Tan‑IIA improved myocardial infarct and apoptosis via 
the endoplasmic reticulum stress‑dependent pathway and 
mitochondrial apoptotic signaling pathway.

Introduction

Myocardial ischemia disease remains a major cause of 
death (~1.72%) and disability (~2.45) in most countries in the 
world (1). Apoptosis of myocardiocytes can promote myocar‑
dial ischemia, ischemia/reperfusion (I/R) injury, post‑ischemia 
cardiac remodeling and coronary atherosclerosis (2). Evidence 
has indicated that myocardial ischemia presents relatively 
high lethality, which is closely associated with metabolism 
disorders in endothelial cells of heart vessels (3). Numerous 
studies have indicated that the increase of myocardiocyte 
apoptosis contributes to the development of cardiovascular 
diseases (4‑6). Foundationally, exploring drugs which protect 
against myocardial ischemia and reperfusion injury plays 
crucial a role in modulating myocardial apoptosis and levels 
of inflammation (7,8). In addition, inhibition of myocardial 
ischemia injury‑induced apoptosis of cardiomyocytes could 
significantly improve cardiac function  (9). Furthermore, 
myocardial ischemia‑reperfusion injury has been revealed 
to induce a sterile inflammatory response and apoptosis of 
myocardial tissue, which further contributes to the final infarct 
size (10). Therefore, developing new therapies for myocar‑
dial injury represents an urgent and significant research 
interest (11).

Tanshinone‑IIA inhibits myocardial infarct via decreasing of 
the mitochondrial apoptotic signaling pathway in myocardiocytes

YEQING FANG1,2,  CHENGCHENG DUAN3,  SHAOYUAN CHEN1,  ZHENGUO LIU4,  
BIMEI JIANG4,5,  WEN AI1,  LEI WANG1,  PEIYI XIE1  and  HONGCHENG FANG3

1Department of Cardiology, Shenzhen Nanshan People's Hospital, Shenzhen, Guangdong 518000; 
2Shenzhen Nanshan Medical Group Headquarters, Shenzhen, Guangdong 518052; 3Department of Cardiology, 

Shenzhen Hospital of Integrated Traditional Chinese and Western Medicine, Shenzhen, Guangdong 518000,  
P.R. China;  4Dorothy M. Davis Heart and Lung Research Institute, The Ohio State University  
Wexner Medical Center, Columbus, OH 51027, USA;  5Department of Burns and Plastic Surgery, 

Xiangya Hospital, Central South University, Changsha, Hunan 410008, P.R. China

Received December 29, 2020;  Accepted May 14, 2021

DOI: 10.3892/ijmm.2021.4991

Correspondence to: Professor Hongcheng Fang, Department of 
Cardiology, Shenzhen Hospital of Integrated Traditional Chinese and 
Western Medicine, 3 Xinsha Road, Shenzhen, Guangdong 518000, 
P.R. China
E‑mail: fangyeqing2005@hotmail.com

Key words: tanshinone‑IIA, myocardial ischemia, myocardiocyte, 
apoptosis

https://www.spandidos-publications.com/10.3892/ijmm.2021.4991
https://www.spandidos-publications.com/10.3892/ijmm.2021.4991


FANG et al:  Tan‑IIA FOR MYOCARDIAL ISCHEMIA THERAPY2

Tanshinone‑IIA (Tan‑IIA) has been revealed to possess 
anti‑atherosclerosis effects and is widely used in treatment of 
cardiovascular and cerebrovascular diseases (12). A previous 
study has reported that Tan‑IIA demonstrates rich cardio‑
protective activities for clinical applications  (13). Another 
study reported that Tan‑IIA could inhibit the myocardial 
apoptosis in a heart failure rat model by upregulating the 
microRNA (miR)‑133 level (14). In addition, Tan‑IIA has been 
demonstrated to be an effective and safe agent for the treatment 
of patients with coronary heart disease (15). Furthermore, 
Tan‑IIA has presented a significant protection of cardio‑
myocytes against apoptosis via decreasing oxidative stress 
and inflammatory responses (16). Although the anti‑apoptotic 
effect of Tan‑IIA has been well explored in animal models of 
myocardial ischemia (17), the molecular mechanism has not 
been clearly documented. Therefore, the effects and molecular 
mechanisms of Tan‑IIA on cardiomyocytes were evaluated 
both in vitro and in vivo.

Oxidative stress is enhanced in chronic heart failure 
and is key to providing some suggestions for the treatment 
of heart diseases (18). Oxidative stress plays an important 
role in the pathophysiology of myocardial ischemia and 
improved understanding of the role of oxidative stress in 
myocardial ischemia resulted in novel therapeutic options 
for patients with myocardial ischemia (19). In addition, the 
mitochondrial pathway of apoptosis is activated in atrial 
fibrillation of heart failure patients, which contributes to 
the understanding of atrial contractile dysfunction  (20). 
Furthermore, oxidative stress and the mitochondrial apop‑
totic pathway were revealed to be associated with apoptosis 
of cardiac myocytes induced by osteopontin (21). However, 
the precise mechanisms by which oxidative stress induces 
the mitochondrial apoptotic pathway in myocardiocytes 
remain unknown.

The purpose of this study was to investigate whether 
Tan‑IIA had a protective effect on apoptosis of myocardial 
tissue in an animal model of myocardial ischemia. The poten‑
tial anti‑apoptotic mechanism of Tan‑IIA in myocardiocytes 
was also investigated.

Materials and methods

Animals and drug treatment. The present study was approved 
(approval no.  20160512C10) by the Ethics Committee of 
Shenzhen Nanshan People's Hospital (Shenzhen, China). A total 
of 20 male Sprague Dawley (SD) rats (10 weeks old; 320‑340 g 
body weight) were purchased from the Animal Experiment 
Center of Tongji University (Shanghai, China). Myocardial 
ischemia was established as previously described (22). Briefly, 
SD rats were anaesthetized by intraperitoneal injection of 
sodium pentobarbital (30 mg/kg body weight) and ventilated 
with oxygen using a small animal ventilator. After an incision 
in the left thorax at the level between the fourth and fifth ribs, 
the heart was exposed, and a 6‑0 silk suture slipknot was 
placed around the proximal left anterior descending coronary 
artery  (LAD) approximately 2 mm below the left auricle. 
Successful myocardial infarction injury was identified by 
the blanched appearance of the ligation region and marked 
arrhythmia. Sham‑operated rats underwent the same surgical 
procedures except for the suture around the LAD which was 

not ligated. Experimental rats were randomly divided into 
2 groups. Experimental rats were subjected to intragastric oral 
administration (p.o.) Tan‑IIA (10 mg/kg; n=10) or PBS (n=10). 
The treatment continued 10 times twice a day for a total 20‑day 
therapeutic period. All the rats in the study were housed in 
an environment at 23±1.0˚C and 50±5% humidity with 12‑h 
light/dark circadian cycle and ad libitum access to food and 
water. The mice were caged for 24 h since the last injection 
and the myocardial tissues were collected after cardiac perfu‑
sion. No rats succumbed during the experiments. On day 21, 
experimental animals were euthanized under intravenous 
injection of pentobarbital (40 mg/kg), and efforts were made 
to minimize the suffering of the rats. Cervical dislocation was 
used as the euthanasia method. The myocardial tissues were 
used for immunohistochemical analysis.

Analysis of cardiac function and myocardial infarct size. 
Experimental rats were anesthetized with isoflurane and 
following procedures were processed according to a previous 
study (23). The parameters of left ventricular end‑diastolic 
diameter (LVEDD), left ventricular end‑systolic diameter 
(LVESD), left ventricular ejection fraction (LVEF) and left 
ventricular fractional shortening (LVES) were evaluated 
using the Sequoia 512 echocardiography system (Siemens 
Healthineers) following the manufacturer's instructions. 
The size of the myocardial infarction was assessed by 
2,3,5‑triphenyltetrazolium chloride (TTC) and Evan blue 
double staining assay as previously described (24). The infarct 
size in tissue sections was assessed by computerized planim‑
etry and quantitated using ImageJ v2.0 (National Institutes 
of Health).

Immunohistochemical analysis. On day  21, myocardial 
tissues were obtained from experimental rats, immediately 
excised and placed in a 4% paraformaldehyde solution over‑
night at 4˚C, followed by dehydration, washing with PBS, 
and paraffin embedding. Paraffin‑embedded myocardial 
tissues were cut into 4‑µm sections, subjected to hydrogen 
peroxide (3%) for 10 min, and blocked with BSA (5%) for 2 h 
at 37˚C. Myocardial tissue sections were incubated with rabbit 
anti‑rat antibodies Bcl‑2 (1:1,000; product code ab182858), 
Bcl‑xL (1:1,000; product code ab32370), caspase‑3 (1:1,000; 
product code ab184787), cytoplasmic cytochrome c (Cyto c; 
1:1,000; product code ab133504), Apaf‑1 (1:1,000; product 
code ab234436; all from Abcam) overnight at 4˚C. All sections 
were washed 3 times and incubated with horseradish peroxi‑
dase (HRP)‑conjugated goat anti‑rabbit IgG (1:2,000; product 
code  ab205718; Abcam) for 1  h at 37˚C. The myocardial 
sections were stained with a 3,3‑diaminobenzidine substrate 
system (Thermo  Fisher Scientific, Inc.) for 1  h at room 
temperature. Images were captured using a light microscope 
(BX51; Olympus Corporation) under a magnification of x100.

Cells and reagents. Tan‑IIA (purity >99.2%) was purchased 
from Herbasin (Shenyang) Co., Ltd.; Dasherb Corp. and 
dissolved in dimethyl sulfoxide (DMSO). Myocardiocytes were 
isolated from experimental rats with myocardial ischemia as 
previously described (25). Briefly, after dissection, heart tissues 
were washed, rinsed with HEPES‑buffered saline solution and 
then incubated at 37˚C for 2 h with HEPES‑buffered saline 
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solution containing 1.2 mg/ml pancreatin and 0.14 mg/ml 
collagenase (Gibco; Thermo Fisher Scientific, Inc.). After 
centrifugation (2,000  x  g for 10  min at 4˚C), cells were 
resuspended in Dulbecco's modified Eagle's medium/Ham's 
F‑12 (DMEM/F12; Invitrogen; Thermo Fisher Scientific, Inc.) 
supplemented with 5% fetal bovine serum (FBS; Sigma‑Aldrich; 
Merck KGaA), 0.1 mM ascorbate, insulin‑transferring‑sodium 
selenite media supplement (Sigma‑Aldrich; Merck KGaA), 
100 µg/ml streptomycin, 100 U/ml penicillin and 0.1 mM 
bromodeoxyuridine. Cells were then diluted to 1x105 cells/ml 
and cultured in DMEM/F12 supplemented with 10% FBS. 
Myocardiocytes were treated with H2O2 (1 µM) and/or concen‑
trations of Tan‑IIA (0‑40 µM) and/or tunicamycin (TM; 1 µM; 
Sigma‑Aldrich; Merck KGaA) for 24, 48 and 72 h at 37˚C. 
PBS buffer containing 10% DMSO (pH 7.2) was used as the 
control. All cells were maintained at 37˚C in a humidified 
atmosphere containing 5% CO2.

Counting Kit‑8 (CCK‑8) assay. The regulatory effects of 
Tan‑IIA on proliferative ability of myocardiocytes were 
examined by CCK‑8 assay as previously described  (26). 
Briefly, the treated myocardiocytes were seeded into 96‑well 
plates (1x103 cells/well) and cultured at 37˚C in a humidified 
incubator containing 5% CO2. Then, 10 µl of CCK‑8 reagent 
(Beijing Solarbio Science & Technology Co., Ltd.) was added 
to the cells followed by incubation at 37˚C for 2 h according to 
the manufacturer's instructions. Cell viability was determined 
by a microplate reader (Eon BioTech, Pte Ltd.) at 450 nm. 
Each experiment was repeated for 3 times.

Caspase‑3 overexpression. The regulatory effects of 
caspase‑3 overexpression on Tan‑IIA‑regulated apoptotic 
factors in myocardiocytes were examined by stable transfec‑
tion. Expression plasmid pRK5‑caspase‑3 (casp‑3OP) with 
a Flag tag (cat. no. PPL00180‑2a; Public Protein/Plasmid 
Library) at the C‑terminus was constructed by Invitrogen; 
Thermo  Fisher Scientific, Inc.. Briefly, myocardiocytes 
(1x105  cells/ml) were cultured at 37˚C in DMEM/F12 
(Thermo Fisher Scientific, Inc.) supplemented with 10% FBS 
(Sigma‑Aldrich; Merck KGaA) in 6‑well plates. After 24 h, 
myocardiocytes were transfected with plasmid containing 
either pRK5‑caspase‑3 (0.5 µg) or pRK5‑vector (0.5 µg) by 
using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) 
at 37˚C for 72 h according to the manufacturer's instruc‑
tions. After 72 h of transfection, expression of caspase‑3 was 
evaluated using western blot analysis and cells were used for 
further experiments.

TUNEL analysis. The terminal deoxynucleotidyl transferase 
(TdT)‑mediated dUTP nick end labeling (TUNEL) assay 
(Roche Diagnostics GmbH) was used to detect apoptosis in 
myocardial tissue and myocardiocytes. Briefly, heart tissues 
were immediately excised and placed in a 4% paraformalde‑
hyde solution for 12 h at 4˚C. This was followed by dehydration, 
washing with PBS, and paraffin embedding. The paraffin blocks 
were cut into 4‑µm sections and stained with hematoxylin and 
eosin (H&E; Beijing Solarbio Science & Technology Co., 
Ltd.) for 15 min at room temperature according to the manu‑
facturer's instructions. For myocardiocytes, the treated cells 
(1x105 cells) were cultured in 6‑well plates for 12 h at 37˚C, 

washed with PBS and fixed with 4% paraformaldehyde for 
12 h at 4˚C. The cells were washed with PBS and stained using 
a TUNEL kit for 30 min at 25˚C according to the manufac‑
turer's protocols. Finally, the cells were counterstained with 
5% DAPI (Sigma‑Aldrich; Merck KGaA) for 10 min at room 
temperature. Images from 6 randomly selected fields of view 
were captured using a fluorescence microscope at a magnifica‑
tion of x50 (DMI3000B; Leica Microsystems, Inc.).

Western blot analysis. The treated myocardiocytes were lysed 
using RIPA lysis buffer (Sigma‑Aldrich; Merck KGaA). The 
cells were centrifuged at 12,000 x g for 10 min at 4˚C. The 
concentration of protein was determined using a bicinchoninic 
acid assay (Thermo Fisher Scientific, Inc.). A total of 30 µg 
of protein/lane was separated using 12% SDS‑PAGE, blocked 
with 5% BSA (Sigma‑Aldrich; Merck KGaA) overnight at 4˚C, 
and then transferred to a PVDF (EMD Millipore) membrane. 
Membranes were incubated with appropriate primary anti‑
bodies: Bcl‑2 (1:1,000), Bak (1:1,000; product code ab32371; 
Abcam,), caspase‑3 (1:1,000), Cyto c (1:1,000), Apaf‑1 (1:1,000), 
Bim (1:1,000; product code ab32158; Abcam), CHOP (1:1,000; 
product code ab11419; Abcam) and β‑actin (1:1,000; product 
code ab8227; Abcam) overnight at 4˚C, washed with PBS and 
incubated with horseradish peroxidase (HRP)‑conjugated 
secondary antibodies (1:2,000, product code ab7090; Abcam) 
for 2  h at 25˚C. Protein expression was evaluated using 
enhanced chemiluminescence (product no. C PS1A300; 
Sigma‑Aldrich; Merck KGaA). The expression of protein was 
quantified using LabWorks™ Image Acquisition (version 4.0; 
UVP, LLC).

Confocal laser microscopy. The treated myocardiocytes 
were cultured in 6‑well plates for 12 h at 37˚C, washed with 
PBS, fixed with 4% paraformaldehyde for 15 min at room 
temperature, and then incubated with 0.1% Triton X‑100 and 
1% BSA for 30 min at room temperature. Myocardiocytes 
were incubated with primary anti‑mouse antibodies against 
Bim (1:1,000), CHOP (1:1,000), activating transcription 
factor 4 (ATF4; 1:1,000; product code ab216839; Abcam), 
inositol‑requiring enzyme 1α (IRE1α; 1:1,000; product code 
ab37073; Abcam), thiobarbituric acid reactive substances 
(TBARS; 1:1,000; ab118970; Abcam), reactive oxygen 
species (ROS; 1:1,000; ab186027; Abcam), H2O2 (1:1,000; 
ab138874; Abcam) overnight at 4˚C. Myocardiocytes 
were washed with PBS and incubated with corresponding 
anti‑rabbit secondary antibody (1:2,000, product code 
ab7090; Abcam) for 2  h at 25˚C. Subsequently, myocar‑
diocytes were stained with 5% DAPI for 30 min at room 
temperature. Images of myocardiocytes were captured using 
a Zeiss confocal spectral microscope (Carl Zeiss AG) at a 
magnification of x100.

Statistical analysis. All data are expressed as the mean ± SD 
of triplicate dependent experiments. All data were analyzed 
using SPSS Statistics 22.0 (IBM Corp.) Paired Student's test 
was used to assess the significant differences between two 
groups. One‑way variance analysis (ANOVA) followed by 
Tukey's HSD test were used to assess the significant differ‑
ences among multiple comparisons. P<0.05 was considered to 
indicate a statistically significant difference.
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Results

Protective effect of Tan‑IIA in myocardial ischemia-
reperfusion rat model. To determine the therapeutic effect of 
Tan‑IIA in myocardial ischemia, a myocardial ischemia‑reper‑
fusion rat model was established and received treatment with 
Tan‑IIA, or PBS. As demonstrated in Fig. 1A, Tan‑IIA attenu‑
ated the myocardial infarction sizes after ischemia‑reperfusion 
compared with the PBS group (P<0.01). In addition, the 
myocardial functions LVEDD, LVESD, LVEF and LVES were 
significantly ameliorated during reperfusion in the Tan‑IIA 
group compared with the PBS group (Fig. 1B‑E). Tan‑IIA 
treatment exhibited a significant elevation in dp/dt(max) 
throughout the reperfusion period compared with the PBS 
(P<0.01; Fig. 1F). These data indicated that Tan‑IIA played a 
protective role in a myocardial ischemia‑reperfusion rat model.

Tan‑IIA treatment inhibits myocardiocyte apoptosis in 
a rat model of myocardial ischemia. The anti‑apoptotic 
role of Tan‑IIA in a rat model of myocardial ischemia was 
next analyzed. A TUNEL assay demonstrated that Tan‑IIA 
decreased apoptosis of myocardial tissue compared with 
PBS (Fig.  2A). Immunohistochemical analysis revealed 
that Tan‑IIA upregulated the anti‑apoptotic protein Bcl‑2 
and Bcl‑xL expression in myocardial tissue compared with 
PBS (Fig.  2B). The data also demonstrated that Tan‑IIA 
downregulated pro‑apoptotic protein caspase‑3, Cyto c and 

Apaf‑1 expression in myocardial tissue compared with PBS 
(Fig. 2C). These data indicated that Tan‑IIA could inhibit 
apoptosis of myocardial tissue in rat model of myocardial 
ischemia.

Effect of Tan‑IIA on protection in H2O2‑induced myocar‑
diocytes. To verify the protective effect of Tan‑IIA on 
myocardiocytes, viability of myocardiocytes was analyzed 
in  vitro. As demonstrated in Fig.  3A, 30  µM of Tan‑IIA 
presented the optimal protective effect on viability of myocar‑
diocytes. As demonstrated in Fig.  3B, Tan‑IIA (30  µM) 
increased the viability of myocardiocytes in a time‑dependent 
manner compared with PBS. These data indicated that Tan‑IIA 
could increase the viability of myocardiocytes.

Tan‑IIA treatment inhibits myocardiocyte apoptosis in 
myocardiocytes in vitro. The anti‑apoptotic effect of Tan‑IIA 
was analyzed in myocardiocytes in  vitro. As revealed 
in Fig.  4A, Tan‑IIA produced a significant reduction of 
apoptosis of myocardiocytes compared with PBS treat‑
ment. The results revealed that expression levels of Bcl‑2 
and Bcl‑xl were upregulated by treatment with Tan‑IIA in 
myocardiocytes compared with PBS treatment (Fig. 4B). 
Western blot analysis demonstrated that apoptotic factors 
including cleaved caspase‑3 (casp‑3), Cyto c and Apaf‑1 in 
the mitochondrial apoptotic pathway were downregulated 
by Tan‑IIA in myocardiocytes compared with treatment by 

Figure 1. Therapeutic effect of Tan‑IIA on a myocardial ischemia‑reperfusion rat model. (A) TTC and Evan blue double staining for myocardial tissue and 
the myocardial infarct ratio of the PBS, Tan‑IIA and sham groups. (B‑E) Assessment of (B) LVEDD, (C) LVESD, (D) LVEF and (E) LVES in experimental 
rat PBS, Tan‑IIA and sham groups. (F) Coronary flow in experimental rat PBS, Tan‑IIA and sham groups. *P<0.05, **P<0.01. n=6 animals in each group. The 
results are expressed as the mean ± SD. Tan‑IIA, tanshinone‑IIA; TTC, 2,3,5‑triphenyltetrazolium chloride; LVEDD, left ventricular end‑diastolic diameter; 
LVESD, left ventricular end‑systolic diameter; LVEF, left ventricular ejection fraction; LVES, left ventricular fractional shortening.
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PBS (Fig. 4C). These data indicated that Tan‑IIA may inhibit 
myocardiocyte apoptosis via the mitochondrial apoptotic 
pathway.

Tan‑IIA improves myocardial ischemia by regulating oxidative 
stress. The effect of Tan‑IIA on oxidative stress was analyzed 
in myocardiocytes. As demonstrated in Fig. 5A and B, Tan‑IIA 
treatment upregulated the expression of endoplasmic reticulum 

stress‑related proteins Bim and CHOP in myocardiocytes 
compared with the control group. However, the oxidative 
stress stimulator TM abolished the Tan‑IIA‑increased Bim 
and CHOP expression in myocardiocytes compared with the 
control group. The data also demonstrated that myocardial 
injury‑induced apoptosis was inhibited by Tan‑IIA pretreat‑
ment compared with the control group and this effect was 
abolished by TM treatment in myocardiocytes (Fig. 5C). These 

Figure 2. Tan‑IIA decreases apoptosis of myocardial tissue in a rat model of myocardial ischemia. (A) Apoptotic myocardiocytes in myocardial tissue 
of sham, Tan‑IIA and PBS groups. (B) Anti‑apoptotic protein Bcl‑2 and Bcl‑xL expression in myocardial tissue determined by immunohistochemistry. 
(C) Pro‑apoptotic protein caspase‑3, Cyto c and Apaf‑1 expression in myocardial tissue in experimental rat PBS, Tan‑IIA and sham groups. **P<0.01. Tan‑IIA, 
tanshinone‑IIA; Cyto c, cytochrome c.
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Figure 4. Tan‑IIA inhibits myocardiocyte apoptosis. (A) In vitro effect of Tan‑IIA on apoptosis of myocardiocytes induced by H2O2. (B) Protein expression level 
of Bcl‑2 and Bcl‑xL in myocardiocytes among Tan‑IIA, Sham and PBS groups. (C) Protein expression level of casp‑3, Cyto c, and Apaf‑1 in myocardiocytes 
among Tan‑IIA, Sham and PBS groups. *P<0.05 and **P<0.01. Tan‑IIA, tanshinone‑IIA; Cyto c, cytochrome c; ns, no significance.

Figure 3. Effect of Tan‑IIA on viability of H2O2‑induced myocardiocytes. (A) Viability of H2O2‑induced myocardiocytes after treatment with Tan‑IIA 
(0‑40 µM). (B) Effect of 30 µM of Tan‑IIA on viability of H2O2‑induced myocardiocytes at the indicated time‑points (24, 48 and 72 h). *P<0.05 and **P<0.01. 
Tan‑IIA, tanshinone‑IIA; ns, no significance.
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results indicated that Tan‑IIA could protect myocardiocytes 
against apoptosis by modulating oxidative stress.

Tan‑IIA improves myocardial ischemia by decreasing apop‑
tosis of myocardiocytes via inhibition of the mitochondrial 
apoptotic signaling pathway. To identify the possible mecha‑
nism of Tan‑IIA in myocardiocytes, caspase‑3‑overexpressed 
(casp‑3OP) myocardiocytes were established. As demonstrated 
in Fig. 6A, caspase‑3 overexpression reversed Tan‑IIA‑decreased 
Casp‑3, Cyto c, and Apaf‑1 in myocardiocytes. The results in 
Fig. 6B demonstrated that Casp‑3 overexpression reversed 
Tan‑IIA‑decreased apoptosis of myocardiocytes compared 
with the control group. These results indicated that Tan‑IIA 
could decrease apoptosis of myocardiocytes via inhibition of 
the mitochondrial apoptotic signaling pathway.

Effects of Tan‑IIA on intracellular calcium and oxidative stress 
in myocardiocytes. Previous data has revealed that the intracel‑
lular calcium level and oxidative stress are increased during 
apoptosis of myocardiocytes (21). It has been demonstrated that 
I/R injury induces oxidative and inflammatory responses, and 
further ultimately damages cardiac function in patients suffering 
myocardial ischemia (27). To investigate whether the protective 
effect of Tan‑IIA on myocardiocytes in myocardial ischemia 
rats is related with intracellular calcium and oxidative stress, the 
intracellular calcium and oxidative stress levels were analyzed. 
As demonstrated in Fig. 7A, Tan‑IIA decreased the level of intra‑
cellular calcium in myocardiocytes compared with the control. 
The results revealed that production of TBARS, ROS and H2O2 

was inhibited by Tan‑IIA compared with the control groups 
(Fig. 7B‑D). The data also demonstrated that Tan‑IIA decreased 

Figure 5. Tan‑IIA decreases the endoplasmic reticulum stress‑dependent pathway in H2O2‑induced myocardiocytes. (A) Bim and CHOP expression in myocar‑
diocytes determined by western blot analysis. (B) Bim and CHOP expression in myocardiocytes determined by immunofluorescence. (C) Effect of TM on 
Tan‑IIA‑decreased apoptosis of myocardiocytes determined by TUNEL assay. **P<0.01. Tan‑IIA, tanshinone‑IIA; TM, tunicamycin; TUNEL, terminal 
deoxynucleotidyl transferase (TdT)‑mediated dUTP nick end labeling; ns, no significance.
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expression of ATF4 and IRE1α expression in myocardiocytes 
(Fig. 7E and F). Collectively, these results indicated that Tan‑IIA 
could decrease intracellular calcium and oxidative stress in 
myocardiocytes.

Discussion

Tan‑IIA is an effective drug for the treatment of cardiovascular 
diseases (28). A previous study revealed that Tan‑IIA injec‑
tion was effective and safe in improving clinical outcomes in 
patients with coronary heart disease (15). Tan‑IIA‑decreased 
apoptosis of myocardiocytes has been revealed to contribute 
to the recovery of myocardial function (17). However, the 
idiographic mechanism of Tan‑IIA remains unknown in 
myocardiocytes. The therapeutic effect of Tan‑IIA on inhi‑
bition of myocardial tissue apoptosis in an experimental rat 
model of myocardial ischemia and the possible mechanism of 
Tan‑IIA in myocardiocytes were investigated in the present 
study. The results provided insights on Tan‑IIA‑induced 
cellular mechanisms for anti‑apoptotic activities in impaired 
myocardiocytes undergoing the oxidative stress‑dependent 
pathway and mitochondrial signaling pathway, which 

demonstrated the potential value of using Tan‑IIA for cardio‑
vascular disease therapy.

Apoptosis of myocardiocytes has been revealed to be induced 
by myocardial ischemia caused by hypoxia, while reperfusion 
aggravates the apoptotic process during the preceding ischemic 
period (29). A previous study revealed that apoptosis of myocar‑
diocytes leads to increasing intracellular calcium and oxidative 
stress, which aggravates the inflammatory response and activa‑
tion of proapoptotic signaling proteins during the reperfusion 
period (30). Our results demonstrated that Tan‑IIA improved 
myocardial infarction size, myocardial functions, such as dp/dt, 
coronary flow and LVDP. The data also revealed that Tan‑IIA 
could inhibit apoptosis of myocardial tissue in a rat model of 
myocardial ischemia, indicating that Tan‑IIA has clinical value.

A previous study reported that apoptosis mediated by 
endoplasmic reticulum stress partly depended on signaling 
through activation of PERK and EIF2α expression (31). The 
data in this previous study identified that Tan‑IIA decreased 
PERK and EIF2α expression in myocardiocytes, which relieved 
endoplasmic reticulum stress and further led to reduction of 
apoptosis of myocardiocytes. In addition, intracellular calcium 
dynamics have been demonstrated to be important in promoting 

Figure 6. Effects of Tan‑IIA on the mitochondrial apoptotic signaling pathway in H2O2‑induced apoptosis in myocardiocytes. (A) Effect of casp‑3OP on 
Tan‑IIA‑regulated Casp‑3, Cyto c, and Apaf‑1 expression in myocardiocytes determined by western blot analysis. (B) Effect of casp‑3OP on Tan‑IIA‑decreased 
apoptosis of myocardiocytes determined by TUNEL assay. **P<0.01. Tan‑IIA, tanshinone‑IIA; casp‑3OP, caspase‑3‑overexpressed; Cyto c, cytochrome c; 
TUNEL, terminal deoxynucleotidyl transferase (TdT)‑mediated dUTP nick end labeling; ns, no significance.
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Figure 7. Effects of Tan‑IIA on intracellular calcium and oxidative stress in H2O2‑induced myocardiocytes. (A) Effect of Tan‑IIA on intracellular calcium in 
H2O2‑induced myocardiocytes. (B‑D) Effect of Tan‑IIA on production of (B) TBARS, (C) ROS and (D) H2O2 in H2O2‑induced myocardiocytes. (E and F) Effect of 
Tan‑IIA on ATF4 and IRE1α expression in myocardiocytes. **P<0.01. Tan‑IIA, tanshinone‑IIA; TBARS, thiobarbituric acid reactive substances; ROS, reactive 
oxygen species; ATF4, activating transcription factor 4; IRE1α, inositol‑requiring enzyme 1α.
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triggered activity during acetylcholine infusion in patients with 
heart failure (32). Furthermore, maintaining the balance between 
intracellular oxidants and antioxidants has been revealed to 
have a protective effect against myocardial (I/R) injury (33). 
The results of the present study revealed that Tan‑IIA decreased 
intracellular calcium and downregulated TBARS, ROS and 
H2O2 production in myocardiocytes. Importantly, no side effects 
were observed with Tan‑IIA treatment such as thrombotic 
phenomena, ulcerating atherosclerotic lesion or micronecrosis 
in experimental animals during experimentation.

Tan‑IIA has cardioprotective function through multiple 
targets related with NO production, such as eNOS phosphoryla‑
tion, L‑arginine uptake and CAT expression, which may have 
major clinical implications (34). Inhibition of the mitochondrial 
apoptotic signaling pathway has been revealed to contribute to 
the improvement of cardiac function and energy metabolism in 
mice after myocardial ischemia injury (35). The present study 
revealed that Tan‑IIA downregulated protein expression levels, 
such as cleaved caspase‑3, Cyto c and Apaf‑1 in the mitochon‑
dria‑mediated internal signaling pathway. A previous study 
reported that upregulation of Bcl‑2 and Bak expression could 
inhibit apoptosis of cells during myocardial I/R injury (36). 
Although Bim protein is considered to localize in mitochondria 
and acts as an anti‑apoptosis protein, it is also found on the endo‑
plasmic reticulum and nuclear membranes (37). Additionally, 
Bak is downregulated during ischemia and/or reperfusion injury 
in myocardial infarction (38). In the present study, the results 
revealed that Bcl‑2 and Bak expression levels were upregulated 
in myocardiocytes, which were associated with the inhibition of 
the mitochondrial apoptotic signaling pathway during myocar‑
dial ischemia injury. The data revealed that Tan‑IIA decreased 
apoptosis of myocardiocytes in a rat myocardial injury model 
and this was mediated by the mitochondrial signaling pathway. 
Wang  et  al reported that Bim is involved in protection of 
myocardial apoptosis after I/R injury (39). In the present study, 
our in vivo and in vitro data demonstrated that Tan‑IIA not only 
increased Bim expression in myocardial tissue, but also upregu‑
lated Bim expression in myocardial cells. Yu et al reported that 
naringenin treatment protects against myocardial I/R injury by 
reducing oxidative stress and CHOP expression (40). The present 
study is the first, to the best of our knowledge, to elucidate the 
relationship between Tan‑IIA and CHOP during ischemic heart 
disease. Collectively, Tan‑IIA treatment may lead to the inhibi‑
tion of downstream caspase‑3 in apoptosis in myocardiocytes, 
which may be a potential drug for the treatment of patients with 
myocardial ischemia.

Certain limitations of the present study should be noted. 
Firstly, this study did not analyze the endoplasmic reticulum 
stress‑dependent pathway. Notably, the main mechanism of 
Tan‑IIA in myocardiocytes is intricate. Nevertheless, further 
experiments and data analysis should be conducted in future 
studies. Secondly, the effects of Tan‑IIA on loss of the mito‑
chondrial membrane potential and the content of Cyto c in 
mitochondria and the cytoplasm in myocardiocytes were not 
analyzed. Thirdly, the specific anti‑apoptotic pathway by 
which Tan‑IIA protected against myocardial infarction was 
not confirmed. Finally, the sample size was small, therefore, 
the effect of Tan‑IIA on myocardial infarct and apoptosis of 
myocardiocytes should be identified in a larger sample size to 
draw conclusions in our future study.

In conclusion, data in the present study indicated the thera‑
peutic effect in a rat model of myocardial ischemia and provided 
a possible mechanism responsible for the anti‑apoptotic effect 
of Tan‑IIA in myocardiocytes. Our analysis revealed that 
Tan‑IIA ameliorated apoptosis of myocardiocytes through the 
mitochondrial signaling pathway and improved myocardial 
function via oxidative stress‑dependent pathways. The present 
study further demonstrated the anti‑apoptotic effects of 
Tan‑IIA in infarct expansion after myocardial ischemia, which 
provides a significant clinical reference for the treatment of 
patients with myocardial ischemia.
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