
INTERNATIONAL JOURNAL OF MOlecular medicine  41:  3127-3136,  2018

Abstract. Myocardial ischemia/reperfusion  (I/R) induces 
cardiac cell injury; however, the mechanism underlying cardiac 
damage remains unclear. A previous study demonstrated that 
triptolide (TP) exerts protective effects against I/R in cerebral 
cells. The present study aimed to evaluate the protective effects 
of TP on cardiac cells, and investigated the potential mechanisms 
involved in I/R‑induced damage. Rats and cardiac H9C2 cells 
undergoing I/R were pretreated with TP, and cell damage 
was assessed in vivo and in vitro. Hematoxylin and eosin and 
terminal deoxynucleotidyl‑transferase‑mediated dUTP nick end 
labeling staining were employed to evaluate I/R injury in rat 
cardiac tissue. Inflammatory factors, including tumor necrosis 
factor‑α, interleukin (IL)‑1β and IL‑6, were detected by ELISA. 
Biochemical analyses were performed to evaluate the bioactivity 
of superoxide dismutase, malondialdehyde and catalase. In 
addition, viability of H9C2 cells was measured using the Cell 
Counting kit 8 assay. Flow cytometry was used to evaluate 
cell apoptosis and reactive oxygen species (ROS) generation. 
Furthermore, the expression levels of proteins associated 
with apoptosis, peroxide and inflammation were measured 
using western blot analysis. H9C2 cells were also treated 
with N‑acetylcysteine and pyrrolidine dithiocarbamate, and 
cell injury was assessed after peroxidation or I/R. The results 
demonstrated that TP exerted a significant protective effect on 
cardiac cells in vivo and in vitro. TP reduced the inflammatory 
response, as determined by nuclear factor‑κB inhibition. In 

addition, TP decreased ROS‑mediated lipid peroxidation, and 
reduced ROS generation. TP also inhibited cell apoptosis by 
activating the extracellular signal‑regulated kinase 1/2 pathway. 
In conclusion, TP may protect cardiac cells from I/R injury; 
the potential protective mechanisms of TP against I/R include 
anti‑inflammatory action, antioxidation and apoptotic resistance.

Introduction

Myocardial ischemia refers to reduced cardiac perfusion, which 
leads to abnormal oxygen reduction and energy metabolism, 
thus resulting in cardiac pathology (1). Under normal conditions, 
the myocardial oxygen uptake rate is as high as ~70%, in order 
to guarantee normal myocardial function, whereas myocardial 
ischemia occurs when the balance between myocardial blood 
supply and demand is broken, which is caused by numerous 
factors, including coronary heart disease (2). The prevalence of 
myocardial ischemia has been reported to be increasing world-
wide, and it is a common and frequently encountered disease 
in middle‑aged and elderly individuals  (2). Thrombolysis, 
interventional therapy and coronary artery bypass grafting may 
be regularly applied for the management of serious myocardial 
ischemia (3,4). In addition, blood flow reperfusion leads to 
temporary survival of cardiac cells in the ischemic region and 
recovery of damaged tissue; however, the narrow therapeutic 
time window for these therapies may result in the occurrence 
of ischemia/reperfusion (I/R) injury. I/R injury may induce 
the disordered synthesis of mitochondrial energy and Ca2+ 
homeostasis, and the release of free radicals and inflammatory 
cytokines, eventually leading to myocardial cell apoptosis and 
organ damage (5‑7). Due to its ability to induce irreversible 
damage to cardiac cells, I/R injury is considered a critical issue 
in the treatment of ischemic stroke.

In a previous study, anti‑inflammatory agents were reported 
to reduce tissue damage and protect cells from ischemia (8). 
Triptolide  (TP) is extracted from the traditional Chinese 
medicinal plant Tripterygium wilfordii Hook F, and is a bioac-
tive ingredient with anti‑inflammatory activity, which may be 
used to treat numerous disorders, including arthritis, pulmonary 
hypertension and traumatic brain injury (9‑12). The inhibitory 
effects of TP on the production of inflammatory cytokines 
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in various cell lines has been determined in in vitro studies, 
thus suggesting the potential use of TP in the treatment of I/R 
injury (13‑16). The protective effects of TP on cardiac cells 
against I/R injury have rarely been reported. Therefore, in the 
present study, a rat myocardial I/R model was used to evaluate 
the protective effects of TP on I/R. Furthermore, the H9C2 
cardiac cell line was used to explore the potential mechanism 
underlying the protective effects of TP on I/R injury.

Materials and methods

Animal I/R model. Langendorff non‑circulatory perfusion was 
employed to evaluate the protective effects of TP against I/R 
in rat cardiac tissues. Krebs-Henseleit (KH) buffer was equili-
brated with 95% O2 and 5% CO2 at pH 7.4, and was flushed 
continually at 37˚C. A total of 36 rats were randomly grouped 
into six and were anesthetized via intraperitoneal injection of 
heparin sodium (1,000 U/kg) and 10% chloral hydrate (350 
mg/kg) for 20 min. The hearts were rapidly excised and placed 
in ice‑cold KH buffer. The aorta of the control group was fixed 
with an infusion tube and perfused at a constant perfusion 
pressure of 75 mmHg using a Langendorff non‑circulatory 
perfusion pump, for 170 min. The other groups underwent isch-
emia for 30 min following perfusion for 80 min, and were then 
reperfused for 60 min. A fluid‑filled balloon was inserted into 
the left ventricle and attached to a pressure transducer. A cardiac 
pacemaker was used to generate a heart rate of 280 beats/min. 
The present study was approved by the Institutional Animal 
Care and Use Committee (IACUC‑20130315‑01).

Histology and terminal deoxynucleotidyl‑transferase‑mediated 
dUTP nick end labeling (TUNEL) staining. Cardiac tissues 
were fixed in 10% formalin for 48 h. Tissues were dehydrated 
using ethanol and were cleared with xylene, after which they 
were embedded in paraffin and cut into 4‑7 µm sections. Slides 
of the tissue sections were then deparaffinized, dehydrated 
and stained with hematoxylin and eosin (H&E). Infiltrating 
neutrophils were identified and visualized under a microscope.

For TUNEL staining, the slides were deparaffinized and 
dehydrated as aforementioned. The sections were digested for 
40 min, and were then incubated with 50 µl TUNEL buffer 
at 37˚C for 1 h, and 50 µl POD at 37˚C for 30 min, respec-
tively. Finally, the slides were stained with DAB for 3‑10 min, 
sections were visualized under a microscope and apoptotic 
rate was calculated.

Cell culture. H9C2 cells were cultured in Dulbecco's modified 
Eagle's medium (DMEM) supplemented with 10% fetal calf 
serum and 1% x100 mycillin at 37˚C in an atmosphere containing 
5% CO2. To study the effects of TP on I/R cells, H9C2 cells 
were then digested, seeded into 96‑well plates (3x103 cells/well) 
and divided into five groups in triplicate. The control group was 
incubated in normal culture medium. The I/R group was trans-
ferred into sugar‑ and serum‑free DMEM, and was incubated 
at 37˚C in an atmosphere containing 5% CO2 and 1% O2 for 
2 h, after which, cells were transferred into normal DMEM and 
were cultured for 6 h. The TP groups were treated with various 
concentrations of TP for 1 h, and underwent hypoxia‑reoxy-
genation as described in the I/R group. Furthermore, cultured 
cells were treated with N‑acetylcysteine (NAC) or pyrrolidine 

dithiocarbamate (PDTC), in order to investigate the mecha-
nisms underlying the protective effects of TP against I/R injury. 
To study the effects of TP on H2O2-treated cells, cells were 
pretreated with NAC, PDTC or TP for 1 h, and then treated with 
100 µM H2O2 for 24 h. Cultured and treated cells were prepared 
for further experiments.

ELISA. The ELISA method was used to measure the expression 
levels of tumor necrosis factor (TNF)‑α, interleukin (IL)‑1β 
and IL‑6 in cardiac tissues and H9C2 cells by determining the 
absorbance at 450 nm. Briefly, ~10 mg cardiac tissues or 100 µl 
cultured cells were processed according to the manufacturers' 
protocols. TNF‑α, IL‑1β and IL‑6 concentrations were calcu-
lated according to the standard curve, which was generated 
from a series of known concentrations of standard bovine serum 
albumin.

Biochemical analysis. Cardiac antioxidant status was 
determined by measuring cardiac superoxide dismutase (SOD) 
content. Tissue samples were homogenized in 100 mmol/l 
Tris‑HCl buffer and were centrifuged at 10,000 x g for 20 min. 
SOD, malondialdehyde  (MDA) and catalase  (CAT) levels 
were assessed using commercial kits  (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China). Total protein 
concentration in heart homogenates was determined using the 
Coomassie blue method.

Cell Counting kit (CCK)‑8 assay. Cultured and treated H9C2 
cells were treated with 100 µl serum‑free DMEM containing 
10% CCK‑8 (Dojindo Molecular Technologies, Inc., Kumamoto, 
Japan) at 37˚C for 1 h in an atmosphere containing 5% CO2. 
The optical density of cell suspensions was measured at 450nm 
using a spectrophotometer, in order to evaluate the viability of 
H9C2 cells.

Cell apoptosis assay. Cultured and treated H9C2 cells were 
treated with 0.25% trypsin, in order to form a single cell 
suspension, and were washed with 10% PBS and centrifuged 
at 1,000 x g for 5 min. The supernatant was discarded and cells 
were then incubated with the Annexin V‑fluorescein isothio-
cyanate (FITC) apoptosis detection kit (BD Biosciences, San 
Diego, CA, USA) for 10 min at room temperature in the dark. 
Cell apoptotic rate was measured and data were obtained using 
flow cytometry (FACSCalibur; BD Biosciences).

DNA fragmentation assay. Cultured cells were fixed with 
3% paraformaldehyde and incubated at room temperature for 
5 min. Subsequently, the cells were air‑dried and stained with 
10 ml Hoechst 33258 (Beyotime Institute of Biotechnology, 
Jiangsu, China) for 10  min, followed by the addition of 
50% glycerol containing 20 mmol/l citric acid and 50 mmol/l 
orthophosphate. A fluorescence microscope was used to 
evaluate nuclear morphology.

Reactive oxygen species (ROS) assay. Cultured cells were 
washed with PBS and digested using trypsin following treat-
ment with PA for 24 h; followed by centrifugation at 1,500 rpm 
for 10  min. Cells were then collected and resuspended in 
staining buffer containing 50 µM dihydroethidium (Wegelasi 
Biotechnology Co., Ltd.). ROS was measured by flow cytometry.
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Western blot analysis. Briefly, 20 mg tissue samples were cut into 
pieces and proteins were extracted using 250 µl radioimmunopre-
cipitation assay buffer (Shanghai Solarbio Science & Technology 
Co., Ltd., Shanghai, China) containing 0.01% protease inhibitor 
cocktail (Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany). 
In addition, cultured cells were washed twice with 1X PBS, and 
were lysed at 4˚C. Furthermore, nuclear and plasma proteins were 
extracted from tissue samples using the NE‑PER kit (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA). Subsequently, 
samples were centrifuged at 12,000 x g for 15 min at 4˚C and 
the supernatants were collected. The bicinchoninic acid protein 
quantification kit (Thermo Fisher Scientific, Inc.) was used to 
quantify protein contents. Tissue and cell proteins were sepa-
rated by 15% (80 µg/well) or 10% (25 µg/well) SDS‑PAGE, 
respectively, and proteins were electrophoretically transferred 
to a nitrocellulose filter membrane (EMD Millipore, Billerica, 
MA, USA). Blots were blocked with 5% skim milk at room 
temperature for 1 h, and were then incubated with anti‑B‑cell 
lymphoma 2 (Bcl2) and Bcl2‑associated X protein (Bax) (Santa 
Cruz Biotechnology, Inc., Santa Cruz, CA), caspase‑3, lectin-like 
oxidized low-density lipoprotein receptor-1 (LOX‑1) and induc-
ible nitric oxide synthase (iNOS) (Abcam, Cambridge, UK), 
cyclooxygenase (COX)2, nuclear factor (NF)‑κB, phosphory-

lated (p)‑NF‑κB, NF‑κB inhibitor α (IκBα), p‑IκBα, extracellular 
signal‑regulated kinase (ERK)1/2, p‑ERK1/2 and GAPDH 
antibodies  (Cell Signaling Technology, Inc., Danvers, MA, 
USA). and were incubated with goat anti‑mouse or anti‑rabbit 
secondary antibodies (Beyotime Institute of Biotechnology). 
Enhanced chemiluminescence (Thermo Fisher Scientific, Inc.) 
was used to visualize the blots.

Statistical analysis. Data are presented as the means ± standard 
deviation of at least three independent replicates. The results 
were analyzed using analysis of variance followed by the 
Tukey multiple comparisons test. GraphPad Prism 5.0 soft-
ware (GraphPad Software, Inc., La Jolla, CA, USA) was used 
to perform data analysis. P<0.05 was considered to indicate a 
statistically significant difference.

Results

TP inhibits rat myocardial cell apoptosis. H&E and TUNEL 
staining were performed to evaluate the effects of I/R on control 
and TP‑treated cardiac tissues. As shown in Fig. 1A, cells in 
the I/R group exhibited swelling, necrosis and degeneration, 
alongside marked neutrophil infiltration. Conversely, less severe 

Figure 1. Immunohistochemical analysis of hearts subjected to sham surgery for 30 min of ischemia and 60 min of reperfusion. (A) Effects of TP on cardiac 
tissue injury after I/R were evaluated by hematoxylin and eosin staining. (B) Terminal deoxynucleotidyl‑transferase‑mediated dUTP nick end labeling staining 
was used to evaluate the effects of TP on cell apoptosis after I/R. I/R, ischemia/reperfusion; PDTC, pyrrolidine dithiocarbamate; TP, triptolide.
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cell necrosis was determined, and stained cells exhibited normal 
architecture in the PDTC‑ and TP‑treated groups, thus indicating 
that I/R induced cell damage, whereas TP exerted protective 
effects against I/R. TUNEL staining demonstrated that I/R 
induced cell apoptosis (Fig. 1B); apoptotic cells were stained 
brown in the I/R group. The number of positively stained cells 
was reduced in the TP‑treated groups, thus indicating the inhibi-
tory effects of TP against I/R‑induced cell apoptosis. In addition, 
Bcl2 was increased and Bax was decreased, as determined by 
western blot analysis, indicating that cell apoptosis was inhibited 
by TP compared with in the I/R group (Fig. 2A and B).

TP inhibits the inflammatory response in rat myocardial 
cells. TNF‑α, IL‑1β and IL‑6 were evaluated using ELISA, 

in order to investigate the inflammatory response following 
I/R in rat myocardial cells. Significant increases in the expres-
sion levels of TNF‑α, IL‑1β and IL‑6 were detected in the 
I/R group, whereas these increased levels were attenuated in 
the TP‑treated groups in a dose‑dependent manner (Fig. 2C). 
Similarly, the relative nuclear and plasma protein expression 
levels of NF‑κB were decreased in the TP‑treated groups 
compared with in the I/R group (Fig. 2A and B).

TP protects rat myocardial cells from peroxidation. The 
levels of cardiac enzymes, SOD, MDA and CAT, were 
measured to evaluate the oxidative damage caused by 
I/R (Fig. 2D and E). Although higher levels of SOD and MDA 
were detected in the I/R and TP‑treated groups compared 

Figure 2. Western blot analysis and ELISA were performed to investigate the mechanisms underlying the protective effects of TP against I/R in cardiac 
tissues. (A and B) Western blot analysis was used to measure the protein expression levels of Bcl2, Bax, LOX‑1 and NF‑κB. (C) ELISA analysis was used to 
determine the inhibitory effects of TP on the expression of inflammation‑associated proteins, TNF‑α, IL‑1β and IL‑6. (D and E) Biochemical analyses revealed 
the alterations in SOD, MDA and CAT. ***P<0.001, compared with the control group. #P<0.05, ##P<0.01, ###P<0.001, compared with the I/R group (n=6). Bax, 
Bcl2‑associated X protein; Bcl2, B‑cell lymphoma 2; (C), cytoplasmic; CAT, catalase; IL, interleukin; I/R, ischemia/reperfusion; LOX‑1, lectin-like oxidized 
low-density lipoprotein receptor-1; MDA, malondialdehyde; (N), nuclear; NF‑κB, nuclear factor‑κB; PDTC, pyrrolidine dithiocarbamate; SOD, superoxide 
dismutase; TNF‑α, tumor necrosis factor‑α; TP, triptolide.

Figure 3. Viability of H9C2 cells was determined using the Cell Counting 
kit‑8 assay 12 h after 2 h of ischemia and 6 h of reperfusion. Cell viability 
of H9C2 cells was improved by TP in a dose‑dependent manner. ***P<0.001, 
compared with the control group. #P<0.05, ##P<0.01 and ###P<0.001 compared 
with the I/R group (n=3). TP, triptolide; I/R, ischemia/reperfusion.

Figure 4. Expression of inflammatory factors in H9C2 cells was determined 
using ELISA after 2 h of ischemia and 6 h of reperfusion. TP inhibited the 
expression of inflammatory factors, TNF‑α, IL‑1β and IL‑6, in a dose‑depen-
dent manner. ***P<0.001, compared with the control group. #P<0.05, ##P<0.01 
and ###P<0.001, compared with the I/R group (n=3). IL, interleukin; I/R, 
ischemia/reperfusion; TNF‑α, tumor necrosis factor‑α; TP, triptolide.
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with in the control group, the enzymatic activities of SOD 
and MDA were reduced in the TP‑treated groups compared 
with in the I/R group in a dose‑dependent manner. In addi-
tion, CAT activity exhibited almost no alteration between 
the I/R and TP‑treated groups. Furthermore, LOX‑1 was 
measured by western blot analysis; the protein expression 
levels of LOX‑1 were attenuated compared with in the I/R 
group (Fig. 2A and B), thus suggesting that TP exerts protec-
tive effects against I/R‑induced peroxidation.

TP improves the viability of H9C2 cells. In order to investigate 
the possible mechanisms underlying the protective effects of 
TP against I/R injury in cardiac cells, an in vitro study was 
performed using H9C2 cells. The CCK‑8 assay was performed 
to evaluate the viability of H9C2 cells after 2 h of ischemia 
and 6 h of reperfusion. Compared with in the I/R group, cell 
proliferation in the TP‑treated groups was increased in a 
dose‑dependent manner (Fig. 3), thus indicating the improved 
viability of H9C2 cells following TP treatment.

TP reduces inflammation in H9C2 cells. ELISA was used 
to measure the expression levels of TNF‑α, IL‑1β and IL‑6 
in H9C2 cells after I/R. Similar to the expression levels of 
TNF‑α, IL‑1β and IL‑6 detected in cardiac tissues, the expres-
sion levels of these proteins were significantly increased in 
the I/R group compared with in the control group, and were 
decreased in the TP‑treated groups compared with in the I/R 
group in a dose‑dependent manner (Fig. 4).

TP inhibits apoptosis of H9C2 cells. Flow cytometry was 
used to evaluate apoptosis in the control and TP‑treated 
H9C2 cells. I/R‑induced cell apoptosis was detected 
using Annexin  V‑FITC/propidium iodide (PI) double 
staining (Fig. 5A). The apoptotic rate was calculated from 
the percentage of early apoptotic cells presented in the 
lower right quadrant of the histograms. The apoptotic rate 
was dose‑dependently reduced in the TP‑treated H9C2 cells 
compared with in the I/R group, thus revealing the inhibitory 
effect of TP against I/R. Hoechst 33258 staining was also used 

to morphologically detect apoptosis of H9C2 cells through 
fluorescence staining (Fig. 5B). Nuclear fragmentation and 
chromosomal condensation were improved in the cells treated 
with various concentrations of TP compared with in the I/R 
group. Furthermore, apoptosis of H9C2 cells was measured, 
in order to evaluate the protective effects of TP against 
H2O2‑induced peroxidation. As shown in Fig. 6A and B, the 
apoptotic rate was increased in the H2O2 and I/R groups, 
whereas the apoptotic rate was significantly reduced in the 
NAC‑, PDTC‑ and TP‑treated groups.

TP reduces ROS generation. ROS are produced by the mito-
chondrial electron transport chain in cells, and are involved 
in cell apoptosis via the regulation of caspases. ROS genera-
tion may be detected using dihydroethidium, which has free 
access into live cells through the cell membrane. As shown in 
Fig. 7A, compared with in the control group, the fluorescence 
intensity of ROS was increased in H9C2 cells in the I/R group. 
However, there was a significant dose‑dependent decrease in 
ROS generation in the TP‑treated groups compared with in 
the I/R group. In addition, reductions in SOD, CAT and MDA 
expression in the TP‑treated groups indicated the antioxida-
tive effects of TP (Fig. 7B and C). As presented in Fig. 8, TP 
exerted protective effects against H2O2‑induced peroxidation, 
according to the decreased fluorescence intensity of ROS in 
NAC‑, PDTA‑ and TP‑treated groups.

Effects of TP on protein expression in H9C2 cells. The expres-
sion levels of inflammatory‑associated proteins, NF‑κB and 
IκBα, were measured by western blot analysis (Fig. 9A and B), 
as was the expression of iNOS (Fig. 9A and C). IκBα was 
downregulated in the I/R group, whereas NF‑κB was 
upregulated. Conversely, the expression levels of NF‑κB were 
decreased and IκBα was increased in the TP‑treated groups 
in a dose‑dependent manner; similar findings were detected 
in the NAC and PDTC groups. The phosphorylation of IκBα 
and NF‑κB was increased in the I/R group, but decreased in 
the TP-treated groups (Fig. 10). In addition, upregulation of 
iNOS was detected following I/R, whereas in the TP‑treated 

Figure 5. Cell apoptosis was measured by flow cytometry after 2 h of ischemia and 6 h of reperfusion. (A) Early apoptotic cells were detected using 
Annexin V/propidium iodide double staining, and are presented in the lower right quadrant. ***P<0.001, compared with the control group. ###P<0.001, compared 
with the I/R group (n=3). (B) Apoptosis of H9C2 cells was observed using Hoechst 33258 fluorescence staining. Morphology of apoptotic cells exhibited 
chromosomal condensation and nuclear fragmentation. I/R, ischemia/reperfusion; TP, triptolide.
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Figure 6. Cell apoptosis was measured by flow cytometry, in order to evaluate the protective effects of TP against H2O2. (A) Early apoptotic cells were 
determined following treatment with H2O2 for 24 h using Annexin V/PI double staining, and are presented in the lower right quadrant. ***P<0.001, compared 
with the H2O2 group (n=3). (B) Early apoptotic cells were determined using Annexin V/PI double staining after 2 h of ischemia and 6 h of reperfusion. 
***P<0.001, compared with the I/R group. H2O2, hydrogen peroxide; I/R, ischemia/reperfusion; NAC, N‑acetylcysteine; PDTC, pyrrolidine dithiocarbamate; 
PI, propidium iodide; TP, triptolide.

Figure 7. Generation of ROS in H9C2 cells during the process of cell apoptosis. (A) Compared with in the control group, ROS, as measured using dihydro-
ethidium, was significantly decreased in TP‑treated cells in a dose‑dependent manner. (B and C) TP exerted protective effects against I/R via SOD, MDA and 
CAT. ***P<0.001, compared with the control group. ##P<0.01, ###P<0.001, compared with the I/R group (n=3). CAT, catalase; I/R, ischemia/reperfusion; MDA, 
malondialdehyde; ROS, reactive oxygen species; SOD, superoxide dismutase; TP, triptolide.
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groups iNOS was decreased in a dose‑dependent manner, thus 
indicating the inhibitory effects of TP during I/R.

COX2 and LOX‑1 were measured using western blot 
analysis, in order to evaluate the peroxidative damage caused 
by I/R (Fig. 9A and C). COX2 and LOX‑1 expression levels 
were increased following I/R, whereas in the TP‑treated 

groups COX2 and LOX‑1 were decreased in a dose‑dependent 
manner.

ERK1/2 phosphorylation was also detected by western blot 
analysis (Fig. 9A and B). The phosphorylation of ERK1/2 was 
increased in the I/R group, but decreased in the TP-treated 
groups. Furthermore, the expression levels of caspase‑3 and 

Figure 8. ROS generation in H9C2 cells during the process of cell apoptosis. (A) ROS generation was measured in H9C2 cells treated with H2O2 for 24 h. 
***P<0.001, compared with the H2O2 group. (B) ROS generation in H9C2 cells after 2 h of ischemia and 6 h of reperfusion. ***P<0.001, compared with the I/R 
group. ##P<0.01, compared with the NAC group. △△P<0.01, compared with the PDTC group (n=3). H2O2, hydrogen peroxide; I/R, ischemia/reperfusion; NAC, 
N‑acetylcysteine; PDTC, pyrrolidine dithiocarbamate ROS, reactive oxygen species; TP, triptolide.

Figure 9. Effects of TP on the phosphorylation of IκBα, NF‑κB and ERK1/2, and the expression of iNOS, COX2, caspase‑3, Bcl2, Bax and LOX‑1, as deter-
mined by western blot analysis. (A) Relative expression levels of IκBα, NF‑κB, ERK1/2, iNOS, COX2, caspase‑3, Bcl2, Bax and LOX‑1 were determined. 
(B) Semi‑quantification of western blot analysis was used to measure the phosphorylation of IκBα, NF‑κB and ERK1/2. (C) Expression levels of iNOS, COX2, 
caspase‑3, Bcl2, Bax and LOX‑1 were analyzed by semi‑quantification of western blot analysis. ***P<0.001, compared with the control group. #P<0.05, ###P<0.001, 
compared with the I/R group (n=3). Bax, Bcl2‑associated X protein; Bcl2, B‑cell lymphoma 2; COX2, cyclooxygenase 2; ERK1/2, extracellular signal‑regulated 
kinase 1/2; IκBα, NF‑κB inhibitor α; iNOS, inducible nitric oxide synthase; I/R, ischemia/reperfusion; LOX‑1, lectin-like oxidized low-density lipoprotein 
receptor-1; NF‑κB; nuclear factor‑κB; p-, phosphorylated; TP, triptolide.
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Bax were increased in the I/R group compared with in the 
control group, whereas Bcl2 was decreased (Fig. 9A and C). 
Conversely, caspase‑3 and Bax expression were decreased by 
TP in a dose‑dependent manner, whereas Bcl2 was increased 
in the TP‑treated groups, thus indicating the inhibitory effects 
of TP against cell apoptosis.

Discussion

In the present study, the protective effects of TP were deter-
mined against a rat model of I/R and H9C2 cardiac cells 
undergoing I/R. The results of the present study revealed the 
mechanisms underlying myocardial I/R injury. Conversely, 
TP‑treated cardiac cells exhibited reduced cell swelling, 
necrosis and degeneration following I/R, and the production 
of proinflammatory cytokines, including TNF‑α, IL‑1β and 
IL‑6, was reduced, as was NF‑κB expression. In addition, 
attenuation of ROS generation induced by TP reduced the lipid 
peroxidation damage caused by I/R, thus suggesting the anti-
oxidative effects of TP. Furthermore, ERK1/2 and caspase‑3 

were inhibited by TP, thus suggesting that TP suppressed the 
ERK1/2 pathway and inhibited cell apoptosis.

NF‑κB, which is regulated by IκBα, is a transcription factor 
that controls the production and expression of numerous cytokines 
and chemokines (17). In addition, NF‑κB mediates cell apoptosis 
and inflammation in response to immunological stimuli. NF‑κB 
was previously reported to be significantly activated in cerebral 
I/R (18,19). Activated NF‑κB may upregulate the expression of 
proinflammatory cytokines, including TNF‑α, IL‑1β and IL‑6, 
thus resulting in inflammation. In the present study, phosphoryla-
tion of NF‑κB and IκBα, and the expression of TNF‑α, IL‑1β and 
IL‑6, was measured in response to cardiac I/R. p‑IκBα accom-
panied by activated NF‑κB induced inflammation in H9C2 cells, 
which was relieved following TP treatment. NF‑κB deactivation 
was detected in the TP‑treated groups, thus suggesting that TP 
inhibited activation of NF‑κB, which was followed by suppres-
sion of proinflammatory cytokines, TNF‑α, IL‑1β and IL‑6. 
Furthermore, similar results were obtained following administra-
tion of PDTC, which was confirmed to act as an NF‑κB inhibitor. 
These data suggested that TP exerted similar effects as NF‑κB 
inhibitor. iNOS expression is involved in early inflammation, and 
is considered a response to tissue damage (20,21). In the present 
study, the expression levels of iNOS were increased during I/R 
and were attenuated in TP‑pretreated H9C2 cells, thus suggesting 
the anti‑inflammatory effects of TP. Furthermore, the percentage 
of TUNEL‑positive cells was significantly reduced following 
treatment with TP. Therefore, these findings demonstrated the 
detrimental role of NF‑κB in myocardial ischemia, and the 
inhibitory effects of TP on NF‑κB.

MDA is a sensitive indicator of ROS‑mediated lipid peroxi-
dation, which contributes to I/R injury, whereas SOD and CAT 
are endogenous antioxidant enzymes that are developed to 
inhibit the production of ROS (22,23). It has previously been 
suggested that the development of ROS serves an important role 
in tissue damage caused by I/R. ROS in tissues that experience 
I/R are metabolized to prostaglandins and leukotrienes, which 
result in the chemotaxis of leukocytes, and control of vascular 
endothelial cell function, thus indicating the possible role of 
ROS‑mediated lipid peroxidation in I/R injury. LOX‑1 is an 
indicator of oxidative stress, which has been reported to present 
increased expression during tissue damage, whereas COX2 
is the essential enzyme in prostaglandin synthesis (24‑27). In 
the present study, elevated ROS levels were detected in tissue 
samples and H9C2 cells. The results obtained from biochemical 
analyses in rat tissues and H9C2 cells demonstrated that 
MDA levels were significantly increased, whereas SOD and 
CAT activity was decreased in response to I/R. These effects 
were markedly attenuated following treatment with TP in a 
dose‑dependent manner, thus indicating that I/R induces injury 
via ROS‑mediated lipid peroxidation. Furthermore, the expres-
sion levels of LOX‑1 and COX2 were assessed by western blot 
analysis; LOX‑1 and COX2 were increased during I/R, whereas 
their expression was attenuated by TP, thus indicating that I/R 
induced damage via lipid peroxidation and TP exerted protec-
tive effects against I/R. In addition, in order to explore the 
mechanism underlying ROS‑induced damage and the mecha-
nism underlying the protective effects of TP against I/R injury, 
H9C2 cells were treated with NAC, and ROS generation, MDA 
levels, and the activity levels of SOD and CAT, were assessed 
in response to H2O2‑induced peroxidation damage. NAC, as a 

Figure 10. Effects of TP on IκBα, NF‑κB and ERK1/2 phosphorylation in H9C2 
cells, as evaluated by western blot analysis. (A) IκBα, NF‑κB and ERK1/2 phos-
phorylation was detected by western blotting. (B) IκBα, NF‑κB and ERK1/2 
phosphorylation was semi‑quantified after western blot analysis following 
treatment with H2O2 for 24 h. **P<0.01, ***P<0.001, compared with the H2O2 
group. (C) IκBα, NF‑κB and ERK1/2 phosphorylation was semi‑quantified after 
western blot analysis following 2 h of ischemia and 6 h of reperfusion. *P<0.05, 
**P<0.01, ***P<0.001, compared with the I/R group (n=3). ERK1/2, extracellular 
signal‑regulated kinase 1/2; H2O2, hydrogen peroxide; IκBα, NF‑κB inhibitor α; 
I/R, ischemia/reperfusion; NAC, N‑acetylcysteine; NF‑κB; nuclear factor‑κB; 
p-, phosphorylated; PDTC, pyrrolidine dithiocarbamate; TP, triptolide.
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ROS inhibitor, exerted inhibitory effects on ROS‑mediated lipid 
peroxidation caused by H2O2. ROS generation was increased in 
H9C2 cells following treatment with H2O2; however, ROS levels 
were attenuated in NAC‑ and TP‑treated groups. These findings 
support the hypothesis that ROS‑mediated lipid peroxidation 
causes cardiac cell injury during I/R. The present study indicated 
that tissues may be damaged by I/R through ROS‑mediated lipid 
peroxidation, whereas TP pretreatment could alleviate I/R injury 
by enhancing the activities of endogenous antioxidant enzymes, 
including CAT and SOD, in order to inhibit lipid peroxidation.

TUNEL and Annexin  V/PI staining revealed that cell 
apoptosis was increased in response to I/R injury. Conversely, 
apoptotic rate was significantly decreased following TP pretreat-
ment. In order to explore the mechanisms underlying I/R‑induced 
cell apoptosis, numerous apoptosis‑associated proteins, including 
Bcl2, Bax and caspase‑3, were detected by western blot analysis. 
Caspase‑3 is activated by apoptotic signals acts on peptide chain 
and split substrate, resulting in cell apoptosis. Caspase‑3 serves 
a direct role in cell apoptosis as an effector caspase. It has been 
reported that caspase‑3 induces activation of caspase‑activated 
deoxyribonuclease  (CAD), which is associated with DNA 
degradation (28). When apoptosis occurs, CAD is released by 
the inhibitor of CAD, which is activated by caspase‑3. In addi-
tion, nuclear lamina, which is responsible for the stability of 
chromatin, may be cut by caspase‑3 at a single site, thus resulting 
in chromatin degradation (29,30). Bax and Bcl2 belong to the 
Bcl2 family, which possess numerous highly conserved frag-
ments that are mainly distributed in the nuclear membrane, 
endoplasmic reticulum and mitochondrial membrane  (31). 
Bcl2 exerts an anti‑apoptotic function by inhibiting the release 
of apoptosis‑promoting substances from the mitochondria and 
suppressing activation of proapoptotic proteins, caspase‑3 and 
Bax  (32,33). Therefore, TP‑induced Bcl2 upregulation, and 
caspase‑3 and Bax downregulation, suggested that TP may 
suppress cell apoptosis. In addition, p‑ERK1/2 was also assessed 
in the present study. It has been reported that reduced activa-
tion of the phosphoinositide 3‑kinase‑protein kinase B pathway 
in myocardial I/R may be accompanied by decreased ERK1/2 
expression (34). The results of the present study corresponded 
with those in previous studies. ERK1/2 was downregulated in 
the I/R group, thus suggesting that the ERK1/2 pathway is inhib-
ited during I/R; however, ERK1/2 expression was improved in 
TP‑pretreated H9C2 cells, thus suggesting that ERK1/2 may be 
activated by TP so as to inhibit cell apoptosis during I/R injury.

Three different dosages of TP were used in the present 
study to investigate the association between the protective 
effects and dosage of TP, in order to provide a theoretical 
basis for clinical study. Data obtained from high‑dose TP 
presented a significant difference compared with in the control 
group. The difference between the TP‑treated groups and the 
control group may be due to the rapid absorption time and 
short half‑life of TP. Reduced bioactivity of TP may affect the 
protective effects against I/R injury, which should be taken 
into account in future studies. Regardless, TP exerted efficient 
protective effects against I/R damage in cardiac cells.

In conclusion, the present study demonstrated that TP 
exerted protective effects on cardiac cells during I/R in vivo 
and in  vitro. In addition, the mechanisms underlying the 
protective effects of TP, including anti‑inflammatory action, 
antioxidation and apoptotic resistance, were investigated.
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