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Protective effect of celastrol on myocardial ischemia–reperfusion injury

Introduction

Ischemic heart disease is one of the major causes of death 
worldwide (1). Instant recovery of blood supply (reperfusion) is 
considered one of the most optimal methods to prevent myo-
cardial necrosis in ischemia. However, reperfusion itself may 
aggravate the extent of myocardial injury, which is termed as 
myocardial ischemia–reperfusion injury (MIRI) (2). MIRI is a com-
plicated pathological process that involves in multiple factors 
including oxidative stress (free radical damage), inflammatory 
response, calcium overloading, and apoptosis in cardiomyocytes 
(3). Although the exact mechanism of MIRI remains unknown, it 
is widely accepted that inhibition of damage with oxidative stress, 
inflammatory response, calcium overloading, and apoptosis is a 
strategy for relieving MIRI (4).

Tripterygium wilfordii, a well-known traditional Chinese medi-
cine, has been used for the treatment of inflammation, pain, tu-
mor, and immune regulation for centuries (5). Celastrol, a penta-
cyclic triterpenoid, is a major active constituent isolated from the 
root of T. wilfordii (6). Celastrol has been demonstrated to pos-

sess multiple pharmacological actions, including antioxidant (7), 
anti-inflammatory (8), anticancer (9, 10), and obesity-controlling 
effects (11, 12). Of note, a recent study has demonstrated that 
celastrol protects the kidneys against ischemia reperfusion-in-
duced injury in rats (13). However, whether celastrol possesses 
protective effect against MIRI remains unknown.

Therefore, in the present study, we first tested the protective 
effect of celastrol on H9c2 cells under the condition of the hy-
poxia/reoxygenation (H/R) model, an in vitro MIRI model. Further-
more, we explored the role of inflammatory factors and nuclear 
factor-KB (NF-KB) in the cardioprotection of celastrol.

Methods

Cell culture and H/R process
H9c2 cell lines obtained from the Shanghai Institutes for 

Biological Sciences (Shanghai, China) was routinely cultivated 
in Dulbecco’s modified eagle medium (Hyclone, Logan, USA) 
supplemented with 10% fetal bovine serum (Sijiqing Biotechnol-
ogy Company, Hangzhou, China), 100 units/mL penicillin and 100 
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μg/mL streptomycin in a humidified atmosphere at 37°C with 5% 
CO2.

H/R process was performed as previously described (14). 
Briefly, H9c2 cells were first transferred to the medium without 
serum and glucose and then placed in a hypoxic chamber satu-
rated with a mixed gas containing 5% CO2 and 95% N2 at 37°C for 
8 h. Then, cells were reoxygenated by incubating in a fresh me-
dium with serum and glucose under normoxic conditions for 4 h.

Celastrol treatment
Celastrol powder (Meilun Biotechnology Company, Dalian, 

China) was dissolved in dimethyl sulfoxide (DMSO) (Sigma, St. 
Louis, USA) to prepare celastrol reserve solution (1 mM). Dif-
ferent doses of celastrol (10, 20, 50, 100, 200, and 400 nM) were 
added to the medium 60 min before the H/R process. The optimal 
dose of celastrol for treatment was determined based on the ra-
tio of cell viability and was used in the follow-up study.

Measurement of cell viability
MTT assay was used to determine cell viability after the H/R 

process and celastrol treatment. Briefly, H9c2 cells were seeded 
in a 96-well plate and treated with various concentrations of PA 
as described above. After 12 h, cell medium was removed and 
replaced with 200 μL of 5 mg/mL MTT solution (Sigma) per well . 
After incubation at 37°C for 4 h, MTT solution was removed and 
each well was washed with PBS three times. The precipitated 
formazan in each well was solubilized by DMSO and optical 
density was measured using an automated microplate reader 
(Thermo, USA).

Measurement of cell injury
Lactate dehydrogenase (LDH) and creatine kinase MB isoen-

zyme (CK-MB) activity of cell medium was used to determine the 
injury to H9c2 cells using a commercial LDH assay kit (Jiancheng 

Bioengineering Institute, Nanjing, China) and CK-MB assay kit 
(Jiancheng Bioengineering Institute), according to the manufac-
turer’s instructions.

RT-qPCR assay
mRNA expression was examined by RT-qPCR assay as previ-

ously described (15). In brief, total RNA was first extracted from 
cells using Trizol reagent (Takara, Dalian, China) and was then 
reverse transcribed onto cDNA using PrimeScriptTM RT reagent 
Kit with gDNA Eraser (Takara) according to the manufacturer’s 
instructions. qPCR was performed using the ABI 7500 Real Time 
PCR system (Applied Biosystems, Foster City, USA) with SYBR® 
Premix Ex Taq™ II (Takara) and specific primers (Table 1) ac-
cording to the amplifying condition (95°C for 30 min, 40 cycles 
of 95°C for 5 s and 60°C for 34 s). Human GAPDH was used for 
mRNA normalization.

Western blot analysis
Cells were harvested after the H/R process and celastrol 

treatment, membrane and cytosol proteins were extracted from 
cells after centrifugation using Membrane and Cytosol Protein 
Extraction Kit (Beyotime, Shanghai, China), and nuclear pro-
teins were also extracted from cells after centrifugation using 
Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime). Pro-
tein concentration was measured using Enhanced BCA Protein 
Assay Kit (Beyotime). For western blot analysis, 50 μg protein 
denatured by heating was subjected to 10% SDS polyacrylamide 
gel for separation and then transferred to PVDF membranes. The 
membrane was blocked using 5% skim milk for 1 h and then incu-
bated overnight at 4°C with specific primary antibodies includ-
ing monoclonal anti-TNF-⍺ (1:500) (Wanleibio, Shenyang, China), 
anti- IL-1β (1:500) (Wanleibio), anti-NF-KB (1:500) (Wanleibio), 
and anti-β-actin (1:5000) (Golden Bridge Biotechnology, Beijing, 
China). After this, membranes were incubated with horserad-
ish peroxidase-conjugated goat anti-rabbit or rabbit anti-mouse 
immunoglobulin G (1:10000) (Golden Bridge Biotechnology) at 
37°C for 2 h. Detection of protein band was performed using an 
enhanced chemiluminescence for Western Blotting Kit (Santa 

Table 1. Primer information

Primer name             Sequence (5’to 3’)

TNF-⍺(F) GAAGAGAACCTGGGAGTAGATAAGG

TNF-⍺(R) GTCGTAGCAAACCACCAAGC

IL-1b(F) TCGTTGCTTGTCTCTCCTTG

IL-1b(R) AAAAATGCCTCGTGCTGTCT

NF-kB(F) GACCTGGAGCAAGCCATTAG

NF-Kb(R) CACTGTCACCTGGAAGCAGA

GAPDH(F) ATCATCAGCAATGCCTCC
GAPDH(R) CATCACGCCACAGTTTCC
F-forward; R-reverse

Figure 1. The effect of celastrol on cell viability. Control: H9c2 cells are 
cultured under normoxic condition for 12 h; H/R: H9c2 cells are sub-
jected to hypoxia for 8 h followed by reoxygenation for 4 h; *represents 
P<0.05 vs. H/R group; # represents P<0.05 vs. 20 nM celastrol group
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Cruz, California, USA) according to the manufacturer’s instruc-
tions. Levels of phosphorylated proteins were normalized to their 
corresponding total protein levels. Relative densitometry was 
calculated using Image J2x analysis software (NIH, USA).

Statistical analysis
Data were expressed as mean±SD values. Statistical analy-

sis was performed using SPSS 17.0 version (SPSS, Inc., Chicago, 
USA). Differences between groups were first evaluated using 
one-way analysis of variance, and if the differences were sig-
nificant, multiple comparison analysis was further performed us-
ing Fisher’s least significant difference test. All p-values of <0.05 
were considered statistically significant.

Results

Effect of celastrol on cell viability
To explore the optimal dose of celastrol for the treatment of 

H/R, different doses of celastrol were used. As shown in Figure 1, 
cell viability was significantly increased by 20 and 50 nM celastrol 
treatment compared with the H/R group (20 nM celastrol group 
vs. H/R group: 75.26%±2.16% vs. 70.50%±2.26%, p=0.027; 50 nM 
celastrol group vs. H/R group: 81.93%±2.15% vs. 70.50%±2.26%, 
p<0.001). In addition, cell viability was higher in the 50 nM celas-
trol group than in the 20 nM celastrol group (50 nM celastrol 
group vs. 20 nM celastrol group: 81.93%±2.15% vs. 75.26%±2.16%, 
p=0.003). However, cell viability was not significantly increased 
in the 100 nM celastrol group (100 nM celastrol group vs. H/R 
group: 69.86%±1. 64% vs. 70.50%±2.26%, p=0.774) and even sig-

nificantly reduced in the 200 and 400 nM celastrol group (200 nM 
celastrol group vs. H/R group: 44.35%±4.01% vs. 70.50%±2.26%, 
p<0.001; 400 nM celastrol group vs. H/R group: 28.26%±2. 90% 
vs. 70.50%±2.26%, p<0.001). Taken together, 50 nM celastrol was 
considered the optimal dose for the treatment of H/R-induced 
myocardial injury and was further used in the follow-up study.

Effect of celastrol on the release of LDH and CK-MB
As shown in Figure 2, H/R promoted the release of a large 

amount of LDH and CK-MB from cardiomyocytes into the culture 
medium (H/R group vs. control group: for LDH, 313.97 IU/L±16.04 
IU/L vs.109.86 IU/L±14.41 IU/L, p<0.001; for CK-MB, 201.00 IU/
L±56.04 IU/L vs. 56.67 IU/L±23.03 IU/L, p<0.001), but the releases of 
LDH and CK-MB were remarkably decreased by 50 nM celastrol 
treatment (H/R+ celastrol group vs. H/R group: for LDH, 208.96 IU/
L±18.89 IU/L vs. 313.97 IU/L±16.04 IU/L, p<0.001; for CK-MB, 136.00 
IU/L±10.54 IU/L vs. 201.00 IU/L±56.04 IU/L, p<0.001), which sug-
gested that 50 nM celastrol could prevent H/R-induced myocar-
dial injury.

Effect of celastrol on the expression of inflammatory factor
As shown in Figure 3, TNF-⍺ was significantly upregulated in 

the condition of H/R, as evidenced by the increase in its mRNA 
and protein expression (H/R group vs. control group: 2.91-fold in-
crease in mRNA expression; 1.44-fold increase in protein expres-
sion). However, 50 nM celastrol treatment could significantly re-
duce mRNA and protein expression of TNF-⍺ (H/R+celastrol group 
vs. H/R group: 2.43 0.09 vs. 2.91±0.12, p<0.001 for mRNA; 1.26±0.07 
vs. 1.44±0.11, p=0.035 for protein). Similarly, 50 nM celastrol treat-

Figure 2. The effect of celastrol on the release of cardiac enzymes. (a) The release of LDH in culture medium. (b) The release of CK-MB in culture 
medium. Control: H9c2 cells are cultured under normoxic condition for 12 h; celastrol: H9c2 cells was treated with 50 nM celastrol for 1 h followed 
by culture under normoxic condition for 12 h. H/R: H9c2 cells are subjected to hypoxia for 8 h followed by reoxygenation for 4 h; H/R+ celastrol: H9c2 
cells were treated with 50 nM celastrol for 1 h followed by hypoxia for 8 h and reoxygenation for 4 h. *represents P<0.05 vs. control group; # represents 
P<0.05 vs. H/R group
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ment also decreased mRNA and protein expression of IL-1β in the 
condition of H/R (H/R+celastrol group vs. H/R group: 2.53±0.08 vs. 
2.90±0.22, p=0.006 for mRNA; 1.26±0.05 vs. 1.47±0.13, p=0.026 for 
protein) (Fig. 4). These results demonstrated that celastrol could 
downregulate the expression of TNF-⍺ and IL-1β.

Effect of celastrol on the expression of NF-KB
To explore whether celastrol can modulate the activation 

of NF-KB, we further evaluated the change in NF-KB mRNA and  
protein expression. Results showed that 50 nM celastrol treat-
ment significantly reduced NF-KB mRNA expression in the con-

Figure 3. The effect of celastrol on the expression of TNF-⍺. (a) Relative TNF-⍺ mRNA expression. (b) Relative TNF-⍺ protein expression. Control: H9c2 
cells are cultured under normoxic condition for 12 h; celastrol: H9c2 cells was treated with 50 nM celastrol for 1 h followed by culture under normoxic 
condition for 12 h. H/R: H9c2 cells are subjected to hypoxia for 8 h followed by reoxygenation for 4 h, H/R+ celastrol: H9c2 cells were treated with 50 
nM celastrol for 1 h followed by hypoxia for 8 h and reoxygenation for 4 h. *represents P<0.05 vs. control group, # represents P<0.05 vs. H/R group
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dition of H/R (H/R+ celastrol group vs. H/R group: 1.28 0.03 vs. 
1.57±0.07, p<0.001) (Fig. 5a). In addition, 50 nM celastrol treatment 
significantly increased NF-KB protein expression in the cytoplasm 
(H/R+ celastrol group vs. H/R group: 0.750 0.051 vs. 0.504±0.175, 
p=0.035), whereas it decreased the protein expression in the 
nucleus (H/R+ celastrol group vs. H/R group: 1.206±0.055 vs. 
1.427±0.082, p=0.047) (Fig. 5b), suggesting that celastrol attenu-
ates the activation of NF-KB in the nucleus.

Discussion

Several recent studies have provided evidence that celastrol 
has a beneficial effect on cardiovascular diseases. For instance, 
Yu et al. (16) suggested that celastrol attenuated hypertension-
induced inflammation and oxidative stress in vascular smooth 
muscle cells via heme oxygenase-1 induction. Gu et al. (17) found 
that celastrol prevented atherosclerosis by inhibiting LOX-1 and 
oxidative stress. More importantly, celastrol showed protective 
effect on acute myocardial infarction and doxorubicin-induced 
cardiomyopathy (18, 19). Although Der Sarkissian et al. (18) sug-
gested that celastrol is suitable for human applicability in the clini-
cal setting of an acute myocardial infarction without reperfusion; 
of note, the effect of celastrol on MIRI is still unknown at present . 
In this present study, we first found that low-dose celastrol could 
attenuate MIRI as evidenced by the increase in cell viability and 
decline in the release of LDH and CK-MB. Moreover, we also can-

not ignore the fact that high-dose celastrol showed no beneficial 
effect on MIRI, and instead led to a decline in cell viability. The 
reason we speculated is that high-dose celastrol may induce cell 
apoptosis (20, 21).

Inflammatory response has been shown to play an important 
role in the occurrence of MIRI (22). During MIRI, numerous leu-
kocytes (in particular neutrophils) were promptly activated, re-
sulting in capillary blockage and microcirculation obstacle (23), 
which is a major cause of no-reflow, a serious clinical manifesta-
tion of MIRI. Simultaneously, some inflammatory mediators, such 
as TNF-⍺ and IL-1, were substantially released from activated 
neutrophils and resulted in inflammatory damage to myocardial 
cells (24). In the present study, our results displayed that celas-
trol treatment significantly decreased mRNA and protein expres-
sion of TNF-⍺ and IL-1β in myocardial cells in the condition of 
H/R. These results are consistent with results of other studies 
founding that celastrol reduced TNF-β in lung infiltration model 
and inhibited IL-1β-induced inflammation in orbital fibroblasts 
(25, 26). Therefore, we suggested that celastrol attenuated MIRI 
by relieving TNF-⍺- and IL-1β-mediated inflammatory damage to 
cardiomyocytes.

NF-KB is the key transcription factor that regulates cellular re-
sponses to inflammation and is responsible for the regulation of 
a wide variety of proinflammatory genes. Some proinflammatory 
cytokines, such as TNF-⍺ and IL-1β, are substantially increased 
after NF-KB is activated (27). In the present study, we found that 

Figure 5. The effect of celastrol on the expression of NF-KB. (a) Relative NF-KB mRNA expression. (b) Relative NF-KB protein expression in the cyto-
plasm and nucleus. Control: H9c2 cells are cultured under normoxic condition for 12 h; celastrol: H9c2 cells were treated with 50 nM celastrol for 1 
h followed by culture under normoxic condition for 12 h. H/R: H9c2 cells were subjected to hypoxia for 8 h followed by reoxygenation for 4 h; H/R+ 
celastrol: H9c2 cells were treated with 50 nM celastrol for 1 h followed by hypoxia for 8 h and reoxygenation for 4 h. *represents P<0.05 vs. control 
group; # represents P<0.05 vs. H/R group
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NF-KB was activated in the nucleus of cardiomyocytes during the 
H/R process. More importantly, we found that celastrol treatment 
could attenuate the activation of NF-KB in the nucleus, which is 
consistent with the results of other studies (28, 29). Therefore, we 
speculated that celastrol prevents cardiomyocytes from MIRI by 
inhibiting the activation of NF-KB.

Study limitations

We must acknowledge the two limitations that existed in this 
study. First, we only tested the protective effect of celastrol in in 
vitro model, and its cardioprotection still needs to be examined 
in an animal model. Second, we only examined the change in the 
activation of NF-KB in cardiomyocytes after celastrol treatment; 
however, the NF-KB-specific activator should be further used to 
confirm the role of NF-KB in the cardioprotection of celastrol.

Conclusion

In conclusion, our study demonstrated that low-dose celas-
trol could prevent MIRI in cardiomyocytes by inhibiting the acti-
vation of NF-KB, and celastrol may be considered as a potential 
therapeutic agent for preventing MIRI.
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