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Abstract: Cantharidin is a natural compound with cardiotoxicity. Cellular senescence and senescence-associated 

secretory phenotype (SASP) are implicated in chemotherapy-associated cardiotoxicity. We here investigated how 

cantharidin induced cardiomyocyte senescence. H9c2 cells were treated with cantharidin. Senescence, mitochondrial 

functions, SASP, NOD-like receptor thermal protein domain associated protein 3 (NLRP3) signaling, and AMP-activated 

protein kinase (AMPK) phosphorylation were examined. Cantharidin inhibited viability and increased expression of 

senescence-associated β-galactosidase (SA-β-Gal), p16 and p21 in H9c2 cells, suggesting occurrence of senescence. 

Cantharidin impaired mitochondrial functions evidenced by reduction in basal respiration, ATP levels and spare 

respiratory capacity. Cantharidin also decreased mitochondrial DNA copy number and down-regulated mRNA levels of 

cytochrome c oxidase-I, -II and -III. Moreover, cantharidin suppressed activity of mitochondria complex-I and -II. 

Examinations of SASP showed that cantharidin promoted expression and secretion of SASP cytokines interleukin-1β, -6, 

and -8 and tumor necrosis factor-α, associated with activation of NLRP3/caspase-1 pathway. Finally, cantharidin 

suppressed AMPK phosphorylation. AMPK activator GSK621 abrogated the up-regulation of SA-β-Gal, p16 and p21 

and counteracted the activation of NLRP3 and caspase-1 in cantharidin-challenged H9c2 cells. In conclusion, cantharidin 

stimulated senescence and SASP in cardiomyocytes through activation of NLRP3 inflammasome and inhibition of 

AMPK, providing novel molecular insights into cantharidin-induced cardiotoxicity. 
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INTRODUCTION 
 

The dried body of cantharides has been utilized in 

traditional Chinese medicine for a long history. 

Cantharidin is one of the major components of the dried 

bodies of cantharides and is clinically used to treat rabies 

and dermatosis such as molluscum contagiosum and 

verruca vulgaris (Li et al. 2022). Nevertheless, 

inappropriate application of cantharidin may lead to 

adverse effects or toxicity, including dermatologic, 

gastrointestinal, cardiac, pulmonary and hematologic 

effects (Fabbro et al. 2022). These effects may result in 

poor prognoses and even multi-organ failure, limiting its 

legitimate medical purposes. There is clinical evidence 

that cantharidin poisoning can damage cardiovascular 

system and that the heart could be a major target organ of 

cantharidin at toxicological doses (Youyou et al. 2020; 

Zhang et al. 2020). Although cantharidin-caused heart 

damage has been reported, the underlying mechanisms 

remain to be uncovered. Understanding cantharidin-

induced cardiotoxicity is important for developing 

strategies to prevent or reduce the potential myocardial 

damage when using cantharidin. 
 

Cell senescence is a steady exit from cell cycle, 

contributing to tissue remodeling and injury response (Di 

Micco et al. 2021). Senescent cells become swelling and 

flattened, and overexpress the senescence marker 

senescence-associated β-galactosidase (SA-β-Gal). 

Concomitantly, cell cycle regulatory proteins p16 and p21 

are highly expressed (Hu et al. 2022). More importantly, 

due to the alteration of genetic profiles in senescent cells, 

interleukins (ILs), tumor necrosis factor-α (TNF-α), 

growth factors and many other cytokines are secreted 

from the senescence cells, that is, the senescence-

associated secretory phenotype (SASP) occurs, disrupting 

tissue functions (Kumari et al. 2021). In the heart, it is 

recognized that the cardiomyocytes as terminus-

differentiated cells generally exhibit declines of various 

functions when undergoing senescence, including 

hypertrophic growth, contractile abnormality, 

mitochondria dysfunction and SASP (Chen et al. 2022; 

Mehdizadeh et al. 2022). In particular, mitochondrial 

fission–fusion imbalance is a key characteristic of 

cardiomyocyte senescence and restoration of 

mitochondrial function through regulating dynamin-

related protein 1 (Drp1)/Parkin pathway can inhibit 

cardiomyocyte senescence (Nishimura et al. 2018). 

Moreover, the SASP cytokines are critical for regulating 

the heart microenvironment, contributing to cardiac 

dysfunction (Tang et al. 2020). *Corresponding author: e-mail: qianweidong88@yeah.net 
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It is recognized that cellular senescence can be a response 

to a range of intrinsic and extrinsic insults (Di Micco et al. 

2021). Mounting evidence suggests that induction of 

senescence of cardiomyocytes is involved in the 

cardiotoxicity induced by doxorubicin and other 

anthracycline chemotherapeutic drugs (Russo et al. 2021). 

Cantharidin has been demonstrated to stimulate 

programmed cell death such as apoptosis and autophagy 

under various pathophysiological conditions (Liu et al. 

2020; He et al. 2022). We here investigated whether 

cantharidin could induce senescence of cardiomyocytes 

and elucidated the underlying mechanism in the hope of 

understanding the molecular basis of the cardiotoxicity of 

cantharidin.  
 

MATERIALS AND METHODS 
 

Cell line and chemicals 

The H9c2 cell line was provided by Cell Bank of Type 

Culture Collection of Chinese Academy of Sciences 

(Shanghai, China). H9c2 cell line was maintained in 

Dulbecco's Minimum Essential Medium (DMEM) with 

fetal bovine serum (FBS) of 10% concentration, penicillin 

at 100 U/ml, and streptomycin at 100 mg/ml. H9c2 cell 

line was grown in an incubator at 37˚C containing 5% 

CO2 and 95% air. H9c2 cell line was treated with 

cantharidin (purity≥ 98.0%; Sigma-Aldrich, Shanghai, 

China) and the compound GSK621 (purity≥ 98.0%; 

Sigma-Aldrich, Shanghai, China) at indicated 

concentrations. Cantharidin and GSK621 were dissolved 

with dimethylsulfoxide (DMSO) and DMSO alone was 

set as the negative control. 
 

Measurement of H9c2 cell viability 

The viability of H9c2 cells upon cantharidin treatment 

was detected using the Cell Counting Kit-8 (CCK-8) 

assay. H9c2 cells at a density of 1x105/ml were grown in 

96-well plates. Then, 100 μl DMEM containing FBS 

(10%) was added to every single well, which were then 

incubated with cantharidin of different concentrations for 

24 h. Next, the CCK-8 reagent at a concentration of 10 

μl/well was added following incubation for a 2 h time 

duration at 37˚C. Spectrophotometric absorbance (450 nm) 

was determined by a microplate spectrophotometer. The 

viability of cantharidin-treated H9c2 cells is expressed as 

the percentages of the control cells. 
 

Lactate dehydrogenase (LDH) release assay 

The H9c2 cells at a density of 1x105/ml were cultured in 

96-well plates. Next, the H9c2 cells were treated with 

cantharidin of different concentrations for 24 h. The cell 

supernatants were collected for analysis of LDH release. 

The LDH reagents provided by Nanjing Jiancheng 

Bioengineering Institute (Nanjing, China) were incubated 

with the collected cell supernatant for a 1.5h time duration. 

Spectrophotometric absorbance (450 nm) was detected 

using a microplate spectrophotometer. Values are 

expressed as fold of control. 

Staining of senescence marker SA-β-Gal 

H9c2 cell line was treated with cantharidin or GSK621 

for 24 h at indicated concentrations. Staining with SA-β-

Gal was performed using the Kits (Beyotime 

Biotechnology, Shanghai, China) based on the 

instructions. In brief, the treated H9c2 cells were 

incubated with 0.5% glutaraldehyde for 15 min, and 

phosphate buffered saline was used to wash the cells. 

Next, the treated H9c2 cells were stained overnight. 

Random views were taken by a light microscope blindly. 

Representative views are shown. 
 

Analysis of mitochondrial oxygen consumption rate 

(OCR) 

H9c2 cell line was grown in XF24-well plates (Seahorse 

Bioscience, Massachusetts, USA) at a density of 

1x104/well, followed by treatment with cantharidin at 

indicated concentrations. Cell medium was changed with 

bicarbonate-free assay medium and low-buffered 

composed by glucose at 10 mM, pyruvate at 1 mM, and 

L-glutamine at 2 mM. An XF24 Extracellular Flux 

Analyzer (Seahorse Bioscience, Massachusetts, USA) 

was used to analyze the OCR based on the procedures 

provided by the manufacture. The basal respiration was 

determined firstly in an unbuffered medium. Thereafter, 1 

μM oligomycin was added to inhibit the production of 

mitochondrial ATP, making the cells use glycolysis to 

produce ATP. Next, the uncoupler FCCP of 2 μM was 

used to analyze the maximal respiration and respiratory 

reserve capacity. Finally, rotenone at 0.5 μM and 

antimycin A at 0.5 μM were used to inhibit the activity of 

complex-I and complex-III for completely blocking the 

mitochondrial oxygen consumption. The three reagents 

were added serially to detect the synthesis of ATP, the 

maximal respiration, and the non-mitochondrial 

respiration. The spare respiratory capacity was measured 

based on the above parameters and the basal respiration. 
 

Measurement of mitochondrial DNA (mtDNA) copy 

number 

H9c2 cell line was treated with cantharidin of different 

concentrations for 24 h. Next, total DNA was prepared 

using the FlexiGene DNA Kits (Qiagen, Hilden, Germany) 

following the instructions provided by the manufacturer. 

The DNA concentration was quantified 

spectrophotometrically at 260 nm followed by real-time 

PCR on the iQ5 system provided by Bio-Rad Laboratories 

(Hercules, USA). Nicotinamide adenine dinucleotide 

dehydrogenase subunit 1 (ND1; F: 5’-

CCTCCCATTCATTATCGCCGCCCTTGC-3’, R: 5’-

GTCTGGGTCTCCTAGTAGGTCTGGGAA-3’) was 

utilized for amplification of mtDNA, and lipoprotein 

lipase (LPL) was used as the internal control. The mtDNA 

copy number is represented by the ddCT (ND1/LPL). 
 

Measurement of mitochondrial complex-I and complex-

III activity 

H9c2 cell line was treated with cantharidin of different 
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concentrations for 24 h. For measurement of the activity 

of mitochondrial complex-I, mitochondrial fraction of 1 

μg was added to 100μl NADH dehydrogenase reaction 

buffer in 96-well plates followed by 10 min incubation at 

room temperature. Thereafter, 200μM NADH was added 

to every well to initiate the assay reaction, and the 

absorbance (340 nm) was detected. For measurement of 

the mitochondrial complex-III activity, mitochondrial 

fraction of 0.5μg was added to 100μl cytochrome c 

reductase reaction buffer in 96-well plates followed by 10 

min incubation at room temperature. Then, 50μM of 

oxidized cytochrome c was used to start the assay reaction, 

and the absorbance (550 nm) was detected. Values are 

expressed as fold of control. 
 

Enzyme-linked immunesorbent assay (ELISA) 

The levels of SASP cytokines in the H9c2 cell supernatant 

treated with cantharidin of different concentrations for 24 

h were detected using ELISA Kits purchased from 

Nanjing Jiancheng Bioengineering Institute (Nanjing, 

China) based on the manufacture’s protocols. 

Spectrophotometric absorbance (450 nm) was detected 

using a microplate spectrophotometer. 

 

Real-time PCR 

H9c2 cell line was treated with cantharidin or GSK621 of 

different concentrations for 24 h. Total RNA of the treated 

cells was prepared using the Trizol reagent obtained from 

Invitrogen (Carlsbad, USA). The total RNA of 1 μg was 

used to synthesize the first-strand cDNA using the 

PrimeScript RT Kits purchased from TakaraBio (Tokyo, 

Japan) in accordance with the manufacture’s protocols. 

Real-time PCR analysis was performed on the iQ5 system 

provided by Bio-Rad Laboratories (Hercules, USA). The 

SYBR Green I dye master at 7.5 μl, forward primers at 2 

pM, and reverse primers at 2 pM were contained in the 

reaction mixtures. The thermocycle conditions were set as 

denaturation for 10 min duration at 50°C and 95°C, and 

40 cycles at 95°C for 15 s and 60°C for 1 min. The 

relative expression of mRNA of target genes was 

calculated using glyceraldehyde phosphate dehydrogenase 

(GAPDH) as the invariant control based the 2-ΔΔCT 

method. The primer sequences of target genes (GenScript, 

Nanjing, China) were presented as follows: p16 (F: 5’-

ATCTCCGAGAGGAAGGCGAACTCG-3’, R: 5’-

TCTGTCCCTCCCTCCCTCTGCTAAC-3’); p21 (F: 5’-

TGTTCCACACAGGAGCAAAG-3’, R: 5’-AACACGCT 

CCCAGACGTAGT-3’); COX-I (F: 5’-TGACACCTCAT 

ATTGTATTCCCCC-3’, R: 5’-TTTCGCTGCCACATCA 

CTTG-3’); COX-II (F: 5’-AAGGGATTGTTGCGGTG 

CTA-3’, R: 5’-TGCCCAATATCCCGTGCATT-3’); COX-

III (F: 5’-AGAAAAGGTGGCTGTGAGAGG-3’, R: 5’-

GGTCATACTTGGCCCACCC-3’); GAPDH (F: 5’-GC 

ATCTTCTTGTGCAGTGCC-3’, R: 5’-GATGGTGATGG 

GTTTCCCGT-3’). 

 

Western blotting 

H9c2 cell line was treated with cantharidin or GSK621 of 

different concentrations for 24 h. Whole cell proteins of 

the treated cells were isolated using the 

radioimmunoprecipitation analysis buffer plus protease 

inhibitors and phosphatase inhibitors, and the BCA Kits 

provided by Pierce (USA) were used to detect protein 

concentrations. Proteins of 50 μg/well were uploaded and 

separated on SDS-polyacrylamide gel through 

electrophoresis. The separated proteins were transferred to 

PVDF membranes purchased from Millipore (Burlington, 

USA). The transferred membranes were incubated with 

TBS-T solution containing 5% skim milk. The primary 

antibodies against p21, p16, TNF-α, IL-1β, IL-8, IL-6, 

NLRP3, cleaved-caspase-1, p-AMPK, AMPK and 

GAPDH, and the horseradish peroxidase-conjugated 

secondary antibodies (Cell Signaling Technology, USA) 

were used to monitor the target proteins followed by 

visualization. The GAPDH was used for confirming the 

equivalent loading of target proteins, which were 

quantified using the Image Lab Software and are 

expressed as fold of control. Representative blots are 

presented. 

 

STATISTICAL ANALYSES 
 

All data are shown as the mean ± standard deviation (SD). 

The GraphPad Prism software (version 9.3.1) was utilized 

for statistical analyses of the data. Statistical differences 

between multiple groups were determined by the 

one‑ way analysis of variance followed by the Tukey's 

post-hoc test. Value of P<0.05 was set to be significantly 

different. 

 

RESULTS 
 

Cantharidin induces senescence in H9c2 cells 

How cantharidin affected the H9c2 cell viability was 

evaluated. The CCK-8 assays showed that cantharidin 

reduced H9c2 cell viability concentration-dependently, 

and that cantharidin at 5μM or larger concentrations led to 

significant inhibitory effects (fig. 1A). Accordingly, 

cantharidin at 5, 10, and 20μM was used for subsequent 

experiments. LDH release assays revealed that 

cantharidin at these concentrations did not cause 

significant extra cellular LDH leakage in H9c2 cells, 

suggesting that cell membrane rupture and necrosis were 

not involved in cantharidin effects (fig. 1B). We next 

explored whether cellular senescence was involved in the 

current context. Interestingly, cantharidin increased the 

expression of SA-β-Gal concentration-dependently in 

H9c2 cells (fig. 1C), and the expression of p16 and p21, 

two key biomarkers of cellular senescence (Ogrodnik 

2021), was also up-regulated by cantharidin at both 

mRNA and protein levels (fig. 1D, E), suggesting the 

occurrence of senescence. Collectively, these results 

revealed that cantharidin stimulated senescence in H9c2 

cells. 
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Fig. 1: Cantharidin induces senescence in H9c2 cells. H9c2 cells were treated with cantharidin at indicated 

concentrations for 24h. (a) CCK-8 assay for detecting cell viability. Cell viability is expressed as percentages of control. 

*P<0.05 versus control. (b) LDH release assay for evaluating cytotoxicity. Values are expressed as fold of control. *P< 

0.05 versus control. (c) SA-β-Gal staining. Positive SA-β-Gal staining indicates the senescent cells. Scale bar 50μm. (d) 

Real-time PCR analysis of senescence markers p16 and p21. Relative mRNA expression is expressed as fold of control 

after normalization to GAPDH. *P<0.05 versus control. (e) Western blot analysis of senescence markers p16 and p21 

with quantification. Relative protein expression is expressed as fold of control after normalization to GAPDH. *P<0.05 

versus control. 

 

Fig. 2: Cantharidin impairs mitochondrial functions in H9c2 cells. H9c2 cells were treated with cantharidin at indicated 

concentrations for 24h, or at 10μM for indicated time duration. (a) Measurement of mitochondrial OCR. The basal 

levels, spare respiratory capacity, proton leak and ATP levels were calculated. *P<0.05 versus control. (b) Real-time 

PCR analysis of mtDNA copy number. *P<0.05 versus control. (c) Real-time PCR analysis of mtDNA-encoded 

subunits COX-I, COX-II and COX-III. Relative mRNA expression is expressed as fold of control after normalization to 

GAPDH. *P<0.05 versus control. (d) Measurement of activity of mitochondrial complex-I and complex-II. Values are 

expressed as fold of control. *P<0.05 versus control. 
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Fig. 3: Cantharidin promotes SASP associated with activation of NLRP3 inflammasome in H9c2 cells. H9c2 cells were 

treated with cantharidin at indicated concentrations for 24h. (a) Western blot analysis of SASP cytokines IL-1β, IL-6, 

IL-8 and TNF-α with quantification. Relative protein expression is expressed as fold of control after normalization to 

GAPDH. *P<0.05 versus control. (b) ELISA for detecting the supernatant levels of IL-1β, IL-6, IL-8 and TNF-α. 

*P<0.05 versus control. (c) Western blot analysis of NLRP3 and cleaved-caspase-1 with quantification. Relative protein 

expression is expressed as fold of control after normalization to GAPDH. *P<0.05 versus control. 

 

Fig. 4: Inhibition of AMPK is required for cantharidin to induce senescence and activate NLRP3 inflammasome in 

H9c2 cells. H9c2 cells were treated with cantharidin and/or GSK621 at indicated concentrations for 24h. (a) Western 

blot analysis of phosphorylation of AMPK with quantification. Relative p-AMPK levels are expressed as fold of control 

after normalization to total-AMPK. *P<0.05 versus control. (b) SA-β-Gal staining. Positive SA-β-Gal staining indicates 

the senescent cells. Scale bar 50μm. (c) Real-time PCR analysis of senescence markers p16 and p21. Relative mRNA 

expression is expressed as fold of control after normalization to GAPDH. *P<0.05 versus control, #P<0.05 versus 

cantharidin. (d) Western blot analysis of senescence markers p16 and p21 with quantification. Relative protein 

expression is expressed as fold of control after normalization to GAPDH. *P<0.05 versus control, #P<0.05 versus 

cantharidin. (e) Western blot analysis of NLRP3 and cleaved-caspase-1 with quantification. Relative protein expression 

is expressed as fold of control after normalization to GAPDH. *P<0.05 versus control, #P<0.05 versus cantharidin. 
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Cantharidin impairs mitochondrial functions in H9c2 

cells 

We next investigated how cantharidin stimulated H9c2 

cell senescence focusing on mitochondrial functions, 

because mitochondria play a key role in cellular 

senescence (Martini et al. 2022). Examinations of 

mitochondrial OCR showed that the basal respiration, the 

ATP contents, the spare respiratory capacity and the 

maximal respiration were all significantly reduced in 

cantharidin-treated H9c2 cells (fig. 2A). Given that 

mtDNA is a sensitive maker for mitochondrial function 

(Aretz et al. 2020), we detected it and found that the copy 

number of mtDNA in cantharidin-treated H9c2 cells was 

lowered significantly (fig. 2B). The changes of mtDNA-

encoded genes were also examined, because they are 

important for mitochondrial functions (Aretz et al. 2020). 

The obtained results demonstrated that the transcript 

levels of cytochrome c oxidase subunit (COX)-I, -II and -

III were all decreased significantly in cantharidin-

stimulated H9c2 cells (fig. 2C). Moreover, cantharidin 

reduced the activity of mitochondria complex-I and -II 

concentration-dependently in H9c2 cells (fig. 2D). In 

aggregate, the above observations revealed that 

cantharidin promoted mitochondrial dysfunction in H9c2 

cells. 
 

Cantharidin promotes SASP associated with activation 

of NOD-like receptor thermal protein domain associated 

protein 3 (NLRP3) inflammasome in H9c2 cells 

Secretion of SASP pro-inflammatory cytokines is an 

important feature of senescent cells (Kumari et al. 2021). 

We examined a series of inflammatory cytokines in H9c2 

cells upon cantharidin treatment. The protein contents of 

IL-1β, -6 and -8, and TNF-α were elevated by cantharidin 

in H9c2 cells (fig. 3A). Consistently, their concentrations 

in the supernatant were all increased in cantharidin-

treated H9c2 cells, indicating abundant extracellular 

secretion of inflammatory cytokines (fig. 3B). Given that 

the NLRP3 inflammasome is a master hub of 

inflammatory cytokine synthesis (Xu et al. 2022), we 

examined the effects of cantharidin on the 

NLRP3/caspase-1 pathway. As expected, cantharidin 

increased the protein abundance of NLRP3 and the 

cleaved form of caspase-1 concentration-dependently in 

H9c2 cells, suggesting the activation of NLRP3 

inflammasome (fig. 3C). Collectively, these data revealed 

that cantharidin promoted SASP in H9c2 cells, which was 

correlated with activation of NLRP3/caspase-1 signaling. 
 

Inhibition of AMP-activated protein kinase (AMPK) is 

required for cantharidin induction of senescence and 

activation of NLRP3 inflammasome in H9c2 cells 

Finally, we explored the role of AMPK in cantharidin 

induction of H9c2 cell senescence, because this kinase 

governs cellular homeostasis and cell fate under a variety 

of pathophysiological circumstances (Trefts et al. 2021). 

We found that the phosphorylation of AMPK was 

concentration-dependently suppressed by cantharidin in 

H9c2 cells (fig. 4A). The specific AMPK activator 

GSK621 (Ting-Ting et al. 2019) was used to test whether 

the effects of cantharidin were dependent on inhibition of 

AMPK. SA-β-Gal staining showed that GSK621 

significantly abolished cantharidin-elevated SA-β-Gal 

expression in H9c2 cells (fig. 4B). Meanwhile, 

cantharidin up-regulation of p16 and p21 was abrogated 

by GSK621 in H9c2 cells (fig. 4C and D). Furthermore, 

GSK621 considerably counteracted the activation of 

NLRP3 and caspase-1 in cantharidin-challenged H9c2 

cells (fig. 4E). In aggregate, our findings indicated that 

inhibition of AMPK is required for cantharidin to 

stimulate senescence and to activate the NLRP3 signaling 

in H9c2 cells. 

 

DISCUSSION 
 

Cellular senescence and the release of SASP molecules 

have been implicated in cardiac pathologies including 

myocardial infarction and ischaemia, heart failure and 

chemotherapy-associated cardiotoxicity (Mehdizadeh et 

al. 2022). Cancer chemotherapeutic drugs, especially 

doxorubicin, have been demonstrated to cause senescence 

in many types of cardiovascular cells, associated with 

serious dose-limiting cardiotoxicity (Andreou et al. 2022). 

Doxorubicin-induced cardiomyocyte senescence can lead 

to cardiac remodeling and dysfunction (Wen et al. 2021). 

Therefore, understanding of how cardiomyocyte 

senescence is regulated may facilitate the development of 

protective approaches and prevent the occurrence of 

cardiotoxicity when using cancer chemotherapeutics. 

 

The natural compound cantharidin has increasingly been 

shown to possess antitumor effects (Ren et al. 2021), 

which were associated with suppression of protein 

phosphatase 1 and protein phosphatase type 2A (Pan et al. 

2019). In the following extensive studies, cantharidin was 

demonstrated to inhibit colon, bladder, breast, pancreatic, 

and liver cancers (Naz et al. 2020). In the current study, 

after we ruled out the involvement of necrosis in 

cantharidin effects, we observed that cantharidin 

effectively induced senescence in H9c2 cardiomyocytes 

evidenced by SA-β-Gal positive staining and elevated 

expression of p21 and p27. To the best of our knowledge, 

the present study was the first investigation of 

cantharidin-induced senescence in eukaryotic cells, 

offering new evidence for the cardiotoxicity caused by 

cantharidin. Although senescence is recognized as a 

response to cell cycle arrest unique to dividing cells, it 

may be a more common response to cellular stress 

occurring in post-mitotic cells such as cardiomyocytes 

(Sapieha et al. 2018; von Zglinicki et al. 2021). Senescent 

cardiomyocytes are thought to be characterized by 

persistent DNA injury, which may be due to 

mitochondrial dysfunction and by up-regulation of 

classical markers p16, p21 and p53 (Anderson et al. 2019). 

Consistently, our current data demonstrated that 
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cantharidin-treated H9c2 cardiomyocytes exhibited a 

deterioration of mitochondrial functions accompanied by 

increased levels of SA-β-Gal, p16 and p21. Furthermore, 

we measured the mitochondrial OCR to monitor the 

functional alterations, indicating that cantharidin-induced 

senescence reduced the basal respiration, ATP contents, 

and spare respiratory capacity. These could increase 

mtDNA mutation and impair mitochondrial complex 

activity. We speculated that cantharidin-induced 

mitochondrial dysfunction in cardiomyocytes could result 

in abnormality of extracellular environment maintenance, 

affecting cardiac functions. 

 

Compelling evidence suggests that the senescent cells 

exhibit a complex SASP involving a group of pro-

inflammatory cytokines with critical autocrine and 

paracrine effects on cells and tissues (Mehdizadeh et al. 

2022). It has been reported that the SASP components 

secreted by the senescent cardiomyocytes include ILs, 

TNF-α, TGF-β, monocyte chemoattractant protein-1, etc., 

which play key roles in modulation of non-myocytes 

within heart microenvironment, contributing to cardiac 

dysfunction and remodeling (Tang et al. 2020). In the 

current work, we found significant production of ILs and 

TNF-α in cantharidin-treated cardiomyocytes. These 

inflammatory cytokines were consistently reported to be 

secreted by the senescent cardiomyocytes in a recent 

study to understand the importance of senescence in the 

pathology of atrial fibrillation (Adili et al. 2022). Next, 

we discovered that cantharidin activated the NLRP3 

inflammasome pathway in H9c2 cardiomyocytes. Recent 

investigations have linked the NLRP3 inflammasome to 

cellular senescence and shown that pharmacological 

blockade of NLRP3 signaling could mitigate senescence 

in various cell types (Tai et al. 2022; Valencia et al. 2022). 

A recent interesting study revealed that NLRP3 

inflammasome activation was involved in 

doxorubicin-induced cardiomyocyte senescence (Huang 

et al. 2020), which was validated by our current results in 

the context of cantharidin treatment. Of note, 

doxorubicin-induced NLRP3 activation and 

cardiomyocyte senescence was identified to be dependent 

on thioredoxin-interactive protein in that study (Huang et 

al. 2020). However, our data here highlighted that 

suppression of AMPK activation was required for 

cantharidin-induced NLRP3 activation and senescence in 

cardiomyocytes. Consistently, there have been many 

studies demonstrating that AMPK was inactivated in 

cellular senescence under various pathophysiological 

circumstances and that pharmacological activation of 

AMPK could repress senescence-associated pathways 

(Chen et al. 2021; Kim et al. 2021; Du et al. 2022). Taken 

these recognitions together, we postulated that AMPK 

could be a target molecule for controlling cardiomyocyte 

senescence and that AMPK agonists could serve as a 

therapeutic option for counteracting cardiotoxicity of 

cantharidin.  

CONCLUSION 
 

Cantharidin stimulated senescence and SASP in H9c2 

cardiomyocytes through inhibition of AMPK and 

activation of NLRP3 inflammasome signaling. These data 

highlighted senescence and related pathway as key 

mediators of cantharidin-induced cardiotoxicity, 

providing novel prophylactic and/or therapeutic 

approaches to overcome cardiotoxic effects of cantharidin 

in clinical application. 
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