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Abstract 
Doxorubicin (Dox) is widely used in cancer therapy, but the clinical application is limited by its cardiotoxicity. The underlying 
mechanism of Dox-induced cardiotoxicity remains unclear. Present study aimed to evaluate the role of NLRP3 inflamma-
some in Dox-induced cardiotoxicity. The NLRP3 inflammasome was activated in the myocardium of Dox-treating (5 mg/
kg, once every other day, cumulative dosage to 15 mg/kg and sacrificed after 2 days of last Dox injection) C57BL/6 mice 
as shown by the up-regulation of NLRP3 and Caspase-1 p20. Dox (1 μM for 48 h) induced the apoptosis of H9c2 cells 
and primary cardiomyocytes concomitantly with up-regulation of NLRP3, ASC and Caspase-1 p20 expressions, as well 
as the increased IL-1β secretion, suggesting the activation of NLRP3 inflammasome. These effects of Dox on H9c2 cells 
and primary cardiomyocytes can be reversed by MCC950, a specific inhibitor of NLRP3. In view of the key role of ROS 
on the Dox-induced cardiotoxicity, the relationship between ROS and NLRP3 was further investigated. The ROS level was 
increased in myocardium, H9c2 cells and primary cardiomyocytes after treating with Dox. Decreasing ROS level by NAC 
can inhibit the NLRP3 inflammasome activation, secretion of IL-1β and apoptosis in Dox-treating H9c2 cells and primary 
cardiomyocytes. Collectively, this study reveals a crucial role of ROS/NLRP3-associated inflammasome activation in Dox-
induced cardiotoxicity, and NLRP3 inflammasome may represent a new therapeutic target for Dox-induced cardiotoxicity.
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Introduction

Doxorubicin (Dox) is the first anthracycline discovered in 
the 1960s, and it is now widely utilized in the therapy of 
solid and hematological malignancies [1]. However, the 
clinical application is limited by its side effects, especially 
dose-limiting cardiotoxicity [2]. Clinical studies indicate 
that more than 10–21% of patients occur acute cardiotoxic-
ity within days after Dox administration, which predicts poor 
outcomes [3]. Chronic Dox-induced cardiotoxicity is less 
frequent but dose-dependent with a much higher incidence 
when exceeds the cumulative dosage of 400–700 mg/m2 for 
adults and 300 mg/m2 in the cases of children. The chronic 
cardiotoxicity commonly is detected years after therapeutic 
exposure, and typically manifests as an arrhythmia, cardio-
myopathy, left ventricular dysfunction often associated with 
the clinical syndrome of heart failure [4]. Emerging studies 
proposed the indispensable role of cardiomyocyte apoptosis 
in Dox-induced cardiotoxicity [5], but the underlying mecha-
nism hasn’t yet fully elucidated.

Inflammasomes are cytosolic multiprotein complexes that 
cause the release of biologically active interleukin-1β (IL-
1β). The best characterized inflammasome is the NLRP3 
(Nod-like receptor protein 3) inflammasome [6]. Activation 
of NLRP3 inflammasome is initiated as assembly of NLRP3, 
apoptosis-associated speck-like protein containing a caspase 

recruitment domain (ASC) and Pro-caspase 1, leading to 
autocleavage of Pro-caspase 1 into active Caspase-1 het-
erodimers comprised of p10 and p20. Finally, active Cas-
pase-1 cleaves pro-IL-1β into IL-1β that is released outside 
the cell to mediate inflammatory response [7]. Previous 
studies related to NLRP3 inflammasomes are focused on 
the immune response [8]. Recently, increased evidences 
found that NLRP3 inflammasome played a key role in car-
diovascular disease [9]. It has been reported that the NLRP3 
inflammasome contributes significantly to the pathological 
process of cardiac ischemia/reperfusion (I/R) injury [10], 
atherosclerosis [11] and other non-ischemic cardiac diseases 
[12]. In atherosclerosis and diabetic cardiomyopathy models, 
silencing NLRP3 or other inflammasome components could 
delay the deterioration and display overall beneficial effects 
[11, 12]. These studies triggered us to investigate the role of 
NLRP3 inflammasome in Dox-induced cardiotoxicity.

Our preliminary experiment indicated the activation of 
NLRP3 inflammasome in the myocardium of Dox-treating 
mice, which allowed us to explore the role of NLRP3 inflam-
masome in Dox-induced cardiomyocyte apoptosis. Addition-
ally, reactive oxygen species (ROS) has been identified as 
an important NLRP3 inflammasome activator in cardiac dis-
eases [13], and Dox-evoked ROS overproduction can elicit 
massive cardiomyocyte apoptosis in cardiotoxicity [14]. 
Therefore, this study further determined the relationship 
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between ROS and NLRP3 inflammasome in Dox-induced 
cardiotoxicity.

Materials and Methods

Animals and Procedures

Healthy C57BL/6 male mice (6–8 weeks-old, 20–25 g) were 
provided by Laboratory Animal Center, Xiangya School of 
Medicine, Central South University (Changsha, China). All 
the animals were housed at room temperature (20–24 °C), 
relative humidity (50–60%) under a 12 h light–dark cycle 
and with unrestricted access to water and fodder. All experi-
ments were conducted according to the National Institutes of 
Health Guide (NIH publications No. 8023) for the Care and 
Use of Laboratory Animals, and approved by the Medicine 
Animal Welfare Committee of Xiangya School of Medicine 
(SYXK-2015/0017).

The mice were separated into two groups randomly and 
equally (n = 6), for the Dox group, Dox hydrochloride Injec-
tion (Zhejiang Hisun Pharmaceutical co. LTD; Zhejiang, 
China) was dissolved in saline and intraperitoneal injected 
in mice (5 mg/kg, once every other day, cumulative dosage 
to 15 mg/kg) and the control group was given a considerable 
dose of saline. After 2 days of last Dox injection, all mice 
were anaesthetized with pentobarbital sodium and the blood 
and heart samples were collected immediately.

H9c2 Cell Culture

The H9c2 cells were obtained from American Type Culture 
Collection (Rockville, MD, USA) and maintained in Dul-
becco’s modified Eagle’s medium F12 (HyClone, Logan, 
UT, USA) supplemented with 10% fetal bovine serum (FBS; 
Biological Industries, Israel), 100 units/mL of penicillin and 
100 ug/mL streptomycin (Gibco Invitrogen, CA, USA) in a 
humidified atmosphere with 5% CO2 at 37 °C.

Primary Cardiomyocytes Extract and Culture

Primary cardiomyocytes were isolated from the heart of 
neonatal male Sprague–Dawley rats (1–2 days old) through 
enzyme digestion in according to our previous study [15]. 
Myocardial tissue was cut into pieces with scissors, and 
then digested with deoxyribonuclease I (Sigma-Aldrich, 
USA) and trypsin (Gibco Invitrogen, CA, USA). The diges-
tive enzyme mixture (1: 100) was placed in thermostatic 
bath at 37 °C for 8 min, and supernatant was collected and 
combined with FBS, then this process was repeated for 
5 times. To collect cells, the combined supernatant was 
centrifuged (1000 rpm, 15 min) then resuspended in Dul-
becco’s modified Eagle’s medium (Gibco Invitrogen, CA, 

USA) containing antibiotics (100 units/mL of penicillin and 
100 ug/mL streptomycin) and 20% fetal bovine serum (20% 
FBS DMEM). Cells were filtered through 100 μm mesh and 
plated on culture dish for 90 min. The supernatant were cen-
trifuged (1000 rpm, 5 min) to collect cardiomyocytes, which 
then resuspended in 20% FBS DMEM containing 0.1 mM 
5-Bromo-2-deoxyuridine (Sigma-Aldrich, USA) and used 
for the following experiments.

Cell Viability Assay

The primary cardiomyocytes were cultured in 96-well 
plates and treated with doxorubicin or inhibitor for 48 h. 
Then 100 μl of medium containing 15% MTS (cellTiter 
96®AQueous one solution cell proliferation assay kit, Pro-
mega, USA) was added to each well, and OD values were 
measured at 492 nm after 1 h of incubation at 37 °C using a 
microplate reader (BioTek, Winooski, VT, USA).

Biochemical Analysis

The solidified blood samples collected from animals were 
centrifuged at 4000 rpm in 4 °C for 15 min to obtain serum. 
The serum biochemical parameters including cardiac tro-
ponin T (cTnT), Creatine Kinase (CK), CK-MB, lactate 
dehydrogenase (LDH), as well as the supernatant IL-1β 
and LDH harvested from cultured H9c2 cells and primary 
cardiomyocytes after treatment were analyzed by using kits 
with an automatic biochemical analyzer (Abbott Pharmaceu-
tical Co., Ltd., Lake Bluff, IL, USA). The experiments were 
performed according to the manufacturers’ instructions.

Histopathological Analysis

Hearts were fixed with 4% paraformaldehyde and embed-
ded in paraffin. Hematoxylin–eosin (HE) staining, wheat 
germ agglutinin (WGA) staining and TdT-mediated dUTP 
Nick-End Labeling (TUNEL) kit assay in heart section were 
conducted according to the manufacturer’s instructions as 
our previous study [16].

Immunohistochemistry

Paraffin-embedded heart section (5 μm) was prepared. Then, 
sections were incubated with anti-NLRP3 antibody (1:100 
dilution, AdipoGen; San Diego, USA) at 4 °C overnight. 
Subsequently, the sections were incubated with horseradish 
peroxidase (HRP)-conjugated secondary antibody for 30 min 
at room temperature. Fresh 3, 30-diaminobenzidine (DAB) 
solution was added to the sections, and the sections were 
counterstained with hematoxylin. Images were captured 
under microscopy.
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Assessment of ROS Generation

The fluorescent probe dihydroethidium (DHE; Beyotime, 
Shanghai, China) was used to monitor intracellular ROS 
levels. Intracellular DHE is oxidized to ethidium, which 
binds to DNA and stains the nuclei bright fluorescent red. 
The detection of ROS level in heart section, H9c2 cells and 
primary cardiomyocytes were conducted according to the 
manufacturer’s instructions as our previous study [17].

Western Blot Analysis

Fresh animal hearts, H9c2 cells and primary cardiomyocytes 
were lysed in RIPA buffer (containing 1% PMSF) (BOSTER 
Biological Technology; Wuhan, China). Proteins were 
separated by sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE) using a 10% gradient gel and 
transferred onto 0.45 μm polyvinylidene fluoride (PVDF) 
membranes. The membranes were blocked with 5% non-
fat milk and incubated with anti-NLRP3 (AdipoGen; San 
Diego, USA), anti-ASC (Abcam; Cambridge, UK), anti-Pro-
caspase 1, anti-Bax and anti-GAPDH (Abcam; Cambridge, 
UK), anti-caspase1 p20 (Affinity Biosciences. OH. USA), 
anti-Bcl-2 (ProteinTech; Chicago, USA) antibodies at 4 ℃ 
overnight. The membranes were then incubated with HRP-
conjugated anti-mouse or anti-rabbit IgGs at room tempera-
ture for 1 h. The chemiluminescence signals were detected 
with the BeyoECL plus kit (Beyotime; Shanghai, China). 
ImageJ 1.43 (National Institutes of Health) was used for 
densitometric analysis.

Flow Cytometric Analysis

Flow cytometric analysis was performed according to the 
manufacturers’ instructions (BD Biosciences; New York, 
USA). Cells were washed twice with cold phosphate buff-
ered saline (PBS) and then resuspended in 1 × binding buffer 
at a concentration of 1 × 106 cells/ml. A total of 100 μl of 
the solution (1 × 105 cells) was transferred to a 5 ml culture 
tube. After adding 5 μl FITC Annexin V and 5 μl propidium 
iodide (PI), the cells were gently vortexed and incubated for 
15 min at room temperature (25 °C) in the dark, followed 
by the addition of 400 μl of 1 × binding buffer to each tube. 
Analysis by flow cytometry was performed within 1 h.

Hoechst Staining

Hoechst 33342 is a blue fluorescent dye that can penetrate 
the cell membrane and it can emit blue fluorescence after 
binds with double-stranded DNA. After treatment, cells 
were washed by PBS then fixed with 4% paraformaldehyde 
for 15 min, cells were washed by PBS once more and incu-
bated with Hoechst 33342 (5 μg/ml, Beyotime; Shanghai, 

China) for 20 min according to the manufacturer’s instruc-
tions. Fluorescence was observed under the fluorescence 
microscope and representative images were captured.

Statistical Analysis

The results were presented as means ± S.E.M. Two-tailed 
Student’s t-test was used for data comparison of two groups 
with normal distribution; one-way ANOVA and Stu-
dent–Newman–Keuls test were used for multiple compari-
sons. Results were considered statistically significant when 
P < 0.05.

Results

Dox‑Induced Cardiotoxicity in C57BL/6 Mice

The Dox-induced cardiotoxicity model was established 
via intraperitoneal administration of Dox (15 mg/kg) in 
C57BL/6 mice. As shown in Fig. 1, after administration 
of Dox, the serum concentrations of cTnT (Fig. 1a), CK 
(Fig.  1b), CK-MB (Fig.  1c) and LDH (Fig.  1d), which 
acted as the bio-marker of cardiac injury, were significantly 
increased. Moreover, HE staining was conducted in myocar-
dium to observe the effect of Dox on cardiac structure. The 
Dox group demonstrated obvious cardiac injury (caryolysis, 
disorganization of the muscle fibers and interstitial edema) 
compared with the control group (Fig. 1e). The result of 
WGA staining indicated the enlargement of cardiomyocyte 
size induced by Dox (Fig. 1f). These results demonstrated 
that the Dox-induced cardiotoxicity model was successfully 
established in mice.

Dox Induced the Overproduction of ROS 
and Cardiomyocyte Apoptosis in Mice

Since the production of ROS and apoptosis play a central 
role in the Dox-induced cardiotoxicity, DHE and TUNEL 
staining were used to evaluate whether Dox increased the 
ROS level and cardiomyocyte apoptosis in our model. 
The representative fluorescent images revealed that treat-
ment with Dox increased red fluorescence, suggested the 
overproduction of ROS in the heart (Fig. 2a). Additionally, 
increased percentage of TUNEL staining-positive cells was 
observed in Dox-treated mice, indicating the apoptosis of 
cardiomyocyte (Fig. 2b). The up-regulation of pro-apopto-
sis protein Bax and the down-regulation of anti-apoptosis 
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Fig. 1   Cardiotoxicity induced by Dox in C57BL/6 mice. Serum cTnT 
(a), CK (b), CK-MB (c) LDH (d) were measured by using kits with 
an automatic biochemical analyzer. e Representative images of HE 
staining. f Wheat germ agglutinin (WGA) staining of left ventricular 

tissue for determination of cardiomyocytes cross-sectional area, scale 
bar = 25 μm. Data are mean ± S.E.M. n = 6 mice per group. *P < 0.05, 
**P < 0.01 vs. Con

Fig. 2   Dox-induced ROS overproduction, cardiomyocytes apop-
tosis and activation of NLRP3 inflammasome in C57BL/6 mice. a 
ROS level in myocardium was determined by DHE staining, scale 
bar = 50  μm. b Representative images of TUNEL staining in myo-
cardium, apoptotic cardiomyocytes nuclei appear green fluores-
cence and normal nuclei appear blue fluorescence, the white array 

indicated the apoptotic cardiomyocytes, scale bar = 50  μm. c–e The 
protein expressions of NLRP3, Pro-caspase 1(Pro-casp1), Caspase-1 
p20 (p20), Bax and Bcl-2 in myocardium were measured by western 
blot, GAPDH served as loading control. f Representative images of 
NLRP3 immunohistochemistry in myocardium, scale bar = 50  μm. 
Data are mean ± S.E.M. n = 6 mice per group. *P < 0.05 vs. Con
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protein Bcl-2 also identified the cardiomyocyte apoptosis in 
Dox-treating mice (Fig. 2c).

NLRP3 Inflammasome was Activated in Dox‑Induced 
Cardiotoxicity of Mice

To further explore whether the activation of NLRP3 inflam-
masome was involved in the Dox-induced cardiotoxicity, 
protein expressions of inflammasome in the myocardium 
were determined. As shown in Fig. 2c, d and f, the results 
of immunohistochemistry and western blot all showed that 
NLRP3, the upstream initiator of NLRP3 inflammasome, 
was up-regulated in the myocardium of mice treated with 
Dox. Besides, the expression of Pro-caspase 1 was decreased 
and correspondingly, the expression of Caspase-1 p20 was 
significantly increased in Dox-treated group, which indi-
cated the activation of Caspase-1 (Fig. 2c, f). Collectively, 
these results implied that the activation of NLRP3 inflamma-
some was concerned to the cardiotoxicity induced by Dox.

Inhibition of NLRP3 Suppressed the Dox‑Induced 
NLRP3 Inflammasome Activation and Apoptosis 
in H9c2 Cells

In order to further confirm the key role of NLRP3 inflam-
masome in Dox-induced cardiotoxicity, the in vitro experi-
ment were performed in H9c2 cells. In consistent with the 
in vivo results, NLRP3 inflammasome was activated in 
Dox-treating H9c2 cells as indicated by up-regulation of 
NLRP3 and Caspase-1 p20, as well as the increased secre-
tion of IL-1β (Fig. 3a–e). Moreover, the H9c2 cells treating 
with Dox exhibited increased percentage of Hoechst stain-
ing-positive cells (Fig. 4a, b), Annexin V-FITC/PI double 
staining showed that Dox induced approximately 60% H9c2 
cells apoptosis (Fig. 4c, d). Up-regulation of Bax and down-
regulation of Bcl-2 (Fig. 4e, f), also suggested apoptosis 
induced by Dox, and increased LDH level in supernatants 
indicated the injury induced by Dox in H9c2 cells (Fig. 3f). 
To determine the role of NLRP3 inflammasome in Dox-
induced H9c2 cells apoptosis, pretreatment of MCC950, a 
specific NLRP3 inhibitor, was conducted in Dox-treating 
H9c2 cells. The results showed that Dox-induced NLRP3 
inflammasome activation and apoptosis in H9c2 cells were 
reversed by MCC950 (Fig. 4a–f), suggested that inhibition 

Fig. 3   Inhibition of NLRP3 
suppressed NLRP3 inflamma-
some activation induced by Dox 
in H9c2 cells. H9c2 cells were 
pretreated with NLRP3 inhibi-
tor MCC950 (MCC, 10 μM) 
for 1 h and then incubated with 
1 μM Dox for 48 h, 0 μM Dox 
treatment was used as Control. 
a–d The protein expression of 
NLRP3, Pro-caspase 1 and Cas-
pase-1 p20 were determined by 
western blot, GAPDH served as 
loading control. e, f The levels 
of IL-1β (e) and LDH (f) in the 
supernatant were measured by 
using kits with an automatic 
biochemical analyzer. Data are 
mean ± S.E.M. n = 3. **P < 0.01 
vs. Con. #P < 0.05, ##P < 0.01 
vs. Dox



Cardiovascular Toxicology	

1 3

of NLRP3 suppressed the Dox-induced NLRP3 inflamma-
some activation and apoptosis in H9c2 cells.

Inhibition of NLRP3 Suppressed the Dox‑Induced 
NLRP3 Inflammasome Activation and Apoptosis 
in Primary Cardiomyocytes

Because of that H9c2 cells can’t fully show the phenotype of 
cardiomyocytes, we isolated and cultured the primary car-
diomyocytes, and investigated the effect of NLRP3 inhibitor 
on the Dox-induced NLRP3 inflammasome activation and 
apoptosis. In consistent with the results obtained in H9c2 
cells, NLRP3 inhibitor MCC950 could inhibit the Dox-
induced NLRP3 inflammasome activation (Fig. 5a–c) in 
primary cardiomyocytes.

It is well known that cardiomyocytes act as terminally dif-
ferentiated cells, have no proliferative ability. Therefore, the 
decreased cell viability also reflects the apoptosis of primary 
cardiomyocytes in addition to the LDH level, Hoechst stain-
ing. As shown in Fig. 5g, Dox decreased the cell viability, 

which was reversed by NLRP3 inhibitor MCC950. These 
results in Fig. 5d–g, collectively, suggested that inhibition 
of NLRP3 suppressed Dox-induced apoptosis in primary 
cardiomyocytes.

ROS Scavenger Suppressed the Dox‑Induced NLRP3 
Inflammasome Activation and Apoptosis in H9c2 
Cells and Primary Cardiomyocytes

Our in vivo study has determined the overproduction of 
ROS in the heart of Dox-treating mice. The ROS acted 
as an important activator for NLRP3 inflammasome, 
therefore, which allowed us to investigate the relationship 
between ROS and NLRP3 inflammasome in Dox-induced 
cardiotoxicity. The DHE staining showed that Dox induced 
the ROS overproduction, while pretreatment of NAC, a 
ROS scavenger, can decrease the ROS level in Dox-treating 
H9c2 cells (Fig. 6a). Moreover, pretreatment of NAC can 
inhibit the up-regulation of NLRP3, ASC and Caspase-1 

Fig. 4   Inhibition of NLRP3 suppressed Dox-induced apoptosis in 
H9c2 cells. a, b Representative images of Hoechst 33342 staining 
and statistical analysis, scale bar = 200 μm. c, d Representative flow 
cytometry scatter plots of Annexin V-fluorescein isothiocyanate 

(FITC)/Propidium iodide staining and statistical analysis. e, f The 
protein expression of Bax and Bcl-2 were determined by western blot, 
GAPDH served as loading control. Data are mean ± S.E.M. n = 3. 
*P < 0.05, **P < 0.01 vs. Con. #P < 0.05, ##P < 0.01 vs. Dox
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p20 expression, as well as the IL-1β, suggesting that inhi-
bition of ROS suppressed the Dox-induced NLRP3 inflam-
masome activation in H9c2 cells (Fig. 6b–f). Decrease of 
ROS also suppressed the cell apoptosis and injury induced 
by Dox. As shown by Fig. 7a–f, the increased percent-
age of Hoechst staining-positive cells (Fig. 7a, b), up-
regulation of Bax and down-regulation of Bcl-2 induced 
by Dox can be inhibited by NAC (Fig. 7e, f). The results 
of Annexin V-FITC/PI double staining and LDH level in 
supernatants further identified this speculation (Figs. 6g, 
7c, d). Moreover, in consistent with the results obtained in 
H9c2 cells, ROS scavenger suppressed the Dox-induced 
NLRP3 inflammasome activation in primary cardiomyo-
cytes (Fig. 8a–h).

Discussion

Inflammation is originally recognized as the response to 
infection, which is triggered by innate immune system, such 
as neutrophils and macrophages [8]. However, increasing 
evidence indicates that inflammatory responses also occur 
in the absence of infection, and is named “sterile inflamma-
tion”. The sterile inflammation has been found in multiple 
diseases including gout, type 2 diabetes mellitus, Alzhei-
mer’s disease et al. [18]. Although complex underlying 
mechanisms are involved in sterile inflammation, “inflam-
masomes” has been defined as playing crucial role in the 
processes of sterile inflammation [6]. Inflammasomes, a 
large multiple cytoplasmic protein complex served as plat-
forms for Caspase-1 activation, are typically contain one 

Fig. 5   Inhibition of NLRP3 
suppressed Dox-induced 
NLRP3 inflammasome activa-
tion and apoptosis in primary 
cardiomyocytes. Primary 
cardiomyocytes were pretreated 
with MCC950 for 1 h and then 
incubated with 1 μM Dox for 
48 h. a, b The protein expres-
sion of NLRP3 and Caspase-1 
p20 were determined by western 
blot, GAPDH served as load-
ing control. c, d The levels of 
IL-1β (c) and LDH (d) in the 
supernatant were measured by 
using kits with an automatic 
biochemical analyzer. e, f Rep-
resentative images of Hoechst 
33342 staining and statistical 
analysis, scale bar = 100 μm. 
g Cell viability was measured 
by CellTiter 96® AQueous 
One Solution Cell Proliferation 
Assay. Data are mean ± S.E.M. 
n = 3. **P < 0.01 vs. Con. 
#P < 0.05, ##P < 0.01 vs. Dox
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of the NLR family proteins, apoptosis-associated speck-like 
protein containing a caspase recruitment domain (ASC), and 
the cysteine protease Caspase-1 [7].

NLRs include NLRP1, NLRP3, NLRP6, NLRP7, 
NLRP12, and NLRC4, among them, the NLRP3 inflamma-
some is the most extensively studied and has been reported 
to recognize danger signals and trigger sterile inflammatory 
responses in various diseases [19]. For example, inhibition 
of NLRP3 by siRNA or specific inhibitor prevented inflam-
masome activation and cardiomyocyte death, resulting in 
ameliorating myocardial remodeling after myocardial infarc-
tion [20]. Moreover, ASC-KO or Caspase-1-KO mice exhib-
ited a significant decline of inflammatory responses, and 
showed a significant reduction of infarct size and left ven-
tricular dysfunction after myocardial infarction [21]. These 
studies suggested that NLRP3 inflammation is involved in 

mediating myocardial damage and repair. In present study, 
we established the model of Dox-induced cardiotoxicity in 
mice, and found that NLRP3 and Caspase-1 p20 were up-
regulated in myocardium of Dox-treating mice, indicating 
the activation of NLRP3 inflammasome. This result allowed 
us to investigate the role of NLRP3 inflammasome in Dox-
induced cardiotoxicity. Growing evidence supported the 
view that apoptotic death of cardiomyocytes acted as the 
main cause of Dox-induced cardiotoxicity [22]. Therefore, 
the role of NLRP3 inflammasome in Dox-induced cardio-
myocytes apoptosis was determined. In consistent with the 
in vivo results, Dox induced the apoptosis of cardiomyo-
cytes concomitantly with NLRP3 inflammasome activation, 
as shown by the up-regulation of NLRP3, ASC and Cas-
pase-1 p20 expressions. Moreover, inhibition of NLRP3 
suppressed the inflammasome activation, and reversed the 

Fig. 6   ROS scavenger sup-
pressed NLRP3 inflammasome 
activation induced by Dox in 
H9c2 cells. H9c2 cells were 
pretreated with ROS scavenger 
N-acetylcysteine (NAC, 2 mM) 
for 1 h and were then incu-
bated with 1 μM Dox for 48 h, 
0 μM Dox treatment was used 
as Control. a ROS level was 
determined by DHE staining, 
scale bar = 200 μm. b–e The 
protein expression of NLRP3, 
ASC, Pro-caspase 1 and Cas-
pase-1 p20 were determined by 
western blot, GAPDH served as 
loading control. f, g The levels 
of IL-1β (f) and LDH (g) in the 
supernatant were measured by 
using kits with an automatic 
biochemical analyzer. Data are 
mean ± S.E.M. n = 3. **P < 0.01 
vs. Con. #P < 0.05, ##P < 0.01 
vs. Dox



	 Cardiovascular Toxicology

1 3

Dox-induced cardiomyocytes apoptosis. These results sug-
gested that the NLRP3 inflammasome mediated the Dox-
induced cardiotoxicity.

The Caspase-1 activation in NLRP3 inflammasome 
cleaves pro-IL-1β and pro-IL-18 into the biologically active 
forms IL-1β and IL-18, finally initiating the sterile inflam-
matory disease [7]. An excessive inflammatory response 
has been observed in diversity cardiomyopathy [23]. Treat-
ment with antibodies against IL-1β (canakimumab) and IL-6 
(tocilizumab) leaded to significant cardioprotection effects. 
Neutralization of IL-1 reduced acute and chronic myocardi-
tis in mice [24, 25]. These studies identified the central role 
of inflammatory response in the pathophysiology of cardiac 
damage, which was also verified in present study. The secre-
tion of IL-1β was increased in Dox-treating cardiomyocytes 

concomitantly with NLRP3 inflammasome activation and 
cells apoptosis, while inhibition of NLRP3 can decrease the 
IL-1β secretion.

The NLRP3 inflammasome can be activated by diverse 
stimuli, and multiple molecular and cellular events, includ-
ing ionic flux, mitochondrial dysfunction, and overproduc-
tion of ROS [26]. As the dynamic organ of human blood 
circulation, heart is rich in mitochondria, especially the 
cardiomyocytes. Compared with the number in other tis-
sues, the number of mitochondria in cardiomyocytes was 
increased by 35–40%, that is why the Dox-induced toxicity 
priority for heart [27]. Present study was consistent with pre-
vious reported study, observed the overproduction of ROS 
in Dox-treating myocardium and cardiomyocytes. Consider-
ing the key roles of ROS/NLRP3 inflammasome activation 

Fig. 7   ROS scavenger suppressed Dox-induced apoptosis in H9c2 
cells. a, b Representative images of Hoechst 33342 staining and sta-
tistical analysis, scale bar = 200 μm. c, d Representative flow cytom-
etry scatter plots of Annexin V-fluorescein isothiocyanate (FITC)/

Propidium iodide staining and statistical analysis. e, f The pro-
tein expression of Bax and Bcl-2 were determined by western blot, 
GAPDH served as loading control. Data are mean ± S.E.M. n = 3. 
*P < 0.05, **P < 0.01 vs. Con. #P < 0.05, ##P < 0.01 vs. Dox
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in LPS-ATP-induced endothelial cell pyroptosis [28], acute 
ozone-induced airway inflammation [29], and especially 
the Dox-induced renal tubule injury (30), present study 

further determined whether ROS acted as NLRP3 inflam-
masome activator in Dox-induced cardiotoxicity. We found 
that decreasing ROS level by NAC can inhibit the NLRP3 

Fig. 8   ROS scavenger sup-
pressed the Dox-induced 
NLRP3 inflammasome activa-
tion and apoptosis in primary 
cardiomyocytes. Primary 
cardiomyocytes were pretreated 
with NAC for 1 h and then 
incubated with 1 μM Dox for 
48 h. a ROS level was deter-
mined by DHE staining, scale 
bar = 100 μm. b, c The protein 
expression of NLRP3, ASC and 
Caspase-1 p20 were determined 
by western blot, GAPDH served 
as loading control. d, e The lev-
els of IL-1β (d) and LDH (e) in 
the supernatant were measured 
by using kits with an automatic 
biochemical analyzer. f, g Rep-
resentative images of Hoechst 
33342 staining and statistical 
analysis, scale bar = 100 μm. 
h Cell viability was measured 
by CellTiter 96® AQueous 
One Solution Cell Proliferation 
Assay. Data are mean ± S.E.M. 
n = 3. **P < 0.01 vs. Con. 
#P < 0.05, ##P < 0.01 vs. Dox
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inflammasome activation, secretion of IL-1β and apoptosis 
in Dox-treating cardiomyocytes. These results suggested 
that the NLRP3 inflammasome activation in Dox-induced 
cardiotoxicity was regulated by the overproduction of ROS.

In summary, we found that NLRP3 inflammasome was 
activated in the myocardium and cardiomyocytes after treat-
ment with Dox. Inhibition of NLRP3 reversed the Dox-
induced cardiomyocytes apoptosis, and the activation of 
NLRP3 inflammasome was regulated by ROS. Based on the 
data described herein, present study determined the key role 
of ROS/NLRP3 inflammasome activation in Dox-induced 
cardiotoxicity. These findings may have important implica-
tions with respect to better understanding the mechanisms 
underlying Dox-induced cardiotoxicity.
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