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Abstract. Chronic heart failure (CHF) and diabetes mellitus 
are associated with morbidity and mortality. CHF and 
diabetes generally simultaneously occur, resulting in adverse 
outcomes. Diabetes complicates cardiomyopathy and exac‑
erbates heart failure conditions. An increase in natriuretic 
peptides, including atrial natriuretic peptide  (ANP), and 
another endsogenously generated peptide, brain natriuretic 
peptide (BNP), serves an essential role in CHF. The aim of 
this study was to explore the molecular regulation between 
bone morphogenetic protein‑2 (BMP‑2) and ANP or BNP 
in diabetes‑associated cardiomyopathy. In total, 25 serum 
samples were collected from patients with CHF with or 
without type 2 diabetes mellitus to compare with 25 controls. 
Cardiomyopathy and hyperglycemia were induced in rats by 
doxorubicin and streptozotocin, respectively. AC16 cells were 
used to study molecular mechanisms. BMP, ANP and BNP 
concentration in patients and rats were measured by ELISA. 
Flow cytometry was performed to analyze cell pyroptosis and 
ROS production. Reverse transcription‑quantitative PCR and 
western blotting were used to examine mRNA and protein 
expression of NOD‑, LRR‑ and pyrin domain‑containing 
protein  3 (NLRP3), pro‑caspase‑1, caspase‑1 (p20) and 
gasdermin D. BMP‑2 was negatively correlated with ANP and 
BNP in CHF patients with type 2 diabetes mellitus. Similar 
results were obtained in rats and AC16 cells. BMP‑2 decreased 

the NLRP3 inflammasome activation and cell pyroptosis. 
The present study found evidence that the cardioprotective 
effects of BMP‑2 act through ANP and BNP both in vivo and 
in vitro. BMP‑2 inhibits inflammasome formation. The results 
suggested that BMP‑2 may serve as a novel therapeutic target 
for the treatment of diabetic heart conditions.

Introduction

Chronic heart failure (CHF) is commonly seen in numerous 
heart disease types, characterized by impaired ventricular 
filling and ejection (1). Numerous risk factors lead to CHF, 
including diabetes, hypertension, coronary heart disease 
and chronic renal diseases (2). Extensive research data has 
suggested that diabetes mellitus contributes toward a greater 
risk of adverse outcomes in CHF (3,4). Serum levels of two 
endogenously generated peptides atrial natriuretic peptide 
(ANP) and brain natriuretic peptide (BNP) are significantly 
increased in HF and their serum content is tightly associated 
with CHF dysfunction (5,6).

Unlike cell apoptosis, cell pyroptosis is a proinflammatory 
form of programmed cell death that is triggered by various 
pathological stimuli (7). Pyroptosis is regularly involved in 
various inflammatory diseases (8), mediated by inflamma‑
somes and the activation of caspase‑1. Working as a protease, 
caspase‑1 activates IL‑1β, IL‑18 and gasdermin D (GSDMD), 
transforming these downstream molecules into their mature 
forms (7). NOD‑, LRR‑ and pyrin domain‑containing protein 3 
(NLRP3) and pro‑caspase‑1, together with other proteins, 
form an inflammasome, cleaving pro‑caspase‑1 into active 
caspase‑1 (9). Doxorubicin (DOX)‑mediated cardiotoxicity 
is tightly associated with NLRP3, leading to cardiomyocyte 
pyroptosis  (10). Reactive oxygen species (ROS)‑mediated 
NLRP3 inflammation serves an essential role during the 
development of cardiomyocyte injury in diabetes (11).

Bone morphogenetic proteins (BMPs) are key modulators for 
cardiac morphogenesis and development (12). BMP‑mediated 
signaling pathway acts through interactions with cognate Type I 
and Type  II serine/threonine kinase receptors  (13). BMP‑2 
induces complete cardiogenesis by regulating the ectopic 
expression of cardiac transcription factors (14). BMP‑2 promotes 
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survival and inhibits apoptosis of cardiac myocytes  (15). 
Recently, BMP‑2 has been identified as a potential autocrine 
and paracrine factor that regulates ANP and BNP protein 
synthesis (16). Therefore, we hypothesized that BMP‑2 is asso‑
ciated with ANP and BNP expression in cardiomyocyte injury 
in diabetes. Therefore, studies on BMP‑2 would provide future 
possible therapeutic targets for diabetic patients.

Materials and methods

Patients and peripheral blood specimens. In total, 25 
serum samples were collected from patients with CHF with 
(19 patients were male, 6 patients were female; age range, 
60‑78 years; mean age, 70.5±4.3  years) or without type  2 
diabetes mellitus (17  patients were male, 8  patients were 
female; age range, 60‑77 years, mean age, 73.9±3.5 years) in 
Shanghai TCM‑Integrated Hospital (Shanghai, China) between 
January 2015 and January 2017. Patients with type 1 diabetes 
and aged <60 years were excluded. Another 25 serum samples 
were collected from individuals during a routine examination 
in Shanghai TCM‑Integrated Hospital between January 2015 
and January 2017 who were diagnosed without diabetes and 
heart disease as controls (18 patients were male, 7 were female; 
age range, 65‑75 years; mean age, 70.4±3.4 years). The present 
study obtained written consent from all patients for all inves‑
tigation and experiments, and all procedures were approved 
by the Ethics Committee of Shanghai TCM‑Integrated 
Hospital, Shanghai University of Traditional Chinese Medicine 
(approval no. 2015‑022‑1) on January 10, 2015.

Cell culture and treatment. Human cardiomyocyte AC16 cell 
line, purchased from EMD Millipore, were passed and cultured 
in a mitogen‑free Dulbecco's modified Eagle's medium supple‑
mented with 10% fetal FBS and 1% penicillin/streptomycin 
(Gibco; Thermo Fisher Scientific, Inc.). Culture flasks were 
placed in a humidified atmosphere of 90% air and 10% CO2 
at 37˚C. Treatment of AC16 cells was performed by adding 
recombinant human BMP‑2 (rhBMP‑2; 80 mg/ml; Yamanouchi 
Co. Ltd.) at 37˚C for 4 h (17), followed by adding 2 µM DOX 
and normal glucose (5.5 mM glucose, NG) or high glucose 
(33 mM glucose, HG). Additional mannitol (27.5 mM) was 
included in the NG medium to ensure that NG maintains the 
same osmolarity as HG medium (18).

Cell transfection. The coding sequence (CDS) of NLRP3 was 
synthesized by Genewiz, Inc. and inserted into pcDNA3.1(+) 
to produce NLRP3 ectopic expression vector, using primers 
with sequences as follows: Forward, 5'‑CCC​AAG​CTT​ATG​
AAG​ATG​GCA​AGC​ACCC‑3' and reverse, 5'-CGG​AAT​TCC​
TAC​CAA​GAA​GGC​TCA​AAG​ACG​AC‑3'. AC16 cells were 
seeded into a six‑well plate with 1 µg pcDNA3.1(+)‑NLRP3 
or blank pcDNA3.1(+). Transfections were performed using 
Lipofectamine®  3000 reagent following manufacturer's 
protocol for 4‑6 h at 37˚C. The blank pcDNA3.1(+) (vector) 
was included as blank control. At 24 h following transfection, 
subsequent experimentation was performed.

Cell death measurement. Pyroptotic cell death was inves‑
tigated using active caspase‑1 and propidium iodide  (PI) 
staining as previously described  (19). In brief, AC16 cells 

were seeded into six‑well plates (5x105 cells/well) and allowed 
to grow until reaching 50%  confluence. Cells were then 
incubated with 660‑YVAD‑FMK (FLICA®  660 caspase‑1 
assay kit; ImmunoChemistry Technologies, LLC), according 
to manufacturer's protocols and with 10 µl PI (Thermo Fisher 
Scientific, Inc.) for 15 min and analyzed using an Accuri 
C6 flow cytometer (version 1.0.264; BD Biosciences) using 
CellQuest Pro software, version 3.3 (Becton Dickinson). A 
total of 10,000 cells were tested for each sample.

Measurement of ROS. A fluorescent 2'‑7'‑dichlorodihy‑
drofluorescein diacetate (DCFH‑DA) probe (Beyotime 
Institute of Biotechnology) was used to evaluate ROS levels 
within the AC16 cells. In brief, AC16 cells (1x106/ml) were 
cultured with 10  µM DCFH‑DA probe (forward‑reverse 
mixing once per 3 min). Following a 20‑min incubation in 
darkness at 37˚C, fluorescence was determined at an excita‑
tion/emission of 485/530 nm using Accuri™ C6 flow cytometry 
(BD Biosciences) and Accuri™ C6 Software (version 1.0.264; 
BD Biosciences).

ELISA. After 24  h of treatment, concentrations of IL‑1β 
(IL‑1β Human ELISA  kit; R&D Systems, Inc.) and 
IL‑18 (IL‑18 Human ELISA kit; Thermo Fisher Scientific, 
Inc.) in the supernatant of AC16 cells were determined using 
an ELISA  kit according to the manufacturer's protocols. 
The concentrations of BMP‑2 (Rat BMP‑2 ELISA kit; Andy 
Gene), BNP (Rat BNP Elisa kit; Beijing Solarbio Science & 
Technology Co., Ltd.), ANP (Rat ANP ELISA kit; Abcam; 
cat. no. ab108797), IL‑1β (IL‑1β Rat ELISA kit; R&D Systems, 
Inc.) and IL‑18 (IL‑18 Rat ELISA kit; Thermo Fisher Scientific, 
Inc.) in the serum of rats were determined using an ELISA kit 
(IL‑1β Human ELISA kit; R&D Systems, Inc.; IL‑18 Human 
ELISA kit; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's protocols.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). To determine the expression level of NLRP3, the 
total RNA was extracted from the AC16 cells  (1x107) and 
purified using the TRIzol approach (Thermo Fisher Scientific, 
Inc.). PrimeScript™ RT reagent kit (Takara Bio, Inc.) was 
used to reverse transcribe total RNA into cDNA, according to 
the manufacturer's protocols. RT‑qPCR was then performed 
on ABI 9700 thermocyclers using with the SYBR™ Green 
PCR Master Mix reagent (Thermo Fisher Scientific, Inc.). The 
following thermocycling conditions were used for RT‑qPCR: 
95˚C for 10 min, 40 cycles of 95˚C for 30 sec, 60˚C for 15 sec 
and 72˚C for 15 sec. The specific NLRP3 primer sequences 
were: NLRP3 forward, 5'‑TTC​GGA​GAT​TGT​GGT​TGGG‑3' 
and reverse, 5'‑TCA​GGG​AAT​GGC​TGG​TGC‑3'. GAPDH was 
used as an internal reference gene, and the GAPDH specific 
primer sequences were as follows: GAPDH forward, 5'‑AAT​
CCC​ATC​ACC​ATC​TTC‑3' and reverse, 5'‑AGG​CTG​TTG​TCA​
TAC​TTC‑3'. The relative expression of NLRP3 was calculated 
using the 2‑ΔΔCq method (20).

Western blot analysis. Cell lysate was collected using 
RIPA lysis buffer (Sigma‑Aldr ich; Merck  KGaA) 
with a protease inhibitor cocktail set (Sigma‑Aldrich; 
Merck KGaA) and protein concentration was determined 
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by a bicinchoninic acid assay kit (Thermo Fisher Scientific, 
Inc.). The isolated proteins (30 µg) were separated by elec‑
trophoresis in 7.5% SDS‑polyacrylamide gels and transferred 
onto a nitrocellulose membrane (EMD Millipore), blocked 
in 5%  fat‑free milk overnight at  4˚C. The transferred 
membranes were then incubated with primary antibodies 
against BMP‑2 (Abcam; cat. no. ab232401; dilution, 1:1,000), 
NLRP3 (Abcam; cat.  no.  ab210491; dilution,  1:5,000), 
GSDM D ‑N (Ab ca m;  ca t .   no.   ab2152 03;  d i lu ‑
tion,  1:1,000), caspase‑1 (Abcam; cat.  no.  ab207802; 
dilution,  1:1,000), GAPDH (Cell Signaling Technology, 
Inc.; cat.  no.  5174; dilution,  1:1,000) at  4˚C overnight, 
and horseradish peroxidase‑conjugated goat anti‑rabbit 
secondary antibody (Beyotime Institute of Biotechnology; 
cat. nos. A0208 and A0216; dilution, 1:1,000) at 37˚C for 1 h. 
Signal quantification was performed by an enhanced chemi‑
luminescence system (Bio‑Rad Laboratories, Inc.). The 
bands were quantified by densitometry with ImageJ software 
(version 1.51; National Institutes of Health).

Animals and study design. Sprague‑Dawley rats (male, 
6‑8  weeks old; weight, 210‑230  g; n=18) were obtained 
from HFK Bioscience Co. Ltd. under standard laboratory 
conditions. The rats were kept in the animal facility at 25˚C 
(humidity, 60‑70%) with a 12‑h light/dark cycle and received 
food and water ad  libitum. All experimental procedures 
were performed according to the protocols approved by the 
Bioethics Committee of Shanghai TCM‑Integrated Hospital, 
Shanghai University of Traditional Chinese Medicine 
(approval no. PZSHUTCM170823001) on August 23, 2017. 
To induce diabetes, all animals were fasted for 12 h prior to 
receiving a single intraperitoneal injection of streptozotocin 
(STZ) with a dose of 60 mg/kg (Sigma‑Aldrich; Merck KGaA). 
Citrate buffer was used as a vehicle and was administered 
to control groups (11). The diabetic rat model was consid‑
ered successful if the following observations were present: 
i)  Indication of hyperglycemia, with a blood glucose level 
>16.7 mmol/l 72 h after the injection (including 6 h of fasting); 
and ii) increased food consumption and urination.

The HF injury model in vivo was generated as previously 
reported (21). After 12 weeks, rats were administered with 
6 equal intraperitoneal injections of 2.5 mg/kg doxorubicin 
(DOX; Fresenius Kabi Oncology Ltd.) over a period of 
2 weeks. Standard cardiac function evaluation was performed 
as previously reported (22,23). The hemodynamic variables 
were measured by the SPR‑838 rat pressure‑volume cath‑
eter as a part of the MPVS‑300 pressure‑volume system 
(Millar). The echocardiographic variables were obtained 
through a phased‑array transducer probe (7.5‑MHz) as 
connected to the Sonos 5500 imaging system (Philips Medical 
Systems, Inc.). Echocardiography images were collected 
following the American Society of Echocardiography's 
recommendations (24). At the end of the procedure, all rats 
(n=6 in each group) were sacrificed with an intravenous bolus 
of 140 mg/kg sodium pentobarbital (Dolethal), confirmed 
by the performance of continuous involuntary breathing for 
2‑3 min and no blink reflex, and their myocardial tissues 
samples were obtained and subjected to apoptosis detection 
by terminal‑deoxynucleoitidyl transferase‑mediated nick end 
labeling (TUNEL) (25).

Statistical analysis. A minimum sample size of 21 patients was 
calculated by 80% power at a significance level of 5%. Data 
based on at least three independent experiments performed in 
triplicate are presented as the mean ± standard deviation and 
processed by statistical tools, such as GraphPad Prism 8.0.2 
(GraphPad). To determine if data were normally distributed, 
the Shapiro‑Wilk test was used. To compare various parame‑
ters among different groups, the measurements observed from 
each experimental group were analyzed by a one‑way analysis 
of variance, followed by Bonferroni correction for multiple 
comparisons. Pearson correlation coefficient was used for the 
correlation between BMP‑2 and ANP or BNP concentration. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Serum levels of BMP‑2 are negatively correlated with the 
levels of ANP and BNP in CHF with diabetes patients. ANP 
and BNP levels were first measured in serum from patients 
with CHF alone and those with diabetes. Consistent with 
previously published data (6,26), a significant increase in ANP 
and BNP was observed in the CHF and CHF with diabetes 
groups, compared with the controls (Fig. 1A and B). ANP and 
BNP were further increased in the CHF with diabetes patients. 
By contrast, BMP‑2 levels were lower in CHF with diabetic 
patients than in the controls and CHF patients (Fig. 1C). To 
further investigate the association between BMP‑2 and ANP 
or BNP levels, a Pearson correlation analysis was performed 
using serum samples from CHF patients with diabetes. The 
results of the present study revealed that there were signifi‑
cant negative correlations between BMP‑2 levels and ANP 
(r=‑0.5334; P=0.006; Fig. 1D) or BNP (r=‑0.5281; P=0.007; 
Fig. 1E). Since there was a correlation between serum BMP‑2 
and ANP/BNP, the molecular functions of BMP‑2 in the 
pathogenesis of diabetes‑associated CHF were investigated 
in vitro and in vivo models.

BMP‑2 reduces the NLRP3 inflammasome activation and 
cell pyroptosis induced by HG and cardiac injury in AC16 
cells. Cardiac myocyte damage was induced using DOX and 
cells were treated with HG. Pyroptotic cell death was inves‑
tigated with an active caspase‑1 and PI staining. Consistent 
with previously published results  (27), DOX significantly 
increased cell pyroptosis (Fig. 2A and B). HG administra‑
tion further exacerbated cell pyroptosis when combined 
with DOX (Fig. 2A and B). By contrast, recombinant BMP‑2 
markedly decreased DOX and HG‑induced cell pyroptosis 
(Fig.  2A  and  B). ROS production was measured using a 
DCFH‑DA probe. Similar to the cell pyroptosis results, 
DOX induced ROS production, and HG exaggerated this 
increase in ROS (Fig. 2C and D). In the presence of BMP‑2, 
the increase in ROS was largely suppressed (Fig. 2C and D). 
Next, the amount of ANP, BNP, BMP‑2, IL‑1β and IL‑18 were 
measured using ELISA. All were increased following DOX 
and HG administration, but recombinant BMP‑2 moderated 
these increases (Fig. 2E). Next, the protein levels of pyroptosis 
markers were investigated using the Western blot analysis. 
Consistent with the results of in vivo data, DOX and HG treat‑
ments caused an increase in NLRP3, pro‑caspase‑1, active 
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caspase‑1 and GSDMD‑N; exogenous BMP‑2 prevented DOX 
and HG‑induced increase (Fig. 2F). Since BMP‑2 inhibited 
an NLRP3 increase, we hypothesized that BMP‑2 may affect 
NLRP3 signaling.

BMP‑2 alleviates the NLRP3 inflammasome activation 
and cell pyroptosis, induced by overexpressing NLRP3. 
NLRP3 was upregulated at transcriptional and trans‑
lational levels following overexpression in AC16cells 
(Fig. 3A and B). Exogenous BMP‑2 significantly suppressed 
NLRP3‑overexpression‑induced cell pyroptosis and ROS 
generation (Fig.  3C‑F). NLRP3‑overexpression caused an 
increase in ANP, BNP, IL‑1β and IL‑18. These effects were 
inhibited by the presence of BMP‑2 (Fig. 3G). Finally, BMP‑2 
suppressed the increase in pyroptosis markers induced by 
NLRP3 (Fig. 3H). These results suggested that BMP‑2 may 
serve as the inhibitor of NLRP3 in pyroptosis and inflamma‑
tory responses.

Diabetes exaggerates DOX‑induced myocardial injuries 
in vivo. The present study investigated how BMP‑2 contributes 
toward these pathological processes in vivo. Myocardial injury 
was induced in rats using DOX and induced diabetes using 

STZ. The results of the present study confirmed a decline 
in the end‑systolic pressure, heart rate, stroke volume and 
ejection fraction, as well as an increase in the end‑diastolic 
pressure following DOX administration (Fig. 4A). STZ exag‑
gerated cardiotoxicity in these parameters (Fig. 4A). These 
results validated the successful establishment of myocardial 
damage and diabetes in an animal model. Consistent with our 
patient data, ANP and BNP were increased in the DOX group 
and further increased in the DOX + STZ group (Fig. 4B). 
By contrast, BMP‑2 was decreased in the two  groups 
(Fig. 4B). TUNEL staining revealed an increased cell death 
in the myocardium following DOX treatment and a higher 
increase in cell death was observed in the DOX+STZ group 
(Fig. 4C and D). Western blotting confirmed the decrease in 
BMP‑2 (Fig. 4E), and demonstrated that DOX administra‑
tion induced increased expression of NLRP3, pro‑caspase‑1, 
active caspase‑1 and GSDMD‑N (Fig. 4E). When DOX was 
combined with STZ, the increase was more notable (Fig. 4E). 
Similar changes were found in concentrations of IL‑1β 
and IL‑18. The two were significantly increased in DOX‑ and 
DOX + STZ‑treated animals (Fig. 4F). These results suggested 
that the apoptosis and inflammasome pathways are activated 
in myocardial damage and diabetes.

Figure 1. Serum BMP‑2 levels are negatively associated with the serum levels of ANP and BNP in patients with CHF who also had T2D. The serum levels 
of (A) ANP, (B) BNP and (C) BMP‑2 in controls and patients with CHF, with and without T2D. (D and E) Pearson correlation scatter plots in patients with 
CHF with T2D. *P<0.05 and ***P<0.001, compared with the control. ##P<0.01 and ###P<0.001, compared with CHF. BMP‑2, bone morphogenetic protein‑2; 
ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; CHF, chronic heart failure; T2D, type 2 diabetes mellitus.
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Figure 2. rhBMP‑2 decreases the NLRP3 inflammasome activation and cell pyroptosis was induced by HG in DOX‑induced AC16 cells. (A and B) The 
cell pyroptosis and (C and D) Reactive oxygen species production were assessed by flow cytometry. (E) The concentrations of ANP, BNP, BMP‑2, IL‑1β 
and IL‑18 were determined by ELISA. (F) The expression of NLRP3, Caspase‑1 and GSDMD‑N were measured using Western blotting. *P<0.05, **P<0.01 
and ***P<0.001, compared with the control. #P<0.05, ##P<0.01 and ###P<0.001, compared with DOX + NG. ΔP<0.05, ΔΔP<0.01 and ΔΔΔP<0.001, compared with 
DOX + HG. rhBMP‑2, recombinant human BMP‑2; NLRP3, NLR family pyrin domain‑containing 3; HG, high‑glucose; DOX, doxorubicin; BMP‑2, bone 
morphogenetic protein‑2; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; IL, interleukin; GSDMD‑N, gasdermin D; NG, no glucose.
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Discussion

The present study first demonstrated that BMP‑2 is negatively 
associated with ANP and BNP content in CHF patients with 
diabetes. Consistent with patient data, a similar association 
between BMP‑2 and natriuretic peptides was also observed in 
animal models and cultured cells. The results of the present 
study confirmed that BMP‑2 antagonizes the activation of 

the NLRP3 inflammasome. In addition, BMP‑2 inhibits the 
expression and release of pyroptosis‑related factors, including 
NLRP3, active caspase‑1, IL‑1β, IL‑18 and GSDMD‑N, in 
diabetic cardiomyopathy.

BMPs regulate the proper development of the heart. 
BMP‑2, BMP‑4 and BMP‑5 are localized to the myocardium, 
and each has distinct functions (28). Bmp2 deletion is embry‑
onically lethal due to severe defects in cardiogenesis  (29). 

Figure 3. rhBMP‑2 decreases the NLRP3 inflammasome activation and cell pyroptosis is induced by NLRP3‑overexpression in AC16 cells. The expres‑
sion of NLRP3, Caspase‑1 and GSDMD‑N was measured by (A) reverse transcription‑quantitative polymerase chain reaction and (B) Western blotting. 
(C and D) The cell pyroptosis and (E and F) reactive oxygen species production were assessed using flow cytometry. (G) The concentrations of ANP, BNP, 
IL‑1β and IL‑18 were determined using ELISA. (H) The expression of NLRP3, Caspase‑1 and GSDMD‑N was measured using Western blotting. **P<0.01 
and ***P<0.001, compared with the vector. #P<0.05, ##P<0.01 and ###P<0.001, compared with oeNLRP3. rhBMP‑2, recombinant human BMP‑2; NLRP3, NLR 
family pyrin domain‑containing 3; NLRP3, NLR family pyrin domain‑containing 3; GSDMD‑N, gasdermin D; ANP, atrial natriuretic peptide; BNP, brain 
natriuretic peptide; IL, interleukin; oe, overexpression.
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BMP‑2 is necessary and sufficient to specify cardiac progeni‑
tors during the development of the atria and ventricles (30). 
The dysregulation of BMPs and ROS in CHF and diabetes 
has been well characterized  (31). However, how BMP‑2 
suppresses excess ROS damage remains unclear since the 
changes between BMP‑2 and ROS has only been reported in 
an ethanol‑induced abnormal cardiogenesis (32). BMP‑2 is 
upregulated in atherosclerotic lesions under oxidative stress, 
inflammation and hyperglycemia (33). Consistent with these 
results, it was found that overexpressing BMP‑2 significantly 
decreased ROS generation and inflammation responses. 
The analysis on clinical data suggested that diabetic hearts 
have higher sensitivity to various injuries, mainly due to the 
increased ROS production, activating inflammatory cascades 
in the NLRP3‑mediated pyroptosis (11). This unique pyrop‑
tosis is a proinflammatory form of regulated necrosis and 
caspase 1‑dependent cell death. The initiation of pyroptosis 
occurs through the inflammatory caspases. Crosstalk between 
proinflammatory cytokines and ROS has been indicated in 
hyperglycemia‑ and pyroptosis‑caused pathological processes 
in diabetic cardiomyopathy (34). BMP activity inhibits inflam‑
mation in myocardial infarction (35). Consistent with these 
data, the results of the present study provided compelling 
evidence that BMP‑2 suppresses NLRP3‑mediated pyroptosis 

in diabetic hearts. Diabetes also promotes the DOX‑induced 
decrease in heart rate. The decreased heart rate induced by 
DOX was also observed in the study by Jafarinezhad et al (36), 
which demonstrated increased serum troponin I, QT interval 
and QRS complex in rats treated with DOX. The increment of 
serum troponin Ilevels following DOX is a strong predictor 
of ventricular dysfunction and poor cardiac outcome in rats 
and humans (37,38). Ji et al (39) indicated that NF‑κB may 
be responsible for the transcriptional regulation of the TNNI1 
gene, coding troponin I. These data suggested that diabetes 
may promote a DOX‑induced decrease in the heart rate 
through the NF‑κB signaling pathway. This should be further 
investigated in future studies. The molecular mechanisms by 
which BMP‑2 regulates NLRP3 inflammasomes via ROS 
remain under investigation. BMP‑2 was previously reported 
to antagonize BMP‑4‑induced cardiomyocyte apoptosis, and 
BMP‑2 alone did not elicit apoptosis (15). The results of the 
present study demonstrated that BMP‑2 alone was sufficient to 
exhibit protective effects against cell death in cardiomyocytes.

The diminished effectiveness of natriuretic peptides is an 
important component of the CHF pathogenesis, impairing 
volume overload, vasoconstriction and patient prognoses (26). 
ANP exhibits various biological functions, not only in the 
myocardium but also by mediating crosstalk between the 

Figure 4. Diabetes aggravates the degree of DOX‑induced myocardial injury in rats. (A) Cardiac functional parameters were measured. (B) The periph‑
eral blood levels of ANP, BNP and BMP‑2 were determined using ELISA. (C) Representative photomicrographs of TUNEL‑stained myocardium. 
Scale bar, 50 µm. (D) Quantization of TUNEL‑positive cells. (E) The expression of BMP‑2, NLRP3, Caspase‑1 and GSDMD‑N in myocardium were measured 
using Western blotting. (F) The peripheral blood levels of IL‑1β and IL‑18 were determined using ELISA. *P<0.05, **P<0.01 and ***P<0.001, compared 
with the control. #P<0.05, ##P<0.01 and ###P<0.001, compared with DOX. DOX, doxorubicin; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; 
BMP‑2, bone morphogenetic protein‑2; NLRP3, NLR family pyrin domain‑containing 3; GSDMD‑N, gasdermin D; IL, interleukin.
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myocardium and epicardium (40). Changes in BMP signaling 
and ANP/BNP were reported in cardiovascular hyper‑
trophy (41). However, the association between BMP‑2 and 
ANP or BNP in CHF patients with diabetes was not previously 
studied. To the best of our knowledge, the present study was the 
first to report that BMP‑2 is negatively correlated with ANP and 
BNP levels in CHF patients with diabetes. The other important 
aspect of ANP and BNP is their blunted renal response in 
CHF patients (23). The compensatory neurohormonal, local 
renal effectors and how BMP‑2 is involved in vasoconstrictor 
systems, including the renin‑angiotensin‑aldosterone system, 
require future study. A previous study has proven that rhBMP2 
administration may stimulate osteogenesis  (42). Since an 
increased expression of BMP2 and inactivation of NLRP3 
inflammasome may inhibit diabetic cardiomyopathy in vitro 
and in vivo, the administration of rhBMP2 or NLRP3 inflam‑
masome inhibitors alone or in combination may therefore 
be potential treatments for diabetic cardiomyopathy. Since 
some nod‑like receptors, including NLRP1, NLRP3, NLRP6, 
NLRP7, NLRP12 and NLRC4, and AIM2 and Pyrin may also 
form inflammasome, whether the anti‑inflammatory effect by 
BMP‑2 associated with these inflammasomes require further 
investigation. Furthermore, NLRP3 was diffused across the 
cytosol under basal conditions. However, it formed multiple 
small puncta upon the NLRP3 activator nigericin treat‑
ment (43), and the protection of rhBMP‑2 in cardiomyocytes 
against DOX‑induced NLRP3 inflammasome activation 
by means of NLRP3 immunofluorescence would be further 
confirmed in a future study.

In summary, the results of the present study demonstrated 
that BMP‑2 negatively regulated ANP and BNP content in 
diabetic cardiomyopathy. BMP‑2 suppresses pyroptotic cell 
death induced by ROS‑mediated NLRP3 inflammasomes via 
caspase‑1 cascades. Future studies investigating other path‑
ways and renal responses will further elucidate the molecular 
mechanisms underlying CHF and diabetes.
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