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Abstract. diabetic cardiomyopathy (dcM) is a leading 
contributor to the increased morbidity and mortality rates 
associated with diabetes. Persistent inflammation has previ-
ously been reported to be involved in the pathogenesis of 
DCM. However, the exact underlying molecular mechanisms 
remain to be fully elucidated. In the present study, the role 
of spleen tyrosine kinase (Syk) and c‑Jun N‑terminal kinase 
(JNK) in NLR family pyrin domain‑containing 3 (NLRP3 
inflammasome) activation in DCM were investigated in vivo 
and in vitro. Streptozotocin (65 mg/kg) was injected intra-
peritoneally into Sprague‑Dawley rats to induce a rat model 
of diabetes. Neonatal rat cardiomyocytes and H9c2 cells were 
cultured to detect the expression of JNK, NLRP3 and its 
associated downstream molecules, following treatment with 
Syk/JNK inhibitor or Syk/JNK‑small interfering (si)RNA in 
high glucose (HG) conditions. It was revealed that the protein 
and mRNA expression levels of phospho (p)‑Syk, p‑JNK, 
NLRP3 and its associated downstream molecules, including 
interleukin (IL)‑1β, were upregulated in vivo and in vitro. The 
JNK inhibitor significantly decreased the expression of NLRP3 
and its downstream molecules in neonatal rat cardiomyocytes 
and H9c2 cells treated with HG. Furthermore, Syk‑siRNA and 
the Syk inhibitor markedly inhibited the HG‑induced activa-
tion of JNK, followed by the downregulation of NLRP3 and 
its downstream molecules at the mRNA and protein levels in 

cells. Therefore, it was demonstrated that the HG‑induced acti-
vation of NLRP3 was mediated by the activation of Syk/JNK, 
which subsequently increased the protein expression levels of 
mature IL-1β, suggesting that the Syk/JNK/NLRP3 signaling 
pathway serves a critical role in the pathogenesis of DCM.

Introduction

Diabetic cardiomyopathy (DCM) is currently defined as 
a cardiac disease independent of vascular complications 
during diabetes, which is the foremost contributor to the 
increased rates of morbidity and mortality in patients with 
diabetes. The International diabetes Federation estimated a 
worldwide rise in the prevalence of diabetes mellitus (DM) 
to 552,000,000 by 2030 (1). The prevalence of DCM in 
the diabetic population is 20‑60%, affecting patients with 
type 1 and 2 DM (2,3). Furthermore, the relative risk of 
developing heart failure in patients with diabetes is between 
2‑ and 3‑fold higher compared with that in the general popula-
tion (4). Hyperglycemia‑induced persistent inflammation and 
oxidative stress, resulting in interstitial fibrosis, contractile 
dysfunction and dysfunctional remodeling, have previously 
been confirmed as high risk factors for the pathogenesis and 
progression of DCM (2,5,6). However, how high glucose 
(HG) leads to the extensive and uncontrollable expression of 
pro‑inflammatory mediators, which cause widespread inflam-
mation and tissue dysfunction in the pathogenesis of DCM, 
remains to be fully elucidated.

Extensive evidence suggests that interleukin (IL)‑1β serves 
a vital role in the progression of cardiac inflammation, fibrosis, 
cell apoptosis and cardiac dysfunction (7‑10). A previous 
study showed that serum IL-1β promoted endoplasmic 
reticulum stress‑induced myocyte apoptosis in DCM via 
IL‑1 receptor‑associated kinase‑2 (8). Another study showed 
that IL-1β was involved in the early inflammatory phase of 
human diabetic cardiovascular disease (7). Westermann et al 
demonstrated that excessive accumulation of collagen fibers in 
the cardiac interstitium was associated with increased IL-1β 
and transforming growth factor‑β in dcM (9). consistently, 
a recent study reported that HG induced collagen synthesis 
by increasing the production of IL‑18 and IL‑1β in cardiac 
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fibroblasts (10). Previous studies have demonstrated that a 
caspase‑1‑activating protein complex, termed the NLR family 
pyrin domain‑containing 3 (NLRP3) inflammasome, is assem-
bled to induce the activation of caspase‑1, producing cleaved 
caspase‑1 p20, known as p20, leading to the maturation and 
secretion of IL‑1β in type 1 and 2 dM (11-13). Luo et al (14) 
reported that the NLRP3 inflammasome regulates the death 
of cardiomyocytes and the activation of fibroblasts in DCM, 
which is involved in the structural and functional disorder 
of DCM. Further investigations examining the regulatory 
mechanisms and upstream molecules of NLRP3 inflamma-
some activation in DCM are required.

Spleen tyrosine kinase (Syk), a cytoplasmic protein tyro-
sine kinase, is known to mediate innate immune recognition 
and have the ability to specifically regulate the function of 
diabetogenic T cells in type 1 DM (15). c‑Jun N‑terminal 
kinase (JNK) belongs to the mitogen‑activated protein kinase 
(MAPK) family, and is involved in influencing the signaling 
of cardiac development, metabolism, performance and patho-
genesis (16). Previous studies have identified JNK as a key 
transcriptional regulator of inflammation, which is activated 
in response to inflammatory cytokines and oxidative stress 
under HG conditions (17,18). Watanabe et al (19) reported that 
the MAPK family, including extracellular signal‑regulated 
kinases (ERKs), p38 and JNK, is involved in the development 
of diabetic nephropathy. Furthermore, the phosphorylation 
of Syk can lead to the activation of ERK and subsequently 
activate nuclear factor (NF)‑κB in diabetic nephropathy (20).

Based on the above findings, it was hypothesized that JNK, 
Syk and NLRP3, in addition to its associated downstream 
molecules, serve indispensable roles in the development 
of DCM. In the present study, it was demonstrated that the 
HG‑induced activation of NLRP3 is mediated by the activa-
tion of Syk/JNK and subsequently increases the protein 
expression level of mature (m)IL‑1β. This suggests that the 
Syk/JNK/NLRP3 signaling pathway serves a critical role in 
the pathogenesis of DCM.

Materials and methods

Reagents and antibodies. Glucose, mannitol (Mtol) and strep-
tozotocin (STZ) were purchased from Sigma‑Aldrich; Merck 
KGaA (Darmstadt, Germany). JNK inhibitor II SP600125 
(SP) was purchased from Merck KGaA, Syk inhibitor IV, 
BAY61‑3606 was purchased from Santa Cruz Biotechnology, 
Inc. (Dallas, TX, USA) and TRIzol® reagent was purchased 
from Invitrogen (Thermo Fisher Scientific, Inc., Waltham, 
MA, USA). Antibodies for phospho (p)‑JNK (p‑JNK, cat. 
no. 9255s, 1:1,000), JNK (cat. no. 9252s, 1:1,000), p‑Syk (cat. 
no. 2710s, 1:1,000), Syk (cat. no. 13198s, 1:1,000), NLRP3 (cat. 
no. 13158s, 1:1,000) and cleaved caspase‑1 p20 (cat. no. 4199, 
1:1,000) were purchased from Cell Signaling Technology, 
Inc. (Danvers, MA, USA). Antibodies for caspase‑1 (cat. 
no. ab179515, 1:1,500), pro‑IL‑1β (cat. no. ab2105, 1: 2,000) 
and mIL-1β (cat. no. ab9722, 1:2,000) were purchased from 
Abcam (Cambridge, UK). The antibody for β-actin (cat. 
no. sc‑47778, 1:1,000) was purchased from Santa Cruz 
Biotechnology, Inc., and antibodies for anti‑mouse immuno-
globulin G (IgG) HRP conjugate (cat. no. W4021, 1:5,000) 
and anti‑rabbit IgG HRP conjugate (cat. no. W4011, 1:5,000) 

were purchased from Promega Corporation (Madison, WI, 
USA).

Animal care and STZ‑induced diabetic rat models. A total of 
60 male Sprague‑Dawley rats (age, 5 weeks; weight, 180‑220 g) 
were purchased from the Laboratory Animal Center of the 
Academy of Military Medical Sciences (Beijing, China). 
All rats were housed in standard conditions of temperature 
(22±4˚C) and humidity (60±5%) with an alternating 12‑h 
light/dark cycle. Clean drinking water and a standard pellet 
diet were available. The rats were randomly divided into a 
control group (n=24) and a diabetes groups (n=36). The rats 
in the diabetic group (n=36) were treated with a single intra-
peritoneal injection (i.p.) of fresh STZ (65 mg/kg in citrate 
buffer 0.1 mol/l, pH 4.5), whereas the rats in the control group 
(n=24) received the same volume of sodium citrate buffer. The 
blood glucose level was measured with a portable glucometer 
(UltraEasy; Johnson & Johnson, New Brunswick, NJ, USA) 
on days 3 and 7 following STZ or sodium citrate buffer injec-
tion. Rats with a random blood glucose level of >16.7 mM in 
two consecutive tests were considered diabetic. Body weight 
and blood glucose levels were monitored twice a week. 
Cardiac function was measured at 12 weeks, as described 
in our previous study (21). A total of 13 rats (seven rats from 
the diabetes group and six rats from the control group) were 
sacrificed by cervical dislocation under anesthesia (single 
intraperitoneal injection of 10% chloral hydrate at the dose of 
350 mg/kg body weight) at 12, 16, 20 and 33 weeks, respec-
tively. The hearts were then harvested and all tissue samples 
were subjected to mRNA and protein expression analyses. All 
efforts were made to minimize suffering. All experimental 
procedures in the present study were approved by the Animal 
Care and Welfare Committee of Tianjin Medical University 
(Tianjin, China).

Cardiac function measurements by echocardiography. To 
assess cardiac function, transthoracic echocardiography 
was performed in rats using the Vivid 3 Pro imaging system 
(GE Healthcare, Chicago, IL, USA). Imaging was performed 
on the control and diabetes group rats following light anes-
thesia with 3% inhaled isoflurane at 12 weeks. The derived 
echocardiography parameters were the average of six 
consecutive cardiac cycles. The measured indices included 
left ventricular fractional shortening (FS%), left ventricular 
ejection fraction (EF%) and peak E to peak A ratio (E/A). 
The directly measured indices included left ventricle (LV) 
internal dimension (LVID) in diastole (LVID,d) and systole 
(LVID,s), LV posterior wall thickness in diastole and systole, 
and interventricular septal thickness during diastole (IVS, d) 
and systole (IVS, s). The percentage of LV shortening fraction 
(FS) = [(LVID,d ‑ LVID,s)/LVID,d] x100; LV ejection fraction 
(EF) percentage = [(LV end‑diastolic volume‑LV end‑systolic 
volume)/LV end‑diastolic volume] x100.

Isolation and culture of neonatal cardiomyocytes. Neonatal rat 
cardiomyocytes were obtained from the hearts of 200 neonatal 
Sprague‑Dawley rats (within 48 h of birth), which were gener-
ated via mating, 24 female rats and 8 male rats (Laboratory 
Animal Center of the Academy of Military Medical Sciences, 
Beijing, China). All animal procedures were approved by the 



INTERNATIONAL JOURNAL OF MOLEcULAR MEdIcINE  43:  2481-2490,  2019 2483

Animal Care and Welfare Committee of Tianjin Medical 
University. The neonatal rats (6‑8 g) were anesthetized by 
intraperitoneal injection of 10% chloral hydrate (30 mg/kg) 
and sacrificed by cervical dislocation; a midline incision was 
made through the sternum and the hearts were gently removed 
under sterile conditions. The ventricles were cut into 1‑1.5‑mm3 
sections and digested into a single cell suspension with 0.125% 
trypsin. The digestion process was repeated seven times and 
for 7 min each time. The digestion process was terminated 
when fetal bovine serum (FBS; FBS:trypsin, 1:10; Gibco; 
Thermo Fisher Scientific, Inc.) was added. In order to collect 
myocardial cells, the single cell suspension was centrifuged at 
201 x g for 8 min at 4˚C and then resuspended with Dulbecco's 
modified Eagle's medium (DMEM; Gibco; Thermo Fisher 
Scientific, Inc.) containing 10% FBS. The collected cells were 
incubated for 1‑2 h in DMEM containing 10% FBS to remove 
non‑myocytes, appropriate 5‑bromo‑2‑deoxyuridine (0.1 mM) 
was added to suppress non-myocardial cell growth, and the 
cardiomyocytes were then seeded in six‑well collagen‑coated 
plates at a density of 1x106 cells/well at 37˚C in a humidified 
atmosphere of 5% CO2. Following 24‑36 h of culture, the 
cardiomyocytes were exposed to normal glucose (5.5 mM), 
HG (25.0 mM), and a high Mtol concentration (5.5 mM 
glucose + 19.5 mM Mtol) for 10 min, and 12, 24 and 36 h 
at 37˚C, and then harvested for either western blotting or 
reverse transcription‑quantitative polymerase chain reaction 
(RT-qPcR) analysis.

Cell culture. In the present study, H9c2 cells were purchased 
from the Institute of Basic Medical Sciences, Chinese Academy 
of Medical Sciences (Beijing, China). The H9c2 and neonatal 
cardiomyocyte cells were maintained in dMEM containing 

5.5 mM glucose supplemented with 10%, FBS and 1% strep-
tomycin/penicillin at 37˚C and 5% CO2. The two cell types 
were added to a 6‑well plate at a density of 1x106 cells/well 
and treated with or without the JNK inhibitor (SP, 10 µM) for 
2 h and the Syk inhibitor (BAY61‑3606, 1 µM) for 2 h at 37˚C. 
They were subsequently exposed to 5.5 or 25.0 mM glucose 
or the high Mtol concentration for 24 h at 37˚C, and then 
harvested for either western blotting or RT‑qPCR analysis.

RT‑qPCR analysis. Total RNA was extracted from the rat 
hearts, neonatal rat cardiomyocytes or H9c2 cells using 
TRIzol reagent (Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol, and first‑strand cDNA was 
synthesized using the FastQuant RT kit (Tiangen Biotech 
Co., Ltd., Beijing, China). The PCR reactions were performed 
with an initial denaturation at 94˚C for 3 min, followed by 
35 cycles at 94˚C for 30 sec, 55/59/60˚C for 30 sec, 72˚C for 
1 min and final extension at 72˚C for 5 min. The amplified 
products were detected using 1.5% agarose gel electropho-
resis, following staining with ethidium bromide (0.5 µg/ml) 
for 40 min at room temperature. The primer sequences used 
were as follows: NLRP3, forward 5'‑AGG GCT CTG TTC ATT 
G‑3' and reverse 5'‑CTT CAC GTC TCG GTT C‑3'; caspase‑1, 
forward 5'‑TGC CTG GTC TTG TGA CTT GGA G‑3' and reverse 
5'‑ATG TCC TGG GAA GAG GTA GAA ACG‑3'; IL‑1β, forward 
5'‑TGG GAT GAT GAC GAC CTG C‑3' and reverse 5'‑GGA GAA 
TAC CAC TTG TTG GCT TA‑3' reverse, and β‑actin, forward 
5'‑GTT GAC ATC CGT AAA GAC C‑3' and reverse 5'‑GAC TCA 
TCG TAC TCC TGC T‑3'.

Detection of mRNA levels by RT‑qPCR. Total RNA was 
extracted from H9c2 cells using TRIzol reagent and 1 µg RNA 

Figure 1. General characteristics of DCM and Ctrl rats. (A) Random blood glucose levels in Ctrl (n=24) and DCM (n=36) groups. (B) Body weights in the Ctrl 
(n=24) and DCM (n=36) groups. Echocardiography performed on rat hearts from the Ctrl (n=5) and DCM (n=10) groups at 12 weeks. (C) E/A, (D) FS% and 
(E) Left ventricular EF%. Values are presented as the mean ± standard deviation. *P<0.05, **P<0.01 and ***P<0.001, vs. Ctrl by two‑way analysis of variance. 
DCM, diabetic cardiomyopathy; Ctrl, control; E/A, A peak E peak flow ratio; FS%, fractional shortening; EF%, ejection fraction.
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was reverse transcribed into cDNA using the FastQuant RT kit 
(Tiangen Biotech Co., Ltd.), according to the manufacturer's 
protocol. The concentration and integrity of the isolated RNA 
was measured using NanoDrop (Thermo Fisher Scientific, 
Inc.). The mRNA levels were analyzed by RT‑qPCR using 
SYBR‑Green. The thermocycling conditions were as follows: 
95˚C for 30 sec, followed by 40 cycles of 60˚C for 30 sec and 
72˚C for 30 sec. RT‑qPCR was performed using the Stratagene 
Mx3005P system (Agilent Technologies, Inc., Santa Clara, CA, 

USA). The PCR products were analyzed by melting curve using 
MxPro‑Mx3005P software v4.10 (Agilent Technologies, Inc.). 
The relative quantification of mRNA was performed using the 
comparative quantification cycle (Cq) method. The mRNA 
expression level was measured using the 2‑∆∆Cq method (22). 
The primer sequences used were as follows: Syk, forward 
5'‑CTC TGC CAT TAC CAC TCC C‑3' and reverse 5'‑AGG TTC 
CAG GTC TGT TTC A‑3'; caspase‑1, forward 5'‑TGC CTG GTC 
TTG TGA CTT GGA G‑3' and reverse 5'‑ATG TCC TGG GAA 

Figure 2. Activation of the NLRP3 inflammasome and phosphorylation of Syk and JNK in the hearts of DCM rats, high glucose‑induced H9c2 cells and 
neonatal cardiomyocytes. (A) Reverse transcription‑quantitative polymerase chain reaction analysis of NLRP3, caspase‑1 and IL‑1β. (B) Quantification of 
mRNA levels of NLRP3, caspase‑1 and IL‑1β in rat myocardial tissue (Ctrl, vs. DCM group). (C) Western blotting of NLRP3, p20 and mIL‑1β. Relative 
densitometric quantification analysis of (D) NLRP3, (E) p20 and (F) mIL‑1β in C. (G) mRNA expression levels of NLRP3, caspase‑1 and IL‑1β of H9c2 
cells cultured under 5.5 or 25.0 mM glucose conditions for 12, 24 and 36 h. (H) Densitometric analysis of the mRNA expression levels of NLRP3, caspase‑1 
and IL-1β in H9c2 cells. (I) mRNA expression levels of NLRP3, caspase‑1 and IL‑1β in neonatal cardiomyocytes. (J) Densitometric analysis of the mRNA 
expression levels of NLRP3, caspase‑1 and IL‑1β in neonatal cardiomyocytes. (K) Protein expression levels of NLRP3, p20 and mIL‑1β in H9c2 cells cultured 
under 5.5 or 25.0 mM glucose conditions for 12, 24 and 36 h. Densitometric analysis of the protein expression levels of (L) NLRP3, (M) p20 and (N) mIL‑1β 
H9c2 cells. (O) Protein expression levels of NLRP3, p20 and mIL‑1β in neonatal cardiomyocytes. Densitometric analysis of the protein expression levels of 
(P) NLRP3, (Q) p20 and (R) mIL-1β in neonatal cardiomyocytes. Data are presented as the mean ± standard error of the mean from three independent experi-
ments. Student's t‑test was used for comparisons between the Ctrl and DCM groups (B and D‑F). One‑way analysis of variance followed by Tukey's post hoc 
test was performed for H, J, L‑N and P‑R. *P<0.05, **P<0.01 and ***P<0.001, vs. Ctrl group. β‑actin was used as the internal loading Ctrl. NLRP3, NLR family 
pyrin domain‑containing 3; Syk, spleen tyrosine kinase; JNK, c‑Jun N‑terminal kinase; IL, interleukin; Ctrl, control; DCM, diabetic cardiomyopathy; mIL‑1β, 
mature IL-1β; p20, caspase‑1 p20.
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GAG GTA GAA ACG‑3'; IL‑1β, forward 5'‑TGG GAT GAT GAC 
GAC CTG C‑3' and reverse 5'‑GGA GAA TAC CAC TTG TTG 
GCT TA‑3'; GAPDH, forward 5'‑GGG TGT GAA CCA CGA 
GAA AT‑3' and reverse 5'‑ACT GTG GTC ATG AGC CCT TC‑3'; 
The relative level of each gene was normalized to the level of 
GAPdH.

Syk‑small interfering (si)RNA transfection. The H9c2 
cells were transfected with Syk‑siRNA (50 nM) using 
Lipofectamine™ 3000 (Thermo Fisher Scientific, Inc.), to 
knockdown Syk, following the manufacturer's protocol; a 
scramble siRNA, termed negative control (NC)‑siRNA, was 
used as a control in the experiment. The sequences for rat 
Syk‑siRNA were 5'‑CCA GGU GGA AUA AUC UCA ATT‑3' 
(forward) and 5'‑UUG AGA UUA UUC CAC CUG GTT‑3' 
(reverse). The sequences for the NC‑siRNA were 5'‑UUC UCC 
GAA CGU GUC ACG UTT‑3' (forward) and 5'‑ACG UGA CAC 
GUU CGG AGA ATT‑3' (reverse). Following 48 h of transfec-
tion, the cells were treated with the HG and harvested for 
western blotting. The efficiency of Syk silencing was assessed 
by RT-qPcR analysis and western blotting.

Western blotting. The rat heart tissues were mechanically 
homogenized in lysis buffer (20 mM Tris HCl pH 8.0, 
100 mM NaCl, 1 mM EDTA and 10% NP‑40) supplemented 
with protease inhibitor (1:100 dilution, Sigma‑Aldrich; Merck 
KGaA) and phosphatase inhibitor (1:100 dilution, Nanjing 
KeyGen Biotech Co., Ltd., Nanjing, China), and centrifuged 
(15,871 x g at 4˚C for 30 min) to remove cell debris. The 
proteins of the neonatal rat cardiomyocytes and H9c2 cells 
were prepared using RIPA buffer (cat. no. P0013B, Beyotime 
Institute of Biotechnology, Haimen, China) supplemented 
with protease and phosphatase inhibitors (1:100 dilution), and 

were centrifuged (15,871 x g at 4˚C for 30 min) to collect total 
proteins (supernatant). The total proteins were assessed using a 
BCA protein assay kit (Pierce; Thermo Fisher Scientific, Inc.) 
to measure the concentration. The protein samples from the rat 
heart tissues (80 g) or cardiomyocytes (40 g) were subjected to 
sodium dodecyl sulfate‑polyacrylamide agarose gel electro-
phoresis in 10 or 12% gels and transferred electrophoretically 
onto a 0.22‑mm polyvinylidene difluoride membrane (EMD 
Millipore, Billerica, MA, USA). Following blocking with 
5% fat‑free dry milk or BSA in Tris‑buffered saline solution 
containing 0.05% Tween‑20 for 2 h at room temperature, 
the membranes were incubated with the primary antibodies 
(listed above) overnight at 4˚C. Following three washes with 
Tris‑buffered saline/Tween‑20, the membranes were probed 
with secondary antibodies (anti-mouse IgG or anti-rabbit IgG) 
at room temperature for 1 h. The immunoreactive bands were 
visualized using enhanced chemiluminescent substrate (EMD 
Millipore). The density of bands was analyzed using Image 
J software 6.0 (National Institutes of Health, Bethesda, MD, 
USA).

Statistical analysis. All data are presented as the 
mean ± standard deviation of independent experiments. 
ImageJ Acquisition and Analysis software (version 6.0) was 
used to analyze the western blotting results. The statistical 
significances of differences between two groups were obtained 
using unpaired t‑tests. One‑way analysis of variance, followed 
by Dunnett's post hoc test, was used to compare between all 
columns and the control column. Tukey's post hoc test was 
used to compare all pairs of columns. Statistical analysis was 
performed using GraphPad Prism software (version 6.01; 
GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 were 
considered to indicate a statistically significant difference.

Figure 3. Phosphorylation of Syk and JNK in the hearts of DCM rats, HG‑induced H9c2 cells and neonatal cardiomyocytes. (A) Total lysates from the myocar-
dial tissue of rats in the control group at 12 weeks were extracted and subjected to western blotting to determine the phosphorylation levels of JNK and Syk. 
(B) Relative densitometric quantification analysis of the phosphorylation levels of JNK and Syk in A. (C) Protein expression levels of p‑JNK and p‑Syk in H9c2 
cells cultured under 5.5 or 25.0 mM glucose conditions for 10, 20, 30 and 40 min. (D) Relative densitometric quantification analysis of the phosphorylation 
levels of JNK and Syk in C. (E) Protein expression levels of p‑JNK and p‑Syk in neonatal cardiomyocytes cultured under 5.5 or 25.0 mM glucose conditions 
for 10, 20, 30 and 40 min. (F) Relative densitometric quantification analysis of the phosphorylation levels of JNK and Syk in E. The data are presented as the 
mean ± standard error of the mean of three independent experiments. Statistical significance was determined by one‑way analysis of variance followed by 
Tukey's post hoc test. *P<0.05, vs. 5.5 mM glucose. Ctrl, control; Syk, spleen tyrosine kinase; JNK, c‑Jun N‑terminal kinase; DCM, diabetic cardiomyopathy; 
HG, high glucose; p‑, phosphorylated; t‑, total.
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Results

Characteristics of rats with STZ‑induced DCM. The plasma 
blood glucose in the DCM rats was significantly increased 
(27.4±5 mM) when compared with that in the control group 
(6.5±0.6 mM) (Fig. 1A). The body weights were decreased in 
the dcM rats compared with those in the control group at the 
same point in time (Fig. 1B). Echocardiography showed that 
the E/A, FS% and EF% values of the diabetic rats at 12 weeks 
were significantly lower than those of the corresponding control 
group (Fig. 1C‑E). In our previous study, cardiomyocyte hyper-
trophy was demonstrated using hematoxylin and eosin staining, 
and interstitial and perivascular fibrosis was demonstrated using 
Masson's trichrome staining in the heart of diabetic rats (21). 
Therefore, DCM characterized by systolic and diastolic 
dysfunction have been documented in diabetic rats.

NLRP3 inflammasome is activated in DCM rats, HG‑induced 
H9c2 cells and neonatal cardiomyocytes. It has been reported 
that hyperglycemia may increase the expression of NLRP3 
during diabetes and its complications. In the present study, 
it was found that the mRNA expression levels of NLRP3, 
caspase-1 and IL-1β were upregulated, peaking in the DCM 
rats at 12 weeks. In addition, the protein expression levels of 
NLRP3 at 12 weeks and its associated downstream molecules, 
including p20 and mIL-1β, at 16 weeks were considerably 
increased (data not shown). By contrast, no differences in the 
protein or mRNA expression levels of these molecules were 
observed in the control group in the different weeks (data not 
shown). Furthermore, the mRNA expression levels of NLRP3, 
caspase-1 and IL-1β in the heart tissues of three diabetic rats 
were significantly increased at 12 weeks, compared with those 
in the control group (Fig. 2A and B; P<0.05). As shown in 

Figure 4. Inhibitors of JNK/Syk attenuate HG‑induced NLRP3 inflammasome activation in H9c2 cells. (A) mRNA expression levels of NLRP3, caspase‑1 
and IL-1β were detected by RT‑qPCR analysis following treatment with JNK inhibitor (10 µM) for 2 h in H9c2 cells. (B) Densitometric analysis of NLRP3, 
caspase-1 and IL-1β shown in A. (C) Protein expression levels of NLRP3, p20, mIL‑1β and p‑JNK of H9c2 cells were detected by western blotting following 
treatment with JNK inhibitor (10 µM) for 2 h and (D‑F) densitometric analysis was performed in C. (G) mRNA expression levels of NLRP3, caspase‑1 and 
IL-1β were detected by RT‑qPCR analysis following treatment with Syk inhibitor (1 µM) for 2 h in in H9c2 cells. (H) Densitometric analysis of NLRP3, 
caspase-1 and IL-1β. (I) Protein expression levels of NLRP3, p20, mIL‑1β and p‑JNK in H9c2 cells were detected by western blotting following treatment 
with Syk inhibitor (1 µM) for 2 h and densitometric analysis of (J) NLRP3, (K) p20, (L) mIL‑1β and (M) p‑JNK was performed. The data are presented as 
the mean ± standard error of the mean of three independent experiments. Statistical significance was determined by one‑way analysis of variance followed 
by Tukey's post hoc test. *P<0.05, **P<0.01 and ***P<0.001, vs. 5.5 mM glucose. Ctrl, control; JNK, c‑Jun N‑terminal kinase; Syk, spleen tyrosine kinase; 
NLRP3, NLR family pyrin domain‑containing 3; HG, high glucose; IL, interleukin; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; 
p‑, phosphorylated; t‑, total; mIL‑1β, mature IL-1β; p20, caspase‑1 p20; BAY, BAY61‑3606.
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Fig. 2C‑F, the protein expression levels of NLRP3 and p20, an 
active form of caspase‑1, and mIL‑1β in the heart tissues from 
three diabetic rats at 16 weeks were significantly higher than 
those from the control group (P<0.05, P<0.01 and P<0.01), 
indicating that the NLRP3 inflammasome was activated in the 
dcM rats.

compared with cells treated with glucose at a concentration 
of 5.5 mM, the mRNA expression levels of NLRP3, caspase‑1 
and IL-1β were increased in the H9c2 cells and neonatal cardio-
myocytes treated with 25.0 mM glucose (Fig. 2G‑J; P<0.05). 
Simultaneously, the protein expression levels of NLRP3, p20 
and mIL-1β, were markedly higher in the HG‑induced H9c2 
cells (Fig. 2K‑N; P<0.05) and neonatal cardiomyocytes after 
24 h (Fig. 2O‑R; P<0.05). These data showed that the NLRP3 
inflammasome was activated in cardiomyocytes under HG 
conditions.

Phosphorylation of Syk and JNK are increased in DCM rat 
hearts, HG‑induced H9c2 cells and neonatal cardiomyocytes. 
Subsequently, it was revealed that the phosphorylation levels 
of JNK were increased in the diabetic rats at 12, 16, 20 and 
33 weeks (data not shown), with levels in three 12‑week‑old 
DCM rats significantly increased, compared with the levels in 
the control rats (Fig. 3A and B; P<0.05). Of note, the phos-
phorylation levels of Syk in myocardial tissues from three 
12‑week‑old DCM rats were significantly increased, compared 
with those from control rats (Fig. 3A and B; P<0.05). These 
results indicated that JNK and Syk may be involved in the 
pathogenesis of DCM.

Furthermore, it was found that the phosphorylation levels 
of Syk and JNK in the H9c2 cells (Fig. 3C and D; P<0.05) and 
neonatal cardiomyocytes under HG conditions (Fig. 3E and F; 
P<0.05) were increased in a time‑dependent manner, peaking 

Figure 5. Inhibitors of JNK/Syk attenuate HG‑induced NLRP3 inflammasome activation in neonatal cardiomyocytes. (A) mRNA expression levels of NLRP3, 
caspase-1 and IL-1β were detected by RT‑qPCR analysis following treatment with JNK inhibitor (10 µM) for 2 h in neonatal cardiomyocytes. (B) Densitometric 
analysis of NLRP3, caspase‑1 and IL‑1β shown in A. (C) Protein expression levels of NLRP3, p20, mIL‑1β and p‑JNK of neonatal cardiomyocytes were detected 
by western blotting following treatment with JNK inhibitor (10 µM) for 2 h and (D‑F) densitometric analysis was performed in C. (G) mRNA expression 
levels of NLRP3, caspase‑1 and IL‑1β were detected by RT‑qPCR analysis following treatment with Syk inhibitor (1 µM) for 2 h in neonatal cardiomyocytes. 
(H) Densitometric analysis of NLRP3, caspase‑1 and IL‑1β. (I) Protein expression levels of NLRP3, p20, mIL‑1β and p‑JNK of neonatal cardiomyocytes 
were detected by western blotting following treatment with Syk inhibitor (1 µM) for 2 h and densitometric analysis of (J) NLRP3, (K) p20, (L) mIL‑1β and 
(M) p‑JNK was performed. Data are presented as the mean ± standard error of the mean of three independent experiments. Statistical significance was 
determined by one‑way analysis of variance followed by Tukey's post hoc test. *P<0.05 and ***P<0.001, vs. 5.5 mM glucose. JNK, c‑Jun N‑terminal kinase; 
Syk, spleen tyrosine kinase; NLRP3, NLR family pyrin domain‑containing 3; IL, interleukin; HG, high glucose; RT‑qPCR, reverse transcription‑quantitative 
polymerase chain reaction; p‑, phosphorylated; t‑, total; mIL‑1β, mature IL-1β; p20, caspase‑1 p20; SP, SP600125; BAY, BAY61‑3606.
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at 20 min. By contrast, high osmolarity had no effect on the 
phosphorylation level of Syk or JNK in H9c2 cells or neonatal 
cardiomyocytes (Fig. S1A‑D). These data revealed that Syk 
and JNK were considerably activated in HG‑induced neonatal 
cardiomyocytes.

Inhibitors of JNK attenuate HG‑induced NLRP3 inflamma‑
some activation in H9c2 cells and neonatal cardiomyocytes. 
The results of the mRNA and protein expression analyses 
are shown in Figs. 4 and 5. The JNK inhibitor attenuated 
the HG‑induced increased mRNA expression of NLRP3, 
caspase-1 and IL-1β in H9c2 cells (Fig. 4A and B) and neonatal 
cardiomyocytes (Fig. 5A and B). Similarly, the protein expres-
sion levels of NLRP3, p20 and mIL‑1β were downregulated 
in the H9c2 cells (Fig. 4c-F) and neonatal cardiomyocytes 
(Fig. 5C‑F) following JNK inhibitor treatment subsequent to 
HG induction. These data indicated that JNK may serve a 
critical role in NLRP3 inflammasome activation, leading to 
the maturation of IL‑1β.

Syk is vital in JNK‑dependent NLRP3 inflammasome 
activation in HG‑induced H9c2 cells and neonatal cardiomy‑
ocytes. Subsequently, the present study investigated whether 
Syk was involved in HG‑induced JNK‑dependent NLRP3 
inflammasome activation in diabetic cardiopathy. As shown 
in Figs. 4I‑M and 5I‑M, the HG‑induced phosphorylation of 
JNK was significantly reduced following Syk inhibitor treat-
ment in the H9c2 cells and neonatal cardiomyocytes. The 
HG‑induced mRNA expression levels of NLRP3, caspase‑1 
and IL-1β (Figs. 4G, H and 5G, H) and the protein expres-
sion levels of NLRP3, p20 and mIL‑1β (Figs. 4I‑L and 5I‑L) 
were also decreased, indicating that Syk may be involved in 
JNK‑dependent NLRP3 inflammasome activation in H9c2 
cells and neonatal cardiomyocytes exposed to HG.

In order to further confirm whether Syk promoted 
JNK‑dependent NLRP3 inflammasome activation in cardio-
myocytes under HG conditions, the H9c2 cells were transfected 
with Syk‑siRNA. The silencing efficiency of the Syk‑siRNA 
sequence reached 55% via RT‑qPCR (Fig. 6A and B). It was 
observed that the mRNA levels of JNK‑dependent NLRP3, 
caspase-1 and IL-1β (Fig. 6C), and the protein levels of NLRP3, 
p20 and mIL-1β were markedly reduced in the HG‑induced 
H9c2 cells by Syk‑siRNA (Fig. 6D‑G). The HG‑induced phos-
phorylation of JNK was also significantly downregulated by 
Syk‑siRNA (Fig. 6D and H). These data suggested that Syk 
serves a vital role in JNK‑dependent NLRP3 inflammasome 
activation, leading to the maturation of IL‑1 in HG‑induced 
H9c2 cells and neonatal cardiomyocytes.

Discussion

Diabetes is a pro‑inflammatory state, and a previous review 
reported an increased concentration of cytokines, including 
TNF-α and IL‑6, in the myocardial tissue of various mouse 
models of diabetes (23), implicating inflammation in the 
development of DCM. In the present study, it was found 
that the expression of the NLRP3 inflammasome was mark-
edly increased, leading to the maturation of IL‑1β in dcM 
rats, HG-induced neonatal cardiomyocytes and H9c2 cells. 
This indicates the involvement of the NLRP3 inflamma-
some‑dependent activation of caspase‑1 in the subsequent 
maturation of IL‑1β during dcM. It has been reported that 
hyperglycemia may promote the expression of several inflam-
matory cytokines in rat H9c2 cells (24), including IL‑1β, a 
vital pro‑inflammatory cytokine that can lead to persistent 
inflammation in the myocardium, resulting in diabetic cardiac 
dysfunction (8). The expression of IL‑1β is gradually elevated 
during glucose tolerance injury in type 2 DM, and is posi-

Figure 6. Syk serves a vital role in JNK‑dependent NLRP3 inflammasome activation in HG‑induced H9c2 cells and neonatal cardiomyocytes. (A) H9c2 
cells were transfected for 48 h with either NC‑siRNA or Syk‑siRNA and (B) densitometric analysis was performed. (C) mRNA levels of NLRP3, caspase‑1 
and IL-1β were measured by reverse transcription‑quantitative polymerase chain reaction analysis. (D) H9c2 cells transfected with siRNA against Syk were 
exposed to HG conditions for 48 h and the protein expression levels of p‑JNK, NLRP3, p20 and mIL‑1β were measured by western blotting; densitometry of 
(E) NLRP3, (F) p20, (G) mIL-1β and (H) p‑JNK was performed using Image J software. Data are presented as the mean ± standard error of the mean of three 
independent experiments. Statistical significance was determined by one‑way analysis of variance followed by Tukey's post hoc test. *P<0.05, **P<0.01 and 
***P<0.001, vs. 5.5 mM glucose. Syk, spleen tyrosine kinase; JNK, c‑Jun N‑terminal kinase; NLRP3, NLR family pyrin domain‑containing 3; NC, negative 
control; siRNA, small interfering RNA; Ctrl, control; HG, high glucose; p, phosphorylated; p20, caspase‑1 p20; mIL‑1β, mature interleukin 1β.
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tively correlated with insulin resistance (25). Furthermore, 
the maturation and secretion of IL‑1β is mainly controlled 
by the activation of caspase‑1 through the NLRP3 inflamma-
some, which is composed of NLRP3, apoptosis‑associated 
speck‑like protein containing a CARD and pro‑caspase‑1 (26). 
Of note, in the present study, the cardiac expression of NLRP3 
in the DCM rats peaked at 12 weeks, and then decreased in 
a time-dependent manner. In combination with the results 
of the aforementioned studies, it was concluded that NLRP3 
inflammasome‑mediated inflammation is involved in the early 
stage progression of DCM.

However, the specific mechanisms leading to NLRP3 inflam-
masome activation remain to be fully elucidated. In the present 
study, the expression of p‑JNK was markedly increased in 
dcM rat hearts and HG-induced cardiomyocytes. consistently, 
a previous study reported that the p‑JNK pathway was activated 
by reactive oxygen species (ROS) in HG conditions (27,28). By 
contrast, inhibition of the phosphorylation of JNK or mitochon-
drial oxidative damage can reduce myocardial fibrosis (29) and 
myocardial cell injury (30). In the present study, the inhibition 
of JNK significantly decreased the expression of NLRP3 at the 
mRNA and protein levels. Its downstream molecules, including 
p20 and mIL-1β, were also significantly reduced. These results 
indicated that JNK was required for HG‑induced NLRP3 
inflammasome activation in cardiomyocytes.

As limited investigations have been performed on the role 
of Syk in HG‑induced intracellular signal transduction, the 
specific role of Syk in the development of DCM remains to 
be fully elucidated. It was demonstrated herein that the phos-
phorylation level of Syk was markedly increased in the DCM 
rat hearts, compared with that in the control rat hearts. Of note, 
these changes were reversed by Syk‑siRNA transfection and 
Syk inhibitor treatment in vitro, suggesting the involvement 
of Syk in cardiomyopathy. A recent study by Zhou et al (31) 
reported that Syk was activated by chronic HG stimulation 
in DCM, consistent with our previous conclusion (32). The 
results of the above studies suggest that Syk is involved in 
DCM. It was also found that Syk‑siRNA transfection and Syk 
inhibitor treatment reduced JNK‑dependent NLRP3 inflam-
masome activation in the HG‑induced myocardial cells. In 
addition, our previous study reported that Syk was involved 
in the regulation of HG stimulation‑induced cardiomyocyte 
apoptosis (33). It is concluded for the first time, to the best of 
our knowledge, that the Syk‑mediated JNK signaling pathway 
promoted activation of the NLRP3 inflammasome, leading to 
the maturation of IL‑1 and myocardial cell injury caused by 
Syk‑mediated apoptosis during the development of DCM.

Previous studies have revealed that the inflammatory 
caspase family cleaves the protein gasdermin D (GSDMD) 
to trigger a caspase‑1‑dependent form of regulated cell death, 
known as pyroptosis (34,35). NF‑κB can elevate the transcrip-
tion of GSDMD by binding to two proximal binding sites 
upstream of the GSDMD promoter region (36). Kuo et al (18) 
found that HG led to an increase in ROS levels and activated 
the JNK/NF‑κB signaling pathway in H9c2 cardiomyoblasts 
and neonatal cardiomyocytes. Therefore, GSDMD‑mediated 
pyroptosis may be involved in the pathogenesis of DCM, the 
underlying mechanism of which requires investigation.

In conclusion, it was demonstrated in the present study 
that Syk was markedly activated in the development of 

DCM, subsequently promoting NLRP3 inflammasome 
activation through the phosphorylation of JNK, leading to 
the cleavage of pro‑caspase‑1 and maturation of IL‑1β, and 
finally contributing to diabetic cardiac dysfunction. These 
results suggest that Syk may be a potential target for the 
treatment of patients with DCM. However, the present study 
had several limitations. First, due to the lack of Syk‑knockout 
or inhibitor-treated animal models, the associations among 
JNK, Syk and NLRP3 were investigated in cardiomyocytes 
only in vitro, and therefore the results cannot be extrapolated 
in vivo. Second, additional investigations are required to 
determine how HG promotes the phosphorylation of Syk 
in cardiomyocytes. Finally, further investigations are also 
required to examine the specific mechanistic link between 
the modulation of JNK and/or Syk and NLRP3 inflamma-
some activation.
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