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Abstract
Diabetic cardiomyopathy (DCM) is a chronic disease caused by diabetes mellitus, which is recognized as a 
worldwide challenging disease. This study aimed to investigate the role and the potential mechanism of knocking 
down the NACHT-, LRR- and PYD domains-containing protein 3 (NLRP3), an inflammasome associated with onset 
and progression of various diseases, on high glucose or diabetes -induced cardiac cells pyroptosis and ferroptosis, 
two regulated non-necrosis cell death modalities discovered recent years. In the present study, both in vivo and in 
vitro studies were conducted simultaneously. Diabetic rats were induced by 55 mg/kg intraperitoneal injection of 
streptozotocin (STZ). Following the intraperitoneal injection of MCC950 (10 mg/kg), On the other hand, the DCM 
model in H9C2 cardiac cells was simulated with 35 mmol/L glucose and a short hairpin RNA vector of NLRP3 were 
transfected to cells. The results showed that in vivo study, myocardial fibers were loosely arranged and showed 
inflammatory cell infiltration, mitochondrial cristae were broken and the GSDMD-NT expression was found notably 
increased in the DM group, while the protein expressions of xCT and GPX4 was significantly decreased, both of 
which were reversed by MCC950. High glucose reduced the cell viability and ATP level in vitro, accompanied by 
an increase in LDH release. All of the above indicators were reversed after NLRP3 knockdown compared with the 
HG treated alone. Moreover, the protein expressions of pyroptosis- and ferroptosis-related fators were significantly 
decreased or increased, consistent with the results shown by immunofluorescence. Furthermore, the protective 
effects of NLRP3 knockdown against HG were reversed following the mtROS agonist rotenone (ROT) treatment. 
In conclusion, inhibition of NLRP3 suppressed DM-induced myocardial injury. Promotion of mitochondrial ROS 
abolished the protective effect of knockdown NLRP3, and induced the happening of pyroptosis and ferroptosis. 
These findings may present a novel therapeutic underlying mechanism for clinical diabetes-induced myocardial 
injury treatment.

Highlights
	• Knocking down of NLRP3 directly affect the expression of ASC and caspase-1, and protect against HG 

-induced cardiac cells pyroptosis.
	• There is a crosstalk between pyroptosis and ferroptosis through NLRP3.
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Introduction
Diabetes mellitus (DM), caused primarily by defects in 
the secretion or action of insulin, is a metabolic disease 
characterized by hyperglycemia and involves multiple 
pathogenic processes. As one of the serious and non-neg-
ligible complications of DM, the prevalence of diabetic 
cardiomyopathy (DCM) increases in parallel with the 
increase in DM. Furthermore, DCM has been reported 
in a variety of studies to be implicated with elevations in 
advanced glycation end products (AGEs) and collagen-
based cardiomyocyte and extracellular matrix stiffness, 
inflammation and impaired cardiac insulin metabolic 
signaling, besides the mitochondrial dysfunction and 
increased oxidative stress [1–4]. A great deal of efforts 
has been done on the pathophysiology and pathogenesis 
of DCM. however, the effective prevention of DCM pro-
gression remains a challenge.

Chen et al. summarized the different types of cell death 
in DCM, including but not limited to pyroptosis and fer-
roptosis, which are both programmed cell death types 
closely related to inflammation [5]. The NACHT-, LRR- 
and PYD domains-containing protein 3 (NLRP3) inflam-
masome, an important component of innate immune 
system, was widely known to play a key role in promot-
ing pyroptosis. Inhibition of NLRP3 expression has been 
shown to protect against injury in numberous diseases. 
NLRP3 deficiency was found to ameliorate renal inflam-
mation and fibrosis in diabetic mice [6]. Knocking down 
NLRP3 expression also rescued uric acid-induced insulin 
signaling impairment in both HepG2 cells and L02 cells 
[7]. In addition, NLRP3 inflammasome (composed of 
NLRP3, apoptosis-associated speck-like protein contain-
ing CARD (ASC) and caspase-1) is a molecular marker 
and can be activated in DCM [8]. Moreover, inhibition or 
silencing NLRP3 gene ameliorates DCM in type 2 diabe-
tes rat [9, 10]. However, whether inhibition NLRP3 can 
directly affect ASC and caspase-1, the other components 
of NLRP3 inflammasome, and whether play the role on 
another inflammation related cell death model – ferrop-
tosis, has not yet been reported.

It is widely accepted that NLRP3 inflammasome could 
be activated by reactive oxygen species (ROS), ionic 
flux, mitochondrial dysfunction and lysosomal dam-
age [11]. Moreover, mitochondrial ROS (mtROS), the 
main source of cellular ROS [12], plays a pivotal role in 
the regulation of ferroptosis as well [13]. In addition, 
a previous study revealed that ROS scavenger (N-ace-
tyl-cysteine, NAC) prevented endothelial cell pyropto-
sis [14]. Regulating mtROS has been found to inhibit 

acetaminophen-induced liver pyroptosis [15]. Another 
study also supported the point that Mitoquinone, a 
mitochondria-targeting antioxidant drug, attenuated 
ferroptosis in neuronal HT22 cells induced by exposure 
to RSL3 [16]. These findings indicate that inhibition of 
mtROS reduces the occurrence of pyroptosis and ferrop-
tosis and that NLRP3 is located downstream of mtROS. 
However, to the best of our knowledge, whether NLRP3 
exists upstream of mtROS remains unclear as of today.

So, the present study aimed to investigate the role of 
NLRP3 knockdown in high glucose (HG)-induced H9C2 
cardiac cell pyroptosis and ferroptosis, and to further 
explore the relationship between NLRP3 and mtROS.

Materials and methods
Animal establishment and treatment
A total of 20 four-week male Sprague-Dawley (SD) rats 
were purchased from Jinan Peng Yue Laboratory Animal 
Breeding Co.Ltd (Shandong, China) and were given a 
single intraperitoneal injection with streptozotocin (STZ, 
Cat No. HY-13,753, MedChemExpress, NJ, USA) at dos-
age 55 mg/kg after 1–2 weeks of adaptation feeding. Rats 
with glucose values ≥ 16.7 mmol/L one week after injec-
tion were randomized into two groups: Diabetes mellitus 
(DM) group, and intraperitoneal injection with MCC950 
(Cat No. HY-12,815 A, MedChemExpress, NJ, USA), an 
inhibitor of NLRP3 (DM + MCC950, 10  mg/kg, twice 
per week) group. Meanwhile, the control group (Sham) 
and untreated group (DM) received an equal volume of 
vehicle (saline). The treatment of the three groups lasted 
for 6 weeks. Body weight (BW) and fasting blood glucose 
(FBG) levels were measured weekly until sacrifice. And 
the serum and heart samples were obtained after anes-
thesia (intraperitoneal injection of pentobarbital sodium 
at 40 mg/kg). All protocols were carried out according to 
the approved Institutional Animal Care and Use Com-
mittee protocol of Bengbu Medical College (no. 075, 
2017).

H&E staining
The fresh myocardial tissue samples were collected from 
each group, fixed in 4% paraformaldehyde for 24 h, dehy-
drated in an ethanol gradient, embedded in paraffin, 
and the fixed myocardial tissue was sectioned (0.5 mm), 
stained with hematoxylineosin, and analyzed under light 
microscopy (Nikon Eclipse E100) for structural changes 
in myocardial tissue.

	• There is an interactive relationship between mtROS and NLRP3. Promoting mtROS not only act as upstream of 
NLRP3, but also downstream of NLRP3.
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Transmission electron microscopy (TEM)
Briefly, the rat hearts were removed and washed in PBS, 
then the apical tissue was removed within 3 minutes, 1 
mm3 apical tissue was immediately placed in centrifuge 
tubes with 2.5% glutaraldehyde fixative and stored at 4 ˚C. 
The tissues were fixed in 1% osmium acid for 2 h at room 
temperature away from light, and ultrathin Sect. (70 nm) 
were dehydrated at room temperature, osmotically 
embedded, polymerized, stained, and observed under a 
transmission electron microscope (HITACHI, HT7800) 
for ultrastructural images of the myocardium.

Cell culture and treatment
The H9C2 cardiac cells (Fubio Biological Technology Co., 
Ltd, Suzhou, China) were cultured in DMEM (Gibco; 
Thermo Fisher Scientific, MA, USA) supplemented with 
10% fetal bovine serum (FBS, Gibco; Thermo Fisher Sci-
entific, MA, USA) and 100 µg/ml penicillin/streptomycin 
(Beyotime Institute of Biotechnology, Shanghai, China) in 
a 5% CO2 incubator at 37˚C. To generate a high glucose 
injury model, H9C2 cells were incubated in 35 mmol/L 
glucose medium for 24  h after 16–18  h of serum-free 
synchronization treatment. And Rotenone (ROT, Cat 
No. B5462, APExBIO, SFO, USA), a mitochondrial ROS 
agonist, dissolved in 35 mmol/l glucose medium at a final 
concentration of 0.5 µmol/ml was added to the cells after 
the transfection of small hairpin RNA (shRNA).

ShRNA transfection
Three target shRNA vectors of NLRP3 (sh-NLRP3#1, 
#2 and #3) and negative control vector (sh-NC) were 
designed and synthesized by Hanheng Co., Ltd, Shang-
hai, China. H9C2 cells were seeded into 6-well plates and 
then transfected with sh-NLRP3 and sh-NC at a multi-
plicity of infection of 60 in the presence of 5 µg/ml poly-
brene according to the manufacturer’s protocols. After 
72  h of transfection, infection efficiency was assessed 
under fluorescence microscopy (magnification, ×100, 
Olympus, Tokyo, Japan) and successful NLRP3 knock-
down cells was evaluated by western blotting.

Cell Counting Kit-8 (CCK-8) assay. Approximately 
1 × 104 cells were plated into 96-well plates, then 10  µl 
CCK-8 reagent (Cat No. C0037, Beyotime Institute of 
Biotechnology, Shanghai, China) was added into plates 
for 2  h to incubation following groups of treatments. 
Cell viability was measured using a spectrophotometer 
(Thermo Fisher Scientific, Inc. MA, USA) with a density 
at 450 nm.

Lactate dehydrogenase (LDH) production assay
A LDH assay kit (Cat No. A020-2-2, Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China) was used to 
quantify the cytotoxicity. Briefly, the cells were placed in 
a centrifuge at 4˚C, 600 g for 5 min to collect supernatant. 

And the serum samples of rats were extracted from cen-
trifuged whole blood at 4˚C, 3000 r for 15 min. Double-
distilled water, pyruvate standard, cell supernatants 
and serum samples, NaOH, and other reagents were 
then added to the 96-well plate in order and the plate 
was incubated at 37˚C according to the manufacturer’s 
instructions. The absorbance values were measured at 
450 nm after standing the plate for 5 min.

Adenosine 5’-triphosphate (ATP) content detection
The cellular ATP levels were measured using a firefly 
luciferase-based ATP assay kit (Cat No. S0026, Beyo-
time Institute of Biotechnology, Shanghai, China). Cell 
samples, collected by placing lysed H9C2 cells in a 4˚C, 
12,000 g for 5 min, and ATP assays were added sequen-
tially into a light-proof 96-well plate according to the 
manufacturer’s protocol. The spectrophotometer was 
used to detect the ATP concentration and the corre-
sponding protein concentration were detected to reduce 
errors.

Western blotting
Total protein was extracted from cells/animal tissues 
using radioimmunoprecipitation assay lysis buffer com-
bined with 1% phenylmethanesulfonyl fluoride on ice 
and the concentration was determined with a BCA kit 
(Cat No. P0012S, Beyotime Institute of Biotechnol-
ogy, Shanghai, China). A mass of 30  µg of protein was 
transferred to PVDF membranes and blocked with 5% 
skimmed milk for 2 h after being separated by 12.5% or 
15% SDS-PAGE. Membranes were respectively incubated 
overnight at 4˚C with primary antibodies of anti-NLRP3 
(Cat No. NBP2-12446, 1/600, Novus, CO, USA), anti-
ASC (Cat No. ab175449, 1/250, Abcam, Cambridge, UK), 
anti-Cleaved-caspase-1 (Cat No. AF4005, 1/500, Affinity, 
Shanghai, China), anti-Cleaved-Gasdermin D (GSDMD-
NT, Cat No. 93709s, 1/2,000, Cell Signaling Technol-
ogy, MA, USA), anti-interleukin-1β (IL-1β) (Cat No. 
YR0918081, 1/2,000, R&D, MN, USA), anti-IL-18 (Cat 
No. C2U0215071, 1/2,000, R&D, MN, USA), anti-gluta-
thione peroxidase 4 (GPX4) (Cat No. ab125066, 1/3,000, 
Abcam, Cambridge, UK), anti-xCT (Cat No. ab175186, 
1/3000, Abcam, Cambridge, UK), and anti-GAPDH 
(Cat No. abs118936a, 1/3,000, Absin, Shanghai, China). 
Membranes were incubated with the HRP-conjugated 
secondary antibodies, rabbit anti-goat (Cat No. BA1060, 
1/500 − 10,000, BOSTER Biological Technology, Wuhan, 
China) and goat anti-rabbit (Cat No. Abs20022ss, 
1/10,000, Absin, Shanghai, China) for 1–2 h at room tem-
perature. The membranes were visualized with enhanced 
chemiluminescence reagent (Millipore, ECL System, 
MA, USA) and Image J software were used to quantize 
the grayscale values. Protein levels were normalized to 
GAPDH.
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Immunofluorescence staining
H9C2 cells are seeded at 2 × 104 cells/well into 12-well 
plates. Following subgroup treatment, 4% paraformal-
dehyde and 0.5% Triton X-100 were successively used 
to fix and permeabilize the cells at 37˚C. Then cells were 
incubated overnight in primary antibodies of anti-NLRP3 
(Cat No. NBP2-12446, 1/50, Novus, CO, USA) and anti-
caspase-1 Cat No. ab1872, 1/200, Abcam, Cambridge, 
UK) diluted in BSA after being blocked with BSA for 
half an hour. The following day, the secondary antibody 
of CyTM3 (Cat No. 144,930, 1/600, Jackson Immunore-
search Laboratories, PA, USA). Images were observed 
with an inverted fluorescence microscope (magnification, 
×200, Olympus, Tokyo, Japan) and ImageJ software was 
used to analyze the fluorescence intensity.

Statistical analysis
All statistical analyses in the present study were per-
formed using SPSS version 24.0 software. ANOVA was 
conducted to determine variabilities for multiple groups 
followed by Tukey’s post hoc test and P < 0.05 was consid-
ered to indicate a statistically significant difference. Data 
are presented as mean ± SD of at least three independent 
experiments.

Results
Inhibition of NLRP3 reduces injury in diabetic rats
MCC950, an inhibitor of NLRP3, was intraperitone-
ally injected into rats at 55  mg/kg twice a week. As the 
results shown in Fig.  1A-B, the DM group showed a 
gradual decrease in BW and a significant increase in 
FBG levels over time. Furthermore, the myocardial fibers 
were loosely arranged, accompanied by cardiomyocyte 
hypertrophy, peripheral inflammatory cell infiltration, 

Fig. 1  Changes of BW, FBG and Structural in myocardial organization of rats. The level of BW (A) and FBG (B) levels in each group. (mean ± SD, n = 6). 
****P < 0.0001 vs. Sham; ##P < 0.01 vs. DM. Images of HE staining (C) and transmission electron microscopy (D) of rat myocardial tissue in each group (C: 
100×, scale bar = 100 μm, D: 20,000×, scale bar = 1 μm)
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and mitochondrial cristae were disorganized, or fused 
to form vacuole-like lesions, compared with the Sham 
group (Fig. 1C-D). the treatment with MCC950 alleviated 
the above symptoms. As for Fig.  2, MCC950 not only 
directly reduces the expression of GSDMD, the pyropto-
sis executor, but also affects ferroptosis -related factors, 
GPX4 and xCT, which are both indispensable to inhibit 
the occurrence of ferroptosis. Additionally, the level of 
LDH release in the serum of diabetic rats were effectively 
inhibited by MCC950 (Fig.  2E). The results above sug-
gested that a relationship between the two forms of cell 
death via NLRP3 and suppress it could take on a protec-
tive effect against diabetes.

NLRP3 knockdown attenuates HG-induced H9C2 cardiac 
cells injury
As shown in Fig. 3, sh-NLRP3#3 minimized the NLRP3 
expression in H9C2 cells although NLRP3 was verified to 
be knockdown in sh-NLRP3#1, #2 and #3 group, with a 
normal expression in the sh-NC group (Fig. 3), therefore, 
the sh-NLRP3#3 was used for subsequent studies.

Cell viability was detected by CCK-8 and was notably 
reduced after HG and HG + sh-NC treatment compared 
with the untreated group (Fig.  4A). However, the cell 
viability was increased by pre-transfection of sh-NLRP3 
prior to HG compared with HG alone.

Furthermore, the results in Fig.  4B demonstrated 
that LDH release, which signifies cytotoxicity, was 

significantly increased after HG intervention, sub-
sequently, treatment with transfection of sh-NLRP3 
reduced the release of LDH.

The ATP production was assayed to evaluate the func-
tion of mitochondrial and metabolism of H9C2 cells. The 
concentration level of ATP was significantly reduced in 
HG-treated cells compared with the control group, and it 
was markedly increased following sh-NLRP3 transfection 
(Fig. 4C).

NLRP3 knockdown inhibits HG-induced NLRP3 
inflammasome related pyroptosis in H9C2 cardiac cells
The NLRP3 inflammasome-associated protein levels, 
including NLRP3, ASC, Cleaved-caspase-1 and pyropto-
sis associated protein GSDMD-NT level were shown to 
be notably higher in H9C2 cells than in controls, identi-
cal to the expressions of the inflammatory factors IL-1β 
and IL-18, and all of the above proteins was markedly 
decreased by pre-transfection of sh-NLRP3 (Fig. 5A-G). 
Moreover, as presented in Fig. 6, fluorescent staining of 
NLRP3 and caspase-1 were significantly increased after 
HG treatment, which was reversed by NLRP3 knock-
down. These results suggested the protective effect of 
knocking down NLRP3 was related with down-expres-
sions of NLRP3 inflammasome and pyroptosis on H9C2 
cells.

Fig. 2  MCC950 inhibits the expressions of pyroptosis- and ferroptosis-related proteins in rat myocardial tissues and LDH levels in serum. The protein levels 
of xCT (A), GSDMD-NT (B), and GPX4 (D) in rats normalized by GAPDH levels. (C) Representative blots in rats. (E) Changes of LDH levels in serum of each 
group. (mean ± SD, n = 3). *P < 0.05, **P < 0.01 vs. Sham; #P < 0.05, ##P < 0.01 vs. DM
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Promotion of mitochondrial ROS production abolishes the 
protective effect of NLRP3 knockdown
To further investigate the upstream and downstream 
relationship between NLRP3 and mtROS, ROT was used 
to promote the production of mtROS for the subsequent 
study. As shown by western blotting results in Fig. 7A-E, 
the protective effect of sh-NLRP3 on HG-induced high 
levels of NLRP3 inflammasome and pyroptosis-associ-
ated proteins were all reversed by ROT. Furthermore, the 
GPX4 and xCT that is related to ferroptosis was distinctly 
weakened in HG treated group, however, according to 
the results in Fig. 7F-G, GPX4 and xCT expression were 
increased significantly after promoting mtROS produc-
tion. Additionally, as presented in Fig. 7H, co-treatment 
of sh-NLRP3 and ROT significantly elevated LDH release 
compared to the HG + sh-NLRP3 group. These results 

suggest that knocking down NLRP3 gene protects H9C2 
cells from HG-induced injury, and mtROS can be located 
downstream of NLRP3.

Discussion
DCM, which closely related to the high incidence of 
heart failure and its poor prognosis, is characterized by 
myocardial fibrosis and parietal stiffness. Hyperglycemia, 
insulin resistance and hyperinsulinemia are considered as 
the independent risk factors for the development of DCM 
and are responsible for cardiac remodeling and dysfunc-
tion. Several mechanisms have been involved in the 
pathogenesis of DCM, such as alterations in myocardial 
energy metabolism and calcium signaling. Particularly, a 
local rise in cytokines in cardiac cells is an important part 
of the development of DCM. Furthermore, HG-treated 

Fig. 4  NLRP3 knockdown attenuates HG-induced H9C2 cardiac cells injury. The cell viability (A), LDH (B) and ATP (C) levels of H9C2 cardiac cells in the 
different groups. (mean ± SD, n = 3). *P < 0.05, **P < 0.01 vs. CON; #P < 0.05, ##P < 0.01 vs. HG

 

Fig. 3  Establishment and verification of a stable sh-NLRP3 cell line. H9C2 cells were transfected with three target shRNA vectors of NLRP3 (sh-NLRP3#1, 
#2 and #3) and negative control vector (sh-NC). (A) Features of H9C2 cardiac cells under optical microscopy (100×, scale bar = 100 μm). (B) NLRP3 protein 
levels in H9C2 cardiac cells normalized by GAPDH levels. (mean ± SD, n = 3). *P < 0.05, **P < 0.01 vs. CON
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cells were widely studied in vitro to replace DCM [17, 18] 
and to induce pyroptosis and ferroptosis [19–22], which 
both are closely related to the inflammatory response. 
So, in the present study, STZ (55 mg/kg, i.p) were used to 
induce diabetic injury in vivo, simultaneously, H9C2 cells 
were incubated in 35 mmol/L glucose medium for 24 h to 
simulate the DCM model in vitro.

LDH is an important enzyme capable of affecting 
energy metabolism in the body, and its level in the cyto-
plasm reflects cell membrane permeability and cyto-
toxicity. LDH was found at increased levels in the heart 
muscle and serum in diseases such as myocardial infarc-
tion and diabetic [23, 24]. It is well documented that 
intracytoplasmic LDH release occurs due to the disrup-
tion of cell membrane structure caused by pyroptosis or 
ferroptosis [25, 26]. As the most important energy mol-
ecule, decreased ATP levels indicate impaired or reduced 
mitochondrial function. Decreased ATP concentrations 
have been shown in mitochondria isolated from the 
hearts of DCM rats [27]. In the present study, we found 
that the release of LDH were increased in DM rats, 
accompanied by altered expression of pyroptosis and fer-
roptosis-related proteins compared with the Sham group. 
In addition, in H9C2 cells, the NLRP3 inflammasome 
and pyroptosis-related proteins and inflammatory fac-
tors were significantly increased following HG treatment, 

accompanied by decreases in cell viability, ATP level, 
suggesting HG induced cardiac injury through decreas-
ing ATP production and increasing inflammatory action, 
pyroptosis and ferroptosis.

NLRP3, a well-known critical component of the innate 
immune system, is a key step in pyroptosis. NLRP3 could 
be activated by various pathogen-associated molecular 
patterns (PAMPs) such as excess ROS and subsequently 
forms NLRP3-ASC-pro-caspase-1 inflammasome com-
plex through the interaction of homotypic proteins with 
PYD domain and CARD domain. GSDMD-N terminal 
then is cleaved by activated caspase-1 and oligomerized 
pores in the cell membrane, releasing inflammatory fac-
tors such as IL-1β and IL-18, exacerbating the inflam-
matory response, which is the process of pyroptosis 
[28]. The protective effect of NLRP3 inhibition has been 
widely explored in inflammatory disorders. Blocking 
NLRP3 activation by MCC950, a small-molecule inhibi-
tor of NLRP3, has been studied to attenuate the severity 
of autoimmune encephalomyelitis [29, 30]. Similarly, our 
previous study also demonstrated the protective effect 
of MCC950 on cardiomyocytes [31]. Mesenchymal stem 
cell was found to alleviate insulin resistance in T2DM rats 
by suppressing NLRP3 inflammasome-mediated inflam-
mation and expression of IL-1β and IL-18 [32]. Further, 
numbers of studies have shown that pyroptosis is closely 

Fig. 5  NLRP3 knockdown inhibits HG-induced NLRP3 inflammasome related pyroptosis in H9C2 cardiac cells. The protein levels of NLRP3 (A), ASC (B), 
Cleaved-caspase-1 (C), GSDMD-NT (D), IL-1β (E) and IL-18 (F) in H9C2 cardiac cells normalized by GAPDH levels. (G) Representative blots in H9C2 cardiac 
cells. (mean ± SD, n = 3). *P < 0.05, **P < 0.01 vs. CON; #P < 0.05, ##P < 0.01 vs. HG
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Fig. 7  Promotion of mitochondrial ROS production abolishes the protective effect of NLRP3 knockdown. (A) Representative blots in H9C2 cardiac cells. 
The protein levels of NLRP3 (B), GSDMD-NT (C), IL-1β (D), IL-18 (E), GPX4 (F) and xCT (G) in H9C2 cardiac cells normalized by GAPDH levels. H. Changes 
of LDH levels in cell supernatant of each group.(mean ± SD, n = 3). *P < 0.05, **P < 0.01 vs. CON; ##P < 0.01 vs. HG; ^P < 0.05, ^^P < 0.01 vs. HG + sh-NLRP3

 

Fig. 6  Immunofluorescence staining in H9C2 cardiac cells. Images of NLRP3 (A, red), caspase-1 (C, red), FITC (green) and DAPI (blue) immunofluorescence 
staining (200×, scale bar = 100 μm). NLRP3 (B) and caspase-1 (D) fluorescence intensity analysis (mean ± SD, n = 3). **P < 0.01 vs. CON; ##P < 0.01 vs. HG
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related to cardiovascular diseases, diabetes and diabetic 
complications [28, 33]. In the present study, sh-NLRP3 
were transfected to H9C2 cells before HG treatment The 
results revealed that knockdown NLRP3 protects against 
HG -induced high expressions of pyroptosis-related ASC, 
caspase-1, GSDMD-NT, etc.

Ferroptosis is another form of programmed cell death 
characterized by iron-dependent lipid peroxidation and 
metabolic constraints. The accumulation of intracellular 
lipid peroxidation and ROS production exceeds the redox 
content maintained by glutathione (GSH), resulting in a 
redox imbalance and the accumulation of iron-dependent 
phospholipid hydroperoxide (PLOOH), which causes 
rapid and irreparable damage to the membrane structure 
of cells and organelles [34, 35] (33,34). Numerous studies 
have shown that ferroptosis can be endogenously coun-
teracted by the system xc

−/GSH/GPX4 axis. System Xc
− 

is a chloride-dependent membrane cystine/glutamate 
antiporter, and it is a heterodimeric protein contain-
ing a light chain SLC7A11 (xCT, a 12-pass transmem-
brane transporter protein), and a heavy chain SLC3A2 

(4F2 heavy chain, a transmembrane regulatory subunit). 
Compounds including erastin that interfere with system 
Xc

− causing cysteine deprivation, GSH depletion, endo-
plasmic reticulum stress and cell death [36]. And GPX4, 
the key regulator of ferroptosis, can neutralize oxidized 
lipids with glutathione [37]. Moreover, GPX4 was found 
to be downregulated in cardiomyocytes with myocardial 
infarction or diabetic myocardial ischemia/reperfusion 
injury [26, 38]. In the present study, GPX4 and xCT pro-
tein levels were significantly down-regulated by high glu-
cose compared to the normal cells.

Though crosstalk may occur between multiple regu-
lated cell death forms [39, 40], the relationship between 
NLRP3 and ferroptosis has not yet been clarified. Sur-
prisingly, in the present study, we found that knockdown 
of NLRP3 in H9C2 cardiac cells counteracted high glu-
cose-induced low expression of GPX4 and xCT protein. 
Surprisingly, our results showed the same changes in the 
expression of GPX4 and xCT in heart tissue after the use 
of MCC950 to fight against diabetes in rats. The above 
suggesting that inhibition of NLRP3 not only inhibits 

Fig. 8  Inhibition of NLRP3 suppressed DM or high glucose-induced H9C2 cardiac cell injury through inhibiting NLRP3 inflammasome mediated pyrop-
tosis and GPX4 mediated ferroptosis. NLRP3: The NACHT-, LRR- and PYD domains-containing protein 3 (NLRP3), GSDMD: Gasdermin D, GPX4: glutathione 
peroxidase 4, GSH: glutathione,
PLOO: phospholipid, Cys: cystine, Glu: glutamate
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pyroptosis but may also play a role in ferroptosis, but the 
exact mechanism needs to be further explored.

It is well known that the release of mtROS activates 
NLRP3 to exert inflammatory effects, nevertheless, 
it remains unclear whether there is a mutually regu-
lated upstream and downstream feedback relationship 
between mtROS and inflammasome. ROT, as a mito-
chondrial electron transport inhibitor has been studied 
by Bavkar [41] to continue to promote ROS on top of 
high glucose-induced multi-organ damage such as heart, 
liver, lung and kidney. In fact, in our previous study, ROT 
was also found to counteract part of the protective effect 
of MCC950 [31]. Therefore, in the present study, ROT 
was used to promote more mtROS production in H9C2 
cardiac cells on the basis of knockdown of NLRP3. The 
results showed that the protective effect of knockdown 
of NLRP3 against HG injury was reversed following by 
ROT treatment, and pyroptosis-related protein expres-
sion as well as LDH release were notably increased, while 
GPX4 was reduced. These findings indicate that promo-
tion of mtROS release after knockdown of NLRP3 can 
continuously exert the damaging effects through induc-
ing pyroptosis and ferroptosis, which tips an interactive 
relationship between mtROS and NLRP3, that is mtROS 
is well known to stimulate NLRP3 upstream, but our 
study found that mtROS can also play an agonistic feed-
back regulation on NLRP3 downstream. Then, whether 
mtROS can directly induced pyroptosis and ferroptosis 
not depending on NLRP3, or depending on other mecha-
nisms? It needs to investigate intensively.

In summary, our findings produce the evidence that 
knocking down of NLRP3 effectively protect against HG-
induced H9C2 cardiac cells injury by inhibiting pyropto-
sis and ferroptosis, further, there is a crosstalk between 
these two cell death forms through NLRP3 (Fig.  8). 
Additionally, promoting mtROS production also plays 
an impairing role even downstream of NLRP3. These 
above results provide a new idea or target point for fur-
ther investigation of HG-induced H9C2 cardiac cell dis-
orders. However, the mechanism of NLRP3, a key factor 
of pyroptosis, affecting ferroptosis has not been repre-
sented in this study and needs to be investigated in our 
next step.
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