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ARTICLE INFO ABSTRACT

Keywords: Acute myocardial infarction (AMI) is a prevalent cardiovascular disease with high morbidity and mortality rates

Acute fnyocardial infarction worldwide. Pyroptosis is an inflammatory form of programmed cell death that has been linked to various

?ypo’“a. pathological conditions. However, its exact contribution to the onset and progression of heart injury in AMI has
'yroptosis

not yet fully elucidated. Herein, we established mouse AMI model by ligating the left anterior descending artery
and performed transcriptome analysis during the early phase of AMI. Mouse HL-1 and human AC-16 car-
diomyocytes were subjected to hypoxia to simulate ischemic injury in vitro. Our results revealed a significant
activation of the inflammatory response at 3 h post-ligation, as confirmed by RNA sequencing. We identified the
occurrence of NLRP3 inflammasome-mediated pyroptosis in the cardiac tissues of human cases with AMI, as well
as in mouse models of AMI and hypoxia-induced cardiomyocytes, using immunohistochemistry staining and
Western blotting assays. Concurrently, pharmacological inhibition of NLRP3 inflammasome-mediated pyroptosis
with MCC950 and VX-765 effectively decreased hypoxia-induced cardiomyocytes injury, while mitigating
myocardial oxidative stress, apoptosis and inflammation caused by hypoxia. Moreover, the circulating levels of
gasdermin D (GSDMD), the pyroptosis executor, were remarkably elevated in the plasma of mice with early AMI
and in the supernatant of hypoxia-exposed cardiomyocytes in a time-dependent manner using ELISA and Western
blotting. Furthermore, the change in circulating GSDMD positively correlated with Creatine Kinase-MB (CK-MB)
in the plasma of early-stage AMI mouse. In summary, these findings indicated a critical role for NLRP3
inflammasome-mediated pyroptosis in the progression of AMI, the administration of MCC950 and VX-765 may
be attractive candidate therapeutic approaches for cardiac injury caused by acute hypoxia or even AMI. Addi-
tionally, the circulating GSDMD exhibits potential as a newly diagnostic biomarker for AMI.

NLRP3 inflammasome

1. Introduction

Acute myocardial infarction (AMI) is typically triggered by sudden
coronary artery occlusion resulting in ischemic necrosis of the corre-
sponding myocardium due to insufficient blood supply [1]. Prolonged
myocardial ischemia can lead to structural and functional abnormalities
in heart, which can progress to heart failure and ultimately culminate in
sudden cardiac death [2,3]. While advancements in treatment methods
such as venous thrombolysis and percutaneous coronary intervention
have significantly reduced the mortality rate of AMI, there has been a
noticeable increase in the risk of post-MI heart failure [4]. Timely and
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effective diagnosis and treatment of AMI patients can significantly
improve therapeutic outcomes and enhance patient survival rates. In
clinical practice, CK-MB and cardiac troponins are widely utilized as
valuable indictors for diagnosing AMI [5,6], but they are challenged by
lack of specificity [7,8]. Therefore, further exploration of drugs that can
shield against AMI-induced myocardial injury holds significant promise.
Additionally, the search for novel and specific early diagnostic bio-
markers for AMI can guide precise diagnosis of the condition.

The development of AMI is widely recognized to involve oxidative
stress, inflammation, and subsequent cardiomyocyte apoptosis. During
AMI, a robust inflammatory process is essential for effective myocardial
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injury healing. However, it can also give rise to an overabundance of
damage and disruption in ventricular remodeling, eventually leading to
the manifestation of heart failure and compromised myocardial function
[9]. Research indicates that the nuclear factor-kB signaling pathway
plays a pivotal role in the inflammatory injury of AMI, with its activation
triggering the production of various proinflammatory cytokines,
including tumor necrosis factor-alpha (TNF-a), interleukin-1 beta
(IL-1B), and IL-6 [10]. Leukocytes are drawn into the injured myocar-
dium following the release of multiple inflammatory factors, which
further worsens oxidative stress and inflammatory damage.

Emerging evidence suggests that the pathophysiological process of
myocardial ischemia or death in AMI is significantly influenced by
oxidative stress, induced by an excess of reactive oxygen species (ROS)
[11]. The overproduction of ROS disrupts the redox state balance and
triggers cell apoptosis, ultimately exacerbating myocardial injury and
worsening cardiac function [12]. It is important to highlight that
oxidative stress also directly promotes the expression of inflammatory
cytokines and inducing leukocyte chemotaxis, thus intensitying the in-
flammatory process [13]. In addition, oxidative stress is the primary
factor contributing to the unfavorable prognosis associated with
myocardial damage induced by AMI [14]. Apoptosis is also a key
pathologic feature of AMI and contributes to cardiomyocyte cell injury
[15]. Further, apoptosis is considered the primary cause responsible for
myocardial cell loss following AMI, and it is strongly linked to ventric-
ular remodeling and the subsequent development of heart failure [16,
17]. Therefore, these studies lay a foundation for therapeutically tar-
geting inflammation, oxidative stress and apoptosis as an effective
strategy to mitigate AMI-induced cardiac injury.

Myocardial injury resulting from AMI is predominantly attributed to
the demise of terminally differentiated cardiomyocytes [17]. Pyroptosis
is a newly recognized inflammatory form of programmed cell death that
commonly occurs in the presence of inflammatory conditions [18]. The
hallmark features of pyroptosis comprise the activation of inflamma-
some, the cleavage of gasdermin-D (GSDMD), and the subsequent for-
mation of membrane pores [19,20]. Nucleotide-binding oligomerization
domain-like receptor pyrin domain-containing 3 (NLRP3) inflamma-
some initiates self-cleavage of pro-caspasel, and activated caspasel
cleaves GSDMD to generate the N-terminal fragments of GSDMD
(GSDMD-NT) that trigged membrane pore formation, eventually leads to
the unleashing of inflammatory factors, loss of membrane integrity, and
pyroptosis [21,22]. Pyroptosis, as an essential component of the body’s
innate immune defense system, assumes a pivotal function in safe-
guarding against infectious agents [23]. However, excessive pyroptosis
have detrimental effects on the host [24]. Numerous studies have
demonstrated that pyroptosis is an irreplaceable signaling cascade
contributing to myocardial cell death [25,26]. Nonetheless, the func-
tions of cardiomyocytes pyroptosis, its potential relationship with AMI,
and the underlying molecular mechanisms remain largely elusive.

This study sought to investigate the influence of pyroptosis on
myocardial injury following hypoxia and evaluate whether the impli-
cated mechanisms are associated with alternations in myocardial
inflammation, oxidative stress and apoptosis induced by acute
myocardial hypoxia. Additionally, given the release of GSDMD from
pyroptotic cardiomyocytes [27], we hypothesized that it holds promise
as a potential diagnostic biomarker for AMI.

2. Materials and methods
2.1. Antibodies and reagents

Antibodies against TMS1/ASC (DF6304), Cleaved Caspase-1
(AF4022), and GSDMD (AF4012) were obtained from Affinity Biosci-
ence (Cincinnati, OH, United States). The anti--actin (66009-1-1g), anti-
p67phox (15551-1-AP), and anti-BAX (60267-1-Ig) were provided by
ProteinTech Group. NLRP3 (15101), Cleaved Caspase3 (9661), TNF-«
(11948) were bought from Cell Signaling Technology (Beverly,
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Massachusetts, United States). Phosphor-NF—«B p65 (TP56371), NF-kB
p65 (T55034), IL-6 (TD6087) were obtained from Abamrt (Shanghai,
China). MMP9 (A0289) was purchased from Abclonal (Boston, MA,
USA). BCL-2 (ab194583) was bought from Abcam (Cambridge, UK).
Anti-NLRP3 for immunohistochemistry staining (NBP2-12446, 1:50)
was purchased from Novus Biologicals (Minnesota, United States).
MCC950 (HY-12815) and VX-765 (HY-13205) were bought from Med-
ChemExpress (Shanghai, China).

2.2. Human subjects

The human heart samples were obtained from autopsy cases con-
ducted by the Department of Forensic Medicine at School of Basic
Medical Sciences, Fudan University (Shanghai, China). The cases were
categorized into two distinct groups: the control group (n = 3) and AMI
group (n = 3). The control group comprised individuals who suffered
acute traumatic death due to cranial injuries from traffic accidents, with
no apparent gross or microscopic cardiac pathological findings. The
inclusion criteria for the AMI group were based on histological obser-
vations indicating early myocardial ischemia, such as hyper eosinophilia
of cardiomyocytes, wavy fibers, interstitial edema, and contraction band
necrosis, along with coronary atherosclerosis of more than 50 %, while
excluding obvious gross cardiac pathology or other non-cardiac causes.
The cause of death for these groups was diagnosed by at least two
forensic pathologists. The Supplementary Table 1 presents detailed
characteristics of both study groups. Our study was granted by the
Medical Ethics Committee of School of Basic Medical Sciences, Fudan
University (approval no.: 2023-030).

2.3. Establishment of AMI mouse model

Male C57BL/6 mice, aged between 6 and 8 weeks, were utilized in
this study. The mouse AMI model was constructed by ligating the left
anterior descending coronary artery (LAD) following the previously
described [28]. Briefly, mice were anesthetized with 2 % isoflurane and
intubated for ventilation. The chest cavity was carefully opened to
expose the hearts, and a 7-0 silk suture was skillfully employed to ligate
the LAD. The presence of ischemia was visually confirmed by observing
a pale color in the myocardium, and its assessment was conducted uti-
lizing a II lead electrocardiogram. After the surgical procedure, mice
were euthanized at time points of 1 h, 3 h, and 6 h after the onset of
myocardial ischemia (n = 10 each group). The sham group (n = 10)
underwent identical processes without the ligation step. Plasma samples
were prepared from all mice by collecting orbital vein blood. All animal
experiments were conducted with the approval of the Experimental
Animal Ethics Committee of School of Basic Medical Sciences, Fudan
University (approval no.:20231017-002).

2.4. Echocardiography

To evaluate cardiac function following AMI, mice were administered
2 % isoflurane anesthesia and subsequently underwent echocardiogra-
phy. The left ventricular end-systolic diameter (LVESd) and left ven-
tricular end-diastolic diameter (LVEDd) were measured using long-axis
M-mode. The ejection fraction (EF) was utilized to assess the cardiac
contractile function.

2.5. Histological analysis and immunohistochemistry (IHC) staining

After the immediate sacrifice of mice, heart samples were soaked in a
4 % buffered formalin for 24 h. Subsequently, the specimens were
carefully embedded in paraffin and meticulously sectioned into 4 pm
thick slices. Hematoxylin & Eosin (H&E) staining was conducted for the
histological examination of cardiac tissue using light microscopy.

IHC staining was conducted according to our previously published
method [29]. Briefly, heart sections were deparaffinized and hydrated
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before treatment with 3 % H30, to quench endogenous peroxidase ac-
tivity. The specimens underwent a blocking step using goat serum for 30
min at room temperature. After that, the heart tissues were exposed to
pyroptosis-related primary antibodies overnight at 4 °C and subse-
quently incubated with secondary antibodies for 60 min at 37 °C. Ulti-
mately, the slides were visualized by diaminobenzidine (DAB) staining.

2.6. Cell culture and treatment

Human AC-16 and mouse HL-1 cardiomyocytes were cultured in
DMEM enriched with 10 % fetal bovine serum at 37 °C in 5 % CO». To
simulate an in vitro ischemic model, we referred to previous method
[30,31]. In brief, HL-1 and AC-16 cardiomyocytes were subjected to a
hypoxic environment of 1 % O for 1 h, 3 h, and 6 h in serum-free me-
dium. To inhibit NLRP3 inflammasome-mediated pyroptosis, specific
small molecule inhibitors MCC950 (10 pM) and VX-765 (2 pM) [32]
were pre-treated for 3 h before the hypoxia treatment in
cardiomyocytes.

2.7. Cell counting kit-8 (CCK-8) assay

HL-1 and AC-16 cells were plated in 96-well plates and exposed to
hypoxia treatment with or without MCC950 or VX-765. Subsequently,
the cells’ vitality was assessed using the CCK-8 assay in accordance with
CCK-8 kit’s manufacturer’s instructions (A311-02, Vazyme Biotech). A
microplate reader was employed to calculate the absorbance or optical
density at 450 nm.

2.8. Calcein/PI fluorescent staining

Cell viability or pyroptosis was detected using Calcein/PI (Beyotime,
Shanghai, China) staining. Briefly, cardiac HL-1 cells were cultured in
24-well plates and then exposed to 6 h of hypoxia treatment with or
without MCC950 or VX-765. Subsequently, the cells were incubated
with Calcein/PI and observed under a fluorescence microscopy.

2.9. Western blotting

Proteins from myocardial tissue and cardiomyocyte were isolated
using RIPA buffer (Beyotime, Shanghai, China) containing protease and
phosphatase inhibitors. Protein extraction from AC16 cell supernatant
was adapted from a previous publication [33]. Briefly, cell supernatant
was collected and centrifuged to eliminate cell debris and other impu-
rities, followed by precipitation or concentration using methanol and
chloroform. The protein concentrations were quantified using a BCA
protein assay kit (Beyotime, Shanghai, China). Subsequently, the protein
samples underwent 12 % sodium dodecyl sulfate polyacrylamide gel
electrophoresis and were then transferred onto a polyvinylidene
difluoride (PVDF) membrane. Following the blocking step using 5 %
BSA at 37 °C for 1 h, the PVDF membranes were treated with specific
primary antibodies targeting the proteins of interest overnight at 4 °C.
These membranes were then exposed to the appropriate secondary an-
tibodies for 1 h at room temperature, followed by detection using an
enhanced chemiluminescence (ECL) kit from Thermo Scientific Fisher.
B-actin was employed as the internal reference. The gel images were
captured and subjected to analysis using Image-J software.

2.10. Engyme-linked immunosorbent assay (ELISA)

After collecting plasma samples from mice or cell supernatants from
cell culture, the levels of circulating GSDMD and CK-MB were measured
using GSDMD ELISA kit (ab233627, Abcam) and CK-MB ELISA kit
(EM30650, Biotech Well, Shanghai, China), respectively, following the
manufacturer’s instructions.
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2.11. Measurement of ROS and oxidative stress

For measurement of intracellular ROS level, cardiac HL-1 cells were
incubated at 37 °C for 30 min after being exposed to 10 pM DCFH-DA
(Beyotime, Shanghai, China). The ROS was observed by a fluorescence
microscope.

2.12. TdT-mediated dUTP nick end labeling (Tunel) staining

HL-1 cells were cultured in 24-well plates and fixed with 4 % poly-
formaldehyde. Subsequently, Tunel staining was performed to assess
cardiac cell apoptosis following the manufacturer’s protocol. The kit
(A111-02, Vazyme Biotech) was labeled with FITC fluorescein, leading
to green staining of apoptotic cells. Cell nuclei were stained using DAPI,
followed by observation under a fluorescence microscope.

2.13. RNA sequence (RNA-seq) analysis

For RNA-seq, Trizol reagent was employed for the isolation of total
RNA from both AMI-3h (n = 3) and sham (n = 3) heart tissues. The
quality of RNA samples was assessed before constructing cDNA libraries,
which were then sequenced by Majorbio Biotech (Shanghai, China). The
differentially expressed genes (DEGs) between the AMI-3h group and
the sham group were identified using criteria of |log2 Fold Change
(FC)|> 2 and q value < 0.05. Furthermore, function enrichment analysis
such as Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) was conducted. Significant enrichment was determined
by adjusted p value < 0.05.

2.14. Statistical analysis

The data were displayed as mean =+ standard error of the mean
(SEM). Graphical representation and statistical analysis were conducted
using GraphPad Prism 8.0 (GraphPad Software, Inc.). For comparisons
among different groups, a one-way analysis of variance (ANOVA) or
two-way ANOVA was employed followed by Turkey or Bonferroni’s
multiple comparison test where appropriate. Differences between the
two groups were assessed using an unpaired Student’s t-test. Statistical
significance was defined as p < 0.05.

3. Results
3.1. Establishment and transcriptome profiling of mouse AMI model

Initially, we constructed the AMI mouse model varying ischemia
durations (1 h, 3 h, and 6 h) by ligating LAD. Electrocardiogram (ECG)
monitoring revealed a significant elevation of the ST segment by 3 h
post-AMI (AMI-3h), while the ST segment remained at the baseline level
in the sham group (Fig. 1A). Echocardiography results demonstrated a
notable reduction in left ventricular ejection fraction (EF) in the AMI-3h
group compared to the sham group (Fig. 1B), conforming to the mani-
festation of AMI. H&E staining (Fig. 1C) was conducted to assess the
histological changes in the heart tissues of both the AMI and sham
groups. The myocardium in the sham group exhibited normal car-
diomyocyte morphology, whereas the AMI group displayed localized
interstitial edema (black arrow) and wavy fibers (white arrow) with
increased eosinophilia of the cytoplasm (green arrow).

To depict the molecular changes and biological processes involved in
the early stages of AMI, RNA-seq analysis was conducted on the
infarcted myocardial tissues from the AMI-3h and sham groups. A total
of 254 differentially expressed genes (DEGs) were identified in the AMI-
3h group compared to the sham group (]log2FC|> 2 and adjusted p
value < 0.05), with 226 genes showing up-regulation and 28 genes
displaying down-regulation (Fig. 1D). Subsequently, GO and KEGG
enrichment analyses were used to gain a deeper understanding of DEGs’
biological function. GO analysis indicated a noteworthy abundance of
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Fig. 1. Establishment of mouse AMI model and transcriptome analysis. (A) ECG monitoring in mice 3 h after AMI (AMI-3h) and sham groups. (B) Representative

echocardiograms of AMI-3h and sham groups showed a decrease in cardiac contractile function in mice following AMI (n = 6, ***p < 0.001). (C) The representative
Hematoxylin & Eosin (H&E) staining images of heart tissues for each group. Black arrow indicated interstitial edema, white arrow indicated wavy fibers and green
arrow indicated hypereosinophilia of some cardiomyocytes. Scale bar = 200 pm. (D) Volcano map showing DEGs (|log2FC|> 2 and adjusted p value < 0.05) in the
AMI-3h vs sham group (n = 3). (E) Bar chart depicting the significantly enriched GO classification of DEGs in term of biological process. (F) Bubble diagram shows

KEGG pathway enrichment analysis of DEGs.

DEGs in pathways associated with inflammatory responses, including
leukocyte migration, leukocyte chemotaxis (Fig. 1E). Additionally, the
regulation of programmed cell death or apoptotic process was signifi-
cantly activated. Consistently, KEGG pathway analysis revealed that the
most significant functional pathways were related to cytokine—cytokine
receptor interaction, NOD—like receptor signaling pathway, TNF
signaling pathway, IL-17 signaling pathway, NF—kappa B signaling
pathway, and chemokine signaling pathway (Fig. 1F), which were
closely associated with inflammation and immune process. These find-
ings suggest that the inflammatory system is activated during the early
phase of AMI.

3.2. NLRP3 inflammasome and pyroptosis are activated by AMI

Pyroptosis is a form of inflammation-dependent programmed cell
death mediated by inflammasomes [23,34]. The NLRP3 inflammasome
sensor is widely characterized in the heart and is of utmost importance

in the pathogenesis of various cardiovascular diseases [35,36]. Given
the significant activation of inflammatory responses and programmed
cell death processes during early AMI as indicated by our transcriptome
analysis, we investigated whether NLRP3 inflammasome-mediated
pyroptosis occurs in AMIL. To address this, NLRP3-mediated pyropto-
sis-related proteins, including GSDMD, Caspase-1, ASC, and NLRP3 were
assessed by Western blotting and immunohistochemical staining in
human heart samples from individuals with AMI, as well as in in vivo and
in vitro experiments.

Initially, heart specimens were collected from authentic autopsy
cases of individuals who died from AMI and non-AMI (control group).
The basic information of the deceased in the autopsy cases is presented
in Supplementary Table 1. Immunohistochemistry assays revealed
intense staining of ASC, cleaved caspase-1, and NLRP3 in the hearts of
AMI compared to the control group (Fig. 2A). Furthermore, we found
that the expression level of ASC, cleaved caspase-1, NLRP3, and GSDMD-
NT gradually increased with the extension of myocardial ischemia
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Fig. 2. The activation of NLRP3 inflammasome and pyroptosis during the early stages of AMI. (A) The representative immunohistochemistry staining images of ASC,
NLRP3, and cleaved Caspasel (Cle-Caspl) within the human heart sections. Scale bar = 100 pm. (B) The representative Western blotting bands of NLRP3
inflammasome and pyroptosis-associated proteins (ASC, NLRP3, Cle-Caps1, and GSDMD-NT) at different time points in AMI, n = 6 per group. (C) Quantification of
the results of B, n = 6 per group. (D) The representative immunohistochemistry staining images of ASC, NLRP3, and Cle-Casp1 within the mouse AMI heart sections.
Scale bar = 100 pm. (E) The representative Western blotting bands of NLRP3 inflammasome and pyroptosis-associated proteins (ASC, NLRP3, Cle-Capsl, and
GSDMD-NT) in mouse HL-1 cells under hypoxia treatments for different hours, n = 3 per group. (F) Quantification of the results of E, n = 3 per group. *p < 0.05, **p
< 0.01, ***p < 0.001 relative to the sham or control group.

period in mice (Fig. 2B and C), and similar findings were also observed Consistent with the results of the animal experiments, Western blotting
in the IHC staining (Fig. 2D). In the in vitro experiment, human AC-16 analysis revealed a remarkable elevation in the levels of ASC, NLRP3,
and mouse HL-1 cells were subjected to hypoxia for different periods cleaved caspase-1, and GSDMD-NT in HL-1 (Fig. 2E and F) and AC-16
(1 h, 3 h, and 6 h) to mimic the myocardial ischemia state in mice. cells (Supplementary Figs. 1A and B) with prolonged hypoxia durations,
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particularly prominent at the 6-h post-hypoxia (hypoxia-6h) time point.
Collectively, these results strongly support that NLRP3 inflammasome-
mediated cardiomyocyte pyroptosis is markedly activated and might
be a major factor in AMI.

3.3. Inhibition of NLRP3 inflammasome-mediated pyroptosis reduced
myocardial injury induced by hypoxia

To explore the potential impact of NLRP3 inflammasome and
pyroptosis on myocardial injury resulting from hypoxia, we treated HL-1
cardiomyocytes with MCC950 (a selective NLRP3 inflammation inhibi-
tor) and VX-765 (a specific caspasel inhibitor). As illustrated in Fig. 3A
and B, pharmacological inhibition of both NLRP3 inflammation and
caspasel effectively alleviated the expression levels of pyroptotic pro-
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VX-765 positively affected the survival of hypoxic cardiomyocytes, and
neither of these treatments exhibited in vitro toxicity to mouse HL-1
myocytes (Fig. 3C) or human AC-16 myocytes (Supplementary Fig. 2)
as determined by CCK-8 assay. Moreover, PI uptake was significantly
increased in the hypoxia-6h group compared to the control group, while
Pl-positive cardiomyocytes were notably reduced in the groups co-
treated with hypoxia and either MCC950 or VX-765 (Fig. 3D and E).
These results suggested that the suppression of pyroptosis dependent on
the NLRP3 inflammasome conferred protection against hypoxia-induced
damage to cardiomyocytes.

3.4. Inactivation of NLRP3 inflammasome and pyroptosis blocked
hypoxia-induced oxidative stress in vitro

teins under hypoxic condition. Meanwhile, treatment with MCC950 and To further understand the mechanisms underlying NLRP3
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Fig. 3. Pharmacologic inhibitors of NLRP3 inflammasome and pyroptosis rescued hypoxia-induced cardiomyocytes injury. (A) The representative Western blotting
bands of NLRP3 inflammasome and pyroptosis-associated proteins in cardiac HL-1 cells under indicated treatments. n = 3 per group. (B) Summary of western blotting
results of A. n = 3 per group. (C) CCK-8 assay was performed to examine mouse HL-1 cells viability under indicated treatments. n = 6 per group. (D) Representative
fluorescent staining images of Calcein-AM (green) and PI (red) in mouse HL-1 cells. Scale bar = 50 pm. (E) Summary of the Calcein/PI staining results of D, n = 4 per

group. *p < 0.05, **p < 0.01, ***p < 0.001 as indicated.
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inflammasome and pyroptosis-mediated cardiomyocytes damage under
hypoxia condition, we initially assessed whether NLRP3 inflammasome-
dependent pyroptosis influences the oxidative stress in cardiomyocytes
subjected to hypoxia.

It is widely recognized that oxidative stress plays a significant role in
AMI-induced cardiac injury and dysfunction [11,30,37]. Western blot-
ting analysis revealed a substantial increase in the protein levels of the
NADPH oxidase subunit 67phox (p67phox), an indicator of oxidative
stress, in the hypoxia-6h group compared to the control group. However,
this expression was rescued by treatment with either MCC950 or VX-765
in hypoxic cardiomyocytes (Fig. 4A and B). Furthermore, DCFH-DA
staining demonstrated that specific pharmacological inhibitors of
pyroptosis significantly attenuated ROS generation triggered by hypoxia
(Fig. 4C and D). These data provided that inhibiting NLRP3
inflammasome-mediated pyroptosis mitigates oxidative stress damage
caused by hypoxia in vitro.

3.5. Inactivation of NLRP3 inflammasome-dependent pyroptosis rescued
hypoxia-induced apoptosis in myocytes

Cardiomyocytes apoptosis is a hallmark of AMI and exerts a pivotal
influence on the pathological cascade of AMI [38,39], significantly
contributing to myocyte death [40,41]. Consistently, hypoxia treatment
remarkably increased the expression of apoptosis-realted markers BAX
and cleaved Caspase3 (Cle-Caps3) while decreasing the expression of
BCL2, which were abrogated in the presence of MCC950 or VX-765
(Fig. 5A and B). Moreover, TUNEL staining showed a marked rise in
the incidence of apoptotic cardiomyocytes in response to hypoxia
compared to the control group, the effect that was also blunted by
MCC950 or VX-765 administration (Fig. 5C and D). These findings
illustrated that inhibition of NLRP3 inflammasome-dependent pyrop-
tosis could prevent cardiomyocytes apoptosis induced by hypoxia.

3.6. Inhibition of NLRP3 inflammasome-dependent pyroptosis alleviated
hypoxia-induced inflammation in myocytes

In line with our transcriptome analysis, mounting evidence indicated
that inflammation responses were activated following AMI, and
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excessive inflammatory factors can lead to the structural and functional
abnormalities in the myocardium [42]. Compared with the control
group, the levels of proinflammatory cytokines (TNF-a, IL-6, and
MMP-9) were markedly elevated in hypoxia HL-1 cells, which was
blunted by the incubation of MCC9650 or VX-765 (Fig. 6A and B).
Notably, the phosphorylation of p65 was promoted by hypoxia insult,
indicating its activation in cardiomyocytes. However, the administra-
tion of pyroptosis inhibitors significantly alleviated p65 activation in
response to hypoxia (Fig. 6C and D). These data indicated that inhibition
of pyroptosis alleviated hypoxia-induced inflammatory response, a
process that may be associated with the activated NF-xB signaling
pathway.

3.7. Circulating GSDMD significantly increased in both hypoxic
cardiomyocytes in vitro and AMI mice in vivo

GSDMD, the pyroptosis executor, has been reported to be released by
pyroptotic cardiomyocytes [27]. Therefore, we examined the changes in
circulating GSDMD levels in blood and cell supernatants after AMI or
hypoxia treatment to evaluate its diagnostic potential for AMI. GSDMD
content was measured in mouse plasma at 1 h, 3 h, and 6 h after AMI
using ELISA. As depicted in Fig. 7A, the concentration of plasma GSDMD
gradually increased with the duration of infarction, peaking at 3 h after
AMI. Intriguingly, we observed that as early as 1 h after AMI, the
changes in GSDMD exhibited a significant elevation of 4-5 folds, which
was notably higher compared to the increase (1.5-2 folds) observed in
CK-MB (a classical biomarker for AMI diagnosis) (Fig. 7B). Additionally,
a notable correlation (r = 0.8353, p < 0.0001) was observed between
the changes in circulating GSDMD and CK-MB levels (Fig. 7C).
Furthermore, we also noted that the levels of GSDMD in the supernatant
of hypoxia cardiomyocytes increased depending on the duration of
hypoxia in cardiac HL-1 cells (Fig. 7D) and AC-16 cells (Fig. 7E) as
determined by ELISA and Western blotting. Collectively, these findings
suggest that GSDMD holds the potential to emerge as a novel diagnostic
biomarker for AMI.
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Fig. 4. Pharmacologic inhibitors of NLRP3 inflammasome and pyroptosis reduced hypoxia-induced oxidative stress in vitro. (A) The representative Western blotting
bands of NADPH oxidase subunit 67phox (p67phox) in mouse HL-1 cells under indicated treatments. n = 3 per group. (B) Summary of western blotting results of A. n
= 3 per group. (C) Representative images of DCFH-DA staining in mouse cardiac HL-1 cells under indicated treatments. Scale bar = 50 pm. (D) ROS levels were
ascertained by quantifying DCFH-DA fluorescence. n = 4 per group. *p < 0.05, **p < 0.01, ***p < 0.001 as indicated.
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which were presented as apoptotic index ( x 100 %). *p < 0.05,
4. Discussion

AMI is a severe cardiac condition with a high global mortality and
morbidity rate. It can lead to serious cardiovascular incidents such as
ventricular remodeling and heart failure, posing a significant risk to
individuals’ lives and resulting in substantial physical and financial
burdens on patients [2,3]. Massive cardiomyocyte death is the pre-
dominant factor contributing to cardiac injury and impaired heart
function resulting from AMI. Therefore, exploring the underlying mo-
lecular mechanisms of AMI-induced myocardial injury can yield valu-
able insights for the development of treatment strategies.

In this study, we initially successfully established an AMI mouse
model, validated through ECG, echocardiography, CK-MB, and histo-
logical examinations. To elucidate the molecular alterations and bio-
logical processes during the early stages of AMI, we conducted RNA-seq
analysis on infarcted myocardial tissues from both the AMI-3h and sham
groups. Our transcriptome analysis identified 254 DEGs, with 226 up-
regulated genes and 28 down-regulated genes. GO analysis revealed
significant activation of processes related to inflammation response,
such as leukocyte migration and leukocyte chemotaxis. Additionally,
KEGG pathway analysis also showed enrichment of several

p < 0.01 as indicated.

inflammation-associated signaling pathways, including cytoki-
ne—cytokine receptor interaction, NOD-like receptor signaling
pathway, IL-17 signaling pathway, TNF signaling pathway, NF—kappa B
signaling pathway, and chemokine signaling pathway. These results
indicated compelling evidence of the inflammatory process activation in
the early phase of AMI, which is consistent with findings reported in
other literature [9]. Pyroptosis, a form of programmed cell death, is
closely associated with the inflammatory response [18]. Based on these
findings, our subsequent research focused on investigating the rela-
tionship between pyroptosis and AMI. Our findings demonstrated
significantly elevated expression levels of pyroptosis-associated pro-
teins, including cleaved caspasel, NLRP3, GSDMD-NT, and ASC, in both
a mouse model of AMI and a hypoxia-induced cell model in vitro.
Similar results were obtained in human heart samples from autopsy
cases of AMI. Therefore, these results suggest that AMI can trigger the
induction of pyroptosis and may be a significant contributor to
myocardial injury caused by AMI.

Pyroptosis, unlike traditional cell death such as apoptosis and ne-
crosis, is primarily mediated by inflammasomes [20]. The NLRP3
inflammasome has been extensively acknowledged as a pivotal factor in
triggering pyroptosis [43]. When external stimuli are detected by
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pattern recognition receptors on the cell membrane and cytoplasm,
NLRP3 is activated, recruiting ASC and caspase-1 for cleavage and ul-
timately leading to the formation of biologically active NLRP3 inflam-
masome [21]. Subsequently, the active caspasel promotes the
maturation and production of IL-1p and IL-18, while cleaving GSDMD to
form GSDMD-NT. This process induces characteristic morphological
changes such as cytoplasmic swelling and membrane rupture, ultimately

resulting in cell death [21,22]. Our experiments consistently demon-
strated that AMI induces the activation of NLRP3 inflammasome and
triggers pyroptosis in cardiac myocytes. Meanwhile, pre-treatment with
the selective NLRP3 inflammation inhibitor MCC950 and specific cas-
pasel suppressor inhibitor VX-765 not only significantly reduces
hypoxia-induced cardiomyocyte death but also effectively suppresses
inflammation, oxidative stress, and apoptosis resulting from hypoxia.
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These findings suggested that inhibiting NLRP3
inflammasome-mediated pyroptosis can significantly alleviate myocar-
dial damage caused by acute hypoxia, highlighting MCC950 and VX-765
as promising new strategies for the treatment of acute myocardial
hypoxia or even AMI. Consistent with our study, Wenju et al. reported
that VX-765 remarkably reduced cardiac damage and improved cardiac
function in mice following AMI [44]. The combination of VX-765 and
Ticagrelor, a P2Y12 antagonist, has been reported to attenuate AMI
symptoms and sustain a reduction in infarct size in rats [45]. In a pig
model of MI, the selective NLRP3 inflammasome inhibitor MCC950 has
been also found to decrease infarct size and preserve cardiac function
[46]. It is worth noting that small-molecule inhibitors targeting pyrop-
tosis or the NLRP3 inflammasome have shown therapeutic potential in
various disease models [47,48]. Moreover, a phase II clinical study has
already been conducted to investigate the use of VX-765 for epilepsy
treatment [49]. Therefore, our comprehensive investigation into the
potential application of MCC950 and VX-765 in AMI treatment em-
phasizes the need for large-scale clinical trials to validate their thera-
peutic value.

Oxidative stress, inflammation and apoptosis are widely recognized
as key contributors to the progression of AMI. Mounting evidence
confirmed that oxidative stress-mediated cardiomyocyte apoptosis oc-
curs in the early stages of AMI and is closely associated with adverse
cardiovascular outcomes resulting from myocardial ischemia [12].
Mitochondria serve as the source of ROS, and excessive ROS accumu-
lation induces mitochondrial damage, amplifying ROS levels and ulti-
mately resulting in cell death [50]. So, maintaining mitochondrial
equilibrium and decreasing ROS production is regarded as a potential
approach to alleviate oxidative stress-induced damage. In the context of
AMI, sustained hypoxia and mitochondrial dysfunction in car-
diomyocytes lead to ATP deficiency, initiating apoptotic cascade acti-
vation and necrosis of myocardial cells. The necrotic cardiomyocytes
activate the immune system, eliciting a robust inflammatory response
[51]. Moreover, oxidative stress can intensify the inflammatory process
by enhancing the expression of inflammatory cytokines and promoting
leukocyte chemotaxis [13]. In this study, we observed a significant in-
crease in oxidative stress, inflammation, and apoptotic cardiomyocytes
in response to myocardial hypoxia. Remarkably, the administration of
MCC950 and VX-765 notably mitigated these effects. These results
suggested that the attenuation of myocardial injury resulting from
inhibiting NLRP3 inflammasome-mediated pyroptosis may be associ-
ated with a reduction in oxidative stress, inflammation, and apoptosis.
Further research is warranted to elucidate the molecular mechanisms
underlying these observations, including the impact of mitochondrial
dysfunction-induced oxidative stress on the pyroptosis process. Addi-
tionally, it is noteworthy that the phosphorylation of NF-kB p65 (p-p65)
was induced by hypoxia, which was alleviated following pyroptosis in-
hibition. As commonly understood, the NF-kB signaling pathway is of
paramount importance in mediating inflammatory processes. The
up-regulation of inflammatory cytokines is attributed to the increase in
ROS levels and the activation of p-p65 [52]. It has been observed that
p65 facilitates the transcription of NLRP3 components, thereby influ-
encing the release of downstream inflammatory mediators involved in
the inflammatory response [53]. Based on these observations, we hy-
pothesized that the treatment of MCC950 and VX-765 to suppress
hypoxia-induced myocardial inflammation may involve modulation of
the NF-kB signaling pathway.

Histological examination is considered as the gold standard for
diagnosing many diseases. Regrettably, in the early stages of acute
myocardial ischemia (within 4-6 h), the myocardial tissue does not
exhibit diagnostically significant features due to the limited time
available for the development of ischemic lesions, leading to the mani-
festation of non-specific findings, such as interstitial edema and wavy
fibers, and hyper eosinophilia of cardiomyocytes [54,55]. Early diag-
nosis of AMI is crucial for patient treatment and prognosis. Therefore,
the identification of specific and sensitive biomarkers for early detection
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of AMI holds considerable clinical significance. In this study, we
discovered that GSDMD levels in the plasma of AMI mice increased
gradually with the duration of ischemia, peaking at 3 h post-AMIL
Notably, a significant 4-5 fold elevation in GSDMD levels was detec-
ted as early as 1 h post-AMI. Importantly, a significant correlation was
found between the alterations in circulating GSDMD levels and CK-MB
levels. In addition, we observed the release of GSDMD into the culture
medium following hypoxia-induced myocardial pyroptosis in vitro.
Collectively, these findings suggest that circulating GSDMD could serve
as an early diagnostic biomarker for AMI. Therefore, we believe that
combining GSDMD with conventional clinical diagnostic markers like
cardiac troponins (cTnl and ¢TnT) and CK-MB may enhance the speci-
ficity of AMI diagnosis.

Nevertheless, we acknowledged the several limitations in our study.
Firstly, we did not employ molecular techniques such as gene knockout
or overexpression to manipulate key molecules involved in NLRP3
inflammasome-mediated pyroptosis to investigate their role in hypoxia
or AMI. Secondly, the therapeutic effects of MCC950 and VX-765 in
hypoxia still require further investigation in animal models of AMI.
Additionally, the feasibility of utilizing circulating GSDMD as a diag-
nostic marker for AMI requires validation through clinical trials for
practical application. In the future, it would be important and urgent to
further investigate the molecular mechanisms underlying myocardial
pyroptosis-induced AMI damage through in vitro and in vivo
experiments.

5. Conclusion

In conclusion, our results suggested that NLRP3 inflammasome-
mediated pyroptosis is a key contributor to the pathological process of
AMI, which involves oxidative stress, inflammation, and myocardial
apoptosis induced by acute myocardial hypoxia. The administration of
MCC950 and VX-765 may represent novel therapeutic approaches for
AMI treatment. Further, the circulating GSDMD exhibits potential as an
early diagnostic biomarker for AMI.
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