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Abstract Cardiomyocyte death is one of the major mechanisms contributing to the development of

myocardial infarction (MI) and myocardial ischemia/reperfusion (MI/R) injury. Due to the limited regen-

erative ability of cardiomyocytes, understanding the mechanisms of cardiomyocyte death is necessary.

Pyroptosis, one of the regulated programmed cell death pathways, has recently been shown to play impor-

tant roles in MI and MI/R injury. Pyroptosis is activated by damage-associated molecular patterns

(DAMPs) that are released from damaged myocardial cells and activate the formation of an apoptosis-

associated speck-like protein containing a CARD (ASC) interacting with NACHT, LRR, and PYD

domains-containing protein 3 (NLRP3), resulting in caspase-1 cleavage which promotes the activation

of Gasdermin D (GSDMD). This pathway is known as the canonical pathway. GSDMD has also been

shown to be activated in a non-canonical pathway during MI and MI/R injury via caspase-4/5/11. Sup-

pression of GSDMD has been shown to provide cardioprotection against MI and MI/R injury. Although

the effects of MI or MI/R injury on pyroptosis have previously been discussed, knowledge concerning the

roles of GSDMD in these settings remains limited. In this review, the evidence from in vitro, in vivo, and
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clinical studies focusing on cardiac GSDMD activation during MI and MI/R injury is comprehensively

summarized and discussed. Implications from this review will help pave the way for a new therapeutic

target in ischemic heart disease.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Myocardial infarction (MI) is a major cause of death and disability
and has been a challenging issue for clinicians and researchers for
several decades1. To treat the condition, timely reperfusion is the
treatment of choice. However, restoration of the blood flow to the
ischemic myocardium can cause further tissue damage, a phe-
nomenon known as myocardial ischemia/reperfusion (MI/R)
injury2. Many mechanisms contribute to the injury and death of
cardiac cells from MI and MI/R injury, however, one of the most
welleknown pathways is the overproduction of reactive oxygen
species (ROS) during timely reperfusion3. ROS can induce the
opening of mitochondrial permeability transition pores (mPTP),
contributing to intracellular Ca2þ overload, lipid peroxidation of
the cell membrane, and oxidative damage to the DNA3. In addi-
tion, neutrophils also accumulate in response to ROS over-
generation which can independently induce the multiple
programmed cell death pathways in the acutely ischemic
myocardium3. Since cardiomyocytes have poor regenerative
ability4, and the amount of cardiomyocyte death and infarct size
are correlated with the prognosis and the risk of developing heart
failure5e7, understanding the mechanisms of cell death and a
potential way to limit cardiomyocyte death might provide a crit-
ical benefit in the outcome of MI patients.

In the last decade, several types of cell death pathways have
been demonstrated to play a key role in the progression of MI and
MI/R injury8,9. Necrosis has been considered a major type of
cardiac cell death during MI due to deficiencies in the oxygen and
nutrition10, resulting in the release of danger signals that trigger
potent inflammation9,11. However, apoptosis caused by oxidative
stress also plays a damaging role in MI and MI/R injury8.
Furthermore, a caspase-independent mode of programmed
necrotic cell death called necroptosis was shown to contribute to
significant myocardial damage following I/R injury12. Last but not
least, several recent studies have focused on a new potential
molecular mechanism of cell death related to MI and MI/R injury
known as “pyroptosis”.

Pyroptosis is a type of regulated cell death that is critically
dependent on the formation of pores in the plasma membrane
instigated by members of the gasdermin protein family, which
frequently occurs as a result of the inflammatory caspase activa-
tion13. It has been reported that prolonged lack of oxygen or cell
starvation following MI contributes to a loss of cell membrane
integrity and leads to the release of damage-associated molecular
patterns (DAMPs) (e.g., alarmins [high-mobility group box 1
(HMGB1), heat shock proteins (HSP), oxidative stress, adenosine
triphosphate (ATP)]14, which mediate the upregulation of several
downstream signaling proteins, including NOD-like receptor
(NLR), caspase-1, caspase-4/5/11, Gasdermin D (GSDMD), and
Interleukin (IL)-1b and IL-1815. Apart from that, MI or MI/R-
induced pyroptosis is also associated with the formation of
NACHT, LRR, and PYD domains containing protein 3 (NLRP3)
inflammasome, which is a multimeric protein complex that causes
caspase-1 to self-cleave into an active form, and leads to pyrop-
tosis by cleaving GSDMD14,16. The modification of pyroptosis has
been proposed as a potential strategy for combating MI or MI/R17.
Inhibiting major proteins in the pyroptosis pathway has been
shown to exert effective cardioprotection, potentially leading to
increased functional outcomes and reduced cardiac injury after MI
and MI/R conditions18,19. Although pyroptosis has been
acknowledged as another potential cell death pathway following
myocardial injury induced by ischemia, the potential roles of
pyroptosis and its therapeutic targets for intervention in cases of
MI and MI/R still need to be explored.

This review aims to summarize and discuss the mechanisms of
the pyroptosis pathway of greatest importance, focusing on
in vitro, in vivo, and clinical studies into MI and MI/R injury, and
identify whether pyroptosis could be a target for an effective
cardioprotective intervention against MI and MI/R injury.
Collectively, this information encourages further investigation and
paves the way for the development of new therapeutic strategies to
improve the clinical outcome of patients with MI and MI/R injury.

2. The roles of GSDMD and regulation of the pyroptosis
signaling pathway in MI and MI/R injury

Gasdermin is an executioner protein that mediates membrane pore
formation in pyroptosis. There are several forms of gasdermin
found in the heart such as GSDMD, and gasdermin E (GSDME)20.
However, only GSDMD is responsible for pore formation during
MI and MI/R21,22, while GSDME participated in pyroptosis
caused by viral infection and chemotoxicity20. Pyroptosis, which
is mediated by GSDMD, is characterized by plasma membrane
blebbing, chromatin condensation (while the nucleus remains
intact), cell swelling, and finally pore formation up till cellular
rupture with the release of cytokines14,23.

Pyroptosis participates in many cardiovascular diseases,
including atherosclerosis, diabetes, MI, arrhythmia, and cardiac
hypertrophy since it is strongly associated with oxidative stress
and inflammation24. Focusing on MI and MI/R, pyroptosis is
divided into two individual pathways, specifically canonical and
non-canonical pathways25,26. Both pyroptosis pathways have been
reported to implicate cardiomyocyte death and infarction of car-
diac tissue21,27. Caspase-1-mediated canonical pyroptosis is the
most common pathway following MI and MI/R10,14,28. Mecha-
nistically, MI or MI/R induces the release of DAMPs which bind
to their complementary membrane protein receptors (e.g., the toll-
like receptor (TLR) and NLR), known as the pattern recognition
receptor (PRR)14. Apart from the DAMPs mentioned before,
mitochondrial DNA (mtDNA) released from damaged mitochon-
dria has recently been found to be one of the powerful DAMPs
mediating cardiac pyroptosis29e31. The roles of mtDNA DAMPs
in the regulation of cardiac pyroptosis have been reported in two
studies29,30. Mitochondria are abundantly found in the heart for
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the ATP production; however, a large amount of DAMPs are
released from the mitochondria during pathological stress31.
Recently, mtDNA, that is liberated from damaged mitochondria to
the cytosol or extracellular space, is recognized as important
DAMPs to trigger various inflammatory or degenerative dis-
eases31. Mechanically, mtDNA DAMP activates TLR9/NLRP3/
GSDMD pathways32, then, IL-1b and IL-18 are released from the
injured cells32. Despite this pathway, activation of TLR could
induce innate and adaptive immune systems in cardiac cells.
Releasing of IL-1, IL-6, IL-8, and tumor necrosis factor alpha
(TNF-a) also recruits neutrophils and monocytes from the circu-
lation to the injury site. Then, the migration of cardiac B cells and
T cells to the damaged myocardium occurs, leading to cardiac
inflammation and heart failure33. A previous study has shown that
mtDNA exacerbates odontoblast inflammation through GSDMD-
mediated pyroptosis32. Consistent with the odontoblast study,
mtDNA was increased in HL1 cardiomyocytes after 12 h of
hypoxia, along with an upregulation of GSDMD N-terminal
fragment (GSDMD-N)30. Moreover, application of palmitic acid
(400 mmol/L) for 24 h promoted mtDNA released, followed by an
activation of cyclic guanosine monophosphate-adenosine mono-
phosphate synthetase-stimulator of interferon gene/NLRP3/
GSDMD-N29.

On binding to PRRs, DAMPs mediate the activation of nuclear
factor kappa B (NF-kB) and lead to the transcription of hundreds
of pro-inflammatory genes, including the components of the
inflammasome pathways. Among these inflammasomes, the
NLRP3 inflammasome has emerged as an almost ubiquitous PRR
that is in an activated form. The NLRP3 inflammasome consists of
the NLRP3 protein, the adaptor protein apoptosis-associated
speck-like protein containing a CARD (ASC), and pro-caspase-
116. The assembly of the NLRP3 inflammasome leads to the self-
cleavage of pro-caspase-1 into the active form of caspase-116.
Active caspase-1 cleaves pro-IL into active IL and cleaves
GSDMD into a GSDMD-N and GSDMD C-terminal fragment
(GSDMD-C). GSDMD-N then forms pores in the plasma mem-
brane, causing pyroptotic cell death and the release of IL-1b and
IL-18 to induce more inflammation14.

In addition to the canonical pathway, non-canonical human
caspase-4/5 (murine caspase-11), the caspase-3/8-mediated
pathway, and granzyme-mediated pathway have been recently
reported as playing a significant role in various cell types and
diseases, particularly cardiac pathologies15,34. Focusing on MI and
MI/R injury, caspase-4/5/11 has been shown to contribute to
pyroptosis in the setting of conventional or unconventional
inflammasome signaling26. Caspase-4/5/11 itself can cleave
GSDMD and trigger pyroptotic cell death, or it can induce the
NLRP3 inflammasome/caspase-1 signaling pathway which leads
to pyroptosis26. However, in the setting of MI and MI/R-induced
pyroptosis, there is limited research available about the non-
canonical pathway. Only the non-canonical caspase 4/5/11/
GSDMD pathway has been reported as being associated with
these pathologies21,22. Figures summarizing the pyroptosis path-
ways in MI and MI/R injury are shown in Figs. 1 and 2,
respectively.

For the mechanisms involved in heart failure (HF), MI causes
cardiomyocytes death and infarction, subsequently leads to left
ventricular (LV) dysfunction, and it is a major cause of HF35.
Acute phase of HF occurs within 1e7 days after MI36. During this
phase, ROS activate the canonical pyroptosis pathway where the
inflammatory mediators are recruited37. Then, the inflammatory
cytokines induce extracellular matrix protein accumulation37,
causing fibroblast activation, and resulting in cardiac fibrosis
during the chronic phase of HF, which usually occurs a few weeks
after MI36.

3. Evidence of pyroptosis in MI and MI/R injury: Reports
from clinical studies

Several clinical reports showed that serum and cardiac tissue
GSDMD levels could be a potential marker for pyroptosis in MI or
MI/R injury21,30. Patients with chronic MI had higher levels of
serum caspase-1, GSDMD, IL-1b, IL-18, and Proprotein con-
vertase subtilisin/kexin type 9 (PCSK9) than healthy controls30.
Additionally, expression of caspase-1, GSDMD, IL-1b, and
PCSK9 were increased in the border zone rather than the remote
zone of MI hearts, implying that PCSK9 and pyroptosis occurred
under MI conditions30. In another clinical report, there was no
significant difference in the levels of serum GSDMD following
percutaneous coronary intervention in acute ST-elevated MI
(STEMI) patients, in comparison to stable coronary artery disease
patients21. However, serum GSDMD levels in acute STEMI pa-
tients were significantly increased after 1 h of percutaneous cor-
onary intervention treatment and remained elevated for the
following 24 h21. It indicates that, in addition to MI, pyroptosis
might play a role in reperfusion injury in the human heart and
occurs in the semi-early phase after reperfusion, which may give
us time to intervene at the time of revascularization in acute
STEMI patients. While GSDMD was implicated in human MI and
MI/R injury, there was no evidence of GSDMD-N elevation in
acute MI patients and no evidence of intervention modulating
GSDMD in MI or MI/R patients. All of these clinical reports are
summarized in Table 121,30.

4. Pyroptosis and GSDMD-mediated cardiomyocyte death
under hypoxia: Evidence from in vitro studies

As shown in Table 218,21,27,30,38e44, hypoxic conditions could
induce upregulation of NLRP3/caspase-1/GSDMD-mediated
pyroptosis. Hypoxia-induced cardiomyocyte pyroptosis was
related to activation of inflammation and oxidative stress pathways
through the TLR4/NF-kB signaling cascade38, together with an
increase in intracellular ROS levels40. In addition, glutathione
peroxidase (GSH-PX) and superoxide dismutase (SOD) were
suppressed following hypoxia, indicating a decrease in antioxidant
capacity40. Cellular injury and death of cardiac cells were
observed with the detection of NLRP3/caspase-1-mediated
pyroptosis, thereby decreasing cell viability in hypoxic car-
diomyocytes18,27,38e41. Furthermore, cardiomyoblast hypoxia
caused by TNF-a co-incubation to mimic an ischemic environ-
ment led to cardiomyoblast pyroptosis by increasing NLRP3/
caspase-1 dependent pyroptosis, and ROS overproduction, and
decreasing cell viability42,43.

In addition to normal hypoxic experiments, oxygen-glucose
deprivation (OGD)44 and H2O2-induced myocardial injury models
have been studied with regard to their roles in the pyroptosis
pathway21. Oxidative stress seems to be one of the main triggers
of this pyroptosis30,40,42e44, and H2O2 alone can upregulate
GSDMD-N, the instigator of the pyroptosis21. Overall, GSDMD/
NLRP3/caspase-1-mediated pyroptosis occurred in conjunction
with overgeneration of ROS together with NF-kB activation44.
Elevated levels of IL-1b and IL-18 were also found in car-
diomyocytes and cardiomyoblasts as a result of GSDMD pore
formation-induced pyroptotic cell death18,27,30,38e40. Collectively,



Figure 1 The canonical and non-canonical pathways of MI-induced pyroptosis and potential interventions. DAMPs such as ROS, mtDNA bind

to TLR4 and activate MYD88/NF-kB/ASC/caspase-1/NLRP3 pathways in the canonical pathway. In the non-canonical pathway, MI activates

caspase-4/5/11 and NLRP3 signaling. After the formation of the NLRP3 inflammasome, caspase-1 becomes active caspase-1, which cleaves pro-

IL-1b to IL-1b, pro-IL-18 to IL-18, GSDMD to GSDMD-N. GSDMD-N then forms pores in the plasma membrane, causing pyroptotic cell death

and secretion of IL-1b, IL-18 to cause more inflammation. NAC, rosuvastatin, nicorandil, melatonin, PDTC, lncRNA KLF3-AS1, liraglutide, H2,

MCC950, kanglexin, and LCZ696 reduce cardiomyocyte/myocardial damage against MI by targeting the canonical pathway of pyroptosis,

leading to the reduction of GSDMD. ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; DAMPs, damage-

associated molecular patterns; GSDMD, Gasdermin D; GSDMD-N, Gasdermin D N-terminal fragment; IL, interleukin; lnc-RNA, long non-

coding ribonucleic acid; MI, myocardial infarction; mtDNA, mitochondrial DNA; MYD88, myeloid differentiation factor 88; NAC, N-acetyl

cysteine; NF-kB, nuclear factor k-light-chain-enhancer of activated B cells; NLRP3, NACHT, LRR, and PYD domains-containing protein 3;

PDTC, pyrrolidine dithiocarbamate; ROS, reactive oxygen species; TLR4, toll-like receptor 4.
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all of these findings supported the idea that NLRP3/caspase-1-
mediated pyroptosis was one of the mechanisms of cell death
that occurred in the hypoxic cardiac cells.

Some proteins were found to play a key role in the regulation
of pyroptotic cell death of hypoxic cardiac cells including retinol-
binding protein 4 (RBP4), growth differentiation factor 11
(GDF11), homeobox A3 (HOXA3), and PCSK930,40,41. Previous
studies demonstrated that RBP4 and PCSK9 promoted ROS
generation to induce NLRP3 activation in the car-
diomyocytes30,40.This finding was confirmed by a study in hyp-
oxic PCSK9 knockout HL-1 cardiomyocytes that showed lower
ROS, lactate dehydrogenase (LDH), and pyroptotic protein
expression levels30. On the other hand, 12 h of hypoxia particu-
larly downregulated the expression of GDF11-HOXA3 signaling
proteins, leading to activation of cardiomyocyte pyroptosis41. As a
result, cardiomyocyte/cardiomyoblast hypoxia could induce
oxidative stress and inflammation and lead to canonical NLRP3/
caspase-1-mediated pyroptosis.

5. Pyroptosis and GSDMD-mediated cardiomyocyte death
in H/R injury: Evidence from in vitro studies

Pyroptosis is also shown to have a role in the hypoxia/reoxyge-
nation (H/R) model, which involves upregulation of the pro-
inflammatory signaling pathway (Table 312,19,21,45e51). H/R injury
activated thioredoxin-interacting protein (TXNIP), which trig-
gered the TLR4/myeloid differentiation factor 88 (MYD88)/NF-
kB signaling pathway, and caused NLRP3 inflammasome/caspase-
1-mediated pyroptosis45,46. In addition to inflammation, ROS also
play a role in the activation of NLRP3 inflammasome/caspase-1-



Figure 2 The canonical and non-canonical pathways of MI/R-induced pyroptosis and potential interventions. DAMPs such as ROS and

HMGB1 bind to TLR4 and activate the MYD88/NF-kB/ASC/caspase-1/NLRP3 pathway in the canonical pathway. After the formation of the

NLRP3 inflammasome, caspase-1 becomes active caspase-1, which cleaves pro-IL-1b to IL-1b, pro-IL-18 to IL-18, GSDMD to GSDMD-N. In

the non-canonical pathway, MI/R activates caspase-4/5/11, and caspase-4/5/11 directly cleaves GSDMD to GSDMD-N. GSDMD-N then forms

pores in the plasma membrane, causing pyroptosis and secretion of IL-1b, IL-18. Emodin, CREAE, CA, Bay 11-7082, miR-100-5p, M2 exosome,

H2, S3680, MCC950, Gastrodin, b-asarone, and NAC reduce cardiomyocyte/myocardial damage against MI/R by targeting canonical and non-

canonical pathway of pyroptosis, leading to the reduction of GSDMD. ASC, apoptosis-associated speck-like protein containing a caspase

recruitment domain; CA, cinnamic acid; CREAE, ethyl acetate extract of Cinnamomi ramulus; DAMPs, damage-associated molecular patterns;

GSDMD, Gasdermin D; GSDMD-N, Gasdermin D N-terminal fragment; HMGB1, high-mobility group box 1; IL, interleukin; M2 exosome, M2

macrophage-derived exosomes; MI/R, myocardial ischemia/reperfusion injury; miR, microRNA; MYD88, myeloid differentiation factor 88;

NAC, N-acetyl cysteine; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; NLRP3, NACHT, LRR, and PYD domains-

containing protein 3; ROS, reactive oxygen species; TLR4, toll-like receptor 4.
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mediated pyroptosis45,47. Not only did H/R injury cause pyrop-
tosis in cardiomyocytes and cardiomyoblasts, but it also caused
NLRP3/caspase-1-mediated pyroptosis in human cardiac micro-
vascular endothelial cell lines (HCMECs) with evidence of
vascular endothelial proliferation19. However, a study by Shi
et al.21 showed occurrence of a non-canonical pathway of
pyroptosis in an adult mouse ventricular cardiomyocyte
(AMVCMs) H/R model. As expected, caspase-11 acts as the
major activator of GSDMD-N without an increase in NLRP3,
ASC, or caspase-1 expression. Moreover, caspase-11 knockout
AMVCMs in the H/R model caused a reduction in GSDMD-N,
LDH, propidium iodide (PI) positive cells and an increase in
cellular ATP levels21. In contrast, caspase-1 knockout AMVCMs
had no discernible impact on these. These findings suggest that
caspase-11 predominantly mediates inflammation-mediated
pyroptosis during H/R injury21.

GSDMD plays a key role as a pyroptosis executor in the H/R
model since no change in GSDME was observed after H/R
injury21. In cardiac-specific GSDMD knockout AMVCMs, the
findings showed a decrease in LDH, PI-positive cells, and an in-
crease in cell ATP level21. Overexpression of GSDMD-N could
aggravate LDH production, the number of PI-positive cells and
further decrease cellular ATP levels. In contrast, overexpression of
full-length GSDMD (GSDMD-FL) and GSDMD-C showed no
change in association with cell death and injury21. According to
some studies which measured both GSDMD-FL and GSDMD-N,
only GSDMD-N increased following H/R induction, whereas
GSDMD-FL remained constant45,46. IL-1b and IL-18 were the
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cytokines released following the H/R-induced pyroptosis46,48,49.
However, after pyroptosis, IL-18 increased, whereas IL-1b
remained unchanged in AMVCMs21.

In experiments with different time points of reoxygenation,
pyroptosis seems to occur prominently in the semi-early phase
after reoxygenation. The expression levels of pyroptotic proteins
at the time of the lowest cell viability was highest at 8 h after
reoxygenation and decreased at 16 h after reoxygenation49.
GSDMD-N was also found to be increased significantly at 6 h
post-reoxygenation, peaked at 12 h post-reoxygenation, and
remained relatively stable at 24 h post-reoxygenation21. In
neonatal mouse cardiomyocytes (NMCMs), 2 h of hypoxia fol-
lowed by 1 h of reoxygenation could induce the expression of
NLRP3 and caspase-1, but not GSDMD, indicating that pyroptosis
either did not occur during the early phase of H/R or could be due
to the low expression of GSDMD in NMCMs50.

Recently, several non-coding ribonucleic acid (RNA), including
microRNA (miR) and long non-coding RNA (lncRNA), have been
studied and found to be associated with H/R injury and pyropto-
sis46,48,51. H/R significantly led to pyroptotic death by decreasing
miR-148a and miR-100-5p expression while increasing expression
of lncRNA plasmacytoma variant translocation 1 (Pvt 1)46,48,51.
However, cardiomyoblasts transfected with short hairpin Pvt1
(sh-Pvt1) exhibited a reduction in pyroptotic and apoptotic pro-
teins, and also cardiac enzymes51. Additionally, it has been
demonstrated that periostin, an osteoblast-specific factor 2, could
induce pyroptosis in H/R-induced H9C2 cells via NLRP3/caspase-
1-mediated pyroptosis as periostin overexpression increased pro-
duction of pyroptotic proteins and decreased cell viability49. In
contrast, antiperiostin, small interfering (si)RNA transfection, had
the opposite effect49. All of these findings indicated that H/R injury
can induce inflammatory signals and oxidative stress in cardiac
cells, resulting in GSDMD-N-mediated pyroptosis during the semi-
early phase of reoxygenation, with evidence for both canonical and
non-canonical pathways. It is important, however, as noted previ-
ously, to recognize that other proteins and non-coding RNAs may
also play a role in the modulation of pyroptosis.

6. Evidence of pyroptosis in MI and MI/R injury: Reports
from in vivo studies

MI is known to cause cardiomyocyte death via oxidative stress,
inflammation, and mitochondria-dependent pathways11. Focusing
on pyroptosis, MI was shown to result in the upregulation of the
expression of NLRP3-mediated IL-1b and IL-18 activation from
6 h up to 4 weeks in mouse/rat models with either left anterior
descending coronary artery (LAD) ligation27,38e41,52e54 or left
coronary artery ligation18,30. Consistent with reports in in vitro
models, MI also increased oxidative stress via NLRP3-mediated
pyroptosis and the NLRP3 inflammasomes via the TLR4/
MYD88/NF-kB pathway18,38,40,52,53. Furthermore, oxidative stress
activated transforming growth factor b-activated kinase 1 (TAK1)
and its downstream factor, c-Jun N-terminal kinase (JNK),
resulting in an inflammatory response, pyroptotic cell death, and
fibrosis53.

Focusing on the relevant mechanisms of MI-induced pyrop-
tosis, MI increased the expression of RBP4 in the heart tissue
without changing serum RBP4 and retinol or retinyl ester levels,
whereas knockdown of RBP4 alleviated pyroptosis-mediated
cardiac injury and dysfunction40. In addition, MI also reduced
the expression of GDF11 and HOXA3 proteins, while GDF11
overexpressed mice manifested cardioprotection via the lowering



Table 2 Evidence of pyroptosis in MI: reports from in vitro studies.

Condition/

Hypoxia (h)

Model Pyroptotic marker Inflammatory marker

/ROS

Cell viability

/Toxicity

Other cell death

marker/Relevant

finding

Interpretation Ref.

GSDMD Caspase-1 Others

Active form Full form

2 H9C2 cells [ e [ [ NLRP3 [ TLR4

[ NF-kB

[ IL-1b

[ IL-18

[ LDH e Hypoxia activated

GSDMD in canonical

pathway, leading to

cardiomyoblast

pyroptosis.

38

4 NRCMs [ GSDMD-N per

GSDMD-FL ratio

[ [ ASC

[ NLRP3

[ IL-1b Y Cell viability

[ LDH

[ PI Hypoxia activated

GSDMD in canonical

pathway, leading to

cardiomyocyte

pyroptosis.

18

6 H9C2 cells [ e [ [ ASC

[ NLRP3

[ IL-1b

[ IL-18

Y Cell viability [ TUNEL Hypoxia activated

GSDMD in canonical

pathway, leading to

cardiomyoblast

pyroptosis.

39

6 NMVCMs [ [ [ [ ASC

[ NLRP3

[ IL-18

[ MDA

[ ROS

Y GSH-PX

Y SOD

Y Cell viability

[ LDH

[ RBP4

[ PI

Upregulation of RBP4

involved in GSDMD

activation in canonical

pathway inducing

cardiomyocyte injury

and pyroptosis during

hypoxia, which was

confirmed by both

genetic and

pharmacological

inhibition.

40

NMVCMs þ RBP4

overexpression

[[ [[ [[ [[ ASC

[[ NLRP3

[[ IL-18

[[ MDA

[[ ROS

YY GSH-PX

YY SOD

YY Cell viability

[[ LDH

[[ RBP4

[[ PI

NMVCMs þ sh-RBP4 vs.

hypoxia

Y Y Y Y ASC

Y NLRP3

Y IL-18

Y MDA

Y ROS

[ GSH-PX

[ SOD

[ Cell viability

Y LDH

Y RBP4

Y PI

NMVCMs þ RBP4

overexpression þ si-NLRP3

vs. RBP4

overexpression þ hypoxia

Y Y Y Y ASC

Y NLRP3

Y IL-18 Y LDH 4 RBP4

Y PI

NMVCMs þ RBP4

overexpression þ MCC950

(NLRP3 inhibitor) vs. RBP4

overexpression þ hypoxia

Y Y Y Y ASC

Y NLRP3

Y IL-18 Y LDH 4 RBP4

Y PI

12 NMCMs [ e [ [ ASC

[ NLRP3

e Y Cell viability Y GDF11

Y HOXA3

Downregulation of

GDF11/HOXA3

involved in GSDMD

activation in canonical

pathway to induce

cardiomyocyte injury

and pyroptosis during

41

NMCMs þ GDF11

overexpression vs. hypoxia

Y e Y Y ASC

Y NLRP3

e [ Cell viability e

NMCMs þ HOXA3

overexpression vs. hypoxia

Y e Y Y ASC

Y NLRP3

e e e

(continued on next page)
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Table 2 (continued )

Condition/

Hypoxia (h)

Model Pyroptotic marker Inflammatory marker

/ROS

Cell viability

/Toxicity

Other cell death

marker/Relevant

finding

Interpretation Ref.

GSDMD Caspase-1 Others

Active form Full form

hypoxia, which was

confirmed by genetic

overexpression.

24 NMCMs [ [ [ [ NLRP3 [ IL-1b

[ IL-18

e [ TUNEL

[ PI

Hypoxia activated

GSDMD in canonical

pathway, leading to

cardiomycyte

pyroptosis.

27

48 h Primary cardiomyocyte e e e e e Y Cell viability [ PCSK9 Upregulation of PCSK9

induced oxidative stress

which led to GSDMD

activation in canonical

pathway to induce

cardiomyocyte injury

and pyroptosis during

hypoxia, which was

confirmed by genetic

inhibition.

30

PCSK9�/�

HL-1 cells

Y e Y Y ASC

Y NLRP3

Y IL-1b

Y ROS

Y LDH e

HL-1 cells þ hrPCSK9 vs.

hypoxia

[ e [ [ ASC

[ NLRP3

[ IL-1b

[ ROS

[ LDH e

HL-1 cells þ PCSK9CRISPRa

vs. hypoxia

[ e [ [ ASC

[ NLRP3

[ IL-1b

[ ROS

[ LDH e

12 (þTNF-a) H9C2 cells [ e [ [ NLRP3 [ NOX4

[ ROS

Y Cell viability

[ LDH

Y SIRT1

[ PI

Hypoxia with TNF-a

increased oxidative

stress, and reduced

SIRT1 to activate

GSDMD in canonical

pathway resulting in

cardiomyoblast injury

and pyroptosis.

42,43

[ GSDMD-N per GSDMD-FL

ratio

OGD

36 h

H9C2 cells [ [ [ [ ASC

[ NLRP3

[ p-NF-kB

[ ROS

Y SOD

[ LDH e OGD increased oxidative

stress to activate

GSDMD in canonical

pathway, leading to

cardiomyoblast

pyroptosis.

44

H2O2

1, 2, 3 h

AMVCMs [ [ e e e e e Oxidative stress induced

the activation of

GSDMD, which is an

executioner of

cardiomyocyte

pyroptosis.

21

AMVCMs: adult mouse ventricular cardiomyocytes; ASC: apoptosis-associated speck-like protein containing a caspase recruitment domain; GDF11: growth differentiation factor 11; GSDMD: Gasdermin

D; GSDMD-FL: full-length Gasdermin D; GSDMD-N: N-terminal Gasdermin D fragment; GSH-PX: glutathione peroxidase; H: hypoxia; H/R: hypoxia/reoxygenation; H2O2: hydrogen peroxide;

HCEMCs: human cardiac microvascular endothelial cells line; HOXA3: homeobox A3; IL: interleukin; LDH: lactate dehydrogenase; MDA: malondyaldehyde; NF-kB: nuclear factor k-light-chain-

enhancer of activated B cells; NLRP3: NACHT, LRR and PYD domains-containing protein 3; NMCMs: neonatal mouse cardiomyocytes; NMVCMs: neonatal mouse ventricular cardiomyocytes; NOX4:

nicotinamide adenine dinucleotide phosphate oxidase 4; NRCMs: neonatal rat cardiomyocytes; OGD: oxygeneglucose deprivation; PCSK9: proprotein convertase subtilisin kexin type 9; PI: propidium

iodide; R: reoxygenation; RBP4: retinol-binding protein 4; ROS: reactive oxygen species; sh: short hairpin; si-: short interfering; SIRT: sirtuin; SOD: superoxide dismutases; TLR4: toll-like receptor 4;

TNF-a: tumor necrosis factor alpha; TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling.
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Table 3 Evidence of pyroptosis in MI/R injury: reports from in vitro studies.

Condition Model Pyroptotic marker Inflammatory marker

ROS

Cell viability

Toxicity

Other cell death marker

Relevant finding

Interpretation Ref.

H (h) R (h) GSDMD Caspase-1 Others

Active form Full form

1 2 NRCMs [ 4 [ [ ASC

[ NLRP3

[ TLR4

[ MYD88

[ p-IkBa/IkBa

[ p-NF-kB/NF-kB

[ IL-1b

[ ROS

Y Cell viability

[ LDH

e H/R increased oxidative stress to

activate GSDMD in canonical

pathway, leading to cardiomyocyte

pyroptosis.

45

2 24 NRCMs [ 4 e [ ASC

[ NLRP3

[ TLR4

[ MYD88

[ p-IkBa

[ p-NF-kB

[ IL-1b

[ IL-18

[ TXNIP

Y Cell viability

[ LDH

[ CK

[ CK-MB

Y miR-148a

[ Annexin V/PI

[ IP3R

[ SERCA2a

[ Ca2þ overload

H/R reduced miRNA-148a, then

TXNIP was increased to promote

oxidative stress and calcium

overload, leading to the activation

of GSDMD in canonical pathway

to induce pyroptosis.

46

4 2 NMCMs e [ [ [ ASC

[ NLRP3

[ IL-1b

[ ROS

Y Cell viability

[ LDH

[ Caspase-3

[ TUNEL

H/R increased oxidative stress to

activate GSDMD in canonical

pathway, leading to cardiomyocyte

pyroptosis and apoptosis.

47

4 2 AC16 cells [ e [ [ NLRP3 [ IL-1b

[ IL-18

Y Cell viability

[ LDH

Y miR-100-5p

[ PI

H/R suppressed miR-100-5p, leading

to an activation of GSDMD

mediated cardiomyocyte

pyroptosis.

48

4 3 H9C2 cells [ 4 [ e [ IL-1b Y Cell viability

[ LDH

[ CK-MB

[ lncRNA Pvt 1

[ Apoptotic rate

LncRNA Pvt 1 play a crucial role in

caspase-1/GSDMD-mediated

cardiomyoblast pyroptosis and

apoptosis.

51

H9C2 cells þ sh-Pvt 1

vs. H/R

Y 4 Y e Y IL-1b [ Cell viability

Y LDH

Y CK-MB

Y lncRNA Pvt 1

Y Apoptotic rate

4 4 H9C2 cells e [ [ [ ASC

[ NLRP3

[ IL-1b

[ IL-18

Y Cell viability [ Periostin H/R 4/8 h had higher level of

pyroptotic markers than the other

groups, and it was mediated by

periostin to induce canonical

pyroptosis pathway.

49

8 e [[ [[ [[[ ASC

[[ NLRP3

[[ IL-1b

[[[ IL-18

Y Cell viability [ Periostin

16 e [ [ [[ ASC

[ NLRP3

[[ IL-1b

[[ IL-18

Y Cell viability [ Periostin

4 8 H9C2 cells þ si-

periostin vs. H/R

e Y Y Y ASC

Y NLRP3

Y IL-1b

Y IL-18

[ Cell viability e

H9C2

cells þ periostin

overexpression vs. H/

R

e [ [ [ ASC

[ NLRP3

[ IL-1b

[ IL-18

Y Cell viability e

0.5 3 AMVCMs 4 [ 4 4 ASC

4 NLRP3

[ Caspase-11

4 GSDME-FL

e e e Cardiomyocyte pyroptosis occurred

after 6 h of reoxygenation through

the non-canonical pathway.

21

6 [ [ 4 4 ASC

4 NLRP3

e e e

(continued on next page)
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Table 3 (continued )

Condition Model Pyroptotic marker Inflammatory marker

ROS

Cell viability

Toxicity

Other cell death marker

Relevant finding

Interpretation Ref.

H (h) R (h) GSDMD Caspase-1 Others

Active form Full form

[ Caspase-11

4 GSDME-FL

12 [ [ 4 4 ASC

4 NLRP3

[ Caspase-11

4 GSDME-FL

e e e

24 [ [ 4 4 ASC

4 NLRP3

[ Caspase-11

4 GSDME-FL

4 IL-1b

[ IL-18

[ LDH [ PI

Y ATP

0.5 24 CASP1�/� AMVCMs

vs. H/R

4 e Y e 4 IL-18 4 LDH 4 PI

4 ATP

CASP11�/�

AMVCMs vs. H/R

Y e e Y Caspase-11 Y IL-18 Y LDH Y PI

[ ATP

GSDMD�/�

AMVCMs vs. H/R

e e e e Y IL-18 Y LDH Y PI

[ ATP

GSDMD-FL

overexpression

AMVCMs vs. H/R

e [ e e e 4 LDH 4 PI

4 ATP

GSDMD-N

overexpression

AMVCMs vs. H/R

[ e e e e [ LDH [ PI

Y Cell ATP

GSDMD-C

overexpression

AMVCMs vs. H/R

e e e [ GSDMD-C e 4 LDH 4 PI

4 ATP

2 1 NMCMs 4 4 [ 4 ASC

[ NLRP3

[ TXNIP e Y GATA4

Y Bcl-2/BAX

[ Caspase-3

[ Annexin V/PI

A short duration of reoxygenation led

to oxidative stress and apoptosis,

but the duration was inadequate to

induce pyroptosis.

50

2 2 HCMECs e [ [ [ NLRP3 [ IL-1b e [ VEGF H/R activated GSDMD in canonical

pathway, leading to endothelial

cells pyroptosis. However,

angiogenesis was increased in this

setting.

19

AMVCMs: adult mouse ventricular cardiomyocytes; ASC: apoptosis-associated speck-like protein containing a caspase recruitment domain; ATP: adenosine triphosphate; BAX: Bcl 2 associated X

protein; Bcl-2: B-cell lymphoma 2; CASP1�/�: caspase-1 knockout; CASP11�/�: caspase-11 knockout; CK: creatine kinase; CK-MB: creatine kinase myocardial band; GATA4: GATA binding protein 4;

GSDMD: Gasdermin D; GSDMD�/�: cardiac specific Gasdermin D knockout; GSDMD-C: C-terminal Gasdermin D fragment; GSDMD-FL: full-length Gasdermin D; GSDMD-N: N-terminal Gasdermin

D fragment; GSDME-FL: full-length Gasdermin E; H: hypoxia; H/R: hypoxia/reoxygenation; HCEMCs: human cardiac microvascular endothelial cells line; IkBa: nuclear factor of kappa light polypeptide

gene enhancer in B-cells inhibitor, alpha; IL: interleukin; IP3R: type 3 inositol 1,4,5-trisphosphate receptor; LDH: lactate dehydrogenase; lncRNA: long non-coding RNA; miR: microRNA; MYD88:

myeloid differentiation factor 88; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells; NLRP3: NACHT, LRR and PYD domains-containing protein 3; NMCMs: neonatal mouse

cardiomyocytes; NRCMs: neonatal rat cardiomyocytes; p-IkBa: phosphorylated IkBa; PI: propidium iodide; Pvt 1: plasmacytoma variant translocation 1; R: peoxygenation; ROS: reactive oxygen species;

SERCA2a: sarco/endoplasmic reticulum Ca2þ-ATPase 2a; sh-: short hairpin; siRNA: small interfering RNA; TLR4: toll-like receptor 4; TXNIP: thioredoxin-interacting protein; TUNEL: terminal

deoxynucleotidyl transferase dUTP nick end labeling; VEGF: vascular endothelial growth factor.
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Inhibiting Gasdermin-D-mediated pyroptosis protects against MI and MI/R injury 39
of pyroptotic protein expression levels and reducing mitochon-
drial damage, resulting in improved LV function41. Interestingly,
PCSK9 has been reported to regulate pyroptosis in a mouse
model30. As mentioned earlier, PCSK9 was associated with the
upregulation of cellular ROS to induce NLRP3-mediated
pyroptosis30. PCSK9 knockout mice showed less MI-induced
cardiac injury and lower levels of NLRP3-mediated pyroptosis
proteins30. In addition to PCSK9, C-type lectin member 5 A
(CLEC5A), a recognition receptor for some pathogenic micro-
organisms, and CXADR-like membrane protein (CLMP) have
been shown to increase after MI54,55. Silencing CLEC5A
significantly reduced the activation of inflammatory cascades,
macrophages, NLRP3-mediated pyroptosis, and improved LV
function in mouse models of MI54. However, CLMP knockdown
mice appeared to have more serious myocardial injury resulting
from the promotion of non-NLRP3 dependent pyroptosis, lead-
ing to greater neutrophil accumulation, LV dysfunction, and
higher mortality after MI55. These findings indicated that
ischemia-induced CLMP expression was vital for the balance of
the regulation of pyroptosis and the inflammatory response. In
the experiment with different time points of MI, pyroptosis was
initially observed at 6 h after MI as indicated by the elevation of
GSDMD and other pyroptotic proteins (e.g., NLRP3, caspase-1,
caspase-4, and IL-1b), and increased in a time-dependent manner
(measured until 72 h)22.

When pyroptosis occurred, there was evidence of an upregu-
lation of caspase-4, one of the caspases that activates pyroptosis22,
suggesting that the NLRP3/caspase-1 canonical pathway was not
the only one that plays a role in MI-induced pyroptosis. Similarly,
one of the causes of coronary microvascular dysfunction after MI
is coronary microembolization (CME) from atherosclerotic plaque
rupture debris56. In mouse models, CME led to mitochondrial
disruption, ROS generation, and evidence of NLRP3/caspase-1-
mediated pyroptosis43, suggesting that pyroptosis might also be
one of the mechanisms responsible for CME-induced cardiac
injury. All of these findings are comprehensively summarized in
Table 418,22,27,30,38e41,43,52e55.

In the case of MI/R injury, there is evidence to confirm that
NLRP3-inflammasome-mediated pyroptosis did occur as shown in
Table 519,21,45e47,49,51,57,67,70. In a mouse model, LAD ligation-
induced MI/R injury could upregulate HMGB1 protein (one of
the potent alarmins)57 and TXNIP, and activate the TLR4/
MYD88/NF-kB signaling pathway, which promoted NLRP3-
mediated pyroptosis46. However, similar to the in vitro reports
which reported that the canonical inflammasome components
(e.g., ASC, NLRP3, and caspase-1) were barely expressed in the
cardiomyocytes21, caspase-11 was found to play a major role in
MI/R-induced pyroptosis, which occurred after 3 h of post-
reperfusion without the involvement of the GSDME21. This
finding demonstrated the importance of the non-canonical cas-
pase-11-mediated pyroptotic pathway and the timing of I/R-
mediated myocardial injury from pyroptosis cell death. Addi-
tionally, lncRNA Pvt 1, an lncRNA that has been linked to the
pathogenesis of cardiovascular disease58, was also shown to have
a role in MI/R injury, as it was upregulated during the MI/R
period, while knockdown lncRNA Pvt1 showed less cytokine
release, cardiac injury, apoptosis, and NLRP3-mediated pyropto-
sis51. In summary, pyroptosis plays a part in MI and MI/R injury
in the in vivo settings, which could be activated by both the ca-
nonical NLRP3 pathway and the non-canonical caspase 4/11
pathway. This also appears to occur in the semi-early phase,
similar to that observed in in vitro studies.
7. Potential interventions against pyroptosis-mediated cell
death in MI: Reports from in vitro and in vivo studies

A number of pharmacological agents and interventions have been
investigated to assess their potential to attenuate pyroptosis,
myocardial injury, and enhance LV function following MI, as
summarized in Tables 618,27,38,39,42e44 and
718,19,21,27,38,39,43,45,47,52,53,57,67,70. It is well established that the
pyroptosis pathway is involved in the process of cell death
following MI18,27,38,39,42e44,52,53. Fortunately, it has been
demonstrated that several pharmacological agents could inhibit
the canonical pyroptosis signaling components and exert cyto-
protective effects against cardiomyocyte hypoxia/ischemia17,59.
In vitro experiments (Table 6) revealed that cardiomyocytes
treated with either an NLRP3 inhibitor (MCC950) during
ischemia, or pyrrolidine dithiocarbamate (PDTC, NF-kB inhibitor)
following OGD, effectively reduced GSDMD-N-mediated
pyroptosis, resulting in increased cell viability18,44. Since ROS
is one of the most potent DAMPs for the induction of oxidative
stress in cells60, targeting ROS may be a strategy for providing
cytoprotection during an ischemic insult. It has been shown that
N-acetyl cysteine (NAC) effectively reduces ROS since it is a ROS
scavenger61. NAC suppressed the NF-kB/NLRP3/caspase-1
pathway in both the OGD and the ischemic mimic models,
resulting in decreased GSDMD-N levels and thus increased cell
viability44,52. Together with NAC, other pharmacological agents
such as melatonin, liraglutide, rosuvastatin, and sacubitril/valsar-
tan (LCZ696) have been shown to reduce pyroptosis by reducing
any increase in oxidative stress following MI38,42,43,53.

Melatonin is an endogenous hormone secreted by the pineal
gland. It is widely known for its role in the regulation of circadian
rhythms and its action as a potent antioxidant in the presence of
severe injury (e.g., MI)62,63. Melatonin treatment during hypoxia
reduced TLR4/NF-kB/NLRP3/caspase-1/GSDMD-N expression,
thereby reducing cellular injury38. Melatonin administered intra-
gastrically for 14 consecutive days prior to MI also reduced the
infarct size and LV dysfunction in mice via the same pathway as
verified in the cellular study (Table 8). These findings suggest that
melatonin treatment inhibited GSDMD-N exerting car-
dioprotective effects either pre- or post-ischemic insult38.

Liraglutide is a glucagon-like peptide-1 (GLP1) analog that has
been shown to improve cardiovascular outcomes in type two
diabetes mellitus patients in addition to its glucose-lowering ef-
fect64. Additionally, pretreatment with liraglutide has been shown
to increase the expression of sirtuin 1 (SIRT1), decrease oxidative
stress and inhibit pyroptosis via the canonical pathway42. In car-
diac cells exposed to ischemic conditions, in CME-induced
excessive ROS generation, and in MI rats, rosuvastatin and
LCZ696 were shown to effectively suppress ROS production and
subsequently inhibit NLRP3-mediated pyroptosis43,53. LCZ696
was also found to reduce NLRP3/caspase-1/GSDMD-N expres-
sion levels via the TAK1/JNK signaling pathway, resulting in
decreased pyroptosis, cellular injury, infarction, and LV
dysfunction53.

Previously thought to be an inert gas with no biological effect,
hydrogen gas (H2) was discovered to have an antioxidant effect65.
After MI, it has been demonstrated that inhaling 2% H2 for 3 h per
day reduced oxidative stress, mitochondrial damage, and pyrop-
tosis via the canonical pathway, resulting in decreased LV
dysfunction and remodeling18. These findings indicated that H2

effectively inhibited pyroptosis by lowering ROS levels and
reducing the activity of the canonical pyroptosis pathway. In



Table 4 Evidence of pyroptosis in MI: reports from in vivo studies.
Disease Condition Model Pyroptotic marker IS% LV function Cardiac injury Inflammatory marker/

ROS

Other cell death marker/

Relevant findings

Interpretation Ref.

Ischemia GSDMD Caspase-1 Others

Active form Full form

10 min C57BL/6 mice e 4 4 4 NLRP3

4 Caspase-4

e e e 4 IL-1b

4 IL-18

4 CF genes

4 DEGs, DEPs of immune

and apoptosis

4 Caspase-3

GSDMD was activated

in both canonical and

non-canonical

pathways, other

molecular changes

were adapted after 6 h

of MI, with

inflammatory cells

infiltration. They

continued to increase

in a time dependent

manner, leading to

cardiac fibroblast

activation at 72 h.

22

1 h e 4 [ 4 NLRP3

4 Caspase-4

e e e 4 IL-1b

4 IL-18

4 CF genes

4 DEGs, DEPs of immune

and apoptosis

4 Caspase-3

6 h e [ [ [ NLRP3

[[ Caspase-4

e e e [[ IL-1b

4 IL-18

[ Inflammatory cells

[ %CD8

4 CF genes

[ DEGs, DEPs of immune

and apoptosis

4 Caspase-3

24 h e [ [ [ NLRP3

[ Caspase-4

e Y %EF e [[ IL-1b

[ IL-18

[ Inflammatory cells

[ %CD8

[ Monocyte

[ M0- macrophage

4 CF genes

[ DEGs, DEPs of immune

and apoptosis

[ Caspase-3

72 h e [[ [[ [ NLRP3

[[ Caspase-4

e Y %EF e [ IL-1b

[[ IL-18

[[Inflammatory cells

[ %CD8

[ Monocyte

[ M0- Macrophage

[ CF genes

[ DEGs, DEPs of immune

and apoptosis

[[ Caspase-3

12 h C57BL/6 mice [ e [ [ ASC

[ NLRP3

e Y %EF

Y %FS

[ LVIDd

[ LVIDs

e [ IL-1b

[ IL-18

Y GDF11

Y HOXA3

[ Mitochondrial damage

MI activated GSDMD

through GDF11/

HOXA3 in canonical

pathway, leading to

pyroptosis,

mitochondrial

damage, and LV

dysfunction.

41

C57BL/6 mice

þ GDF11

overexpression vs. WT-

MI

Y e Y Y ASC

Y NLRP3

e [ %EF

[ %FS

Y LVIDd

Y LVIDs

e Y IL-1b

Y IL-18

[ Myofibrils arrangement

Y Mitochondrial damage

24 h C57BL/6 mice [ [ [ [ NLRP3 [ Y %EF

Y %FS

[ LDH [ IL-1b

[ IL-18

[ DNA fragmentation

[ Mitochondrial swelling

[ Cytoplasmic membrane

pore formation

MI activated GSDMD in

canonical pathway,

leading to pyroptosis,

mitochondrial

damage, and LV

dysfunction.

27

24 h C57BL/6 mice [ e [ [ NLRP3 [ Y %EF

Y %FS

[ LDH [ TLR4

[ NF-kB

[ IL-1b

[ IL-18

e MI activated GSDMD in

canonical pathway,

leading to pyroptosis,

and LV dysfunction.

38

1 day SD rats [ [ [ [ NLRP3 [ Y %EF

Y %FS

[ LVIDd

[ LVIDs

[ ROS

[ TAK1

[ p-JNK

[ IL-1b

[ IL-18

4 CVF MI increased oxidative

stress, activated

TAK1/JNK pathway,

and activated

GSDMD in canonical

pathway, resulting in

pyroptosis and LV

dysfunction. The

deterioration of LV

function was in a time

dependent manner,

and increase of

collagen volume was

observed only at 7

days posteMI.

53

3 days [ [ [ [ NLRP3 [[ YY %EF

YY %FS

[[ LVIDd

[[ LVIDs

[[ ROS

[ TAK1

[ p-JNK

[ IL-1b

[ IL-18

4 CVF

7 days [ [ [ [ NLRP3 [[[ YYY %EF

YYY %FS

[[[

LVIDd

[[[

LVIDs

[[[ ROS

[ TAK1

[ p-JNK

[ IL-1b

[ IL-18

[ CVF
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72 h SD rats [ 4 [ [ ASC

[ NLRP3

[ Y %EF

Y %FS

[ LVIDd

[ LVIDs

[ cTnI

[ LDH

[ TLR4

[ MYD88

[ NF-kB

[ IL-1b

[ IL-18

Y ATP

Y ADP

Y AMP

Y ATP/ADP ratio

Y Total adenine nucleotide

MI activated GSDMD in

canonical pathway,

leading to pyroptosis,

ATP depletion, and

LV dysfunction.

52

3 days C57BL/6 mice [ [ [ [ ASC

[ NLRP3

e Y %EF

Y %FS

[ LVIDd

[ LVIDs

[ LVvold

[ LVvols

e [ MDA

[ ROS

Y GSH-PX

Y SOD

[ IL-1b

[ IL-18

[ Heart RBP4

4 Serum RBP4

4 Retinol

4 Retinyl ester

MI increased oxidative

stress to activate

GSDMD through

RBP in canonical

pathway, leading to

pyroptosis and LV

dysfunction.

However, serum

RBP4, retinol or

retinyl ester did not

change following MI.

40

C57BL/6 mice þ sh-

RBP4 vs. WT þ MI

Y Y Y Y ASC

Y NLRP3

Y [ %EF

[ %FS

Y LVIDd

Y LVIDs

Y LVvold

Y LVvols

Y ANP

Y BNP

Y MHC-7

Y LDH

Y IL-1b

Y IL-18

Y Heart RBP4

3 days WT-FVB/NJ mice [ e [ e [ Y %EF

Y %FS

[ LVIDs

[ LVvols (3 days)

[ LVIDd

[ LVvold (7 days)

e e [ CLMP MI increased CLMP

expression to prevent

pyroptosis and LV

dysfunction following

MI.

Knockdown CLMP

led to more serious

myocardial injury

through promoting

non-NLRP3-

dependent pyroptosis

but not necroptosis or

parthanatos.

55

CLMPþ/� FVB/NJ

mice vs. WT þ MI

[[ e [[ 4 NLRP3 [[ YY %EF

YY %FS (14 days)

[[ LVIDd

[[ LVIDs

[[ LVvols

[[ LVvold (7

days)

[ LDH [ IL-1b

[ MPO

[ Ly6g

Y CLMP

4 RIPK3

4 CaMKII

4 PARP

1 week C57BL/6 mice [ e [ [ ASC

[ NLRP3

[ e e [ IL-1b

[ IL-18

[ PCSK9 Upregulation of PCSK9

involved in the

activation of GSDMD

in canonical pathway

to induce cardiac

pyroptosis, which was

confirmed by genetic

inhibition.

30

PCSK9�/�

C57BL/6 mice vs.

WT-MI

Y 4 Y Y ASC

Y NLRP3

e e Y LDH Y IL-1b

Y IL-18

e

1 week C57BL/6 mice [ GSDMD-N per

GSDMD-FL ratio

[ [ ASC

[ NLRP3

[ Y %EF

Y %FS

[ LVIDd

[ LVIDs

[ LVvols

[ LVvold

[ p-NF-kB/NF-kB

[ nuNF-kB

Y cytoNF-kB

[ IL-1b

[ IL-18

[ IL-6

[ TNF-a

[ iNOS

[ MAC-3þ CLEC5Aþ

[ MAC-3þ iNOSþ

[ CLEC5A Upregulation of

CLEC5A involved in

the activation of

GSDMD in canonical

pathway to induce

cardiac pyroptosis,

cytokine release, and

LV dysfunction,

which was confirmed

by genetic inhibition.

54

C57BL/6 mice

þ sh-CLEC5A vs. WT-

MI

Y GSDMD-N per

GSDMD-FL ratio

Y Y ASC

Y NLRP3

Y [ %EF

[ %FS

Y LVIDd

Y LVIDs

Y LVvols

Y LVvold

Y p-NF-kB/NF-kB

Y nuNF-kB

[ cytoNF-kB

Y IL-1b

Y IL-18

Y IL-6

Y TNF-a

Y iNOS

Y MAC-3þ

CLEC5A

Y MAC-3þ iNOSþ

Y CLEC5A

1 week F344 rats [ e [ [ ASC

[ NLRP3

[ Y %EF

[ LVIDd

[ Heart weight/

tibial length

e [ IL-1b

[ IL-18

[ TUNEL

[ Cell swelling[ Irregular

nuclear arrangement

[ Neutrophil infiltration

MI activated GSDMD in

canonical pathway,

leading to pyroptosis,

LV dysfunction, and

39

(continued on next page)
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Table 4 (continued )

Disease Condition Model Pyroptotic marker IS% LV function Cardiac injury Inflammatory marker/

ROS

Other cell death marker/

Relevant findings

Interpretation Ref.

Ischemia GSDMD Caspase-1 Others

Active form Full form

LV remodeling.

4 weeks SD rats [ GSDMD-N per

GSDMD-FL ratio

[ [ ASC

[ NLRP3

e Y %EF

Y %FS

[ LVIDd

[ LVIDs

[ BNP [ MDA

[ �OH
[ IL-1b

[ Mitochondrial damage

[ Fibrosis

MI increased oxidative

stress to activate

GSDMD in canonical

pathway, leading to

pyroptosis,

mitochondrial

damage, LV

remodeling, and LV

dysfunction.

18

CME induction (Post

CME 3 days)

C57BL/6 mice [ GSDMD-N per

GSDMD-FL ratio

[ [ NLRP3 [ Y %EF

Y %FS

[ LDH [ SDHA

[ SDHB

[ ROS

[ IL-1b

[ Collagen deposit

[ Vacuolated and malformed

mitochondria

CME increased

oxidative stress and

GSDMD in canonical

pathway, leading to

pyroptosis,

mitochondrial

dysfunction, LV

remodeling, and LV

dysfunction.

43

$OH: hydroxyl radical; ADP: adenosine di-phosphate; AMP: adenosinemonophosphate; ASC: apoptosis-associated speck-like protein containing a caspase recruitment domain;ATP: adenosine triphosphate; BNP:

B-type natriuretic peptide; CaMKII: calcium/calmodulin-dependent protein kinase II; CD8: T cell CD8; CF: cardiac fibroblasts; CLEC5A: C-type lectin membrane 5 A; CLMP: CXADR-like membrane protein;

CME: coronary microembolization; CVF: collagen volume fraction; cyto NF-kB: the expression of NF-kB in cytosol; DEGs: differentially expressed genes; DEPs: differentially expressed proteins; DNA:

deoxyribonucleic acid; %EF: left ventricular ejection fraction; %FS: left ventricular fractional shortening; GDF11: growth differentiation factor 11; GSDMD:Gasdermin D; GSDMD-FL: full-length Gasdermin D;

GSDMD-N: N-terminal Gasdermin D fragment; HOXA3: homeobox A3; I: ischemia by coronary artery ligation; IL: interleukin; iNOS: inducible Nitric oxide synthase; IS%: infarct size/area at risk; LDH: lactate

dehydrogenase; LV: left ventricle; LVIDd: LV internal dimension at end-diastole; LVIDs: LV internal dimension at end-systole; LVvold: LV volume at end-diastole; LVvols: LV volume at end-systole; Ly6g:

lymphocyte antigen six complex locus G6D;MAC-3:macrophagemarkerMAC-3;MDA:malondialdehyde;MI: myocardial ischemia;MPO:myeloperoxidase;MYD88: myeloid differentiation factor 88; NF-kB:

nuclear factor kappa-light-chain-enhancer of activated B cells; nu NF-kB: the expression of NF-kB in nuclues; NLRP3: NACHT, LRR and PYD domains-containing protein 3; nu p65: nuclear NF-kB-p65; p-JNK:

phosphorylated JunN-terminal kinase; PARP: Poly (ADP-ribose) polymerase; PCSK9: proprotein convertase subtilisin/Kexin type 9; PCSK9�/�: PCSK9 knockdown;R: reperfusion; RBP4: retinol-binding protein
4; RIPK3: receptor-interacting protein kinase 3; ROS: reactive oxygen species; SD rats: SpragueeDawley rats; SDHA: succinate dehydrogenase complex flavoprotein subunit A; SDHB: succinate dehydrogenase

complex flavoprotein subunit B; SOD: superoxide dismutases; TAK1: transforming growth factor-b-activated kinase 1; TLR4: toll-like receptor 4; TNF-a: tumor necrosis factor alpha; TXNIP: thioredoxin-

interacting protein; TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling; WT: wild type.
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Table 5 Evidence of pyroptosis in MI/R injury: rreports from in vivo studies.

Disease

Condition

Model Pyroptotic marker IS% LV function Cardiac

injury

Inflammatory

marker/ROS

Other cell death

markers/Relevant

findings

Interpretation Ref.

I R GSDMD Caspase-1 Others

Active form Full form

0.5 h 2 h Kunming mice e [ [ [ ASC

[ NLRP3

[ e [ CK-MB

[ LDH

[ IL-1b [ TUNEL

[ Caspase-3

I/R activated

GSDMD in

canonical

pathway,

leading to

pyroptosis,

apoptosis,

cardiac injury

and infarction.

47

0.5 h 2 h SD rats [ 4 e e [ e e [ IL-1b [ Disordered and

swollen myocardial

cells

I/R activated

GSDMD-N,

leading to

pyroptosis, and

infarction.

45

0.5 h 2 h SD rats [ 4 e [ ASC

[ NLRP3

[ e [ CK

[ CK-MB

[ LDH

[ TXNIP

[ TLR4

[ MYD88

[ p-IkBa

[ p-NF-kB

[ IL-1b

[ IL-18

Y miR-148a

[ IP3R

[ SERCA2a

[ Ca2þ overload

[ Disordered and

swollen cells

I/R increased

oxidative stress

through miR-

148a/TXNIP

axis to activate

GSDMD in

canonical

pathway,

resulting in

pyroptosis,

calcium

overload, and

infarction.

46

0.5 h 2 h SD rats [ [ [ [ ASC

[ NLRP3

[ Y %EF

Y %FS

[ E/A

e [ IL-1b

[ IL-6

[ TNF-a

[ HMGB1 Upregulation of

HMGB1

induced by I/R

activated

GSDMD in

canonical

pathway,

leading to

pyroptosis,

cytokine release,

infarction, and

LV dysfunction.

57

0.5 h 24 h SD rats e [ [ [ ASC

[ NLRP3

[ e e [ IL-1b

[ IL-18

[ TUNEL

[ Periostin

[ Inflammatory cells

infiltration

[ Myocardial ell

swelling &

degeneration

I/R activated

GSDMD in

canonical

pathway,

leading to

pyroptosis,

inflammatory

49

(continued on next page)
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Table 5 (continued )

Disease

Condition

Model Pyroptotic marker IS% LV function Cardiac

injury

Inflammatory

marker/ROS

Other cell death

markers/Relevant

findings

Interpretation Ref.

I R GSDMD Caspase-1 Others

Active form Full form

cells in

filtration, and

infarction.

45 min 6 h C57BL/6 mice e [ [ [ NLRP3 [ e [ CK

[ CK-MB

[cTnI
[ LDH

e [ TUNEL

[ Neutrophils and

macrophages

infiltration

Y %Survival rate

I/R activated

GSDMD in

canonical

pathway,

leading to

pyroptosis,

cardiac injury

and infarction.

19

45 min 24 h SD rats [ [ [ [ ASC

[ NLRP3

e Y %EF

Y %FS

[ LVIDd

[ LVIDs

[ cTNT

[ MPO

[ IL-1b e I/R activated

GSDMD in

canonical

pathway,

leading to

pyroptosis,

cardiac injury

and LV

dysfunction.

67

45 min 48 h C57BL/6 mice [ 4 [ [ NLRP3 e e [ BNP

Y a-MHC

[ b-MHC

[ CK-MB

[ cTnI

[ LDH

[ TLR4

[ MYD88

[ p-NF-kB/

NF-kB

[ IL-1b

[ IL-6

[ TNF-a

[ lncRNA Pvt 1

[ BAX

Y Bcl-2

[ c-Caspase-3

I/R increased

lncRNA Pvt 1 to

activate

GSDMD in

canonical

pathway,

leading to

pyroptosis,

apoptosis,

cytokine release,

and cardiac

injury, which

was confirmed

by genetic

inhibition.

51

C57BL/6

mice þ sh-

Pvt1 vs.

WT-I/R

Y 4 Y Y NLRP3 e e Y BNP

[ a-MHC

Y b-MHC

Y CK-MB

Y cTnI

Y LDH

Y TLR4

Y MYD88

Y p-NF-kB/

NF-kB

Y IL-1b

Y IL-6

[ TNF-a

Y lncRNA Pvt 1

Y Bax

[ Bcl-2

Y c-Caspase-3

1 h 24 h SD rats [ e [ [ ASC

[ NLRP3

e Y %EF

Y %FS

[ cTnI [ IL-1b

[ ROS

[ MDA

[ 8-OHDG

[ Mitochondrial

damage

I/R increased

oxidative stress

to activate

GSDMD in

canonical

pathway,

leading to

pyroptosis,

mitochondrial

70
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Inhibiting Gasdermin-D-mediated pyroptosis protects against MI and MI/R injury 45
summary, reducing oxidative stress in MI subjects decreased
cardiac pyroptosis via the canonical pathway, decreasing cardiac
injury and LV dysfunction.

Fortunately, novel interventions such as exosomes can also be
used to modulate cardiac pyroptosis in MI39. Exosomes are
membrane-bound spherical structures released by mesenchymal
stem cells that contain lipids, proteins, and RNAs involved in
intercellular communication66. Mao et al.39 discovered that the
lncRNA KLF3-AS1 in human mesenchymal stem cell (hMSC)-
derived exosomes could alleviate hypoxia-induced NLRP3-
mediated pyroptosis by inhibiting miR-138-5p and promoting
SIRT1 expression. Similarly, inhibiting NLRP3-mediated cardiac
pyroptosis has been reported to exert cardioprotection against MI
by attenuating infarction39.

Modulation of GSDMD-N-mediated pyroptosis has also been
shown to have cardioprotective benefits following hypoxia or MI.
Kanglexin, a novel anthraquinone compound, inhibited the
activation of GSDMD-N in both hypoxia and MI via the ca-
nonical pathway27. Inhibition of TLR4eGSDMD-N-dependent
pyroptosis using nicorandil potentially promoted energy pro-
duction, improving LV function and reducing infarct size52.
These findings suggest that inhibition of TLR4 may be a thera-
peutic target for the reduction of pyroptosis. The potential in-
terventions against pyroptosis-mediated cell death in MI are
illustrated in Fig. 1.
8. Potential interventions against pyroptosis-mediated cell
death in MI/R injury: Reports from in vitro and in vivo studies

Several pharmacological agents that inhibit the canonical pathway
of pyroptosis have been beneficial in treating MI/R injury (Tables
7 and 8,19,21,45e48). Pretreatment with an NLRP3 inhibitor
(MCC950) reduced NLRP3/caspase-1/GSDMD-mediated pyrop-
tosis in HCMECs19, and attenuated GSDMD-mediated cardiac
injury in the MI/R mouse model19. Furthermore, inhibition of
either NF-kB (Bay 11-7082) or the NLRP3 inflammasome
(S3680) effectively inhibited GSDMD-N-mediated pyroptosis in a
H/R rat cardiomyocyte model13,45. It has also been demonstrated
that blocking HMGB1, a DAMPs family member, could be an
effective strategy for the mitigation of MI/R-induced pyropto-
sis45,57. Pretreatment with an ethyl acetate extract of C. ramalus
(CREAE) and its bioactive compound cinnamic acid significantly
reduced HMGB1 and, as a result, pyroptosis, via the NLRP3/
caspase-1/GSDMD pathway57.

Numerous studies have demonstrated that anti-pyroptotic
compounds extracted from Chinese herbs with antioxidant
properties, for example Emodin, Gastrodin, and b-asarone, can
significantly reduce pyroptosis following H/R or I/R
injury19,45,67. Emodin, an anthraquinone derivative derived from
Rheum palmatum, has been shown to inhibit ROS production
and pyroptosis mediated by TLR4/NF-kB/NLRP3/caspase-1/
NLRP3/GSDMD in response to H/R conditions45. Emodin
treatment also decreased GSDMD-N and IL-1b expression
levels, resulting in a decrease in the infarct size in a MI/R
model45. Gastrodin, a monomeric component extracted from
Gastrodia elata Blume, was found to inhibit both H/R-induced
pyroptosis in HCMECs and MI/R-induced pyroptosis in mouse
models19, which could be due to exertion of an anti-oxidant
effect68, reducing inflammatory cell infiltration, and alleviating
cardiac injury19. Lastly, b-asarone, a significant active compo-
nent of the Acorus tatarinowii rhizome, also had antioxidant



Table 6 Evidence of interventions to modify pyroptosis in MI: Reports from in vitro studies.
Condition/Hypoxia (h) Model Intervention Pyroptotic marker Inflammatory

marker/ROS

Cell viability/Toxicity Other cell death marker/relevant

finding

Interpretation Ref

GSDMD Caspase-1 Others

Active form Full form

2 H9C2 cells Melatonin 10 mmol/L, during

hypoxia

Y e Y Y NLRP3 Y TLR4

Y NF-kB

Y IL-1b

Y IL-18

Y LDH e Melatonin reduced pyroptosis

through the canonical pathway.

38

4 NRCMs H2-containing medium,

>0.6 mmol/L, during hypoxia

Y GSDMD-N per

GSDMD-FL ratio

Y Y ASC

Y NLRP3

Y IL-1b [ Cell viability

Y LDH

Y PI H2 and MCC950 reduced

pyroptosis through the

canonical pathway. However,

combined treatment did not

provide further protective effect.

18

MCC950 (NLRP3 inhibitor)

10 mmol/L, during hypoxia

Y GSDMD-N per

GSDMD-FL ratio

Y Y ASC

Y NLRP3

Y IL-1b [ Cell viability

Y LDH

Y PI

H2 -containing

medium þ MCC950, during

hypoxia

Y GSDMD-N per

GSDMD-FL ratio

Y Y ASC

Y NLRP3

Y IL-1b [ Cell viability

Y LDH

Y PI

6 H9C2 cells hMSC-derived exosomes Y Y Y Y ASC

Y NLRP3

Y IL-1b

Y IL-18

[ Cell viability Y TUNEL Exosomal lncRNA KLF3-AS1

derived from hMSCs reduced

pyroptosis through inhibition of

miR-138-5p, and promoted

Sirt1, subsequently reduced

GSDMD.

39

KLF3-AS1 overexpression hMSC-

derived exosomes

YY YY YY YY ASC

YY NLRP3

YY IL-1b

YY IL-18

[[ Cell viability YY TUNEL

hMSC-derived exosomes þ
miR-138-5p inhibitor cell

transfection

YY YY YY YY ASC

YY NLRP3

YY IL-1b

YY IL-18

[[ Cell viability YY TUNEL

hMSC-derived exosomes þ Sh-

Sirt1 cell transfection vs.

Hypoxia þ exosomes

[ [ [ [ ASC

[ NLRP3

[ IL-1b

[ IL-18

Y Cell viability [ TUNEL

24 NMCMs Kanglexin 10 mmol/L, during

hypoxia

Y Y Y Y NLRP3 Y IL-1b

Y IL-18

e Y TUNEL

Y PI

Kanglexin reduced pyroptosis

through the canonical pathway.

27

12 (þTNF-a) H9C2 cells Liraglutide 100 nmol/L,

pretreatment 1 h before hypoxia

Y e Y Y NLRP3 Y NOX4

Y ROS

[ Cell viability

Y LDH

[ SIRT1

Y PI

Liraglutide pretreatment reduced

oxidative stress and promoted

SIRT1, subsequently reduced

pyroptosis through the

canonical pathway.

42

liraglutide pretreatment þ EX527

(SIRT1 inhibitor) 200 nmol/L,

pretreatment 1 h before hypoxia

vs. hypoxia þ liraglutide

[ e [ [ NLRP3 [ NOX4

[ ROS

Y Cell viability

[ LDH

[ PI

12 (þTNF-a) H9C2 cells Rosuvastatin 20 mmol/L,

pretreatment 2 h before hypoxia

Y GSDMD-N per

GSDMD-FL ratio

Y Y NLRP3 Y ROS [ Cell viability

Y LDH

Y PI Rosuvastatin and NAC

pretreatment reduced oxidative

stress, subsequently reduced

pyroptosis through the canonical

pathway.

43

NAC 5 mmol/L, pretreatment 2 h

before hypoxia

Y GSDMD-N per

GSDMD-FL ratio

Y Y NLRP3 e [ Cell viability

Y LDH

Y PI

OGD 36 h H9C2 cells NAC 50 mmol/L, after 36 h OGD Y Y Y Y ASC

Y NLRP3

Y p-NF-kB

Y ROS

[ SOD

Y LDH e NAC and PDTC reduced oxidative

stress, subsequently reduced

pyroptosis through the

canonical pathway.

44

PDTC 25 mmol/L, after 36 h OGD Y Y Y Y ASC

Y NLRP3

Y p-NF-kB Y LDH e

ASC: apoptosis-associated speck-like protein containing a caspase recruitment domain; GSDMD: Gasdermin D; GSDMD-FL: full-length Gasdermin D; GSDMD-N: N-terminal Gasdermin D fragment; H:

hypoxia; H/R: hypoxia/reoxygenation; hMSC: human mesenchymal stem cell; IL: interleukin; KLF3-AS1: KLF3 antisense RNA1; LDH: lactate dehydrogenase; lncRNA: long non-coding RNA; miR:

microRNA; NAC: N-acetylcysteine; NF-kB: nuclear factor k-light-chain-enhancer of activated B cells; NLRP3: NACHT, LRR and PYD domains-containing protein 3; NMCMs: neonatal mouse car-

diomyocytes; NOX4: nicotinamide adenine dinucleotide phosphate oxidase 4; NRCMs: neonatal rat cardiomyocytes; OGD: oxygen-glucose deprivation; PDTC: pyrrolidine dithiocarbamate; PI: propidium

iodide; R: reoxygenation; ROS: reactive oxygen species; sh-Sirt1: short hairpin Sirtuin 1; Sirt1: Sirtuin 1; SOD: superoxide dismutase; TNF-a: tumor necrosis factor alpha; TUNEL: terminal deoxy-

nucleotidyl transferase dUTP nick end labeling.
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Table 7 Evidence of interventions to modify pyroptosis in MI and MI/R injury: Reports from in vivo studies.
Disease

Condition

Model Intervention Pyroptotic marker IS% LV function Cardiac injury Inflammatory

marker/ROS

Other cell death

marker/Relevant

finding

Interpretation Ref.

I R GSDMD Caspase-1 Others

Active form Full form

24 h e C57BL/6 mice Kanglexin 40 mg/kg/

day, IG, 7 consecutive

days before MI

Y Y Y Y NLRP3 Y [ %EF

[ %FS

Y LDH Y IL-1b

Y IL-18

e Kanglexin pretreatment

reduced cardiac

injury, infarction, and

LV dysfunction by

suppressing the

canonical pathway.

27

24 h e C57BL/6 mice Melatonin 10 mg/kg, IG,

14 consecutive days

before MI

Y e Y Y NLRP3 Y Y %EF

Y %FS

Y LDH Y TLR4

Y NF-kB

Y IL-1b

Y IL-18

e Melatonin pretreatment

reduced cardiac

injury, infarction, and

LV dysfunction by

suppressing the

canonical pathway.

38

72 h e SD rats Nicorandil 15 mg/kg/

day, IG, 7 consecutive

days before MI

Y 4 Y Y ASC

Y NLRP3

Y [ %EF

[ %FS

Y LVIDd

Y LVIDs

Y cTnI

Y LDH

Y TLR4

Y MYD88

Y NF-kB

Y IL-1b

Y IL-18

[ ATP

[ ADP

[ AMP

[ ATP/ADP ratio

[ Total adenine

nucleotide

Nicorandil pretreatment

reduced cardiac

injury, infarction, and

LV dysfunction by

suppressing the

canonical pathway of

pyroptosis and

promoted energy

production.

52

1 week e F344 rats hMSC-derived

exosomes

40 mg, IV, before MI

Y Y Y Y ASC

Y NLRP3

Y

Y Y Heart

weight/tibial

length

e Y IL-1b

Y IL-18

Y TUNEL positive KLF3-AS1 in hMSC-

derived exosomes

reduced infarction and

LV remodeling

byinhibiting the

canonical pathway of

pyroptosis.

39

KLF3-AS1

overexpression

exosomes, before MI

YY YY YY YY ASC

YY NLRP3

YY YY Heart

weight/tibial

length

e YY IL-1b

YY IL-18

YY TUNEL positive

1 day e SD rats LCZ696 (Sacubitril/

Valsartan) 68 mg/kg/

day, IG, daily after MI

Y Y Y Y NLRP3 Y 4 %EF

4 %FS

4 LVIDd

4 LVIDs

Y IL-1b

Y IL-18

Y ROS

4 CVF

Y TAK1

Y p-JNK

Treatment with LCZ696

after MI reduced

oxidative stress,

TAK1/JNK pathway,

subsequently

decreased pyroptosis

through the canonical

pathway, resulting in

reduced infarction and

LV dysfunction.

53

3 days e Y Y Y Y NLRP3 Y [ %EF

[ %FS

Y LVIDd

Y LVIDs

Y IL-1b

Y IL-18

Y ROS

4 CVF

Y TAK1

Y p-JNK

7 days e Y Y Y Y NLRP3 Y [ %EF

[ %FS

Y LVIDd

Y LVIDs

Y IL-1b

Y IL-18

Y ROS

Y CVF

Y TAK1

Y p-JNK

4 week e SD rats 2% H2 inhalation, 3 h/

day, after MI

Y GSDMD-N

per GSDMD-FL ratio

Y Y ASC

Y NLRP3

[ %EF

[ %FS

Y LVIDd

Y LVIDs

Y BNP Y MDA

Y �OH
Y IL-1b

Y Mitochondrial

damage

Y Fibrosis

H2 inhalation after MI

reduced oxidative

stress, mitochondrial

damage, cardiac

injury, subsequently

decreased pyroptosis

through the canonical

pathway, resulting in

decreasing LV

dysfunction and

cardiac remodeling.

Combined H2 with

NLRP3 inhibitor

18

MCC950 (NLRP3

inhibitor) 30 mg/kg,

single dose, IP, after MI

Y GSDMD-N

per GSDMD-FL ratio

Y Y ASC

Y NLRP3

[ %EF

[ %FS

Y LVIDd

Y LVIDs

Y BNP 4 MDA

4 �OH
Y IL-1b

Y Fibrosis

2% H2

inhalation þ MCC950

Y GSDMD-N

per GSDMD-FL ratio

Y Y ASC

Y NLRP3

[[ %EF

[[ %FS

YY LVIDd

YY LVIDs

YY BNP Y MDA

Y �OH
Y IL-1b

YY Fibrosis

(continued on next page)
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Table 7 (continued )

Disease

Condition

Model Intervention Pyroptotic marker IS% LV function Cardiac injury Inflammatory

marker/ROS

Other cell death

marker/Relevant

finding

Interpretation Ref.

I R GSDMD Caspase-1 Others

Active form Full form

further enhanced

cardioprotective

effect, but could be

due to other

synergistic

mechanisms, not by

alleviation of

pyroptosis.

CME induction

(Post CME

3 days)

C57BL/6 mice Rosuvastatin 40 mg/kg/

day, PO, 3 consecutive

days before and after

CME induction

Y GSDMD-N

per GSDMD-FL ratio

Y Y NLRP3 Y [ %EF

[ %FS

Y LDH Y IL-1b

Y SDHA

Y SDHB

Y ROS

Y Collagen deposit Treatment with

rosuvastatin reduced

oxidative stress,

cardiac injury,

subsequently

decreased pyroptosis

through the canonical

pathway of

pyroptosis, resulting

in reduced LV

dysfunction.

43

0.5 h 2 h SD rats Emodin 20 mg/kg, IP,

1 h before I/R

Y e e e Y e e Y IL-1b Y Disordered and

swollen cells

Emodin pretreatment

reduced infarction by

direct suppression of

GSDMD-N-mediated

pyroptosis.

45

0.5 h 2 h SD rats CREAE 74 mg/kg, IG, 7

consecutive days before

I/R

Y Y Y Y ASC

[ NLRP3

Y [ %EF

[ %FS

Y E/A

e Y HMGB1

Y IL-1b

Y IL-6

Y TNF-a

e Pretreatment with

CREAE and its

bioactive substance

CA, reduced

infarction, and LV

dysfunction by

suppressing HMGB1-

mediated canonical

pathway of

pyroptosis.

57

CA 45 mg/kg, IG, 7

consecutive days before

I/R

4 protein

Y mRNA

Y Y Y ASC

4 NLRP3 protein

Y Nlrp3 mRNA

Y [ %EF

[ %FS

Y E/A

e Y HMGB1

4 IL-1b protein

Y Il-1b mRNA

Y IL-6

Y TNF-a

e

45 min 6 h C57BL/6 mice Gastrodin 100 mg/kg/

day, IP, 3 consecutive

days before I/R and

15 min before

reperfusion

e Y Y Y NLRP3 Y e Y CK

Y CK-MB

Y cTnI

Y LDH

e Y TUNEL

[ %Survival rate

Y Neutrophil &

Macrophage

Gastrodin pretreatment

decreased cardiac

injury, and

inflammatory cell

infiltration through

decreasing canonical

pathway of

pyroptosis.

19

MCC950 15 mg/kg/day,

IP, 3 consecutive days

before I/R and 15 min

before reperfusion

e Y e e e e Y CK

Y cTnI

e Y TUNEL [ %Survival

rate

Y Neutrophil &

Macrophage infiltration

0.5 h 24 h C57BL/6 mice

Myh6-Cre strain

(GSDMDþ/þ)

NAC 400 mg/kg, IP, 1 h

before I/R

Y Y e Y Caspase-11 Y e e e e NAC, and ROS

scavenger,

pretreatment reduced

infarct size by

inhibiting non-

canonical pathway of

pyroptosis.

21
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45 min 24 h SD rats b-Asarone 20 mg/kg, IP,

just before reperfusion

Y Y Y Y ASC

Y NLRP3

Y [ %EF

[ %FS

Y LVIDd

Y LVIDs

Y cTNT Y MPO

Y IL-1b

e b-Asarone pretreatment

reduced infarct size,

cardiac injury, and LV

dysfunction by

inhibiting canonical

pathway of

pyroptosis.

67

1 h 24 h SD rats 2% H2 inhalation, at

reperfusion

Y e Y Y ASC

Y NLRP3

Y [ %EF

[ %FS

Y cTnI Y ROS

Y MDA

Y 8-OHDG

Y IL-1b

Y Mitochondrial

damage

Hydrogen inhalation at

the onset of

reperfusion reduced

oxidative stress,

subsequently

decreased pyroptosis

through a canonical

pathway, resulting in

reduction of infarct

size, and LV

dysfunction.

70

0.5 h 2 h Kunming mice Hyperuricemia

induction by potassium

oxonate þ CMC-Na

300 mg/kg/day, IP, 14

consecutive days before

I/R

e [[ [[ [[ ASC

[[ NLRP3

[[ e [[ CK-MB

[[ LDH

[[ IL-1b [[ TUNEL

[[ Caspase-3

UA aggravated I/R

injury by increasing

apoptosis and

pyroptosis through a

canonical pathway.

47

Abbreviations: 8-OHDG: 8-hydroxy-20-deoxyguanosine; $OH: hydroxyl radical; ADP: adenosine di-phosphate; AMP: adenosine monophosphate; ASC: apoptosis-associated speck-like protein containing

a caspase recruitment domain; ATP: adenosine triphosphate; BNP: B-type natriuretic peptide; CA: cinnamic acid; CK: creatine kinase; CK-MB: creatine kinase myocardial band; CMC-Na: 0.5% sodium

carboxymethyl cellulose solvent; CME: coronary microembolization; CREAE: ethyl acetate extract of Cinnamomi ramulus; cTnI: cardiac troponin I; cTnT: cardiac troponin T; CVF: collagen volume

fraction; E/A: mitral early diastolic flow/late diastolic flow velocity; EF%: left ventricular ejection fraction; FS%: left ventricular fractional shortening; GSDMD: Gasdermin D; GSDMDþ/þ: Gasdermin D

positive gene; GSDMD-FL: full-length Gasdermin D; GSDMD-N: N-terminal Gasdermin D fragment; HMGB1: high mobility group box 1 protein; hMSC: human mesenchymal cells; I: ischemia by

coronary artery ligation; I/R: ischemia/reperfusion; IG: intragastric administration; IL: interleukin; IP: intraperitoneal injection; IS%: infarct size/area at risk; IV: intravenous injection; KATP: ATP-sensitive

potassium channel; KLF3-AS1: KLF3 antisense RNA1; LDH: lactate dehydrogenase; LV: left ventricle; LVIDd: left ventricular internal dimension at end-diastole; LVIDs: left ventricular internal

dimension at end-systole; Ma: macrophages; MDA: malondialdehyde; MI: myocardial ischemia; MPO: myeloperoxidase; mRNA: messenger RNA; MYD88: myeloid differentiation factor 88; N:

meutrophils; NAC: N-acetylcysteine; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells; NLRP3: NACHT, LRR and PYD domains-containing protein 3; p-JNK: phosphorylated Jun N-

terminal kinase; PO: per oral; R: reperfusion; ROS: reactive oxygen species; SD rat: SpragueeDawley rat; SDHA: succinate dehydrogenase complex flavoprotein subunit A; SDHB: succinate dehy-

drogenase complex flavoprotein subunit B; TLR4: toll-like receptor 4; TNF-a: tumor necrosis factor alpha.
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Table 8 Evidence of interventions to modify pyroptosis in MI/R injury: Reports from in vitro studies.
Condition Model Intervention Pyroptotic marker Inflammatory marker/ROS Cell viability/Toxicity Other cell death

marker/relevant finding

Interpretation Ref.

H (h) R (h) GSDMD Caspase-1 Others

Active form Full form

1 2 NRCMs Emodin 5, 10 mmol/L,

pretreatment 1 h before H/R

Y 4 Y Y ASC

Y NLRP3

Y TLR4

Y MYD88

Y p-IkBa

Y p-NF-kB

Y IL-1b

Y MDA

[ SOD

Y DHE

Y Cell viability

Y LDH

e Emodin pretreatment reduced

oxidative stress, subsequently

decreased pyroptosis through

the canonical pathway.

Inhibition of NF-kB and NLRP3

reduced pyroptosis through the

reduction of GSDMD-N.

45

Bay 11-7082 (NF-kB and NLRP3

inflammasome inhibitor)

5 mmol/L, pretreatment 1 h before

H/R

Y 4 e e Y IL-1b e e

S3680 (NLRP3 inflammasome

inhibitor) 10 mmol/L, pretreatment

1 h before H/R

Y 4 e e Y IL-1b e e

2 24 NRCMs M2-exosome, pretreatment 24 h

before H/R

e e e Y ASC

Y NLRP3

Y TLR4

Y MYD88

Y p-IkBa

Y p-NF-kB

Y TXNIP

[ Cell viability

Y LDH

Y CK

Y CK-MB

[ miR-148a

Y Annexin V/PI

Y IP3R

Y SERCA2a

Y Ca2þ overload

M2-exosome promoted miR-148a

to reduce oxidative stress,

calcium overload, subsequently

decreased pyroptosis through

the canonical pathway.

46

siTXNIP-M2-exosome,

pretreatment

24 h before H/R

Y Y e e Y IL-1b

Y IL-18

Y TXNIP

[ Cell viability e

4 2 AC16 cells hucMSC-exo, pretreatment 24 h

before H/R

Y e Y Y NLRP3 Y IL-1b

Y IL-18

[ Cell viability

Y LDH

[ miR-100-5p

Y PI positive

Enriched miR-100-5p in hucMSC-

exo reduced pyroptosis through

suppressed FOXO3, leading to

downregulation of the canonical

pathway of pyroptosis.

48

miR-100-5p mimic þ hucMSC-

exo, pretreatment 24 h before H/R

YY e YY YY NLRP3 YY IL-1b

YY IL-18

YY LDH [[ miR-100-5p

YY PI positive

miR-100-5p inhibitor þ hucMSC-

exo, pretreatment 24 h before H/R

vs. H/R þ hucMSC-exo

pretreatment

[ e [ [ NLRP3 [ IL-1b

[ IL-18

[ LDH Y miR-100-5p

[ PI positive

AC16 cells

FOXO3 overexpression

hucMSC-exo, pretreatment 24 h

before H/R

vs. H/R þ hucMSC-exo

pretreatment

[ e [ [ NLRP3 [ IL-1b

[ IL-18

[ LDH [ PI positive

2 2 HCMECs Gastrodin 40 mmol/L, before

reoxygenation

e Y Y Y NLRP3 Y IL-1b e e Gastrodin reduced pyroptosis

through the canonical pathway.

19

MCC950 (NLRP3 inhibitor)

1 mmol/L, before reoxygenation

e Y Y Y NLRP3 e e

0.5 24 AMVCMs NAC 20 mmol/L, after hypoxia Y Y e Y Caspase-11 e e NAC, ROS scavengers, reduced

pyroptosis through the non-

canonical pathway.

21

4 2 NMCMs Soluble UA 100 mg/L, 24 h before

H/R

e [[ e [[ ASC

[[ NLRP3

[[ Caspase-1

[[ ROS

[[ IL-1b

e [[ TUNEL

[[ Caspase-3

UA aggravated H/R injury

accompanied by an increase in

canonical pyroptotic and

apoptotic pathways, which were

inhibited by NLRP3 inhibitor

and ROS scavenger.

47

Soluble UA þ Bay 11-7082,

5 mmol/L, 24 h before H/R

e [ [ [ ASC

[ NLRP3

[ ROS

[ IL-1b

Y Cell viability

[ LDH

[ TUNEL

[ Caspase-3

Soluble UA þ
NAC 10 mmol/L,24 h before H/R

e [ [ [ ASC

[ NLRP3

[ ROS

[ IL-1b

Y Cell viability

[ LDH

[ TUNEL

[ Caspase-3

AMVCMs: adult mouse ventricular cardiomyocytes; ASC: apoptosis-associated speck-like protein containing a caspase recruitment domain; CK: creatine kinase; CK-MB: creatine kinase myocardial band;

DHE: dihydroethidium; FOXO3: Forkhead box O3; GSDMD: Gasdermin D; H: hypoxia; H/R: hypoxia/reoxygenation; HCEMCs: human cardiac microvascular endothelial cells line; hMSC: human

mesenchymal stem cell; hucMSC-exo: human umbilical cord mesenchymal stem cell-derived exosomes; IkBa: nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha; IL:

interleukin; M2-exosome: M2 macrophage-derived exosomes; MDA: malondialdehyde; miR: microRNA; MYD88: myeloid differentiation factor 88; NAC: N-acetylcysteine; NF-kB: nuclear factor kappa-

light-chain-enhancer of activated B cells; NLRP3: NACHT, LRR and PYD domains-containing protein 3; NMCMs: neonatal mouse cardiomyocytes; NRCMs: neonatal rat cardiomyocytes; p-IkBa:

phosphorylated IkBa; PI: propidium iodide; R: reoxygenation; ROS: reactive oxygen species; SERCA2a: sarco/endoplasmic reticulum Ca2þ-ATPase 2a; siTXNIP: small interfering TXNIP transfection;

SOD: superoxide dismutase; TLR4: toll-like receptor 4; TNF-a: tumor necrosis factor alpha; TXNIP: thioredoxin-interacting protein; TUNEL: terminal deoxynucleotidyl transferase dUTP nick end

labeling; UA: uric acid.
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Inhibiting Gasdermin-D-mediated pyroptosis protects against MI and MI/R injury 51
properties69 and has been shown to reduce infarct size, cardiac
injury, and cardiac dysfunction via inhibition of the canonical
pyroptotic pathway67.

Some specific interventions could also contribute to the
modulation of cardiac pyroptosis following MI/R injury by
inhibiting oxidative stress. The giving of 2% hydrogen by
inhalation during reperfusion effectively reduced oxidative
stress, which resulted in alleviation of I/R-induced pyroptosis via
the NLRP3/caspase-1/GSDMD pathway, leading to a reduction
in cardiac injury enzymes, infarct size and improved LV func-
tion70. In addition, pretreatment with M2 macrophage-derived
exosomes (M2 exosomes) containing miR-148a markedly
decreased oxidative stress in rat cardiomyocytes via the TLR4/
NF-kB/NLRP3/caspase-1/GSDMD pathways46. It has been
demonstrated that enriched miR-100-5p in human umbilical cord
mesenchymal stem cell-derived exosomes (hucMSC-exo) alle-
viated I/R-induced pyroptosis in human cardiomyocyte cell lines
by inhibiting forkhead box O3 (FOXO3), a transcription factor
which promotes NLRP3 activity48. Ultimately, NAC adminis-
tration following hypoxia or before cardiac I/R has been shown
to decrease the caspase-11/GSDMD-mediated non-canonical
pathway of pyroptosis21.

In addition to interventions for cardiac pyroptosis, the un-
pleasant condition hyperuricemia exacerbated H/R-induced car-
diomyocyte injury via an increase in apoptosis and the canonical
pathway of pyroptosis47. These adverse events were blunted when
treated with Bay 11-7082 and NAC47. Taken together, these
findings suggest that inhibition of DAMPs, oxidative stress, and
inflammation may potentially alleviate H/R and I/R-induced car-
diac pyroptosis via both canonical and non-canonical pathways.
This potential mechanism is illustrated in Fig. 2.

Although various interventions have been tested in the pre-
clinical studies, the compound that could be used in the clinical
trial should not have been tested and failed before in human
studies. Moreover, the compound should be pharmaceutical grade
and has high efficacy in reducing infarct size when given during
ischemia or right before the reperfusion. In addition, the com-
pounds should be tested in an ischemia/reperfusion model since
most STEMI patients require a revascularization71. Among
several pharmacological interventions that have been tested in
animal studies, NAC exerted a favorable outcome in a preclinical
study since it could reduce the infarct size when given during
ischemia or at the time of reperfusion72. Moreover, pretreatment
with NAC effectively reduced GSDMD in I/R mice model21. In a
clinical study, administration of NAC during percutaneous cor-
onary intervention promoted myocardial perfusion in STEMI73.
H2 inhalation possibly provides cardioprotective effects in
reducing GSDMD in STEMI patients after revascularization
since given H2 at the reperfusion exerted beneficial effects with
reduced GSDMD in rats70 and enhanced LV stroke volume index
in STEMI patients74. Nevertheless, GSDMD was not measured in
both clinical trials. Therefore, a measurement of GSDMD is
suggested to clarify the potential benefit of NAC or H2 in reducing
pyroptosis in the future clinical trial. LCZ696 could reduce
GSDMD and had cardioprotective effects in animal study when
given after MI53, but the effects of LCZ696 in MI/R injury still
need further investigation since revascularization is required in
most STEMI patients.

It should be noted that to achieve a successful clinical trans-
lation, the efficacy of these interventions needs to be re-evaluated
by a consortium for preclinical assessment of cardioprotective
therapies (CAESAR) protocol75,76, that will make the favorable
therapies in animal studies have the greatest chance of success in
clinical studies75,76.

9. Conclusions

Evidence indicates that GSDMD-N is the final executor pyroptotic
protein which increased in response to MI and MI/R injury, sug-
gesting that it could be used as a putative biomarker of pyroptosis.
By inhibiting pyroptosis via GSDMD signaling pathways, effec-
tive cardioprotection against MI and MI/R injury has been
demonstrated. These findings indicate that pyroptosis is a potential
target for future cardioprotective strategies in the setting of
myocardial ischemia and reperfusion injury.
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