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Abstract
Acute myocardial infarction (AMI) is a leading fatal cardiovascular disease and poses a major threat to human 
health. Pyroptosis, an inflammation-related programmed cell death, plays a critical role in the progression of AMI. 
Kaempferol is a natural flavonoid compound with a variety of pharmacological effects, which exerts a significant 
cardioprotective function. The role of O-GlcNAcylation, a post-translation modification, has received attention in 
diseases including AMI. In this research, we explored the therapeutic potential of Kaempferol to AMI due to its well-
known cardioprotective effect, including its antioxidant and anti-inflammatory properties. Hypoxia/reoxygenation 
(H/R) model was adopted to provoke myocardial injury and AMI mice model was established. Our findings 
indicated that H/R lessened cell viability and contributed to the release of LDH, IL-1β and IL-18, cell pyroptosis rate, 
and the expression of NLRP3, active caspase 1 and GSDMD-N-terminal domain (GSDMD-N). Kaempferol mitigated 
myocardial damage caused by H/R through repressing cell pyroptosis. Besides, we discovered that Kaempferol 
restored the levels of O-GlcNAcylation by regulating the activity of OGT (O-GlcNAc transferase) and OGA 
(O-GlcNAcase) in H/R-treated H9c2 cells. Notably, molecular docking revealed the binding relationship between 
Kaempferol and OGT. Further, we proved that knockdown of OGT abrogated the function of Kaempferol in H/R-
induced pyroptosis. In AMI mice, Kaempferol relieved the myocardial tissue injury and decreased the NLRP3 and 
GSDME-N protein levels. More importantly, our results illustrated that OGT was responsible for the O-GlcNAcylation 
of GSDME at T94 site and acted as an inducing factor for GSDME phosphorylation. Namely, this study validated that 
Kaempferol facilitated GSDME O-GlcNAcylation to inhibit H/R-induced pyroptosis in an OGT-dependent manner.
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Introduction
Acute myocardial infarction (AMI) is one of the com-
mon and fatal heart diseases worldwide with an increas-
ing incidence [1]. Based on epidemiological data, it is 
estimated that there are approximately 10,000 newly 
diagnosed cases globally [2]. This disease has been docu-
mented to often affect patients with older age [3]. With 
the aggravation of aging population, the prevalence of 
AMI is expected to rise further, resulting in a huge bur-
den on the public health system [4]. Despite advances in 
diagnostic techniques, AMI remains underdiagnosed, 
with approximately 2–6% of patients not receiving a cor-
rect diagnosis [5]. Furthermore, AMI is closely linked 
to other cardiovascular diseases (CVDs), such as hyper-
tension, atherosclerosis, and heart failure, which often 
coexist and exacerbate the condition [6]. Although AMI 
is an acute event, it can have long-term effects on both 
the physical and psychological health of patients [7]. 
AMI caused by reduced cardiac blood perfusion leads to 
insufficient cardiac oxygen supply and aberrant myocar-
dial energy metabolism [8]. Given that the mechanism of 
AMI is still obscure, investigating its pathogenesis and 
identifying latent preventive measures and pharmaco-
logical agents are urgently needed to improve the current 
status of AMI therapy.

3,4′,5,7-tetrahydroxyflavone, commonly termed 
Kaempferol, is a natural flavonoid compounds widely 
existed in a wide range of plants, including tea, beans, 
fruits and vegetables [9]. Kaempferol, originating from 
the rhizome of Kaempferia, has been shown to possess 
diverse pharmacological effects, such as anti-inflam-
mation, antibiosis, antioxidant, antibacterial activity, 
anti-tumor potency and cardioprotection [10, 11]. Accu-
mulating investigations have expounded that Kaempferol 
exhibits a significant improvement in cardiovascular 
diseases, which is attributed to its role in inhibiting oxi-
dation, inflammation, apoptosis and fibrosis, regulating 
calcium and mitochondrial function, thus ameliorating 
the structure and function of the heart [12, 13]. Notably, 
the cardioprotective potential of Kaempferol has been 
verified [14], but its molecular mechanism remains to be 
elucidated.

Pyroptosis is a newly discovered form of inflamma-
tion-mediated programmed cell death [15]. Unlike cell 
apoptosis, which depends on caspase 3, pyroptosis is 
dependent on the persistent activation of caspase 1 [16]. 
It is widely recognized that NLRP3 inflammasome serves 
as a critical inducer for pyroptosis, which contributes 
to the generation of mature caspase 1 and provokes the 
massive release of interleukin-1β (IL-1β), IL-18 and other 
inflammatory factors, leading to gasdermin-dependent 
cell disruption, intense inflammatory response and even-
tual pyroptosis [17, 18]. In recent years, pyroptosis is par-
ticipated in a variety of pathological processes, including 

myocardial damage after AMI [19]. Overactivation 
of pyroptosis brings about sustained loss of cardio-
myocytes, the augment of infarct size and poor cardiac 
remodeling in the development of AMI [20]. Emerging 
evidence suggests that suppressing pyroptosis attenu-
ates myocardial injury caused by AMI through lessening 
infarct size and improving heart dysfunction [21]. On the 
basis of the above facts, targeting the pyroptosis pathway 
may represent a novel intervention for the treatment of 
AMI. Up to now, Kaempferol has been demonstrated to 
perform inhibitory effects on cell pyroptosis in multiple 
diseases, such as glioblastoma [22], Parkinson’s disease 
[23] and spinal cord injury [24]. Despite the amelioration 
effect of Kaempferol on AMI [25], the mechanism of its 
action is complex and has not yet been well documented, 
and its regulatory effect on pyroptosis of myocardial cells 
remains unknown. Hence, this research is purposed to 
determine the effect of Kaempferol on cardiomyocyte 
pyroptosis in AMI and shed light on its underlying drug 
mechanism.

Methods
Cell culture
Rat myocardial cell line H9c2 was purchased from Amer-
ican Type Culture Collection (ATCC, USA). This cell line 
was used because it has well-established relevance in car-
diovascular research and is able to mimic the response of 
primary cardiomyocytes to injury, and it is easier to cul-
ture and manipulate than primary cardiomyocytes. On 
the basis of product manuals, cells were grown in culture 
medium consisting of DMEM (Gibco, USA), 10% FBS 
(Gibco, USA) and 1% penicillin/streptomycin (Sigma-
Aldrich, USA) and cultivated at 37 ℃ under the air of 
5% CO2. The fresh medium was changed every 2–3 days. 
H9c2 cells were collected until cell confluence reached 
80–90%.

Hypoxia/reoxygenation model
To simulate myocardial ischemia in vitro, cardiomyocytes 
were subjected to hypoxia/reoxygenation (H/R) treat-
ment. Briefly, H9c2 cells were maintained in a hypoxia 
atmosphere of 1% O2, 94% N2 and 5% CO2 for 16 h and 
then reoxygenated for 2 h under the normoxic conditions 
(95% air and 5% CO2) [26].

Cell transfection and treatment
For silencing of OGT, small interfering RNAs (siRNAs) 
targeting OGT (si-OGT#1/2) were designed by GenePh-
arma (Guangzhou, China) with non-specific siRNAs 
as the negative control. To upregulate OGT, vectors 
expressing OGT (pCMV-OGT) were also acquired from 
GenePharma. These plasmids were transfected into H9c2 
cells by utilization of Lipofectamine 3000 (Invitrogen, 
USA). In order to estimate the potential of Kaempferol, 
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H9c2 cells were treated with 5, 10, and 20 µM Kaemp-
ferol for 2  h before reoxygenation. After reoxygenation, 
the cells were harvested.

Animal experiment
Eighteen 8-week-old C57/BL6 mice were purchased 
from Charles River Laboratories (Beijing, China) and 
randomized into three groups using a random num-
ber table: Sham operation group, Model group, and 
Model + Kaempferol group, with six mice in each group, 
balanced for gender. Mice in all groups except the Sham 
operation group underwent electrocardiogram (ECG) 
lead attachment, tracheal intubation, and connection to 
a small animal ventilator, set to ventilate at a frequency of 
150 breaths per minute with an inspiration-to-expiration 
ratio of 5:4. A thoracotomy was performed at the third 
and fourth intercostal space on the left side to expose 
the heart. With the left coronary artery as a landmark 
between the left atrial appendage and the pulmonary 
arterial cone, the left anterior descending artery (LAD) 
was permanently ligated using 8 − 0 sutures. Success of 
ligation was confirmed by observing ST-segment eleva-
tion on ECG lead II and visually identifying tissue whit-
ening distal to the ligation site, indicative of myocardial 
ischemia. The chest was then closed in layers. The Sham 
operation group underwent thoracotomy without LAD 
ligation. The Kaempferol group received a daily oral 
gavage of kaempferol at a dose of 50 mg/kg/day [27] for 
six consecutive weeks. Control and Model groups were 
given an equal volume of distilled water at 10 mL/kg/day. 
At the end of the treatment, all mice were euthanized 
by intraperitoneal injection of pentobarbital sodium 
(160 mg/kg). Myocardial tissues were harvested for his-
tological examination with Hematoxylin-Eosin (H&E) 
staining and Western blot analysis.

H&E staining
For assessment of myocardial tissue injury, hematoxylin 
and eosin (H&E) staining was performed on harvested 
mouse heart samples. Briefly, excised hearts were fixed in 
4% paraformaldehyde, followed by dehydration through a 
graded ethanol series and embedding in paraffin. Trans-
verse sections of 5-µm thickness were cut and mounted 
on glass slides. After deparaffinization and rehydration, 
the sections underwent hematoxylin staining for 5  min, 
washed, and then counterstained with eosin for 1  min. 
Following dehydration and coverslipping, the slides were 
examined under light microscopy to evaluate morpho-
logical changes indicative of myocardial damage, includ-
ing inflammatory cell infiltration, necrosis, and structural 
abnormalities.

Detection of myocardial injury markers
To quantify cardiac-specific markers in myocardial tis-
sue, creatine kinase MB isoenzyme (CK-MB) and cardiac 
troponin I (cTnI) were measured using commercially 
available enzyme-linked immunosorbent assay (ELISA) 
kits according to the manufacturers’ instructions. Briefly, 
frozen myocardial tissues were homogenized in provided 
lysis buffer, and the supernatant was collected after cen-
trifugation. Standards and tissue lysate samples were 
added to the respective wells of a pre-coated microplate, 
followed by sequential incubations with detection anti-
bodies and substrate solutions. Color development was 
proportional to the concentration of CK-MB and cTnI 
present. Absorbance was read at specific wavelengths 
using a microplate reader, and the concentrations of 
CK-MB and cTnI were determined from the standard 
curves.

Transthoracic echocardiography
Mice were anesthetized with 1.5% isoflurane inhalation. 
The cardiac function was detected using the Vevo2100 
imaging system (VisualSonics). M-mode images were 
recorded. Ejection fraction (EF) and fractional shortening 
(FS) were detected.

Cell proliferation assay
Following corresponding treatments, H9c2 cells were 
seeded into a 96-well plate at a density of 5 × 103 cells/
well. In line with the guidelines provided by the supplier, 
H9c2 cells were treated with the Cell Count kit-8 (CCK-
8) reagent (Dojindo, Japan) and subjected to 2 h of incu-
bation at 37 ℃. Absorbance was examined at 450 nm for 
detection of cell viability.

Detection of LDH release
LDH activity in the cells or myocardial tissue was tested 
using an LDH assay kit (R&D Systems, USA) according to 
the product manuals. Optical density was determined by 
a plate reader at 490 nm and 690 nm, and the LDH level 
was calculated on the basis of the recommended formula 
and standard curve.

Flow cytometry
For identification of cell pyroptosis rate, flow cytometry 
was adopted to examine the activation level of caspase-1 
using the caspase-1 Detection Kit (ImmunoChemistry, 
USA). In this kit, Tyr-Val-Ala-Asp (YVAD) was a cas-
pase-1 inhibitor that could bind to caspase-1. YVAD 
was labelled using fluorescein (FAM) dye and linked to 
fluoromethyl ketone (FMK). In conformity with the rec-
ommendations supplied by the manufacturer, FAM-
YVAD-FMK was diluted using PBS at a ratio of 1:5. H9c2 
cells were collected and incubated with the diluted FAM-
YVAD-FMK at 37 ℃ for 1  h to mark active caspase-1 
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enzyme. After washing, H9c2 cells were stained with 
propidium iodide (PI) and pyroptosis was detected by a 
FACS Aria III cytometer (BD CANTO, USA). The pyrop-
tosis rate was calculated by double positive staining of 
FAM-YVAD-FMK and PI.

Enzyme-linked immunosorbent assay (ELISA)
H9c2 cells were subjected to matched treatments, fol-
lowed by centrifugation at 4 ℃ for 10  min at 10,000 × 
g and there with measured with the commercial ELISA 
kits for IL-1β and IL-18 (R&D Systems) according to the 
product guidelines. Finally, absorbance was detected with 
a plate reader at the wavelength of 450 nm for examina-
tion of cytokine concentrations.

Real-time quantitative PCR (RT-qPCR) assay
In line with the supplier’s directions, the TRIzol® reagent 
(Invitrogen) was applied for isolation of total RNA from 
H9c2 cells. Following reverse transcription using the 
RevertAid™ cDNA Synthesis kit (Takara, Japan), cDNA 
samples were subjected to RT-qPCR analysis in ABI 7500 
Real-Time PCR system (Applied Biosystems, USA) by 
means of the SYBR® Green Supermix kit (Bio-Rad, USA). 
The sequences of adopted primers were listed: OGT, for-
ward: 5′-​C​C​T​G​G​G​T​C​G​C​T​T​G​G​A​A​G​A-3′ and reverse: 
5’-​T​G​G​T​T​G​C​G​T​C​T​C​A​A​T​T​G​C​T​T​T-3’; β-actin, for-
ward: 5′-​A​G​G​G​A​A​A​T​C​G​T​G​C​G​T​G​A​C-3′ and reverse, 
5′-​C​G​C​T​C​A​T​T​G​C​C​G​A​T​A​G​T​G-3′. The relative expres-
sion of OGT was calculated with the 2–ΔΔCt method and 
presented by normalization to β-actin.

Western blot
Protein extracts from H9c2 cells or myocardial tissues 
were acquired with RIPA lysis buffer, quantitated by a 
bicinchoninic acid protein assay kit (Beyotime, China) 
and loaded on 12% SDS-PAGE. Following transfer-
ring onto PVDF membranes, the bands were sealed 
in 5% non-fat milk, probed by corresponding primary 
antibodies overnight at 4 ℃ and treated with HRP-
labeled secondary antibodies for 1.5–2  h at room tem-
perature. Afterwards, the blots were detected using the 
Tanon 2000 Imaging System (Tanon, China) utilizing 
the chemiluminescence kit (Beyotime). The following 
primary antibodies were applied in western blot: anti-
NLRP3 (Abcam, USA), anti-caspase 1-p20 (Abcam), 
anti-GSDMD-N (Abcam), anti-GSDME-N (Abcam), 
anti-phosphoserine/threonine (BD Biosciences, USA), 
anti-O-Linked N-acetylglucosamine (anti-O-GlcNAc; i.e. 
anti-RL2; Abcam) and anti-GAPDH (Abcam). GAPDH 
was employed as the internal control. The results were 
quantified using the ImageJ software.

Molecular docking
According to the three-dimensional structure of Kaemp-
ferol and potential target proteins downloaded from the 
Protein Data Bank database. AutoDock tools (ADT) and 
AutoGrid tool were employed to identify the docking 
position of Kaempferol and target protein with the aid of 
the Lamarckian genetic algorithm (LGA).

Surface plasmon resonance (SPR) analysis
SPR analysis was performed using the Biacore-X100 
instrument (Cytiva) with CM5 sensor chip according to a 
previous study [28].

Protein O-GlcNAcylation level detection
Immunoprecipitation was performed using the IP/co-IP 
kit (Absin). H9c2 cells were lysed using IP lysis buffer at 
4 ℃ and centrifuged at 14,000 ×g for 10 min. The lysate 
was incubated with 5 µg anti-RL2 at 4 ℃ overnight and 
incubated with 5 µL protein A and 5 µL protein G at 4 
℃ for 3  h. After centrifugation at 12,000 ×g for 1  min, 
the sediments were washed four times with wash buffer. 
Then, the sediments were suspended in SDS buffer and 
heated at 100℃ for 5 min for SDS-PAGE. Western blot 
was conducted to measure NLRP3, caspase1, GSDMD, 
and GSDME.

Statistical analysis
Data processing was performed with GraphPad Prism 
version 8.0 (GraphPad software, USA). All experimen-
tal results were expressed as mean ± standard deviation 
from three repeated assays. Difference between two 
groups was estimated by Student’s t-test. Comparison of 
more than two groups was analyzed using ANOVA and 
post-hoc Tukey’s test. Statistical significance was set as 
P < 0.05.

Results
Kaempferol alleviated the pyroptosis of H/R-induced 
cardiomyocytes
First, we ascertained the effect of Kaempferol in myocar-
dial damage caused by H/R. According to the molecular 
structure displayed in Fig. 1A, Kaempferol was 3,5,7-tri-
hydroxy-2-(4-hydroxyphenyl)-4  H-1-benzopyran-4-one. 
Then, H9c2 cells were induced by H/R to mimic AMI 
injury and stimulated by Kaempferol (Fig.  1B). CCK-8 
assay was conducted to investigate the impacts of 
Kaempferol on the viability of H/R-treated H9c2 cells. 
It was observed that H/R injury resulted in the reduc-
tion of cell viability and Kaempferol at the concentrations 
of 10 µM and 20 µM significantly elevated cell viability 
(Fig.  1C). Subsequently, our findings disclosed that the 
increase of LDH activity caused by H/R was recovered by 
Kaempferol (Fig. 2A), suggesting that Kaempferol attenu-
ates cell damage caused by H/R. Pyroptosis is a form of 
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inflammatory cell death, characterized by the rupture of 
the cell membrane, leading to the release of intracellular 
contents and triggering a strong inflammatory response. 
To investigate whether Kaempferol mainly acts on pyrop-
tosis rather than other types of programmed cell death, 
we performed western blot to measure several proteins 
associated with apoptosis, necrosis, and autophagy. We 
found that Kaempferol did not significantly affect the lev-
els of caspase3, PARP1, RIPK1, RIPK3, and LC3-II/LC3-I 
(Figure S1), suggesting that Kae had no significance on 
apoptosis, necrosis, and autophagy. Thus, we assessed 
pyroptosis. Besides, we demonstrated that H/R facilitated 
the release of IL-1β and IL-18, and Kaempferol restored 
the levels of IL-1β and IL-18 (Fig.  2B-C). Flow cytom-
etry analysis indicated that H/R stimulation promoted 
the activation of caspase 1 and Kaempferol repressed 
the pyroptosis rate of H/R-treated H9c2 cells (Fig.  2D). 
Likewise, western blot revealed that the enhancement of 
NLRP3, active caspase 1 (p20) and GSDMD-N expres-
sion triggered by H/R was abolished by treatment with 
Kaempferol (Fig. 2E). Collectively, Kaempferol attenuated 
H/R-induced cell pyroptosis.

Kaempferol promoted OGT-mediated O-GlcNAcylation in 
H/R-treated cardiomyocytes
Considering the involvement of O-GlcNAcylation in 
myocardial injury, we then explored the role of Kaemp-
ferol in O-GlcNAcylation. Western blot results showed 
that the O-GlcNAcylation of H/R-treated H9c2 cells was 
lower than that of the control group, and Kaempferol 
markedly elevated O-GlcNAcylation following H/R stim-
ulation (Fig. 3A). Consistently, we found that H/R caused 
the decreased OGT level and heightened expression of 

OGA, while Kaempferol only reversed the downregu-
lation of OGT but failed to affect OGA expression in 
H/R-induced cells (Fig.  3A). Molecular docking results 
illustrated that Kaempferol could effectively bind to the 
active pocket of OGT, suggesting that Kaempferol exhib-
ited strong spontaneous hydrogen bond interaction with 
OGT (Fig.  3B-D). SPR analysis results showed that the 
binding affinity (KD) was 0.82 µM, indicating the direct 
interaction between Kaempferol and OGT (Fig.  3E and 
F). On the basis of foregoing findings, we concluded that 
OGT was responsible for the regulatory effect of Kaemp-
ferol in O-GlcNAcylation of H9c2 cells treated with H/R.

Knockdown of OGT reversed the inhibitory effects of 
Kaempferol on H/R-induced pyroptosis
In order to identify the participation of OGT in the role 
of Kaempferol, OGT was silenced in H/R-induced H9c2 
cells following treatment with Kaempferol. RT-qPCR 
and western blot assay proved that the mRNA and pro-
tein levels of OGT were downregulated by transfection 
with si-OGT#1 or si-OGT#2 (Fig. 4A and B). According 
to these results, si-OGT#1 transfected cells were used in 
the following experiments. Our observations manifested 
that Kaempferol prominently suppressed LDH activity 
and the secretion of IL-1β and IL-18 in H9c2 cells treated 
with H/R, whereas knockdown of OGT relieved this sup-
pressive effect (Fig.  4C-E). Additionally, flow cytometry 
illuminated that Kaempferol abated the elevation of cas-
pase 1 activation induced by H/R, and silencing of OGT 
abrogated the influences of Kaempferol on cell pyroptosis 
rate (Fig. 4F). In concert with these findings, we justified 
that increased NLRP3, caspase 1-p20 and GSDMD-N 
levels caused by H/R stimulation were remarkably 

Fig. 1  Kaempferol decreased cell proliferation following H/R treatment. (A) The molecular structural formula of Kaempferol. (B) Flow chart of cell experi-
mental design. (C) H9c2 cells were induced by H/R and treated with 0, 5, 10, and 20 µM Kae, and then CCK-8 assay was performed to evaluate cell viability. 
CON, control; H/R, hypoxia/reoxygenation; Kae, Kaempferol. **P < 0.01
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reduced by Kaempferol, and downregulation of OGT 
countermanded the inhibition of indicated pyroptosis-
related proteins by Kaempferol (Fig. 4G). Taken together, 
our findings indicated that Kaempferol exerted its cardio-
protective function in H/R-treated H9c2 cells via enhanc-
ing OGT expression.

OGT functioned as a suppressing factor for GSDME 
cleavage via increasing its O-GlcNAcylation
Then, we further probed the modulatory mechanism 
governing OGT in H/R injury. Western blot assay was 
implemented to inquire the O-GlcNAcylation levels of 
pyroptosis markers in response to OGT overexpression 
using its overexpression vectors or knockdown using 
si-OGT#1. It was uncovered that upregulation of OGT 
increased OGT and O-GlcNAc levels, facilitated the 

O-GlcNAcylation of GSDME, while knockdown of OGT 
got the opposite results. However, OGT failed to affect 
the O-GlcNAcylation levels of NLRP3, caspase 1 and 
GSDMD (Fig.  5A). Meanwhile, silencing of OGT obvi-
ously weakened GSDME O-GlcNAcylation and there was 
no significant change in the O-GlcNAcylation modifica-
tions of NLRP3, caspase 1 and GSDMD, which suggested 
that GSDME might be the latent downstream effector 
for OGT (Fig.  5A). By employment of bioinformatics 
tool GlycoMine website, we determined the potential 
O-GlcNAcylation sites of GSDME (Fig. 5B). Accordingly, 
the top 4 predicted sites were mutated to determine the 
O-GlcNAcylation locus of GSDME. As shown in Fig. 5C 
and D, only mutation of T94 site overtly lessened the total 
O-GlcNAc, p-GSDME, and GSDME O-GlcNAcylation 
levels and heightened the cleavage of GSDME, validating 

Fig. 2  Kaempferol restrained H/R-induced cell pyroptosis. For identifying the effects of Kaempferol on cell pyroptosis, H9c2 cells stimulated with H/R to 
induce injury, and were administered with 20 µM Kaempferol (A) LDH release was measured with LDH detection assay. The concentrations of (B) IL-1β and 
(C) IL-18 were examined by ELISA assays. (D) Flow cytometry was carried out to analyze cell pyroptosis rate. (E) Western blot analysis of the expression of 
pyroptosis markers NLRP3, caspase 1-p20 and GSDMD-N. CON, control; H/R, hypoxia/reoxygenation; Kae, Kaempferol; LDH, lactate dehydrogenase; IL-1β, 
interleukin-1β; IL-18, interleukin-18; PI, propidium iodide; GSDMD-N, GSDMD-N-terminal domain. **P < 0.01. *P < 0.05
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that O-GlcNAcylation of GSDME at T94 was mediated 
by OGT. Notably, we discovered that overexpression 
of OGT promoted the phosphorylation of GSDME and 
weakened the expression of GSDME-N, while silencing 

of OGT produced the opposite results (Fig.  5E). These 
findings provided strong evidence that OGT induced 
GSDME phosphorylation to inhibit the cleavage of 
GSDME through promoting its O-GlcNAcylation.

Fig. 3  Kaempferol promoted OGT-mediated O-GlcNAcylation in H/R-treated cardiomyocytes. (A) Following different treatments, western blot was con-
ducted to detect O-GlcNAcylation level and the expression of OGT and OGA. (B-D) Molecular docking results confirmed the strong hydrogen bonding 
between Kaempferol and OGT. (E, F) SPR analysis was performed to verify the binding between Kaempferol and OGT. CON, control; H/R, hypoxia/reoxy-
genation; Kae, Kaempferol; SPR, Surface plasmon resonance. **P < 0.01. *P < 0.05. ns: no significance
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Kaempferol alleviated the AMI progression in vivo
Finally, we establish the AMI model in vivo. We found 
that LDH (Fig. 6A), CK-MB (Fig. 6B) and cTnI (Fig. 6C) 
levels were increased in the myocardial tissues of AMI 
mice. Kaempferol treatment significantly decreased 
them. EF and FS were lower in the AMI mice than that 

in the sham mice, suggesting AMI induces cardiac dys-
function, while Kaempferol reversed the poor cardiac 
function in AMI model (Fig.  6D and E). Additionally, 
H&E staining showed that in the AMI group, myocar-
dial cells in the border zone of the anterior wall infarct 
exhibited disordered arrangement and accumulation of 

Fig. 4  Knockdown of OGT reversed the inhibitory effects of Kaempferol on H/R-induced pyroptosis. (A, B) The RT-qPCR and western blot detection of 
OGT expression in H9c2 cells transfected with si-nc or si-OGT#1/2. (C) LDH activity and the expression of (D) IL-1β and (E) IL-18 were examined by using 
corresponding kits. (F) The percent of pyroptotic cells was estimated by flow cytometry following different treatments. (G) The role of OGT in Kaempferol-
mediated pyroptosis was also validated by western blot. si-OGT, small interfering RNA targeting OGT; si-nc, siRNA negative control; LDH, lactate dehydro-
genase; IL-1β, interleukin-1β; IL-18, interleukin-18; PI, propidium iodide; GSDMD-N, GSDMD-N-terminal domain. *P < 0.05, **P < 0.01
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inflammatory cells with irregular distribution. Admin-
istration of kaempferol alleviated these symptoms in the 
myocardial tissues of AMI mice (Fig.  6F). Furthermore, 
the protein levels of OGT and the phosphorylation level 
of GSDME were decreased, while NLRP3 and GSDME-
N were increased in the myocardial tissues of AMI mice. 
Administration of Kaempferol increased the OGT levels, 

decreased the NLRP3 and GSDME-N levels (Fig. 6G and 
H).

Discussion
AMI occupies approximately 14–20% of total cardiovas-
cular diseases, which is second only to cancer as a high-
risk disease [29]. Moreover, AMI is one of the leading 

Fig. 5  OGT functioned as a suppressing factor for GSDME cleavage via increasing its O-GlcNAcylation. (A) Western blot was applied to identify the 
impacts of OGT overexpression and knockdown on the OGT and total O-GlcNAc levels, as well as O-GlcNAcylation modifications of NLRP3, caspase 1, 
GSDMD and GSDME. (B) The O-GlcNAcylation sites of GSDME predicted by GlycoMine website. (C, D) To ascertain the site of O-GlcNAcylation modifi-
cation on GSDME, potential sites were mutated and then OGT, total O-GlcNAc, GSDME O-GlcNAcylation were assessed by western blot. (E) The phos-
phorylated and cleaved GSDME levels mediated by OGT were also determined with western blot. RL-2, O-GlcNAc; si-nc, small interfering RNA negative 
control; si-OGT, small interfering RNA targeting OGT; WT, wild-type; p-GSDME(Thr6), phosphorylation of GSDME at Thr6 site; GSDME-N, GSDME-N-terminal 
domain. **P < 0.01. *P < 0.05. ns: no significance
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causes of global death and is considered a serious obsta-
cle to public health [30]. It has been shown that H/R 
resulting from ischemia is closely associated with inflam-
mation, oxidative stress and pyroptosis [31]. Multiple 
studies expound that H/R-induced myocardial damage is 
the dominating contributor to AMI. Considering that the 
pathogenesis of AMI is blurry, we established the classi-
cal H/R injury model in H9c2 cells and AMI mice model 
using permanent LAD ligation to investigate the latent 
molecular mechanism of AMI progression.

Pyroptosis is a type of cell death caused by numer-
ous danger signals and serves as a core participant in 
the pathological development of AMI [32, 33]. A grow-
ing number of researche elucidate that AM-induced 

myocardial injury leads to the augment of pyroptosis 
[34]. It is extensively documented that Kaempferol plays 
a vital role in cell pyroptosis [35, 36]. Notably, a recent 
study has illustrated that Kaempferol alleviates myocar-
dial damage in AMI via inhibition of pyroptosis [25]. 
Therefore, the goal of this study is to verify the potency 
of Kaempferol and inquire its regulatory mechanism in 
H/R-treated H9c2 cells to develop new strategies for the 
treatment of AMI. Herein, we justified that H/R stimu-
lation contributed to the reduction of cell viability, the 
enhancement of LDH, IL-1β and IL-18 expression as well 
as the promotion of cell pyroptosis. Kaempferol attenu-
ated H/R injury in H9c2 cells.

Fig. 6  Kaempferol alleviated the AMI progression in vivo. (A) LDH, (B) CK-MB and (C) cTnI levels in the myocardial tissues were detected by kits. (D) EF and 
(E) FS were measured using transthoracic echocardiography to evaluate the cardiac function of mice. (F) H&E staining of myocardial tissues. Scale bar: 
100 μm. magnification: 40×. (G) Protein levels of OGT, p-GSDME(Thr6), GSDME-N and NLRP3 in the myocardial tissues were detected by western blot. (H) 
The protein levels were quantified by grey analysis. LDH, lactate dehydrogenase; CK-MB, creatine kinase MB isoenzyme; cTnI, cardiac troponin I; EF, ejec-
tion fraction; FS, fractional shortening; H&E, Hematoxylin-Eosin; p-GSDME(Thr6), phosphorylation of GSDME at Thr6 site; GSDME-N, GSDME-N-terminal 
domain. **P < 0.01. *P < 0.05
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It is well known that glycosylation is a type of protein 
post-transcriptional modifications, which regulates pro-
tein folding, distribution and stability [37]. O-GlcNAc-
ylation is an atypical glycosylation, which is reversible, 
dynamic and balanced in the coordination of OGT and 
OGA [38]. Increasing evidence has demonstrated that 
O-GlcNAcylation controls the activity and function of 
target proteins through rapid response to diverse stimu-
lus signals [39]. Thus, O-GlcNAcylation is involved in 
the pathogenesis of various diseases, especially in AMI 
[40, 41]. More importantly, O-GlcNAcylation has been 
validated to function as a participant in pyroptosis [42]. 
Herein, we found that O-GlcNAcylation was suppressed 
by H/R treatment and then recovered by administration 
of Kaempferol. However, Kaempferol failed to restore 
the level of O-GlcNAc in H/R-induced cells to that of the 
control group, suggesting that Kaempferol may regulate 
pyroptosis through mechanisms other than O-GlcNAc-
ylation, which needs further study. In agreement with 
reported literatures [43], H/R lowered OGT level and 
heighten OGA expression, while Kaempferol led to the 
restoration of OGT expression. Moreover, molecular 
docking revealed the binding of Kaempferol with OGT, 
which indicated that OGT might mediate the function 
of Kaempferol. Further investigations confirmed that 
knockdown of OGT abolished the inhibitory role of 
Kaempferol in cell pyroptosis.

GSDMD and GSDME are crucial factors that involved 
in pyroptosis. GSDMD is traditionally recognized as 
the primary executor of pyroptosis activated by cas-
pase-1/4/5/11, while GSDME is typically cleaved by cas-
pase-3 and has been implicated in the transition from 
apoptosis to pyroptosis [44]. A previous study has indi-
cated that GSDMD regulates cardiomyocyte pyropto-
sis and thus promotes myocardial ischamis-reperfusion 
injury [45]. Another study also reported that GSDME-
mediates myocardial cell pyroptosis is involved in AMI 
[46]. Of note, it was uncovered that OGT acted as a 
positive regulator for GSDME O-GlcNAcylation, but 
did not affect GSDMD O-GlcNAcylation. Hence, we 
focused on the role of GSDME in this study. Based on the 
O-GlcNAcylation sites predicted by bioinformatics, we 
demonstrated that OGT mediated the O-GlcNAcylation 
of GSDME at T94. It is acknowledged that phosphoryla-
tion is a major post-translational modification and par-
ticipated in a wide range of cellular processes, including 
pyroptosis [47]. Further, early research has confirmed 
that O-GlcNAcylation can regulate protein phosphory-
lation through competing for the same serine/threonine, 
suggesting a competitive relationship between the two 
modifications [48]. However, emerging evidence validates 
that there is also a synergy between O-GlcNAcylation 
and phosphorylation, and mutating O-GlcNAcylation 
sites can inhibit protein phosphorylation [49, 50]. In this 

study, we observed that OGT contributed to GSDME 
phosphorylation and decreased the expression of 
GSDME-N. Notably, it has been illustrated that GSDME 
phosphorylation at Thr6 impedes the recognition of 
GSDME by caspase 3 to restrain GSDME cleavage and 
subsequent oligomerization of GSDME-N, thus inhibit-
ing the pore-forming activity of GSDME and cell pyrop-
tosis [51]. Considering these facts, we conjectured that 
Kaempferol might facilitate GSDME phosphorylation to 
suppress its cleavage through enhancing OGT-mediated 
O-GlcNAcylation, thereby reducing cell pyroptosis. In 
the future, we will conduct more investigations to con-
firm this theory.

A limitation of this study is the use of H9c2 myo-
blast cell line, which is different from cardiomyocytes. 
Although this cell line possesses multiple characteristics 
of cardiomyocytes, it simultaneously expresses calcium 
channels of both the heart and skeletal muscle. Therefore, 
it is necessary to use primary isolated cardiomyocytes to 
further verify our conclusion [52].

In conclusion, our study illuminated that Kaempferol 
repressed pyroptosis to improve H/R-induced injury 
through promoting OGT-mediated O-GlcNAcylation 
and phosphorylation of GSDME, and relieved the AMI 
progression in mice. These results clarified the novel 
regulatory mechanism of Kaempferol in AMI and sup-
ported the theoretical basis for its clinical application in 
cardiology.
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