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remodeling by inhibiting ROS/caspase-1/GSDMD signaling pathway
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ABSTRACT
Astragalus membranaceus is a traditional Chinese medicine and has been widely used in treating 
cardiovascular diseases (CVDs), such as asthma, edema, and chest tightness. Astragaloside IV (AS-IV), 
one of the major active components extracted from Astragalus membranaceus, has a series of pharma-
cological effects, including inhibiting inflammation, regulating energy metabolism, reducing oxidative 
stress and apoptosis. However, the effect of AS-IV on myocardial infarction (MI) and the underlying 
molecular mechanism remains unclear. The purpose of our study is to investigate the effects of AS-IV on 
MI-induced myocardial fibrosis and cardiac remodeling and to elucidate its underlying mechanisms. MI 
was induced by ligation of the left anterior descending (LAD) coronary artery. Echocardiography was 
used to evaluate cardiac function in mice. Pathological changes in cardiac tissues were analyzed with 
hematoxylin and eosin (H&E) staining, Masson staining, and wheat germ agglutinin (WGA) staining. 
Immunohistochemistry was used to detect the expression of fibrosis and inflammation-related proteins. 
Immunofluorescence and flow cytometry were used to detect ROS level. The expressions of α-SMA, 
Collagen I, NLRP3, cleaved cas-1, cleaved IL-18, cleaved IL-β, GSDMD-N, and cleaved caspase-1 were 
examined using western blot. The results of cardiac ultrasound showed that AS-IV could improve poor 
ventricular remodeling, myocardial pathological staining showed that AS-IV could significantly reduce 
the myocardial fibrosis and myocardial hypertrophy, ROS levels were also significantly reduced, and the 
protein expression of NLRP3/Caspase-1/GSDMD signaling pathway was remarkably decreased in the AS- 
IV group. Furthermore, immunohistochemical staining results showed that the expression of myocardial 
macrophages and neutrophils in AS-IV group decreased significantly, to further investigate whether the 
reduction of myocardial pyroptosis by AS-IV is related to the regulation of macrophages, in vitro, AS-IV 
was selected to stimulate bone marrow-derived macrophages (BMDMs). Our findings indicated that AS- 
IV protective effect of the heart might be related to the reduction of macrophage pyroptosis. These 
results demonstrate that AS-IV alleviated MI-induced myocardial fibrosis and cardiac remodeling by 
suppressing ROS/Caspase-1/GSDMD signaling pathway, AS-IV should be further studied in the future.
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Introduction

MI is one of the major causes of death and disability 
worldwide [1]. Clinical treatments for MI mainly 
include anticoagulation, antiplatelet, thrombolysis, 
and myocardial reperfusion; on the one hand, these 
treatments can reduce the infarct area, but on the 
other hand, they will aggravate myocardial injury to 
varying degrees, and the treatment effect is not ideal 
[2]. Therefore, how to reduce the death of cardiomyo-
cyte in ischemic area and protect impaired cardiac 
function is very crucial.

Pyroptosis is a programmed cell death mediated 
by gasdermin protein [3]. It is mainly mediated by 

caspase-1 and accompanied by the release of large 
number of pro-inflammatory cytokines, causing 
the body to produce inflammatory response [4]. 
Growing evidence indicated that pyroptosis is 
related to a variety of CVDs, such as ischemic 
heart disease, diabetic cardiomyopathy, and HF 
[5]. Lei Q et al. found that antioxidants can reduce 
ROS level and significantly inhibit the activation of 
NLRP3 inflammasome in the model of myocardial 
pyroptosis induced by oxygen and glucose depri-
vation [6]. The activated NLRP3 inflammasome 
triggers the cleavage of pro-caspase-1 to active 
caspase-1, and then the cytokine precursor pro-IL 
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-1β and pro-IL-18 were transformed into bioactive 
IL-1β and IL-18, which exacerbated the inflamma-
tory response after MI [7]. On the contrary, inhi-
bition of NLRP3 inflammasome can protect 
cardiac function and reduce myocardial pyroptosis 
[6,8,9]. Therefore, target pyroptosis provides 
potential therapeutic strategies for MI.

AS-IV is a cycloartane triterpene saponin, pharma-
cological studies have confirmed that AS-IV can pre-
vent HF by regulating sarcoplasmic reticulum Ca2+ 

pump, promoting angiogenesis, improving myocar-
dial energy metabolism, and inhibiting myocardial 
hypertrophy [10–13]. In this study, we provided 
more evidence about whether ROS/Caspase-1/ 
GSDMD signaling pathway was activated in MI mice 
and the cardioprotective mechanism of AS-IV on 
myocardial fibrosis and cardiac remodeling.

Here, we report that pyroptosis is a key event 
during MI injury and identify a previously unrec-
ognized role of AS-IV after MI.

Methods and materials

Animal experimental protocols

Male C57BL/6 J (SPF level, body weight 25 ± 3 g) mice 
aged 6 to 8 weeks were purchased from the Shanghai 
Laboratory Animal Center (n = 20 for each group). All 
mice were maintained under a regular 12-h light/dark 
cycle, under a temperature-controlled (20 ± 3°C) and 
a humidity-controlled (40 ± 5%) environment. The 
mice were placed in the anesthesia box, rapid anesthe-
sia with 5% isoflurane, after mice were placed on the 
experimental board in supine position, and main-
tained anesthesia with 1% isoflurane. After removing 
the chest hair and disinfecting the skin, break the skin 
from the 4th and 5th intercostals, passively separate 
the subcutaneous fascia and muscle, breaking through 
the 3rd and 4th intercostal space, and quickly squeeze 
out the heart. LAD was ligated by using a 6–0 polyester 
suture, and the needle inlet and outlet are about 2 mm. 
Return to the heart after ligation, squeeze out the chest 
gas and suture.

Experimental drugs and preparations

AS-IV was purchased from Selleck Medical 
Technology Co., Ltd. (China) and dissolved in 0.5% 
carboxymethyl cellulose (CMC). The sham group 

and the MI group received only 0.5% CMC (20 mL/ 
kg) once a day. The AS-IV group was receiving MI 
surgery and were orally AS-IV (40 mg/kg) daily. All 
mice were intragastric gavage for 4 weeks.

Echocardiographic assessment

After 4-week treatment, all surviving mice under-
went echocardiography measurement (Netherlands 
Philips IE33). All the mice were anesthetized with 
2% isoflurane and fixed on a heating plate to main-
tain body temperature and supine position, after 
depilation, the heart was imaged in 2-D mode at 
2 cm depth of the parasternal short axis. The results 
of echocardiography were an average of three inde-
pendent cardiac cycles.

Heart weights

Both the heart weight index (heart weight/body 
weight ratio, HWI = HW/BW) and left ventricular 
weight index (left ventricular weight/body weight 
ratio, LVWI = LVW/BW) were calculated from 
the results of the associated measurements.

Heart histology and immunohistochemical 
analyses

The heart was fixed in 10% neutral formaldehyde 
and embedded in paraffin to make myocardial 
histopathological sections (5 μm). After dewaxing, 
H&E and Masson trichrome staining were per-
formed respective, immunohistochemistry (IHC) 
staining for Collagen I (ab270993, Abcam, USA), 
Collagen III (ab7778, Abcam, USA), α-SMA 
(19245S, CST, USA), Fibronectin (ab2413, 
Abcam, USA), F4/80 (28, 463-1-AP, Proteintech, 
USA), Myeloperoxidase (MPO,012319, Biocare 
medical, USA), GSDMD (ab219800, Abcam, 
USA) were performed in paraffin sections accord-
ing to the manufacturer’s instruction.

Analysis of ROS levels

Analysis of ROS levels was carried out according to the 
relevant literature [14]. Ventricular tissue near the 
apex of the heart was separated, then put it into tin 
foil paper and embedded with OCT, and quickly put it 
into liquid nitrogen, freeze for 15 s. After embedding, 
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5-μm-thick sections were generated with a tissue- 
processing equipment for ROS staining. After drying 
the frozen sections, 50 uL DHE working solution was 
added to each slice, incubated at 37°C for 30 min, rinse 
with PBS three times for 5 min. The slices were sealed 
with an anti-fluorescence quenching agent. 
Fluorescence microscope was used to take photos in 
a darkroom.

Immunofluorescence

Immunofluorescence staining of WGA was per-
formed as described previously [15]. Paraffin slices 
were dewaxed, the slices were washed with double 
distilled water for 5 min and PBS for three times, 
20 μg/mL protease K was incubated for 0.5 h and 
washed with PBS for three times, WGA (GTX01502, 
GeneTex, USA) was diluted with HBSS to 20 μg/mL, 
then added sufficient staining solution to completely 
cover the slices and incubated at 37°C in the dark for 
1 h. PBS was rinsed three times again. Finally, 30 μL 
DAPI solution was added to each slice. After sealing 
the slide with cover glass, the images were observed 
and collected by fluorescence microscope in the dark 
room.

Enzyme-linked immunosorbent assay (ELISA)

The serum levels of IL-1β and IL-18 were mea-
sured using commercial ELISA kits according to 
the manufacturer’s instructions (70-EK201B/3-96, 
70-EK118-48, Multi science, China).

Cell culture and treatment

For bone marrow-derived macrophages (BMDMs) 
experiment, the femur and tibia were isolated from 
10 C57BL/6 J mice of 6-week-old, and then the bone 
marrow was then washed out with a 1-mL syringe 
containing 1640 medium (31,870,082, Gibco), 
repeated the above steps until a sufficient amount of 
bone marrow is collected, the cells are gently dis-
persed, centrifuged at 250 × g for 5 min, resuspend 
the cell precipitation with 1640 medium, and seed it in 
the well plate, and added 40 ng/mL macrophage col-
ony-stimulating factor (M-CSF) (0518245, Peprotech, 
USA). After incubating for 6 days, then stimulated 
BMDMs with 1 μg/mL lipopolysaccharide (LPS) 
(L4130, Sigma-Aldrich, USA) for 4 h, and then treated 

with 20 uM nigericin (S6653, Selleck, USA) for 30 min, 
AS-IV is added to BMDMs in conjunction with LPS.

CCK-8 experiment

We configure 100 uL of BMDMs suspension in 96- 
well plate, and different concentrations of AS-IV were 
added to 96-well plate and cultured for 24 h. Then, 
10 μL of CCK-8 solution was added to each hole, then 
put the plate in the incubator for 2 h. Absorbance at 
450 nm was measured using a microplate reader.

Western blotting

The total protein of the left ventricle and the collected 
BMDMs were extracted according to the instructions, 
and the protein concentration was calculated by BCA 
protein kit (23,235, Thermo Fisher, USA). Proteins 
were transferred to the nitrocellulose membrane by 
SDS-polyacrylamide gel electrophoresis. The milk was 
sealed for 1 h at room temperature, and the TBST was 
washed 3 times for 10 minutes each time. The mem-
branes were incubated at 4°C overnight with primary 
antibodies of NLRP3 (15101S, CST, USA), Caspase-1 
(ab179515, Abcam, USA), IL-1β (ab9722, Abcam, 
USA), IL-18 (ab207323, Abcam, USA), GSDMD-N 
(96458S, CST, USA). After washing with TBST, the 
membranes were incubated with secondary antibody 
for 1 h at room temperature. The absorbance of the 
target protein band was scanned by a gel image ana-
lysis system (Tanon Science & Technology Co., 
Shanghai, China). GAPDH (ab8245, Abcam) served 
as an internal control.

Flow cytometry detection of ROS

After BMDMs were collected, they were suspended 
in 10 μmol/L DCFH-DA (S0033S, Beyotime, 
China) working solution, incubated for 20 minutes 
in a cell incubator, and then washed with a serum- 
free medium for 3 times, finally detected by flow 
cytometry (BD Biosciences). FlowJo software was 
used for the analysis of data [16].

Statistical analysis

All results are expressed as mean ± standard devia-
tion (SD). GraphPad 9.0 was used for statistical 
analysis and drawing. Statistical analysis was tested 
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by one-way analysis of variance (ANOVA) fol-
lowed by Bonferroni post hoc tests. Quantitative 
assessment of western blotting, Masson’s tri-
chrome, and WGA staining were performed by 
Image J (Image J 1.48 v, NIH). P < 0.05 showed 
that the difference was statistically significant.

Results

AS-IV treatment preserves cardiac function after 
MI

To determine whether AS-IV can improve cardiac 
function after MI, we performed a survival analysis, 
gross morphology of whole hearts, echocardiography, 
body weights, and heart weights. The survival rate of 
mice after 4 weeks of treatment is shown in Figure 1 
(a). On the 28th day after MI, the AS-IV group have 17 
mice survived, compared with 13 mice in the MI 
group, the survival rate of the AS-IV group was higher. 
Figure 1(b) shows a representative gross morphology 
of whole hearts, compared with sham group, the MI 
group heart size was significantly increased, whereas 
the AS-IV group heart size was smaller than MI group. 
Figure 1(c-e) shows representative echocardiograms 
of the three groups of mice. At 4-weeks post MI, LVEF 
and LVFS were significantly restored in mice treated 
with AS-IV compared to the MI groups. Furthermore, 
compared with the sham group, the HWI and LVWI 
(Figure 1(f, g)) were significantly increased in the MI 
group; however, after treatment with AS-IV, the HWI 
and LVWI in the AS-IV mice were decreased signifi-
cantly. These results suggest that AS-IV can effectively 
protect cardiac function.

AS-IV relieves myocardial injury and 
cardiomyocyte hypertrophy

To evaluate the effect of AS-IV on myocardial injury 
and hypertrophy in MI mice, H&E, Masson, and 
WGA staining were performed on myocardial tis-
sue. As shown in Figure 2(a-b), the myocardial 
injury and fibrosis were observed by H&E and 
Masson staining. In the sham group, the shape of 
cardiomyocytes was clear and arranged orderly, 
while in the MI group, the morphology of cardio-
myocytes was disordered and a large number of 
inflammatory cells infiltrate. A lot of cardiomyocytes 
were replaced by collagen fibers, and the myocardial 

fibers were disordered; however, after treatment 
with AS-IV, the cardiomyocytes morphology and 
fiber arrangement were obviously improved. WGA 
staining indicated that compared with sham group, 
myocyte cross-sectional area in MI group was sig-
nificantly increased, after treatment with AS-IV, 
cardiomyocyte hypertrophy in AS-IV mice was sig-
nificantly reduced (Figure 2(c)). The above results 
demonstrated that AS-IV can effectively reduce 
myocardial injury and hypertrophy after MI.

AS-IV treatment attenuates myocardial fibrosis

Next, we further verified the effect of AS-IV on the 
expression of fibrosis markers by western blot and 
immunohistochemistry. Consistent with the results 
of cardiac histology analyses, the western blot results 
showed that the expression of α-SMA and Collagen 
I in MI mice was up-regulated; however, AS-IV 
significantly reduced the expression of these proteins 
(Figure 3(a-c)). In addition, immunohistochemical 
staining further showed that Collagen I, Collagen III, 
α-SMA, and Fibronectin expressions were signifi-
cantly increased in MI mice, whereas AS-IV reversed 
these changes, which indicated that AS-IV had 
a good effect on myocardial fibrosis (Figure 3(d)).

AS-IV alleviates inflammatory infiltration after 
MI

Studies have shown that after MI, necrotic myocardial 
fragments can be recognized by innate immunity as 
damage-related molecular patterns (DAMPs) and 
induce acute and severe inflammatory responses 
[17]. Neutrophils are the first recruited immune cell 
to enter the ischemic myocardium, and then mono-
cyte macrophages are recruited to the ischemic myo-
cardium to induce acute inflammatory response [18]. 
Therefore, we further detected the expression of neu-
trophils and macrophages in myocardial tissue. 
Immunohistochemical results showed that F4/80 and 
MPO expression were increased in MI group, however 
AS-IV alleviated F4/80 and MPO infiltration after MI 
(Figure 4(a-b)). In addition, ELISA data indicated that, 
compared with the MI group, IL-18 and IL-1β expres-
sion was considerably lower in the AS-IV group 
(Figure 4(c-d)). Taken together, these results showed 
that AS-IV could alleviate inflammatory infiltration 
after MI.
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Effect of AS-IV on the ROS/NLRP3/GSDMD 
signaling pathway activation

A large number of studies have confirmed that 
oxidation stress is involved in the occurrence and 
development of MI, ROS plays a key role in the 

process. To clarify the impact of AS-IV on anti-
oxidant stress, we detected the expression of ROS 
in myocardial tissue. As shown in Figure 5(a), ROS 
staining results showed that, compared with the 
sham group, the level of ROS in the MI group 
increased significantly, while AS-IV effectively 
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Figure 1. AS-IV helps preserve cardiac function after MI. (a) Kaplan–Meier survival analysis at different time points post-MI. (b) 
Representative gross morphology of whole hearts. (c) Representative echocardiograms of the three groups: sham group, MI group, 
AS-IV group (n = 20 of each group). (d)LVEF (n = 20 of Sham group, n = 13 of MI group, n = 17 of AS-IV group). (e)LVFS (n = 20 of 
Sham group, n = 13 of MI group, n = 17 of AS-IV group). (f) HWI = HW/BW. (g) LVWI = LVW/BW. **P < 0.01 vs the sham group, 
##P < 0.01 vs the MI group.
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reduced the release of ROS. These results sug-
gested that AS-IV can reduce the release of ROS 
induced by MI. To further clarify the interaction 
between ROS production caused by MI and cardi-
omyocyte pyroptosis, we further detected the 
expression of pyroptosis-related protein, 
GSDMD-N, which is a key protein in the process 
of pyroptosis. As shown in Figure 5(b-g), the pro-
tein levels of NLRP3, cleaved cas-1, cleaved IL-1β, 

cleaved IL-18, and GSDMD-N were markedly ele-
vated in MI group, and these effects were signifi-
cantly reversed by AS-IV. In addition, 
immunohistochemical staining further showed 
that AS-IV could inhibit the expression of 
GSDMD after MI (Figure 5(h)). This illustrated 
that the AS-IV could reduce the release of ROS, 
thereby inhibiting the activation of NLRP3 inflam-
masome and cardiomyocyte pyroptosis.
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Figure 2. AS-IV relieves the myocardial injury and myocardial hypertrophy. (a) Representative H&E staining of the heart sections 
(magnification×200). (b) Representative Masson’s trichrome staining of the heart sections(magnification×200). (c) Representative 
WGA staining from each group(magnification×200). (d)The percentage of fibrotic area of each group (n = 3 of each group). (e) 
Quantitative analysis of the cardiomyocyte size (n = 3 of each group). **P < 0.01 vs the sham group, ##P < 0.01 vs the MI group.
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Effect of AS-IV on pyroptosis of BMDMs

In vivo experiments showed that AS-IV can effectively 
improve cardiac function and reduce cardiomyocyte 
pyroptosis, to verify whether the reduction of cardio-
myocyte pyroptosis by AS-IV is related to the regula-
tion of macrophages; hence, we established the 
pyroptosis model of BMDMs in vitro, and further 
observed the effect of AS-IV on BMDMs. According 
to cell viability assay, 100 μM AS-IV had the best cell 
viability for BMDMs (Supplemental Fig.1); therefore, 
a concentration of 100 μM was chosen for the cell 

experiment. Based on the results reported in previous 
studies [19], we stimulated BMDMs with 1 μg/mL LPS 
for 4 h, and then treated with 20 uM nigericin for 
30 min, AS-IV is added to BMDMs in conjunction 
with LPS. As shown in Figure 6(a), after treating with 
LPS and nigericin, the ROS level in model group has 
significantly increased compared with the control 
group; however, the level of ROS in AS-IV group 
was remarkably lower than control group. To further 
clarify the mechanism of AS-IV on BMDMs, the 
NLRP3/Caspase-1/GSDMD signaling pathway was 

Collagen I Collagen III α-SMA Fibronectin

Sham

MI

AS-IV

Collagen I Collagen III α-SMA Fibronectin

Sham

MI

AS-IV

Figure 3. AS-IV treatment attenuates myocardial fibrosis. (a) The protein levels of α-SMA, Collagen I were determined by western 
blot in the heart. (b-c) Each band was quantified. Data represent four independent experiments, values are expressed as mean ± SD 
(n = 6 of each group, **P < 0.01 vs the sham group, ##P < 0.01 vs the MI group. (d) Representative Collagen I, Collagen III, α-SMA 
and Fibronectin immunohistochemical staining (magnification×200).
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detected by using western blot. The results showed 
that 100 μM AS-IV could significantly inhibit the 
expression of NLRP3, cleaved cas-1, cleaved IL-1β, 
cleaved IL-18, and GSDMD-N (Figure 6(b-g)). The 
results indicated that AS-IV may play a crucial effect in 
the anti-inflammatory process by reducing macro-
phage pyroptosis.

Discussion

Multiple evidence supports the efficacy of AS-IV 
in different models, Zhao et al. have reported that 
AS-IV can improve cardiac function, inhibit 

compensatory hypertrophy of cardiomyocytes, 
and reduce the number of apoptotic cardiomyo-
cytes in the LAD-induced CHF model [13]. Cheng 
et al. found that AS-IV by inhibiting TLR4/NF-κB 
pathway, effectively improved the survival rate and 
cardiac function, which indicated that AS-IV has 
a strong anti-inflammatory effect in AMI-induced 
HF rats [20]. Lu et al. also found that AS-IV can 
attenuate LPS-induced cardiac dysfunction and 
inflammatory response by inhibiting the NF-кB 
signaling and activate PI3K/AKT pathway [21]. 
Although previous studies have shown that AS- 
IV can reduce NLRP3 and IL-1β expression after 
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MI, however, the effect of AS-IV on cardiomyo-
cyte pyroptosis has not been reported. This study 
proves for the first time that AS-IV exerts myo-
cardial protection by inhibiting pyroptosis in MI 
hearts. In our study, we confirmed that AS-IV can 
effectively reduce mortality, improve cardiac func-
tion, and reduce myocardial hypertrophy and 
fibrosis in MI-induced mice. These results suggest 
that AS-IV might develop into a promising drug 
for patients with myocardial injury.

Acute inflammatory response in the early stage of 
AMI is triggered by innate immune system against 
ischemic cardiomyocyte necrosis, necrotic myocardial 
fragments are recognized by the innate immune sys-
tem as DAMPs, triggering an acute and intense 
inflammatory response [22,23]. At the same time, 
DAMPs induce the expression of pro-inflammatory 
chemokines and cytokines, which leads to the recruit-
ment of immune cells and a series of inflammatory 
events. DAMPs can also activate the inflammasome of 
NLRP3, which is a multi-protein complex, NLRP3 can 
induce the production of active pro-inflammatory 
cytokines IL-1β and IL-18 [24]. Il-1β and IL-18 can 
induce myocardial inflammation, promote myocar-
dial fibrosis, aggravate MI, and reduce myocardial 
systolic function [25–27]. Therefore, reducing the 
inflammatory response after MI is very important to 
alleviate myocardial fibrosis and cardiac remodeling 
[28,29]. Murphy et al. found that inhibition of inflam-
matory response can reduce the production of cyto-
kines, thereby reducing the number of cardiac cell 
death and improving cardiac function in patients 
with HF [30]. The results of myocardial pathological 
staining showed that AS-IV could effectively reduce 
the infiltration of inflammatory cells in myocardium, 
Immunohistochemistry analysis further showed that 
AS-IV treatment could reduce the expression of F4/80 
and MPO, what is more, the levels of serum IL-1β and 
IL-18 cytokines in AS-IV treatment group were 
decreased significantly.

A large amount of ROS can be released during 
myocardial ischemia, which plays a crucial role in 
oxidative stress [31,32]. On the one hand, ROS can 
directly damage myocardial function, on the other 
hand, it induces the activation of inflammatory 
signals [33]. Anti-oxidative stress therapy in pre-
clinical environment has also been widely studied 
and showed very promising results. Qian Lie et al. 
demonstrated that suppression of ROS by NAC 

can reduced NF-κB and NLRP3 inflammasome 
activation [34]. In recent years, ROS has been 
considered as a key regulator of NLRP3 inflamma-
some activation [35], inhibit ROS can reverse the 
activation of NLRP3 inflammasome [36]. As 
a result, we demonstrated that AS-IV can reduce 
the release of ROS in myocardial mitochondria 
and decrease the expression of NLRP3, caspase-1, 
IL-18, and IL-1β proteins. Furthermore, our 
results also indicated the relationship between 
ROS release and NLRP3 inflammasome activation.

When cells are stimulated in different ways, 
they are induced by the classical inflammatory 
pathway dependent on caspase-1 and the non- 
classical pathway dependent on caspase-11. In 
the classical inflammasome pathways of pyropto-
sis, the signal is initiated by pathogen-related 
molecular patterns (PAMPs) or DAMPs, such as 
ischemia and hypoxia, uric acid crystals, ROS, 
and ATP, which cause inflammasomes to assem-
ble and activate caspase-1 [37]. Activated cas-
pase-1 cleaved GSDMD releases the active 
N-terminal domain [38] and promotes the 
maturation of pro-inflammatory precursor cyto-
kines, which are released into the extracellular 
and cause the inflammatory response [4]. 
NLRP3 inflammasomes are activated by cardio-
vascular risk factors, such as bacteria, viruses, 
cholesterol crystals, and uric acid, which in turn 
activate downstream caspase-1, IL-18 and IL-1β 
activation, triggering cell pyroptosis [39,40]. 
Recently, it was reported that the inhibition of 
caspase-1 could attenuate cardiomyocyte hyper-
trophy [41]. GSDMD is the executor of pyropto-
sis, where inhibition of GSDMD pore formation 
also plays a protective role in myocardium. 
Small-molecule inhibitor necrosulfonamide 
(NSA) binds directly to GSDMD and inhibits 
the oligomerization of P30-GSDMD, blocking 
the pyroptosis in monocytes or macrophages 
secretion [42]. Our previous studies have showed 
that NLRP3 and IL-1β were up-regulated after MI 
[15]. Therefore, we selected mice after MI to 
observe the expression of pyroptosis-related pro-
teins. Our study showed that AS-IV significantly 
suppresses the expression of GSDMD-N, which is 
the main functional domain. The immunohisto-
chemical results also further verified that AS-IV 
could reduce the pyroptosis of cardiomyocytes. 
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Consequently, our results indicated that AS-IV 
can effectively reduce pyroptosis induced by MI.

In the acute inflammatory stage, neutrophils are 
the earliest immune cell to enter the ischemic myo-
cardium, and then mononuclear macrophages are 
recruited to the ischemic myocardium to induce 
acute inflammatory response, phagocytosis of necro-
tic myocardium, and repair the damaged myocar-
dium [43]. Previous studies confirmed that LPS and 
nigericin can cause BMDMs pyroptosis [44]. Our 
results showed that the expressions of NLRP3, cleaved 
cas-1, IL-1β, IL-18, and GSDMD-N proteins were 
reduced in BMDMs treated with AS-IV, and we vali-
dated that the cardioprotective effect of AS-IV after 
MI is related to reduction of macrophage pyroptosis.

In summary, our study firstly demonstrated that 
AS-IV significantly attenuates MI-induced cardiac 
dysfunction and inflammatory response by down- 
regulating ROS/Caspase-1/GSDMD signaling path-
ways, and the underlying mechanism may be relevant 
to reduce pyroptosis of macrophages (Figure 7). Our 
results confirm the effectiveness of AS-IV in the treat-
ment of MI. In the future, AS-IV may be a potential 
candidate for treatment of MI patients.

Limitations

In the present study, we have just demonstrated 
that AS-IV can downregulate ROS/Caspase-1/ 
GSDMD signaling pathways, and attenuate MI- 
induced myocardial fibrosis and cardiac 

remodeling, but the effect of AS-IV on cardiac 
fibroblasts needs further study.
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