
Vol.:(0123456789)

Molecular and Cellular Biochemistry 
https://doi.org/10.1007/s11010-024-04950-0

Aerobic exercise mitigates high‑fat diet‑induced cardiac dysfunction, 
pyroptosis, and inflammation by inhibiting STING‑NLRP3 signaling 
pathway

Zujie Xu1 · Zheying Ma1 · Xiaoqin Zhao1 · Bing Zhang2

Received: 2 January 2024 / Accepted: 24 January 2024 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract
Obesity has been identified as an independent risk factor for cardiovascular disease. Recent reports have highlighted the 
significance of stimulator of interferon genes (STING)-NOD-like receptor protein 3 (NLRP3) signaling pathway mediated 
pyroptosis, and inflammation in cardiovascular disease. Previous studies have demonstrated that exercise training effectively 
prevents cardiac pyroptosis and inflammation in high-fat diet (HFD)-fed mice. However, it is currently unknown whether 
exercise reduces pyroptosis and inflammation in obese hearts by targeting the STING-NLRP3 signaling pathway. We inves-
tigated the impact of an 8-week aerobic exercise regimen on cardiac function, pyroptosis, inflammation, and the STING-
NLRP3 signaling pathway in HFD-induced obese mice. Additionally, to explore the underlying mechanism of STING in 
exercise-mediated cardioprotection, we administered intraperitoneal injections of the STING agonist diABZI to the mice. 
Furthermore, to investigate the role of the STING-NLRP3 signaling pathway in HFD-induced cardiac dysfunction, we 
administered adeno-associated virus 9 (AAV9) encoding shRNA targeting STING (shRNA-STING) via tail vein injection to 
knockdown STING expression specifically in mouse hearts. After one week of AAV9 injection, we intraperitoneally injected 
nigericin as an NLRP3 agonist. We first found that aerobic exercise effectively suppressed HFD-mediated upregulation of 
STING and NLRP3 in the hearts. Moreover, we demonstrated that the protective effect of aerobic exercise in HFD-induced 
cardiac dysfunction, pyroptosis, and inflammation was impaired by stimulating the STING pathway using diABZI. Addition-
ally, activation of the NLRP3 with nigericin abolished the ameliorative effect of STING deficiency in HFD-induced cardiac 
dysfunction, pyroptosis, and inflammation. Based on these findings, we concluded that 8-week aerobic exercise alleviates 
HFD-induced cardiac dysfunction, pyroptosis, and inflammation by targeting STING-NLRP3 signaling pathway. Inhibition 
of STING-NLRP3 signaling pathway may serve as a promising therapeutic strategy against obesity-induced cardiomyopathy.
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Abbreviations
HFD  High-fat diet
STING  Stimulator of interferon genes
NLRP3  NOD-like receptor protein 3
AE  Aerobic exercise
ASC  Apoptosis-associated speck-like protein
GSDMD  Gasdermin D

IL-1β  Interleukin-1β
ND  Normal diet
AAV9  Adeno-associated virus 9
LVIDd  Left ventricle internal dimension diastole
LVIDs  Left ventricle internal dimension systole
EF  Ejection fraction
FS  Fractional shortening

Background

Obesity is known to be an independent risk factor for cardio-
vascular disease [1]. Consumption of a high-fat diet (HFD) 
can lead to obesity and result in abnormal cardiac structure 
and dysfunction, characterized by myocardial hypertrophy, 
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increased fibrosis, impaired contractile function, lipid 
accumulation, and various forms of cellular death [2–4]. 
Numerous studies have provided evidence supporting aero-
bic exercise (AE) as an effective intervention for mitigating 
HFD-induced cardiac dysfunction, underlying mechanisms 
involving inhibition of inflammation, reduction of oxidative 
stress, improvement in mitochondrial function, and promo-
tion of cardiac autophagy [5–8]. Nevertheless, the precise 
mechanism responsible for exercise’s protective effect 
against obesity-induced cardiomyopathy remains elusive.

Pyroptosis is a form of programmed cell death accom-
panied by an inflammatory response. Previous studies have 
shown that chronic inflammation serves as a crucial role 
in obesity-related cardiomyopathy and can activate NOD-
like receptor protein 3 (NLRP3) inflammasome, thereby 
initiating pyroptosis [9, 10]. The NLRP3 inflammasome is 
a complex composed of NLRP3, apoptosis-associated speck-
like protein (ASC) and Caspase-1 [11]. Upon activation, the 
NLRP3 inflammasome triggers Caspase-1 activation, which 
leads to the production of pro-inflammatory cytokines inter-
leukin (IL)-1β and IL18, initiating an inflammatory response 
[12]. Furthermore, the activation of NLRP3 inflammasome 
also induces pyroptosis through the formation of membrane 
pores mediated by gasdermin D (GSDMD) [13]. Although 
the crucial role of NLRP3 in obesity-induced cardiac dys-
function has been highlighted in recent study, the underlying 
molecular mechanisms are still not fully understood.

Stimulator of interferon gene (STING), localized pre-
dominantly in the endoplasmic reticulum, plays a pivotal 
regulatory role in the innate immune response and has been 
implicated in cardiovascular and metabolic diseases [14]. 
A previous study has shown that STING activation induces 
pyroptosis and inflammation in hepatic cells through the 
activation of NLRP3 [15]. However, it remains unclear 
whether STING is also involved in modulating NLRP3-
mediated pyroptosis and inflammation in obese cardiac tis-
sue. Previous studies have demonstrated that exercise train-
ing effectively mitigated HFD-induced cardiac pyroptosis 
and inflammation [16, 17]. However, it is currently unknown 
whether exercise reduces pyroptosis and inflammation in 
obese hearts by targeting the STING-NLRP3 signaling 
pathway.

Therefore, the objective of this study is to investigate 
the role of STING-NLRP3 signaling pathway in improving 
HFD-induced cardiac dysfunction, pyroptosis, and inflam-
mation after 8-week aerobic exercise. Collectively, these 
findings provide further support for aerobic exercise as a 
promising therapeutic strategy for improving cardiac dys-
function among individuals with obesity.

Methods and materials

Animals and exercise protocol

The procedures were approved by the Institutional Ani-
mal Care and Use Committee of Taiyuan University of 
Technology and Tsinghua University. Five-week-old male 
C57BL/6 J mice were randomly maintained with the normal 
diet (ND, 10% kcal from fat) or HFD (60% kcal from fat, 
Research Diets, D12492) for 24 weeks. The body weight 
was recorded weekly.

A cohort of HFD-fed mice were subjected to 8-week 
aerobic exercise since the eighteen weeks. The aerobic exer-
cise protocol was reported in our previous study [18]. In 
brief, aerobic exercise mice ran on the treadmill at a speed 
of 14–17.5 m/min for 60 min a day, 5 days a week. During 
the first week, the mice ran at a speed of 14 m/min, with an 
incremental increase of 0.5 m/min in the subsequent weeks. 
Aerobic exercise protocol is detailed in Supplementary 
Table 1.

Adeno‑associated virus 9 (AAV9) and agonist 
treatment

To explore the potential involvement of STING in exercise-
mediated cardioprotection, mice were subjected to intraperi-
toneal injection of the STING agonist diABZI at a dose of 
1.5 mg/kg every three days for eight weeks, beginning at 
eighteen weeks [19]. The control mice were injected with 
an equal volume of solvent.

To investigate the role of STING in HFD-induced cardiac 
dysfunction, mice were administered with AAV9 encoding 
shRNA targeting STING (shRNA-STING) (at the dose of 
1 ×  1011 vg/mice) to knockdown STING in mice hearts via 
the tail vein injection, or with AAV9 control vector as a 
negative control (shRNA-NC). The AAV9 used above were 
purchased from Hanheng Biotechnology. After one week of 
AAV9 injection, mice were intraperitoneally injected with 
the NLRP3 agonist nigericin at 5 mg/kg every other day for 
eight weeks [19]. The control mice were injected with an 
equal volume of solvent.

Echocardiographic assessment

Mice were anesthetized with 1.5% isoflurane, maintain-
ing heart rate ranging from 400 to 500 beats per minute. 
The mice were placed supine on a heated 37 °C platform to 
maintain body temperature. Transthoracic echocardiography 
was conducted using the high-resolution ultrasound imaging 
system (VINNO 6, Vinno Corporation, Suzhou, China) with 
a 23 MHz probe. M-mode echocardiograms were obtained 



Molecular and Cellular Biochemistry 

at the level of the papillary muscle to indirectly measure 
the left ventricle internal dimension diastole (LVIDd), left 
ventricle internal dimension systole (LVIDs), left ventricular 
anterior wall thickness systolic (LVAWs), left ventricular 
anterior wall thickness diastolic (LVAWd), left ventricular 
posterior wall thickness systolic (LVPWs), left ventricular 
posterior wall thickness diastolic (LVPWd), left ventricular 
end-diastolic volume (LVEDV) and left ventricular end-sys-
tolic volume (LVESV). Ejection fraction (%) was calculated 
according to the formula: EF (%) = (LVEDV − LVESV)/
LVEDV × 100. Fractional shortening (FS%) was calcu-
lated according to the formula: FS(%) = (LVIDd − LVIDs)/
LVIDd × 100. The echocardiographer was blinded to the 
experimental treatments. All the echocardiography param-
eters measured in this study have been listed in Supplemen-
tary Table 2.

Histological examination

The cardiac tissue specimens were embedded in optimal 
cutting temperature (OCT) compound and subsequently 
cryosectioned into 10-μm slices. Oil Red O staining was 
employed to evaluate lipid deposition within the cardiac tis-
sue, while 5-μm heart sections were subjected to picrosirius 
red staining for the detection of cardiac fibrosis. Histopatho-
logical images were visualized using an Olympus optical 
microscope (Olympus, Tokyo, Japan).

Serum total cholesterol and triglycerides assay

Serum total cholesterol and triglycerides were measured 
using a commercial assay kit (Nanjing Jiancheng Bioen-
gineering Institute, Nanjing, China). All detecting opera-
tions were performed following the kits manufacturer’s 
instructions.

Real‑time qPCR

The total RNA of the frozen heart tissues was isolated using 
TRIzol reagent, followed by reverse transcription into cDNA 
using a Transcriptor First Strand cDNA Synthesis Kit. 
Real-Time qPCR was performed employing SYBR Green 
PCR Master Mix (Beyotime, Nanjing, China). The expres-
sion levels of target genes were analyzed with the  2−ΔΔCt 
method and normalized against glyceraldehyde-3-phosphate 
dehydrogenase (Gapdh) as an internal control. The primer 
sequences employed in our study are provided in Supple-
mentary Table 3.

Western blot

The heart tissue samples were lysed by cold RIPA buffer. 
The protein concentration was quantified employing a 

BCA kit. The protein samples were separated by SDS-
PAGE and transferred to PVDF membranes. Following 
blocking with 5% non-fat dry milk for 1 h at room tem-
perature, the membranes were incubated with primary 
antibodies including STING (1: 1000, 13647, Cell Sign-
aling Technology), NLRP3 (1: 1000, 15101, Cell Sign-
aling Technology), pro-caspase-1 (1: 1000, ab179515, 
Abcam), cleaved caspase-1 (1: 1000, YC0003, Immuno-
way), GSDMD-N (1: 1000, ab215203, Abcam), GSDMD 
(1: 1000, ab219800, Abcam), L-1β (1: 1000, ab254360, 
Abcam), IL-18 (1: 1000, ab207323, Abcam), TNF-α (1: 
1000, 3707, Cell Signaling Technology) and β-actin (1: 
5000, GTX109639, Gene Tex) at 4 °C overnight. The 
membranes were incubated with the horseradish per-
oxidase-coupled secondary antibodies for 1 h at room 
temperature. Immunopositive bands were observed with 
ChemiDoc Touch Imaging System (Bio-Rad, USA).

Statistical analysis

All data are expressed as the mean ± standard deviation 
(SD). Analyses were performed using GraphPad Prism 9.0. 
Data were compared using two-way ANOVA followed by 
a Tukey’s multiple-comparison post hoc test. p < 0.05 was 
considered statistically significant.

Results

Aerobic exercise alleviates HFD‑induced cardiac 
dysfunction, pyroptosis, and inflammation

Echocardiography and cardiac morphological properties 
were performed in ND and HFD mice following 8-week 
aerobic exercise (Fig. 1A). We observed that HFD feeding 
resulted in increased body weight, serum total cholesterol 
and triglycerides, these effects were alleviated by aerobic 
exercise (Fig. 1B–D). In addition, echocardiography analy-
sis depicted that HFD intake significantly increased LVIDs 
and LVIDd and decreased EF and FS, but these effects were 
reversed by aerobic exercise (Fig. 1E–I). Oil red O and Pic-
rosirius Red staining showed that lipid accumulation and 
cardiac fibrosis were observed in HFD-induced obese hearts, 
while aerobic exercise alleviated these histological altera-
tions (Fig. 1J–M).

Subsequently, we investigated whether aerobic exercise 
attenuated HFD-induced cardiomyocyte pyroptosis and 
inflammation. Western blot analysis showed that the pyrop-
tosis biomarkers cleaved caspase-1 and GSDMD-N, and the 
inflammation biomarkers IL-1β, IL-18, and TNF-α were up-
regulated by HFD feeding. More importantly, aerobic exer-
cise effectively inversed the above alterations induced by 
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HFD (Fig. 1N–S). Collectively, these results indicated that 
aerobic exercise alleviates HFD-induced cardiac dysfunc-
tion, pyroptosis, and inflammation.

The cardiac STING and NLRP3 expression are 
increased after HFD and decreased after aerobic 
exercise

Fig. 1  Aerobic exercise improves HFD-induced cardiac dysfunction, 
pyroptosis, and inflammation. A Schematic diagram of aerobic exer-
cise and HFD-induced obesity model establishment. B–D Statistical 
analysis of body weight, serum total cholesterol and triglycerides 
(n = 10). E Representative echocardiographic images. F–I Quantita-
tive data on LVIDs, LVIDd, FS, and EF (n = 10). J–M Representa-

tive images and quantitative analysis of Oil red O staining (scale 
bar: 20  μm) and Picrosirius Red staining (scale bar: 50  μm; n = 3). 
N–S Western blot images and quantitative densitometry analysis of 
cleaved caspase-1, pro-caspase-1, GSDMD-N, GSDMD, IL-1β, 
IL-18, and TNF-α (n = 3). Data are shown as means ± SD. *p < 0.05, 
**p < 0.01. ns: no significant difference
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Aberrant activation of the STING-NRLP3 signaling path-
way plays an essential role in cardiovascular destruction, 
pyroptosis, and inflammation [19, 20]. Previous research 
has shown that STING and NLRP3 were increased in the 
hearts of diabetic mice [21]. In this study, we found that 
HFD feeding significantly increased the cardiac mRNA and 
protein levels of STING and NLRP3, but these effects were 
reversed by aerobic exercise (Fig. 2A–E). These data suggest 
that aerobic exercise might protect against HFD-induced car-
diac dysfunction, pyroptosis, and inflammation by inhibiting 
STING-NLRP3 signaling pathway.

STING activation impairs the protective effect 
of aerobic exercise in HFD‑induced cardiac 
dysfunction, pyroptosis, and inflammation

To clarify whether a decrease in STING is responsible for 
the protective effect of aerobic exercise in HFD-induced car-
diac dysfunction, a STING agonist (diABZI) was intraperi-
toneally injected in both the sedentary group and the aerobic 
exercise group of HFD-feed mice (Fig. 3A). The other 2 
parallel mice groups were injected with an equal volume 
of solvent. We observed intraperitoneal injection of diA-
BZI had no significant effect on body weight in HFD mice 
(Fig. 3B). As expected, diABZI significantly increased the 
cardiac expression of STING and exacerbated HFD-induced 
cardiac dysfunction, as evidenced by the increased LVIDs 
and LVIDd and the decreased FS and EF (Fig. 3E–I). Histo-
logical analyses showed that diABZI also exacerbated HFD-
induced lipid accumulation and cardiac fibrosis (Fig. 3J–M). 
Notably, the beneficial effects of aerobic exercise in HFD-
induced cardiac dysfunction appears to have been negated 
by diABZI, as there was no significant difference in the 
serum total cholesterol, triglycerides, LVIDs, LVIDd, FS, 
EF, lipid accumulation, and cardiac fibrosis between the 

HFD + diABZI + SED and HFD + diABZI + AE groups 
(Fig. 3C–M), indicating that inhibition of STING is essential 
for aerobic exercise induced cardiac protection.

Given the role of STING in pyroptosis and inflammation, 
we next investigated whether diABZI could abolish the anti-
pyroptotic and anti-inflammation effect of aerobic exercise. 
As expected, STING agonist exacerbated HFD-induced car-
diomyocyte pyroptosis and inflammation, as evidenced by 
the increased NLRP3, cleaved caspase-1, GSDMD-N, IL-1β, 
IL-18, and TNF-α. Notably, there was no significant differ-
ence in pyroptosis biomarkers and inflammation biomarkers 
levels between the HFD + diABZI + SED and HFD + diA-
BZI + AE groups (Fig. 4A–H). These results demonstrated 
that aerobic exercise attenuated HFD-induced cardiac dys-
function, pyroptosis, and inflammation by inhibiting STING.

NLRP3 activation abolishes the ameliorative 
effect of STING deficiency in HFD‑induced cardiac 
dysfunction, pyroptosis, and inflammation

NLRP3, as a downstream effector of STING, is essential 
for the activation of pyroptosis and inflammation [22]. 
Therefore, we explored whether STING deficiency exerts 
an anti-pyroptotic and anti-inflammation effect on HFD-
induced cardiac dysfunction by inhibiting NLRP3. We 
used AAV9 encoding shRNA targeting STING (shRNA-
STING) to knockdown STING in the hearts of HFD mice 
via the tail vein in vivo (Fig. 5A). Cardiac STING down-
regulation was verified by western blotting upon shRNA-
STING (Fig. 6A–B). We first observed that AAV9 encoding 
shRNA-STING had no significant effect on body weight, 
serum total cholesterol and triglycerides in HFD-fed mice 
(Fig. 5B–D). We found that STING knockdown improved 
HFD-induced cardiac dysfunction as demonstrated by the 
decreased LVIDs and LVIDd and the increased FS and EF 

Fig. 2  Aerobic exercise effec-
tively suppressed HFD-medi-
ated up-regulation of STING 
and NLRP3 in the hearts. A–B 
The mRNA levels of Sting and 
Nlrp3 in cardiac tissues by RT-
qPCR (n = 4). C–E Western blot 
images and quantitative densi-
tometry analysis of STING and 
NLRP3 (n = 5). Data are shown 
as means ± SD. *p < 0.05, 
**p < 0.01. ns: no significant 
difference
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(Fig. 5E–I). In addition, STING deficiency also reduced lipid 
accumulation and cardiac fibrosis in HFD-induced obese 
hearts (Fig. 5J–M).

One week after AAV9 injection, a NLRP3 agonist 
(nigericin) was intraperitoneally injected on alternate days 
in both the HFD + shRNA-NC group and the HFD + shRNA-
STING group of HFD-fed mice. The other 2 parallel mice 
groups were injected with an equal volume of solvent. 
As expected, nigericin significantly increased the cardiac 
expression of NLRP3 and exacerbated HFD-induced car-
diac dysfunction, as evidenced by the increased LVIDs and 
LVIDd and the decreased FS and EF (Fig. 5E–I). Nigericin 
also exacerbated HFD-induced lipid accumulation and 

cardiac fibrosis (Fig. 5J–M). Importantly, the ameliorative 
effects of STING knockdown in HFD-induced cardiac dys-
function appears to have been blocked by nigericin, as there 
was no significant difference in the serum total cholesterol, 
triglycerides, LVIDs, LVIDd, FS, EF, lipid accumulation, 
and cardiac fibrosis between the HFD + Nigericin + shRNA-
NC and HFD + Nigericin + shRNA-STING groups 
(Fig. 5C–M), suggesting that STING knockdown attenuated 
HFD-induced cardiac dysfunction by inhibiting NLRP3.

We further investigated whether NLRP3 activation could 
abolish the anti-pyroptotic and anti-inflammation effect of 
STING knockdown. As expected, STING deficiency reduced 
HFD-induced cardiomyocyte pyroptosis and inflammation, 

Fig. 3  STING agonist diABZI impairs the protective effect of aero-
bic exercise in HFD-induced cardiac dysfunction, lipid accumulation, 
and fibrosis. A Schematic diagram of aerobic exercise, diABZI injec-
tion and HFD-induced obesity model establishment. B–D Statistical 
analysis of body weight, serum total cholesterol and triglycerides 
(n = 8). E Representative echocardiographic images. F–I Quantita-

tive data on LVIDs, LVIDd, FS, and EF (n = 8). J–M Representa-
tive images and quantitative analysis of Oil red O staining (scale bar: 
20 μm) and Picrosirius Red staining (scale bar: 50 μm; n = 3). Data 
are shown as means ± SD. *p < 0.05, **p < 0.01. ns: no significant 
difference
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as demonstrated by the decreased NLRP3, cleaved cas-
pase-1, GSDMD-N, IL-1β, IL-18, and TNF-α. In addition, 
nigericin exacerbated cardiomyocyte pyroptosis and inflam-
mation in HFD-induced obese hearts. Notably, the levels of 
HFD-induced cardiac pyroptosis biomarkers and inflamma-
tion biomarkers were comparable between shRNA-NC and 
shRNA-STING treatment in Nigericin injected HFD-fed mice 
(Fig. 6A–H). Taken together, these results suggested that 
STING knockdown improved HFD-induced cardiac dysfunc-
tion, pyroptosis, and inflammation by inhibiting NLRP3.

Discussion

Obesity is recognized as an independent risk factor for 
cardiovascular disease [1]. Previous studies have demon-
strated that cardiomyocyte pyroptosis and inflammation 
are the primary pathological mechanisms underlying obe-
sity-related cardiomyopathy [9, 23]. Moderate-intensity 
aerobic exercise has been widely acknowledged to confer 
beneficial effects on cardiovascular diseases [24, 25]. In 

Fig. 4  STING agonist diABZI abolishes the anti-pyroptotic and anti-
inflammation effect of aerobic exercise. A–H Representative west-
ern blot images and quantitative densitometry analysis of pyroptosis 
biomarkers and inflammation biomarkers by detection of STING, 

NLRP3, cleaved caspase-1, pro-caspase-1, GSDMD-N, GSDMD, 
IL-1β, IL-18, and TNF-α expression levels (n = 3). Data are shown as 
means ± SD. *p < 0.05, **p < 0.01. ns: no significant difference
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this study, we present evidence that 8-week aerobic exer-
cise alleviates HFD-induced cardiac dysfunction, pyrop-
tosis, and inflammation by targeting the STING-NLRP3 
signaling pathway.

To date, no approved weight-loss drug has shown effi-
cacy in reducing the risk of cardiovascular events in obese 
individuals while also promoting weight loss [26]. Aerobic 
exercise has been proven as an effective approach for fat and 
weight reduction, as well as a therapeutic intervention to 
enhance cardiac function [27, 28]. A previous study showed 

that 12-week exercise training reduced cardiac lipid content 
and improved left ventricular EF in male overweight/obese 
subjects [29]. Another study reported significant improve-
ments in FS and EF, along with reductions in cardiac hyper-
trophy, fibrosis, and lipid accumulation following 8 weeks 
of swimming exercise in HFD-induced obese hearts [30]. 
Similarly, our study employed echocardiography along with 
Oil red O and Picrosirius Red staining to demonstrate that 
significant amelioration of HFD-induced cardiac dysfunc-
tion, fibrosis, and lipid accumulation after 8-week aerobic 

Fig. 5  NLRP3 agonist nigericin abolishes the ameliorative effect of 
STING deficiency in HFD-induced cardiac dysfunction, lipid accu-
mulation, and fibrosis. A Schematic diagram of AAV9 injection, 
diABZI injection, and HFD-induced obesity model establishment. 
B–D Statistical analysis of body weight, serum total cholesterol and 
triglycerides (n = 8). E Representative echocardiographic images. F–I 

Quantitative data on LVIDs, LVIDd, FS and EF (n = 8). J–M Repre-
sentative images and quantitative analysis of Oil red O staining (scale 
bar: 20  μm) and Picrosirius Red staining (scale bar: 50  μm; n = 3). 
Data are shown as means ± SD. *p < 0.05, **p < 0.01. ns: no signifi-
cant difference
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exercise. However, the precise molecular mechanism under-
lying exercise-induced protection against obesity-related car-
diomyopathy remains unclear.

HFD-induced cardiac dysfunction involves multiple 
molecular mechanisms, including oxidative stress, inflam-
mation, lipid accumulation, mitochondrial dysfunction, 
interstitial fibrosis and cardiomyocyte hypertrophy [31, 32]. 
Recent studies have highlighted the crucial roles played by 
the NLRP3 inflammasome and pyroptosis in the pathologi-
cal processes underlying HFD-induced heart injury [9, 33]. 
Pyroptosis represents a prototypical form of programmed 
cell death that is closely associated with inflammatory acti-
vation [13]. Notably, a study demonstrated that treadmill 
exercise effectively mitigated cardiac pyroptosis and inflam-
mation in HFD-feeding mice [16]. Consistent with these 

findings, our study aligns with previous research indicat-
ing that aerobic exercise ameliorates HFD-induced cardiac 
pyroptosis and inflammation. Collectively, these findings 
suggested that aerobic exercise exerts beneficial effects on 
HFD-induced cardiac dysfunction through suppression of 
cardiomyocyte pyroptosis and inflammation.

STING, a key adaptor protein in the innate immune 
response, is predominantly localized in the endoplasmic 
reticulum [34]. Growing evidence suggests that activation 
of STING leads to the release of various pro-inflammatory 
factors and plays a crucial role in initiating pyroptosis 
[35]. Recent reports have highlighted the significance of 
STING-mediated pyroptosis and inflammation in cardio-
vascular disease[14, 36]. Knockout of STING has been 
shown to significantly ameliorate lipopolysaccharide 

Fig. 6  NLRP3 agonist nigericin abolishes the ameliorative effect of 
STING deficiency in HFD-induced cardiomyocyte pyroptosis, and 
inflammation. A–H Representative western blot images and quantita-
tive densitometry analysis of STING, NLRP3, cleaved caspase-1, pro-

caspase-1, GSDMD-N, GSDMD, IL-1β, IL-18, and TNF-α (n = 3). 
Data are shown as means ± SD. *p < 0.05, **p < 0.01. ns: no signifi-
cant difference
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(LPS)-induced cardiac injury in mice by inhibiting myo-
cardial pyroptosis, inflammation, and apoptosis [20]. In 
addition, STING inhibitor C-176 or heart specific knock-
down STING has demonstrated promising results in reduc-
ing myocardial pyroptosis and inflammatory response 
while improving cardiac function in diabetic mice[21, 
37]. Similarly, our study revealed that up-regulation of 
STING expression in HFD-induced obese hearts; how-
ever, STING knockdown effectively improved cardiac 
dysfunction, pyroptosis, and inflammation. Interestingly, 
we found that aerobic exercise effectively reversed the 
HFD-induced up-regulation of STING expression, sug-
gesting that aerobic exercise may play the anti-pyroptosis 
and anti-inflammatory role by down-regulating STING 
expression. Notably, a recent study reported that over-
expression of STING compromised the neuroprotective 
effect exerted by treadmill exercise following traumatic 
brain injury [38]. In line with these findings, our study 
showed that intraperitoneal injection of the STING agonist 
diABZI largely abrogated the protective effect conferred 
by aerobic exercise against HFD-induced cardiac dysfunc-
tion as well as attenuated pyroptosis and inflammation. 
These findings confirmed that aerobic exercise attenuated 
HFD-induced cardiac dysfunction, pyroptosis and inflam-
mation by inhibiting STING.

NLRP3 serves as a crucial mediator in initiating immune 
response and inflammasome formation, thereby promoting 
the maturation and secretion of pro-inflammatory cytokines 
such as Caspase1, IL-1β, and IL-18, and initiate pyrodeath 
[39]. NLRP3 is believed to play a pivotal role in sensing 
obesity-related metabolic stress and mediating associated 
inflammatory responses and pyroptosis [40, 41]. A previous 
study has shown that NLRP3 knockout reduces systemic 
inflammation and improves cardiac remodeling in HFD-
fed mice [9]. Additionally, silencing the NLRP3 gene has 
been shown to ameliorate cardiac inflammation, pyroptosis, 
fibrosis, and cardiac function in diabetic rats [42]. In our 
study, we observed an up-regulation of NLRP3 expression 
in HFD-induced obese hearts. Moreover, intraperitoneal 
injection of the NLRP3 agonist Nigericin further exacer-
bated HFD-induced cardiac dysfunction, pyroptosis, and 
inflammation. These findings underscore the critical role of 
NLRP3 activation in obesity-related myocardial injury. A 
recent study reported that STING activation induces pyrop-
tosis and inflammation in hepatic cells through the activa-
tion of NLRP3 [15]. Interestingly, in the present study, we 
found that aerobic exercise downregulates the expression 
of NLRP3 in HFD-induced obese hearts. Therefore, we 
hypothesize that NLRP3 is a downstream target of STING 
down-regulation to exert anti-pyroptosis and anti-inflamma-
tory effects. Our present study revealed that NLRP3 agonist 
Nigericin significantly reversed the ameliorative effect of 
STING deficiency in HFD-induced cardiac dysfunction, 

pyroptosis and inflammation, suggesting that STING knock-
down improves HFD-induced cardiac dysfunction, pyropto-
sis and inflammation by inhibiting NLRP3.

To the best of our knowledge, this study represents the 
first evidence demonstrating that aerobic exercise mitigates 
HFD-induced cardiac dysfunction, pyroptosis, and inflam-
mation by inhibiting the STING-NLRP3 signaling pathway. 
These findings further support the potential therapeutic effi-
cacy of aerobic exercise in ameliorating heart dysfunction 
in obese patients and highlight the pivotal role played by 
the STING-NLRP3 signaling pathway. However, it should 
be noted that this study did not employ transgenic mice with 
cardiac-specific knockout or overexpression of STING to 
confirm the underlying mechanism. Furthermore, a compre-
hensive investigation into the upstream molecular mecha-
nisms through which aerobic exercise downregulates cardiac 
STING expression is still warranted.

Conclusion

Overall, this study has demonstrated 8-week aerobic exer-
cise alleviates HFD-induced cardiac dysfunction, pyrop-
tosis, and inflammation by targeting STING-NLRP3 sign-
aling pathway. Therefore, inhibition of STING-NLRP3 
signaling pathway may serve as a promising therapeutic 
strategy against obesity-induced cardiomyopathy.
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