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Abstract

Background: Radiotherapy is a commonly employed treatment modality for cancer; however, its radiobiological effects in hypertrophic
cardiomyopathy (HCM) remain unclear. Radiation exposure activates the cyclic guanosine monophosphate-adenosine monophosphate
(cGAMP) synthase (cGAS)-stimulator of interferon genes (STING) pathway, which is functionally associated with the activation of
NOD-like Receptor (NLR) family pyrin domain containing 3 (NLRP3) inflammasomes, known mediators of pyroptotic cell death.
Nonetheless, the underlying mechanism requires further investigation. Therefore, the objective of this study is to elucidate the role
of the cGAS/STING/NLRP3 pathway in the process of cardiomyocyte pyroptosis during radiotherapy for HCM.Methods: Transverse
aortic constriction surgery was conducted to establish a mouse model of pressure overload-induced HCM, followed by the administration
of 30 Gray (Gy) radiation one-week post-surgery. Cardiac morphology and function were evaluated through echocardiographic tech-
niques. Hematoxylin & Eosin staining, along with Wheat Germ Agglutinin (WGA) staining, were utilized to quantify the cross-sectional
area of cardiomyocytes and the degree of left ventricular hypertrophy. The HL-1 mouse cardiac muscle cell line was subjected to 40 Gy of
radiation using an X-ray irradiator to establish an in vitromodel of HCM, with or without the application of the NLRP3 inhibitor MCC950
and cGAS overexpression. Various assays, including the Cell Counting Kit-8 (CCK8), enzyme-linked immunosorbent assay (ELISA),
and 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimi- dazolylcarbocyanine iodide (JC-1) probe assays, were performed to assess cell vi-
ability, the concentrations of Interleukin (IL)-1β, IL-18, and cGAMP, as well as mitochondrial membrane potential. The morphology
of cell membranes and mitochondria was analyzed using scanning electron microscopy (SEM) and fluorescence in situ hybridization
(FISH) dual labelling techniques. The expression levels of cGAS, STING, and NLRP3 were evaluated through by western blot analysis.
Results: Radiotherapy reduced cardiac hypertrophy, improved cardiac function, and decreased fibrotic changes in HCM mice when
compared to control groups. The application of radiation resulted in pyroptosis in HL-1 cells and a reduction in cell viability; this effect
that was alleviated by the inhibition of NLRP3, while overexpression of cGAS exacerbated the situation. Furthermore, radiation led to
a decline in mitochondrial membrane potential and the leakage of mitochondrial DNA into the cytoplasm, which activated the cGAS-
STING signaling pathway, thereby initiating pyroptosis. This activation was corroborated by elevated levels of pyroptosis-associated
proteins, including cGAS, STING, NLRP3, caspase-1, Gasdermin D (GSDMD), cGAMP, IL-18, and IL-1β. Notably, the inhibition of
NLRP3 effectively abolished the upregulation of IL-18, and IL-1β levels. Conclusion: Radiation can improve cardiac function, de-
crease hypertrophy of myocardial cells, and induce oxidative stress. This oxidative stress results in the leakage of mitochondrial DNA
(mtDNA), which subsequently activates the cGAS/STING/NLRP3 signalling pathway, culminating in pyroptosis.
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1. Introduction

Hypertrophic cardiomyopathy (HCM) is character-
ized by left ventricular hypertrophy and is estimated to
affect approximately 0.2% of the general population [1–
3]. Contemporary therapeutic strategies have significantly
transformed HCM into a condition that is highly manage-
able, resulting in lowmortality rates. The standard manage-
ment of HCM typically involves pharmacological agents
such as calcium channel blockers and beta-blockers to mit-
igate disease progression. In certain cases, invasive inter-
ventions, including septal myectomy, percutaneous septal
ablation, and the implantation of cardioverter-defibrillators
(ICDs), may be warranted [4]. Especially, non-invasive

treatmentmodalities, such as stereotactic body radiotherapy
(SBRT), exhibit promising potential for the management of
HCM. SBRT is a highly precise radiation therapy that de-
livers high doses in fewer sessions, targeting tumors while
minimizing collateral damage to adjacent healthy tissues,
often employing advanced imaging and positioning tech-
nologies. Its therapeutic efficacy is attributed to both direct
cytotoxic effects on tumor cells and indirect mechanisms,
including vascular damage and immune system activation
[2,5,6]. SBRT has emerged as a promising non-invasive
treatment modality for various non-malignant conditions,
including arrhythmias [7], coronary artery in-stent resteno-
sis [8], trigeminal neuralgia [9], refractory epilepsy [10],
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and tremors [11], due to its precise targeting and favourable
safety profiles. In the context of cardiac disorders, exist-
ing literature suggests that SBRT is a safe non-invasive
intervention for ventricular tachycardia, as evidenced by
the short-term evaluations following treatment [12–14]. A
study by Li et al. [15] highlighted the successful application
of SBRT in five patients with drug-refractory symptomatic
HCM, utilizing 4D-computed tomography (CT) imaging to
monitor respiratory and cardiac motion during the proce-
dure. The administration of a radiation dose of 25 Gray
(Gy) resulted in an improved prognosis for the patient, with
no significant adverse effects reported during follow-up, in-
dicating that SBRT may be a viable non-invasive option
for patients with drug-refractory symptomatic HCM. Fur-
thermore, research conducted by Li et al. [2] on both ba-
sic and clinical levels demonstrated that a radiation dose of
40 Gy significantly reduced the spontaneous beating fre-
quency and regional thickness of neonatal rat cardiomy-
ocytes. In a rabbit model of HCM, the administration of
20–40 Gy resulted in a reduction in septal thickness and a
decrease in the left ventricular weight-to-body weight ra-
tio. In a clinical setting, three patients with HCM exhibited
improved clinical symptoms following SBRT, with no se-
vere adverse reactions noted during a four-week follow-up
period. Collectively, these findings underscore the feasibil-
ity, efficacy, and safety of SBRT as a treatment for HCM
[2]. Nonetheless, there are ongoing, challenges in refin-
ing treatment protocols, comprehending the long-term con-
sequences, and elucidating the underlying mechanisms as-
sociated with various conditions [16]. To date, limited re-
search has addressed the radiobiological effects of SBRT in
patients with cardiac patients, given that radiation exposure
can induce DNA double-strand breaks and mitochondrial
dysfunction, which may ultimately result in cellular apop-
tosis and tissue injury [17]. To improve the clinical utiliza-
tion of SBRT, a more comprehensive of its mechanisms is
necessary.

The processes by which radiation induces cellular
damage predominantly involve the impairment of DNA
due to high-energy ionizing radiation (IR) and the detri-
mental effects of reactive oxygen species (ROS) on cellu-
lar components. IR can result in various forms of DNA
damage, including strand chain breaks, cross-linking, and
structural alterations, which ultimately lead to cell cycle
arrest and cell death [18]. Furthermore, IR promotes the
generation of ROS, such as hydroxyl radicals and hydro-
gen peroxide, which inflict damage on essential macro-
molecules, including proteins, lipids, and nucleic acids,
thereby contributing to cellular injury. As a result, the
mechanisms associated with radiosensitization primarily
concentrate on promoting apoptosis, modifying cell cycle
distribution, enhancing the indirect cellular effects of ROS
generated by radiotherapy, and impairing the cellular ca-
pacity to repair DNA damage [19]. The cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP) syn-

thase (cGAS)-stimulator of interferon genes (STING) sig-
naling pathway represents an intracellular immune response
mechanism that is activated by cytosolic DNA andmediates
immune response [20]. Radiation-induced oxidative stress
can lead to the release of mitochondrial DNA (mtDNA)
into the cytoplasm, which subsequently activates the cGAS-
STING signaling cascade [21]. During tumor radiotherapy,
the irradiation of tumor cells results in the accumulation
of DNA or RNA fragments within the cytoplasm, thereby
triggering the cGAS-STING signalling pathway that detects
these nucleic acids. In addition, the cGAS-STING signal-
ing cascade plays a crucial role in regulating the expres-
sion of type I interferons (IFN-α/β) expression, thereby en-
hancing the immune response against tumors [22]. In the
context of tumor immunotherapy, the cGAS-STING path-
way has emerged as a significant target for inducing pyrop-
tosis, particularly in the context of overcoming resistance
to radio-immunotherapy [23]. Empirical studies indicate
that the cGAS-STING pathway is capable of triggering pro-
grammed cell death mechanisms, which may include apop-
totic processes mediated by absent in melanoma 2 (AIM2)
or NLR family pyrin domain containing 3 (NLRP3) in-
flammasomes [24,25]. The production of mitochondrial
ROS can lead to oxidative damage to mtDNA, which is
subsequently released into the cytoplasm, thereby activat-
ing cGAS-STING-mediated pyroptosis [26,27]. Pyropto-
sis is initiated by the activation of caspase-1 or caspase-
11 through the NLRP3 inflammasome. While pyropto-
sis shares morphological characteristics with both apopto-
sis and necrosis, it can be differentiated from these other
forms of programmed cell death by its distinctive features,
which include cell swelling, membrane rupture, DNA dam-
age, and the release of pro-inflammatory cytokines [28].
Furthermore, NLRP3 inflammasome-mediated pyroptosis
has been associated with a variety of pathological condi-
tions, including cardiovascular diseases [29]. However, the
specific role of NLRP3 inflammasome-mediated pyropto-
sis in the radiobiological effects of radiotherapy for HCM
remains inadequately elucidated.

To date, there have been no studies specifically in-
vestigating the cGAS/STING/NLRP3 signaling pathway in
the context of radiotherapy for HCM. Nevertheless, the
established role of this pathway in various cardiovascu-
lar diseases, coupled with the recognized impact of radi-
ation on oxidative stress and mitochondrial dysfunction,
underscores the necessity of investigating its involvement
in HCM. Therefore, the aim of this study was to elu-
cidate the mechanisms underlying cGAS/STING/NLRP3
signaling in the context of radiation-induced cardiomy-
ocyte pyroptosis of cardiomyocytes as a therapeutic ap-
proach for HCM. In this study, a model of HCM was
established in mice through transverse aortic constric-
tion (TAC) surgery, followed by the administration of 30
Gy of radiation one-week post-surgery. Cardiac struc-
ture and function were evaluated using echocardiogra-

2

https://www.imrpress.com


phy, while histological analyses were conducted to assess
cell size. In vitro experiments involved exposing HL-1
cells to 40 Gy of X-rays, with or without the NLRP3 in-
hibitor MCC950 and cGAS overexpression, to replicate
HCM conditions. Various assays, including Cell Count-
ing Kit-8 (CCK-8), enzyme-linked immunosorbent assay
(ELISA), 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimi-
dazolylcarbocyanine iodide (JC-1), and mitochondrial
health. Additionally, the protein expressions of cGAS,
STING, and NLRP3 were analyzed using western blotting
techniques.

2. Materials and Methods
2.1 Animals

C57BL/6J mice aged 6–8 weeks were obtained from
the HYcell Biotechnology (Wuhan, China) and allocated
into three distinct groups: a sham group (which underwent
surgery without ligation), an HCM group, and an HCM
group subjected to 30 Gy radiation treatment group (n = 5
per group). To create a mouse model of pressure overload-
induced HCM, TAC surgery was performed in accordance
with established protocols [30]. In brief, the mice were
anesthetizedwith a combination of 2% isoflurane (AErrane,
Baxter, Deerfiel, IL, USA) and 1.0 L/min of 100% oxygen
within an induction chamber. A longitudinal skin incision
measuring 1.0 cm was made at the suprasternal notch to ex-
pose the thymus and aorta. Following this, a 2 mm longitu-
dinal incision was made in the sternum. A bent 26 G needle
and a 6-0 silk suture were then employed to ligate the aorta
between the right innominate and left common carotid ar-
teries. In the sham control group, identical procedures were
executed, with the sole exception that the artery was not
subjected to ligation.

One week following the successful establishment of
the HCM mouse model, a radiation dose of 30 Gy was ad-
ministered over a two-week period. The body weights of
the mice across all three experimental groups were recorded
initially at baseline and subsequently at regular intervals
throughout the duration of the study. Observations were
conducted regarding mental health status, dietary and water
intake, urination and defecation patterns, as well as the con-
dition of the skin in the irradiated area for each group. Any
alterations or abnormalities were meticulously documented
and monitored. All mice were euthanized via cervical dis-
location, and cardiac tissues were subsequently harvested.
The mice were provided with humane care and were fed
in accordance with the standards set forth in the National
Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals. All animal maintenance and experi-
mental procedures were conducted in compliance with the
approval of the Ethics Committee of the Huashan Hospi-
tal Institutional Review Board (No 2020 Huashan Hospital
JS-590).

2.2 Echocardiography

To assess cardiac morphology and function, echocar-
diographic analysis was conducted utilizing an ultrasound
device (Mylab X5 Vet, Esaote, Genova, Italy), as outlined
in a prior study [31]. In summary, mice were subjected to
imaging under light anesthesia with a combination of isoflu-
rane (1–2%, AErrane, Baxter, Deerfiel, IL, USA) and oxy-
gen (1 L/min). Systolic and diastolic functions were eval-
uated through conventional M-mode and two-dimensional
echocardiography, augmented by pulse-wave Doppler tech-
niques. A range of parameters was documented, includ-
ing fractional shortening (FS), left ventricular (LV) ejection
fraction (LVEF), systolic posterior wall (SPW) thickness,
LV posterior wall (LVPW) thickness, LV internal diastolic
(LVID) diameter, LV internal systolic (LVIS) diameter, in-
terventricular septal systolic (IVSS) thickness, interventric-
ular septal diastolic (IVSD) thickness, LV end-diastolic vol-
ume, LV end-systolic volume, relative wall thickness, and
heart rate. LV volumes were determined by directly tracing
of the LVwall contour in the long-axis view to compute vol-
umes at end-diastole and end-systole. For each parameter,
three measurements were taken per subject.

2.3 Hematoxylin & Eosin (H&E) and Wheat Germ
Agglutinin (WGA) Staining

H&E (Hematoxylin, H9627-25G, Sigma-Aldrich, St
Louis, MO, USA; Eosin Y, D12621, Xiya Reagent, Lin-
shu, Shangdong, China) and WGA (L4895-2M, Sigma-
Aldrich, St Louis, MO, USA.) staining was performed to
evaluate the cross-sectional area of cardiomyocytes and the
degree of LV hypertrophy, respectively. Cardiac tissues
from the murine subjects were harvested and subsequently
fixed in formalin. Following standard protocols for dehy-
dration utilizing ethanol and achieving transparency with
xylene, the samples were embedded in paraffin for section-
ing. Subsequently, 5 µm sections were then stained with
H&E andWGA. Imaging was conducted using an Olympus
fluorescence microscope (CX-21, Tokyo, Japan), and the
cross-sectional area of the cardiomyocytes was quantified
employing the ImageJ software1.53 (National Institutes of
Health, Bethesda, MD, USA).

2.4 Cell Culture

The HL-1 mouse cardiac muscle cell line (SCC065,
acquired from Sigma-Aldrich, St.Louis, MO, USA) was
cultured in Dulbecco’s Modified Eagle Medium (DMEM,
10% FBS, 100 U/mL penicillin, and 100 µg/mL strep-
tomycin). DMEM and penicillin/streptomycin were ob-
tained from Hyclone (SH30023, SH30022, SH30021,
SH30265.01B, SH30809, SV30010, Logan, UT, USA), and
FBS was purchased from Tianhang (141215, Huzhou, Zhe-
jiang, China). All cell lines underwent validation through
short tandem repeat (STR) profiling. All cell lines under-
went validation using a MycoProbe Mycoplasma Detection
kit (CULoo1B, R&D systems, Minneapolis, MN, USA)
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and were confirmed to be free of mycoplasma contamina-
tion. The cells were maintained in an incubator under a 5%
CO2 atmosphere at 37 °C until they reached the logarithmic
growth phase. At this stage, the HL-1 cells were allocated
into several experimental groups: a control group, a radi-
ation group, a NLRP3 inhibitor group, a NLRP3 inhibitor
(MCC950, S8930, Selleck, Houston, TX, USA) combined
with radiation group, a cGAS overexpression group, and a
cGAS overexpression combined with MCC950 and radia-
tion group. The dose-response relationship regarding cell
viability post-irradiation was assessed, revealing a decline
in cell viability with increasing radiation doses. At a dose
of 40 Gy, cell viability approximated the half-maximal in-
hibitory concentration (IC50), while at 50 Gy, viability fell
below the IC50 threshold (refer to Supplementary Fig. 1).
Consequently, a radiation dose of 40 Gy was selected for
subsequent in vitro experiments with cells in the radiation
group receiving a single exposure of 40 Gy via an X-ray
irradiator (RS-2000, Radsource, Suwanee, GA, USA.).

2.5 Cell Treatment and Transfection
For the transfection procedure, HL-1 cells were

seeded at a density of 1.0×105 cells per well in 6-well
plates and incubated overnight to allow for adherence.
The transfection of the pCDNA3.1-FLAG-cGAS plasmid,
which was synthesized by ELK Biotechnology (Wuhan,
Hubei, China, refer to Supplementary Fig. 2), was per-
formed utilizing Lipofectamine 3000 transfection reagent
(11668019, Invitrogen, Carlsbad, CA, USA) in accordance
with the manufacturer’s guidelines. Control groups were
transfected with blank pCDNA3.1 vector. Additionally,
to inhibit NLRP3, HL-1 cells were treated with 20 µM of
MCC950.

2.6 CCK-8 Assay
To evaluate cell viability, a CCK-8 assay (C0038,

Beyotime, Shanghai, China) was conducted in accordance
with the manufacturer’s guidelines. A total of 5000 HL-1
cells were plated in eachwell of a 96-well plate, subjected to
various experimental treatments, and incubated overnight.
Subsequently, the cells were treated with 10 µL of CCK-
8 per well and incubated for a duration of 1–4 hours at 37
°C in an incubator. The optical density at 450 nm (OD450)
was then measured using a microplate reader (DR-200BS,
Hiwell-Diatek, Wuxi, Jiangsu, China).

2.7 Western Blot
Whole heart tissue samples from the mice or HL-

1 cells were subjected to lysis using a cell lysis buffer
(AS1004, Aspenbio, Wuhan, Hubei, China) supplemented
with a protease inhibitor cocktail (04693159001, Roche
Diagnostics, Mannheim, Germany) and phenylmethylsul-
fonyl fluoride (PMSF, AS1006, Aspenbio, Wuhan, Hubei,
China). The protein concentrations were quantified utiliz-
ing the BCA method (AS1006, Aspenbio, Wuhan, Hubei,

China). For each well, 10 µg of protein was applied
for separation via SDS-PAGE. Following this, the pro-
teins were transferred to polyvinylidene difluoride (PVDF)
membranes (Millipore, Bedford, MA, USA) employing a
blot transfer apparatus (AS1015, Aspenbio, Wuhan, Hubei,
China). After blocking with a blocking solution, the mem-
branes were incubated overnight with primary antibodies,
including anti-cGAS (1:1000, 26416-1-AP, Proteintech,
Wuhan, Hubei, China), anti-cAMP (1:2000, ab134901,
Abcam, Cambridge, UK), anti-STING (1:1000, 19851-
1-AP, Proteintech, Wuhan, Hubei, China), anti-NLRP3
(1:1000, 15101, CST, Boston, MA, USA), anti-caspase-1
(1:500, AF5418, Affbiotech, Cincinnati, OH, USA), anti-
cleaved caspase-1 (1:500, 89332, CST, Boston, MA, USA),
anti-GSDMD (1:1000, ab219800, Abcam, Cambridge,
UK), anti-GSDMD-N (1:1000, 10137, CST, Boston, MA,
USA), and anti-β-Actin (1:5000, TDY051, Tdybio, Bei-
jing, China). The following day, after washing the mem-
branes five times, they were incubated with the appropri-
ate secondary antibodies for 30 minutes at room tempera-
ture (RT). The secondary antibodies utilized in this study
included goat anti-rabbit IgG-HRP, goat anti-mouse IgG-
HRP, goat anti-rat IgG-HRP, rabbit anti-goat IgG-HRP, and
rabbit anti-sheep IgG-HRP (1:10,000 dilution, BA1055,
BA1075, BA1060, Boster, Wuhan, Hubei, China; ab97057,
ab6747, Abcam, Cambridge, UK). Detection was per-
formed using ECL substrate (AS1059, Aspenbio, Wuhan,
Hubei, China) in accordance with the manufacturer’s in-
structions.

2.8 ELISA
To assess the concentrations of Interleukin (IL)-1β,

IL-18, and cGAMP in the supernatants, we employed
Mouse IL-1 and Mouse IL-18 ELISA kits (ELK1271,
ELK2269, ELK Biotechnology, Wuhan, Hubei, China), as
well as a cGAMP ELISA kit (501700, Cayman, Ann Arbor,
MI, USA), following the protocols provided by the manu-
facturers.

2.9 Mitochondrial Membrane Potential and Morphology
To evaluate the reduction in mitochondrial membrane

potential, the JC-1 probe (C2006, Beyotime, Shanghai,
China) was employed in accordance with the manufac-
turer’s guidelines. Cells were treated with the JC-1 so-
lution at 37 °C for 30 minutes, ensuring protection from
light exposure. Subsequent to the incubation period, the
cells were rinsed three times with phosphate-buffered saline
(PBS), and the cell nuclei were stained with DAPI (D8417-
1MG, Sigma-Aldrich, St Louis, MO, USA) at RT for 20–30
minutes. Following the application of an anti-fade mount-
ing medium, fluorescence microscopy (CX-21, Olympus,
Tokyo, Japan) was employed to capture the resulting im-
ages.
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2.10 Scanning Electron Microscopy

The morphology of cell membranes was analyzed uti-
lizing scanning electron microscopy (SEM) in accordance
with established protocols [32]. Briefly, HL-1 cells were
cultured on 10 mm glass coverslips and subsequently fixed
for 2 h at RT in PBS buffer containing 2% paraformalde-
hyde and 3% glutaraldehyde. Following fixation, the cells
were rinsed with PBS buffer and post-fixed in 1% osmium
tetroxide (OsO4) for 30 minutes. The cells were then dehy-
drated through a graded series of ethanol solutions. Follow-
ing ethanol dehydration, the cells underwent critical point
drying, were mounted onto stubs, and coated with a thin
layer of conductive metal, specifically gold and palladium,
via a sputter coating technique. SEM images were captured
using the FEI Quanta 650 FEG SEM system (JEOL, Tokyo,
Japan), and representative images were selected for inclu-
sion in the results section.

2.11 Fluorescence in Situ Hybridization (FISH) Dual
Labelling

To evaluate mitochondrial morphology, HL-1 cells
were subjected to dual-labeling with MitoTracker® Red
(C1035, Beyotime, Shanghai, China) and PicoGreenTM
double-stranded DNA stain (P2023, UElandy, Hangzhou,
Zhejiang, China). Briefly, HL-1 cells were incubated with
PicoGreenTM stain at RT in the dark for 3 minutes. Follow-
ing this, the cells were washed three times with PBS and
subsequently stained with MitoTracker® Red (100 nM) for
20 minutes at 37 °C, while avoiding exposure to light. The
cells were then fixed using 4% paraformaldehyde and coun-
terstained with the nuclear dye DAPI. Imaging was cap-
tured by a confocal microscope (TCS SP5, Leica Microsys-
tems, Wetzla, Germany), and the resulting images were an-
alyzed using ImageJ software (version 1.6.0, National In-
stitutes of Health (NIH), Bethesda, MD, USA).to quantify
signal intensity.

2.12 Statistical Analysis

Data were analyzed and profiled by GraphPad Prism
9.0 (La Jolla, CA, USA). Prior to statistical analysis, the
normality of data distribution was assessed using a combi-
nation of the Shapiro-Wilk test and visual inspection meth-
ods, such as Q-Q plots and histograms. The results are
presented as mean values for each experimental repetition,
with the variability within each repetition represented by
the standard deviation (± SD). For datasets with a normal
distribution, comparisons between two groups were con-
ducted using a two-tailed Student’s t-test, while compar-
isons among multiple groups were assessed using a one-
way analysis of variance (ANOVA) followed by Tukey’s
post hoc post-test. For datasets that did not follow a normal
distribution or when normality could not be reasonably as-
sumed, non-parametric tests such as the Mann-Whitney U
test or Kruskal-Wallis test with Dunn’s post hoc test were

applied as appropriate. A p-value of less than 0.05 was con-
sidered statistically significant.

3. Results
3.1 Radiation Attenuates Cardiac Hypertrophy and
Improves Cardiac Functions in HCM Mouse Model

Echocardiographic assessments were conducted to
evaluate alterations in cardiac morphology and function
across three groups of experimental mice, which demon-
strated notable differences in several cardiac parameters
among the groups (Fig. 1A–C).

In comparison to the sham-operated mice, the mice
subjected to pressure overload-induced HCM mice exhib-
ited a significant reduction in LVEF and FS (p < 0.001,
Fig. 1D,E), which signifies compromised cardiac func-
tion. Additionally, the HCM mouse model displayed an in-
crease in LVPW thickness and SPW thickness (p < 0.001,
Fig. 1F,G), indicating the presence of hypertrophic alter-
ations in the myocardium. Furthermore, the HCM mice
showed an increase in LVID diameter and LVIS diameter
(p < 0.01, Fig. 1H,I), alongside a decrease in IVSD thick-
ness (p< 0.01) and IVSS thickness (p< 0.05, Supplemen-
tary Fig. 3A,B), which collectively suggest an expansion
of cardiac chamber dimensions.

Notably, the HCM mice that received a radiation dose
of 30 Gy exhibited marked enhancements in cardiac func-
tion, as indicated by significantly elevated values of EF, FS,
LVPW diameter, and systolic posterior wall thickness when
compared to the HCMmousemodel (Fig. 1D–G).While the
LVID and LVIS diameter measurements in the HCM + 30
Gy group remained higher than those observed in the sham-
operated mice, they were nonetheless reduced in compari-
son to the HCM mice (Fig. 1H,I).

The LV end-diastolic and end-systolic volumes were
significantly reduced in the HCM + 30 Gy group in com-
parison to the HCM group (Fig. 1J,K), indicating a poten-
tial enhancement in cardiac remodeling. However, there
was no observed alteration in the relative wall thickness,
which represents the ratio of wall thickness to chamber di-
ameter, between the HCM + 30 Gy radiation group and the
HCM group (Fig. 1L). Additionally, no notable changes
in heart rate were detected across all three experimental
groups (Supplementary Fig. 3C).

The results of this study confirm the effective creation
of a mouse model of HCM induced by pressure overload
through the use of TAC surgery. Furthermore, the find-
ings indicate that radiotherapy exerts a positive influence
on both cardiac morphology and function in the context of
HCM.

3.2 Radiation Alleviates Cardiac Hypertrophy and
Cardiomyocyte Enlargement

Pathological myocardial hypertrophy often leads to
the enlargement of cardiomyocytes, which serves as a sig-
nificant marker for HCM. Therefore, we performed WGA
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Fig. 1. Radiation attenuates cardiac hypertrophy and improves cardiac function in a pressure overload-induced hypertrophic
cardiomyopathy (HCM)mouse model. (A–C) M-mode echocardiography  photos for mouse hearts from sham-operated (A), HCM (B),
and HCM + radiation mouse groups (C). Scale bars represent 5 mm (vertical axis) and 250 ms (horizontal axis). Quantitative analysis of
left ventricular ejection fraction (LVEF) (D), fractional shortening (FS) (E), LV posterior wall (LVPW) thickness (F), systolic posterior
wall (SPW) thickness (G), LV internal diastolic (LVID) diameter (H), LV internal systolic (LVIS) diameter (I), LV end-diastolic volume
(J), LV end-systolic volume (K), and relative wall thickness (L).  Mean ± SD, n = 5 per group. **p < 0.01, ***p < 0.001, and ****p <
0.0001.

staining to assess the cross-sectional area of cardiomy-
ocytes, as thismeasurement is a dependable indicator of cel-
lular hypertrophy and other pathological alterations [33,34].
The findings from H&E and WGA staining of paraffin-
embedded heart tissue sections from three experimental
mouse groups demonstrated significant variations in both
the cross-sectional area of cardiomyocytes.

In sham-operated mice, the cross-sectional area of
cardiomyocytes was observed to be within normal limits
(mean = 217 µm2), with no significant hypertrophy de-
tected (Fig. 2A,B,G). Conversely, mice with HCM exhib-
ited a marked increase in cardiomyocyte size (mean = 356
µm2) when compared to the sham-operated group (p <

0.001, Fig. 2G), which is indicative of cardiac hypertrophy
(Fig. 2C,D). Notably, the mean cardiomyocyte size in the
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Fig. 2. Radiation improves cardiomyocyte hypertrophy. Light microscope images showing the cross-sectional area of cardiomyocytes
of the LV in three experimental mouse groups. Heart tissue sections were immuno-stained with hematoxylin & eosin (H&E) and Wheat
Germ Agglutinin (WGA) (green) in sham-operated mice (A,B), HCM mice (C,D), and HCM + radiation mice (E,F). WGA-stained
(green) images show myocardial hypertrophy. (A,C,E) the scale bar = 50 µm. (B,D,F) the scale bar = 20 µm. (G) Quantification of
cross-sectional myocyte area in sham-operated, HCM, and HCM + radiation mice. *p < 0.05, **p < 0.01, and ***p < 0.001.

HCM + 30 Gy group (mean = 292 µm2) remained signifi-
cantly larger than that of the sham group (p < 0.01); how-
ever, radiation treatment resulted in a significant reduction
in cardiomyocyte size relative to the HCM group (p< 0.05,
Fig. 2G), suggesting a potential attenuation of cardiac hy-
pertrophy (Fig. 2E,F). Furthermore, the degree of LV hyper-
trophy appeared to be diminished in HCMmice subjected to
radiation compared to their untreated counterparts (Fig. 2F
vs. Fig. 2D), indicating a possible beneficial effect of ra-
diation therapy on myocardial pathological changes. These
results imply that radiation treatment may have a modula-
tory influence onmyocardial cell hypertrophy in the context
of HCM.

3.3 NLRP3 Inhibition Rescues Radiation-induced Cell
Cytotoxicity

Considering the role of NLRP3 and the cGAS-STING
pathway in the modulation of pyroptotic cell death within
the context of cardiovascular disease [35], we proceeded to
examine the impact of NLRP3 inhibition and cGAS overex-
pression on cell viability. HL-1 cardiomyocyte cells were
divided into six experimental groups: a control group, a
radiation group, a NLRP3 inhibitor group, a NLRP3 in-
hibitor (MCC950) + radiation group, a cGAS overexpres-
sion group, and a cGAS overexpression +MCC950 + radia-
tion group. Initially, the effectiveness of radiation on HL-1
cells was assessed using SEM. As shown in Fig. 3B, X-ray
irradiated HL-1 cells exhibited signs of plasma membrane
rupture (indicated by red arrows) and a flattened cytoplasm,
which are characteristic features of pyroptotic cells, in con-
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Fig. 3. NLR family pyrin domain containing 3 (NLRP3) inhibition rescues radiation-induced cell cytotoxicity. (A,B) Representative
scanning electron microscopy (SEM) images of control HL-1 cells (A) and X-ray irradiated HL-1 cells (B). Red arrows indicate ruptured
plasma membrane. The scale bar = 20 µm. (C) Quantitative analysis of cell viability in HL-1 cells under different conditions. Cell
viability was assessed by Cell Counting Kit-8 (CCK8) assay. Mean ± SD, **p < 0.01, and ****p < 0.0001, compared to untreated
HL-1 cells.

trast to the control cells depicted in Fig. 3A. This obser-
vation confirms that the cells experienced pyroptosis as a
result of radiation exposure.

The results obtained from the CCK-8 assay confirmed
that radiation significantly reduced cell viability in com-
parison to control groups, thereby illustrating the cytotoxic
effects of radiation on HL-1 cells (p < 0.0001, Fig. 3C).
The NLRP3 inhibitor (MCC950) did not exhibit any signif-
icant impact on cell viability when assessed alone against
control cells. However, in HL-1 cells subjected to radi-
ation, the administration of MCC950 markedly enhanced
cell proliferation relative to the radiation only group (p
< 0.0001), indicating a protective role of the NLRP3 in-
hibitor against radiation-induced cytotoxicity. Conversely,
the overexpression of cGAS in cells exposed to radiation
resulted in a further decline in cell viability compared to
the radiation group, suggesting a harmful effect associated
with cGAS overexpression. Notably, this detrimental ef-
fect wasmitigated by the inhibition of NLRP3, as evidenced
in the pcDNA3.1-FLAG-cGAS+MCC950+radiation group
(Fig. 3C). These findings highlight the potential protective
benefits of NLRP3 inhibition on cell viability following ra-
diation exposure, while also emphasizing the adverse con-
sequences of cGAS overexpression.

3.4 Radiation Induces Loss of Mitochondrial Membrane
Potential and mtDNA Leak into Cytoplasm through
cGAS/STING/NLRP3

Mitochondrial homeostasis plays a vital role in the
regulation of pyroptosis. An overproduction of mitochon-
drial ROS can lead to the formation of macropore in the

outer mitochondrial membrane of mitochondria and subse-
quent damage to mitochondrial DNA. This damage facili-
tates the release of mtDNA into the cytoplasm, which acti-
vates the cGAS-STING pathway, thereby promoting pyrop-
tosis [21]. Therefore, our study sought to examine the im-
pacts of radiation exposure, NLRP3 inhibition, and cGAS
overexpression on mitochondrial membrane potential and
morphology.

Staining with the JC-1 probe demonstrated that expo-
sure to radiation resulted in a substantial reduction of mito-
chondrial membrane potential in HL-1 cells, as indicated by
a significant decrease in the red/green fluorescence ratio (p
< 0.0001) when compared to control cells (Fig. 4A). The
JC-1 aggregates emitted red fluorescence, while the pres-
ence of green fluorescence signified the existence of JC-1
monomers. In contrast, the group treated with the NLRP3
inhibitor (MCC950) in conjunction with radiation exhibited
a notable preservation of mitochondrial membrane poten-
tial relative to the radiation-only group (p < 0.001), imply-
ing a potential protective role of NLRP3 inhibition against
radiation-induced mitochondrial impairment. Conversely,
the overexpression of cGAS was found to further intensify
the loss of mitochondrial membrane potential in cells sub-
jected to X-ray irradiation compared to those exposed to
radiation alone. Notably, NLRP3 inhibition significantly
mitigated the detrimental effects of cGAS overexpression
in X-ray irradiated cells (p < 0.0001). It is important to
note that treatment of HL-1 cells with MCC950 alone did
not influence mitochondrial membrane potential.

The labeling of biologically activemitochondria (indi-
cated in red) and mtDNA (indicated in green) provided ev-
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idence that radiation exposure significantly enhanced both
the quantity of mitochondria and the release of mtDNA into
the cytoplasm (Fig. 4B,D), as illustrated in Fig. 4B,C (p <

0.0001). Notably, the inhibition of NLRP3 using MCC950
in X-ray irradiated HL-1 cells resulted in a significant re-
duction in mitochondria quantity compared to the radiation-
only group (p < 0.05, Fig. 4B,D,E,F). Furthermore, the
overexpression of cGAS further intensified the increase in
mitochondrial numbers relative to the radiation only group
(Fig. 4B,D,G), while the application of MCC950 signifi-
cantly alleviated this effect (p< 0.05, Fig. 4B,G,H). Collec-
tively, these results suggest that radiation-induced oxidative
stress disrupts mitochondrial membrane potential, facilitat-
ing the leakage of mtDNA, a process that is mediated by the
cGAS/STING/NLRP3 signaling pathway.

3.5 Radiation Induces Pyroptosis through Activation of the
cGAS/STING/NLRP3 Signalling Axis

The cGAS-STING signaling pathway plays a crucial
role in the regulation of pyroptosis via NLRP3 inflamma-
somes [36]. In summary, the detection of cytosolic DNA by
cGAS leads to the production of cGAMP, which initiates a
cascade reaction within the cGAS-STING pathway, a pro-
cess that is mediated by the NLRP3 inflammasome. The
activation of NLRP3 subsequently recruits and activates
caspase-1, which in turn activates the pro-inflammatory cy-
tokines IL-1β and IL-18, as well as GSDMD, a protein that
forms membrane pores upon cleavage, ultimately result-
ing in pyroptotic cell death. The N-terminal fragment of
GSDMD, referred to as GSDMD-N, is specifically respon-
sible for the formation of these membrane pores, thereby
compromising cellular integrity [5,37–39]. Additionally,
we demonstrated that the overexpression of cGAS signif-
icantly elevated the levels of NLRP3 in normal HL-1 cells,
thereby confirming the signaling cascades associated with
the cGAS/STING/NLRP3 signaling axis (Supplementary
Fig. 4A,B).

In light of the involvement of these proteins in
cGAS/STING/NLRP3-mediated pyroptosis, an analysis of
their levels was conducted in HL-1 cells through west-
ern blotting techniques. The findings from the western
blot analysis revealed that the irradiation of HL-1 cells re-
sulted in a marked upregulation of cGAS, STING, NLRP3,
caspase-1, cleaved caspase-1, GSDMD, and GSDMD-N
when compared to the control HL-1 cells (Fig. 5A–J).

Inhibition of NLRP3 in irradiated HL-1 cells led to
a marked decrease in the levels of cleaved caspase-1 (p <

0.01, Fig. 5G) and GSDMD-N (p < 0.0001, Fig. 5J). Fur-
thermore, the protein expression of NLRP3 was reduced
in cells treated with MCC950, thereby confirming the ef-
ficacy of NLRP3 inhibition (p < 0.0001, Fig. 5D). Con-
versely, overexpression of cGAS in X-ray irradiated cells
resulted in an exacerbation of all pyroptotic protein levels
compared to radiation treatment alone, with significant in-
creases observed in STING (p< 0.01), NLRP3 (p< 0.001),

caspase-1 (p < 0.001), cleaved caspase-1 (p < 0.01), GS-
DMD (p < 0.01), and GSDMD-N (p < 0.001, Fig. 5A–
J). Notably, the inhibition of NLRP3 reversed this trend,
as indicated by the reduced levels of caspase-1, cleaved
caspase-1, GSDMD, and GSDMD-N in the cGAS over-
expression + radiation + MCC950 group compared to the
cGAS overexpression and X-ray irradiation group (p <

0.0001, Fig. 5F–J). The levels of cGAS and STING re-
mained constant across these two groups, reinforcing the
hypothesis that NLRP3 functions downstream of the cGAS-
STING signaling pathway (Fig. 5A–C). Collectively, these
findings suggest that radiation-induced pyroptosis is me-
diated through the cGAS/STING/NLRP3 axis, and that
NLRP3 inhibition can mitigate pyroptosis activated by the
cGAS-STING pathway.

In alignment with these findings, the experiment in-
volving HCMmice demonstrated comparable outcomes, as
the group subjected to HCM and radiation exhibited signif-
icantly elevated protein levels of cGAS, STING, NLRP3,
caspase-1, cleaved caspase-1, GSDMD, and GSDMD-N in
comparison to the HCM-only group (Fig. 6A–J). This ob-
servation indicates the activation of the cGAS-STING sig-
naling pathway in response to cellular stress induced by ra-
diation. Conversely, it was unexpectedly noted that in the
HCMmouse model, the performance of TAC surgery led to
a reduction in the levels of pyroptotic proteins when com-
pared to the sham-operated group (Fig. 6A–J).

3.6 NLRP3 Inhibition Attenuates the Production of IL-18
and IL-1β

The concentration of cGAMP, the second messenger
that binds to STING, was assessed using ELISA assays. In
alignment with the observed trends in other pyroptotic pro-
teins previously discussed, a notable increase in cGAMP
levels was detected in mice subjected to HCM and radia-
tion when compared to those with HCM alone (p < 0.05,
Fig. 6K). In HL-1 cells, exposure to radiation resulted in el-
evated cGAMP levels relative to the control cells; however,
this increase did not reach statistical significance. Addition-
ally, NLRP3 did not appear to influence cGAMP levels in
cells exposed to X-ray irradiation. While overexpression of
cGAS seemed to elevate cGAMP levels, this increase was
not statistically significant when compared to the group ex-
posed solely to radiation (Fig. 6L).

As previously mentioned, IL-18 and IL-1β serve as
critical downstream mediators in the process of pyroptosis.
As shown in Fig. 6M,N, the exposure to radiation resulted
in a significant elevation of both IL-18 and IL-1β levels in
HL-1 cells (p < 0.001 and p < 0.01, respectively), thereby
indicating the activation of the NLRP3 inflammasome in re-
sponse to radiation-induced cellular stress. Conversely, the
application of MCC950, an inhibitor of NLRP3, resulted
in a marked reduction in the expression of IL-1β and IL-
18 in the presence of radiation. Furthermore, the overex-
pression of cGAS led to an increase in IL-1β and IL-18
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Fig. 4. Radiation-induced loss ofmitochondrialmembrane potential andmitochondrial DNA (mtDNA) leakage into the cytoplasm
through activation of cyclic guanosine monophosphate-adenosine monophosphate (cGAMP) synthase (cGAS)/STING/NLRP3.
(A) Quantitative analysis of mitochondrial membrane potential using JC-1 probe red/green fluorescence ratios in HL-1 cells. (B) The
expression levels of mtDNA and MitoTracker under different conditions. Mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001, compared to untreated control HL-1 cells. (C–H) Representative images showing mitochondrial DNA (green) and
mitochondria (red) in HL-1 cells under different conditions. The scale bar = 10 µm. Nuclei were, DAPI (blue).

levels; however, this increase was mitigated by the inhi-
bition of NLRP3, as evidenced in group subjected to cGAS
overexpression, MCC950 treatment, and radiation expo-
sure (Fig. 6M,N). Collectively, these findings underscore

the protective role of NLRP3 inhibition in mitigating py-
roptosis through the downregulation of pro-inflammatory
cytokine production.
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Fig. 5. Radiation induces pyroptosis through activation of cGAS/STING/NLRP3 axis in HL-1 cells. Immunoblots and histograms
show the protein levels of cGAS, STING, NLRP3 (A–D), caspase-1, cleaved caspase-1 (E–G), GSDMD, and GSDMD-N (H–J) in
different HL-1 cell treatment groups. A1: control HL-1 cells; B1: Irradiated HL-1 cells; C1: MCC950-treated HL-1 cells; D1: MCC950
+ irradiated HL-1 cells; E1: cGAS overexpression + irradiated HL-1 cells; and F1: cGAS overexpression + MCC950 + irradiated HL-1
cells. Mean ± SD, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

4. Discussion
SBRT is a well-established treatment modality for

cancer treatment [5]; however, its potential application
in the management of non-malignant conditions, such as
HCM, has recently gained attention [2,7]. The objective
of this study was to explore the molecular mechanisms un-
derlying cGAS/STING/NLRP3-mediated pyroptosis in the
context of radiotherapy for HCM, utilizing both in vivo
mouse models and in vitro cardiomyocyte experiments to
provide foundational evidence for the radiobiological ef-
fects of SBRT. Our results indicated that radiation ther-
apy enhanced cardiac function and reduced myocardial
cell hypertrophy in a mouse model of HCM. Furthermore,
we demonstrated that radiation-induced oxidative stress re-
sulted in the leakage of mtDNA into the cytoplasm, which

subsequently activated the cGAS-STING signaling path-
way. This activation ultimately led to pyroptosis of car-
diomyocytes through the involvement of NLRP3 inflam-
masomes (Fig. 7).

cGAS functions as a cytoplasmic sensor for DNA,
identifying cytosolic self-DNA, which includes damage-
associated molecular patterns (DAMPs) such as mtDNA
released from compromised mitochondria [37,38]. Upon
interaction with DNA, cGAS binds to STING to form a
complex, which also involves the synthesis of cGAMP.
This interaction initiates the activation of the kinases TBK1
and IKK, leading to the subsequent activation of the tran-
scription factors IRF3 and NF-κB, respectively [40,41]. In
alignment with previous studies [42,43], our findings indi-
cate that exposure to radiation resulted in elevated levels of
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Fig. 6. Radiation induces pyroptosis through activation of cGAS/STING/NLRP3 axis in HCM mouse model. Immunoblots and
histograms show the protein levels of cGAS, STING, NLRP3 (A–D), caspase-1, cleaved caspase-1 (E–G), GSDMD, and GSDMD-N
(H–J) in three mouse experimental groups, n = 5 per group. A2: sham-operated mice; B2: pressure overload-induced HCM mice; C2:
HCM + radiation mice. (K,L) Quantitative analysis of cGAMP levels in three experimental mouse groups (K), and HL-1 cells under
different conditions (L). (M,N) Quantitative analysis of IL-18 (M) and IL-1β (N) levels in HL-1 cells under different conditions. Mean
± SD, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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cGAS and STING, as well as an increase in other proteins
associated with pyroptosis, including NLRP3, caspase-1,
GSDMD, IL-18 and IL-1β, in bothHL-1 cells and an in vivo
mouse model of HCM. These results support the involve-
ment of the cGAS-STING-NLRP3 pathway in radiation-
induced pyroptosis (Fig. 7).

Fig. 7. Schematic diagram illustrating the effect of radi-
ation on the initiation of pyroptosis via activation of the
cGAS/STING/NLRP3 axis. Radiation exposure initiates oxida-
tive stress, leading to the release of mitochondrial DNA (mtDNA)
into the cytoplasm. This in turn activates the cGAS-STING
pathway, triggering a cascade that involves the induction of
pyroptosis-associated proteins. This intricate network under-
scores the radiation-induced mechanism leading to pyroptotic cell
death. This figure was created using Microsoft PowerPoint (Ver-
sion 16.52, Microsoft, Redmond, WA, USA) and Photoshop (CS6
version 13.0, Adobe, San Jose, CA, USA).

Furthermore, we provide mechanistic evidence indi-
cating that the activation of the cGAS-STING pathway in-
duces pyroptosis in cardiomyocyte and promotes the release
of proinflammatory cytokines in a manner dependent on the
NLRP3 inflammasome. Our results from in vitro experi-
ments utilizingHL-1 cells demonstrated that exposure to ra-
diation resulted in diminished cell viability, a notable reduc-
tion in mitochondrial membrane potential, and an increased
presence ofmtDNA in the cytoplasm. These adverse effects
were alleviated by the inhibition of NLRP3 through the ap-
plication of MCC950, a selective NLRP3 inhibitor, while
exacerbation occurred with the overexpression of cGAS.
This observation is consistent with prior research that estab-
lished a relationship between cGAS-STING and NLRP3.
In a model of cardiac injury induced by lipopolysaccha-

ride (LPS), Li et al. [44] reported that LPS-mediated stim-
ulation of STING activated NLRP3, a process contingent
upon the generation of ROS. Furthermore, the protective
effects observed following STING silencing in LPS-treated
cardiomyocytes were negated by NLRP3 overexpression
[36]. Additionally, a separate investigation by Yan et al.
[45] demonstrated that palmitic acid-induced lipotoxicity
resulted in pyroptosis through the activation of the NLRP3
inflammasome via the cGAS-STING signaling cascade in
myocardial cells, contributing to the pathogenesis of dia-
betic cardiomyopathy [45]. Interestingly, our in vivo in-
vestigation utilizing a mouse model of HCM induced by
pressure overload indicates that radiation therapy may con-
fer benefits in enhancing cardiac function and mitigating
cardiomyocyte hypertrophy, as evidenced by echocardio-
graphic assessments andWGA staining. These findings are
consistent with prior research demonstrating favorable re-
sponses to SBRT treatment in clinical HCM patient popula-
tions [2,7]. Notably, while endpoints such as apoptosis, py-
roptosis, and mitochondrial leakage are typically regarded
as adverse consequences of radiation exposure, within the
context of HCM, these phenomena may possess therapeu-
tic potential. This is attributable to the direct and indi-
rect cytotoxic effects of SBRT on aberrant cardiomyocytes,
which can contribute to the reduction of left ventricular out-
flow tract obstruction and myocardial ischemia [15]. Al-
though the observed “negative effects”, including apoptosis
and pyroptosis, may initially appear detrimental, they could
serve a dual purpose by curtailing the excessive growth and
proliferation of cardiomyocytes, thereby alleviating the hy-
pertrophic condition. For example, the activation of py-
roptosis via the cGAS/STING/NLRP3 signaling pathway
may facilitate the clearance of damaged and hypertrophied
cardiomyocytes, ultimately enhancing overall cardiac func-
tion.

It is important to recognize that the activation of the
cGAS-STING pathway induced by radiation is complex
and may result in various adverse therapeutic effects, such
as resistance to radiotherapy due to immunosuppression,
increased cell metastasis, and inflammatory conditions
caused in non-diseased tissues [43]. Study on resistance
to radio-immunotherapy indicates that the cGAS-STING
pathway can be activated to facilitate cell death, which
plays a role in combating tumor metastasis [23]. Never-
theless, as a critical regulatory axis of mitochondrial func-
tion in maintaining cellular homeostasis, the cGAS-STING
pathway is vital for the activation of autophagy, which helps
restore restores mitochondrial homeostasis [37,46,47]. Fur-
thermore, while radiotherapy has been employed in the
treatment of cardiac arrhythmias [48,49], there remains a
paucity of information regarding its clinical effectiveness
in the management of HCM. Therefore, it is crucial to clar-
ify the molecular mechanisms through which radiotherapy
mitigates HCM and to ensure that clinical applications are
conducted safely and effectively. Furthermore, in the cur-
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rent study, we have demonstrated that the mouse model of
pressure overload-induced HCM, established through TAC
surgery, exhibited lower levels of cGAS-STING compared
to the sham-operated mice. This finding contrasts with a
prior study that indicated TAC surgery activated cGAS-
STING signaling to promote pyroptosis [35].

In summary, our study offers novel insights into the
therapeutic potential of targeting the cGAS/STING/NLRP3
pathway in HCM. We demonstrate that SBRT can activate
this pathway, leading to pyroptosis and a reduction in car-
diac hypertrophy, thereby elucidating a novel mechanism
by which radiation therapy may be beneficial in the con-
text of cardiovascular diseases. This discovery not only en-
hances our understanding of the pathophysiological mech-
anisms underlying HCM but also provides a foundation for
the development of therapies based on pyroptosis. How-
ever, our study is not without limitations. Primarily, it
was conducted using animal models and cell lines, which
may not fully represent the complexities of the human car-
diovascular system. Future research utilizing human sam-
ples and primary cells is essential to validate the effects
of radiation on cGAS/STING/NLRP3-mediated pyroptosis
in HCM. Furthermore, the impact of inhibiting or over-
expressing of cGAS/STING/NLRP3 on radiation-induced
pyroptosis warrants investigation in vivo, alongside assess-
ments of cardiac function and myocardial morphology fol-
lowing radiation treatment combined with modulation of
cGAS/STING/NLRP3 signaling. Furthermore, it would
also be advantageous to explore the levels of ASC, a key
component of the NLRP3 inflammasome. Lastly, future
studies should also examine how inflammation induced by
the cGAS-STING pathway may contribute to the repair of
HCM and the downstream signaling mechanisms involved
in HCM treatment via SBRT.

5. Conclusion
In conclusion, this research offers significant contri-

butions to the understanding of the cGAS/STING/NLRP3
pathway-mediated pyroptosis in the context of radiotherapy
for HCM. Our findings indicate that radiation not only en-
hances cardiac function but also induces oxidative stress,
leading to mtDNA leakage. This leakage activates the
cGAS-STING pathway, subsequently promoting pyropto-
sis in cardiomyocytes. The results suggest that the cGAS-
STING pathway may represent a viable therapeutic target
for mitigating radiation-induced cardiomyocyte damage to
cardiomyocytes in HCM and other cardiovascular condi-
tions. Further investigation is warranted to comprehen-
sively assess the impact of activating or inhibiting critical
components of the cGAS-STING signaling pathway on the
effectiveness of radiotherapy. A deeper understanding the
role of the cGAS/STING/NLRP3 pathway’s role in HCM
could facilitate the development of targeted therapies that
replicate the advantageous effects of radiation. For exam-
ple, the design of small molecule inhibitors or activators of

this pathway could selectively induce pyroptosis in hyper-
trophic cardiomyocytes, thereby alleviating the pathologi-
cal hypertrophy without resorting to invasive interventions.
Moreover, these findings may contribute to the identifica-
tion of biomarkers for the early diagnosis and prognosis of
HCM, thereby improving enhancing patient stratification
and enabling personalized treatment approaches.
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