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Abstract 

Rationale: High-intensity psychological and physiological stress contributed greatly to development of cardiac disorders in 
contemporary society. However, the underlying molecular mechanisms remain largely unknown. Synaptotagmin-7 (Syt7), a Ca²⁺ 
sensor with high affinity, has been associated with synaptic transmission and tumor progression, but its role in cardiac stress 
responses remains poorly defined. 
Methods: Corticosterone (CORT) was used to induce stress injury in vivo and in vitro. The expression of Syt7 was modulated by 
genetic knockout, injection of adenoviral siRNA or injection of adeno-associated virus serotype 9 (AAV9) shRNA. Cardiac 
function and remodeling were evaluated by echocardiography, electrocardiography, and histological staining. Necroptosis was 
analyzed by propidium iodide (PI) staining, lactate dehydrogenase (LDH) release detection, and necroptosis marker levels. Ca²⁺ 
overload, ROS production, mitochondrial permeability transition pore (mPTP) opening, and bioenergetic profiling were assessed 
to evaluate mitochondrial function. Co-IP assay was performed to detect protein interaction, and ChIP- qPCR was performed to 
assess transcriptional regulation. 
Results: Syt7 expression was significantly upregulated in both cardiomyocytes and heart tissues exposed to CORT. Both genetic 
knockout and cardiomyocyte-specific knockdown of Syt7 significantly preserved cardiac function and rhythm, and alleviated 
myocardial hypertrophy and fibrosis in CORT-treated mice. Mechanistically, Syt7 regulated necroptosis by promoting calcium 
overload, ROS production, mitochondrial ΔΨm dissipation, and mPTP prolonged opening. Notably, Syt7 interacted with 
transcription factor p53 and enhanced p53- mediated transcription of Bcl-2 homologous antagonist/killer (Bak). Syt7, p53 and Bak 
constitute a novel signaling axis to regulate mitochondrial dysfunction and necroptosis. Therapeutically, cardiac delivery of 
Syt7-targeting siRNA via adenoviral vectors significantly alleviated structural remodeling, electrophysiological instability, and 
myocardial necrosis in CORT-challenged mice.  
Conclusions: The study identified Syt7 as a novel upstream regulator involved in cardiomyocyte necroptosis triggered by stress 
stimuli through a p53-Bak-mPTP pathway. Therapeutic targeting of Syt7 offers a promising strategy for protecting the heart against 
psychological or neuroendocrine stress-related injury. 
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Introduction 
Long-term or repeated exposure to natural 

stressors, such as earthquakes, human-made disasters 
(e.g., terrorist attacks and wars) [1, 2], economic 

stressors (e.g., work pressure and social isolation) [3], 
life factors (e.g., childhood trauma and marital 
problems) [4], and other stressors like noise [5, 6], can 
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severely damage the cardiovascular system. A broad 
range of systematic reviews and population—based 
investigations—have established that psychological 
stress contributes not only to the development of 
cardiovascular disease but also significantly predicts 
mortality, across general populations, individuals at 
elevated cardiovascular risk, and patients with 
confirmed diagnoses [7-10]. Stress contributes to a 
range of acute clinical cardiac events—such as 
arrhythmias (e.g., ventricular tachycardia, 
fibrillation), myocardial infarction, and other acute 
coronary syndromes—via the activation of 
autonomic, neuroendocrine, metabolic, and immune 
pathways [11-13]. Studies have shown that stress 
exposure in zebrafish and mice significantly reduces 
cardiomyocyte division, disrupts myocardial growth 
and trabecular architecture, and ultimately triggers 
maladaptive hypertrophy and impaired systolic 
performance during early cardiac development [14]. 
Furthermore, cold stress has been shown to induce 
mitochondrial damage in mice, resulting in 
abnormalities in cardiac structure and function [15]. 
Nonetheless, the molecular pathways driving 
myocardial damage in response to stress have yet to 
be fully elucidated. 

Several types of cardiomyocyte death have 
already been demonstrated in stress-induced cardiac 
injury, including apoptosis [16], autophagy [15], and 
ferroptosis [15]. Necroptosis (also known as 
programmed necrosis), exhibits tightly regulated 
caspase-independent form of necrotic cell death [17], 
and contributes greatly to stress-induced cell injury. 
Necroptosis-related target genes have been shown to 
be significantly upregulated in the stress-induced 
hippocampus and brain dysfunction in mice [18, 19]. 
In addition, necroptosis is activated in stress-induced 
mouse models of depression and in human astrocyte 
injury models induced by corticosterone (CORT) [20]. 
One of the major regulatory pathways of necroptosis 
is mitochondrial permeability transition pore 
(mPTP)-mediated necroptosis. mPTP functions as a 
voltage-dependent, non-selective channel that 
facilitates the diffusion of small solutes (≤1.5 kDa). 
Persistent opening disrupts mitochondrial 
homeostasis by dissipating membrane potential and 
cristae structure, promoting organelle swelling and 
cessation of ATP generation [21]. Sustained mPTP 
permeability facilitates unregulated translocation of 
cytosolic components into the mitochondrial interior, 
provoking osmotic imbalance, depolarization of the 
mitochondrial membrane, bioenergetic dysfunction, 
and progression toward necrotic cell death [22]. 
However, necroptosis, especially mitochondrial 
pathway of necroptosis, has not yet been reported in 
stress-induced cardiac injury. 

Synaptotagmin-7 (Syt7), a Synaptotagmin family 
member, features two C2 domains that binds Ca2+ 
with strong affinity, enabling it to regulate vesicle 
fusion in calcium signals [23]. The functional 
significance of Syt7 has been widely examined in the 
context of calcium-mediated synaptic transmission, 
where it modulates various modes of vesicle release, 
including asynchronous discharge following action 
potentials, short-term plasticity-driven rapid release, 
and baseline synaptic fusion events [24, 25]. Based on 
these functions, Syt7 participates in a variety of 
neurological disorders including manic-like 
behavioral abnormalities [26] and cognitive 
impairment [27]. Syt7 is implicated to tumorigenesis, 
such as chronic lymphocytic leukemia [28], NSCLC 
[29], gastric cancer [30], thyroid carcinoma [31] and 
HNSCC [32]. Recent advances suggest that Syt7 is 
abundantly expressed at cardiac sympathetic nerve 
terminals and contributes to blood pressure 
regulation [33, 34]. Moreover, Syt7 has been 
implicated in hypoxia/reoxygenation (H/R)-induced 
myocardial injury [35]. Our previous work 
demonstrated that Syt7 is abundant in the heart and 
promote myocardial hypertrophy by regulating 
autophagy [36]. However, the role of Syt7 in 
cardiovascular biology remains limited. In particular, 
it is unclear whether Syt7 contributes to the 
development of stress-induced myocardial injury and, 
if so, through which specific molecular mechanisms. 

Our present work identifies Syt7 as a novel 
regulator in stress-induced myocardial injury. Syt7 is 
upregulated in response to CORT. Loss-of-function of 
Syt7 preserves cardiac function and attenuates 
stress-induced arrhythmias, myocardial hypertrophy, 
and fibrosis. Mechanistically, Syt7 promotes 
necroptosis and mitochondrial dysfunction by 
interacting with p53 and enhancing its transcription of 
Bak. Importantly, adenoviral-mediated knockdown of 
Syt7 (si-Syt7) confers significant cardioprotective 
effects, providing mechanistic support for the 
development of Syt7-directed therapies to mitigate 
stress-driven myocardial injury. 

Materials and Methods 
Establishment of Syt7 knockout mouse and 
stress-induced myocardial injury model 

Synaptotagmin-7 (Syt7) knockout (KO) mice were 
purchased from Cyagen Biosciences. DNA was 
extracted from tail clippings at four weeks of age, and 
the mice were genetically identified by PCR employed 
the primers: Forward primer: 5'-GAGTTGAGTTA 
ATGTGGGCAG-3'; Reverse primer 1: 5'-CAAGGT 
GCTTAGTCTATGGAC-3'; Reverse primer 2: 5'-AT 
AGCCAGTGATTGCAGTATGG-3'. To control for 
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hormonal variability, male Syt7 KO and littermate 
wild-type (WT) mice (8 weeks, 24-26 g) were 
administered corticosterone (CORT) (10 mg/kg/day, 
i.p.) for seven days to induce stress injury [37]. 
Control groups received saline in the same volume. 

Construction and infection of adenovirus  
Syt7 siRNA consisted of 5'-GCAAACTGGGCA 

AACGCTACA-3' (sense), and 5'-TGTAGCGTTTGCC 
CAGTTTGC-3'(antisense). The scrambled siRNA was 
5'-ACTACCGTTGTTATAGGTG-3' (sense), and 
5'-CACCTATAACAACGGTAGT-3' (antisense). The 
ADV3 adenoviral vector (GenePharma, China) was 
used to be cloned with siRNAs or the corresponding 
scrambled controls. The adenovirus carrying Syt7 
siRNA (Ad-siSyt7) or scramble control (Ad-siNC) was 
diluted to 9 × 109 PFU/mL. A total of 45 μL of 
adenoviral solution was administered into the mouse 
myocardium at three distinct injection sites for in vivo 
gene delivery. For in vitro knockdown, cells received 
adenoviral transduction with Ad-siSyt7 or Ad-siNC at 
an MOI of 80 after reaching 70-80% confluency. Cells 
were incubated for 48 h before subsequent analyses.  

AAV9 virus preparation and in vivo 
administration 

To achieve cardiomyocyte-specific knockdown 
of Syt7 in C57BL/6J mice, short hairpin RNA (shRNA) 
sequences targeting Syt7 (sense: 5′-GCAAACTGG 
GCAAACGCTACA-3′; antisense: 5′-TGTAGCGTTTG 
CCCAGTTTGC-3′) or a non-targeting scramble 
control were cloned into an adeno-associated virus 
serotype 9 (AAV9) expression vector, where their 
expression was driven by the cardiac-specific cTnT 
promoter. Recombinant AAV9 vectors (AAV9-cTnT- 
shSyt7 and AAV9-cTnT-shNC) were packaged and 
purified by Hanbio Biotechnology (Shanghai, China). 
Eight-week-old mice received in situ intramyocardial 
injections of AAV9 at a dose of 1 × 10¹¹ viral genomes 
(vg) per mouse. 
Echocardiography and electrocardiogram 

Following the last intraperitoneal injection of 
CORT or saline, echocardiography and 
electrocardiogram were performed according to 
previously described methods [38]. Under 2% 
isoflurane anaesthesia, M-mode echocardiograms of 
the heart were acquired using a Prospect High- 
Resolution Imaging System (S-Sharp, Taiwan, China) 
equipped with a 40 MHz probe. Prior to imaging, the 
mouse chest was shaved using depilatory cream and 
coated with a medical ultrasound coupling agent. Key 
echocardiographic parameters assessed included 
LVID;s, LVID;d, LVEDV, and LVESV. Ejection 
fraction (EF) and fractional shortening (FS) were 

derived using standard formulas to evaluate systolic 
function: EF = [(LVEDV – LVESV)/LVEDV] × 100%, 
and FS = [(LVID;d – LVID;s)/LVID;d] × 100%. 
Electrocardiograms (ECGs) were recorded by 
connecting clip wires to subcutaneous needle 
electrodes placed on each of the mouse limbs 
according to the limb lead identification on the 
amplifier. Baseline ECGs were recorded using the 
SP2006 ECG recording and analysis system (Softron, 
China). 

Histological staining  
After echocardiography and electrocardio-

graphy, 5% isoflurane was used to induce deep 
anesthesia, after which cervical dislocation was 
performed, to ensure humane euthanasia. Mouse 
hearts were flushed with saline, weighed, and 
photographed. Additionally, the tibiae were 
harvested, and their length was measured. After 
dehydration in ascending concentrations of ethanol, 
the cardiac tissue was paraffin-embedded and sliced 
into 4 μm sections, which were then subjected to H&E 
staining, Masson’s trichrome, and Sirius red kits 
following the manufacturers’ protocols. These 
staining procedures were employed to evaluate 
histopathological changes, particularly myocardial 
vacuolation and interstitial fibrosis. TRITC-labeled 
wheat germ agglutinin (WGA) (Thermo Fisher, USA) 
was employed to label cardiomyocyte boundaries for 
cross-sectional area analysis. 

Cell cultivation and treatment strategy 
H9c2 cells and HEK293 cells were maintained in 

DMEM (Hyclone, USA) containing 10% FBS, 
100 U/mL penicillin, 0.1 mg/mL streptomycin, and 
110 mg/mL sodium pyruvate. Neonatal rat primary 
cardiomyocytes were harvested from 1-to-2-day-old 
Sprague Dawley neonatal rats and maintained in 
DMEM/F-12 (Hyclone, USA) containing 5% FBS, 
100 U/ml penicillin, 0.1 mg/mL streptomycin, and 
0.1 mM bromodeoxyuridine. Standard culture 
conditions were applied (37 °C, 5% CO₂, humidified 
incubator). Unless otherwise indicated, cells were 
exposed to CORT at a dose of 1 μM for 48 h. 

PI-based visualization of necrosis 
Necroptosis in myocardial tissue and 

cardiomyocytes was evaluated using propidium 
iodide (PI) (Yensea, China). PI was infused 
centripetally through the pulmonary artery. After 30 
min, the hearts were rinsed with saline, removed, 
fixed in paraformaldehyde and 30% sucrose, rapidly 
frozen in liquid nitrogen, and sectioned at a thickness 
of 4 μm. Cardiomyocytes and nuclei were visualized 
using α-actinin and DAPI staining, respectively. H9c2 
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cells were exposed to PI (1.5 μM, 30 min) on ice. After 
fixation with 4% paraformaldehyde and DAPI 
staining, cells were examined by fluorescence 
microscopy (Nikon, Japan) to detect necrotic 
cardiomyocytes, and image data were recorded for 
analysis. 

Lactate dehydrogenase (LDH) release 
measurement 

LDH activity was assessed in both mouse serum 
and cardiomyocyte culture supernatants using a kit 
(Nanjing Jiancheng Bioengineering Institute, China). 
In brief, samples were exposed to matrix buffer and 
coenzyme I at 37 °C for 15 min, and subsequently 
treated with 2,4-dinitrophenylhydrazine for another 
15 min. After incubation with 0.4 M NaOH at room 
temperature for 5 min, optical absorbance at 450 nm 
was captured by a microplate spectrophotometer.  

CCK-8 assay 
Cell Counting Kit-8 (CCK-8; Abbkine, BMU106- 

CN, China) was used to determine cells viability 
following the manufacturer's protocol. In brief, 
samples were exposed to CCK-8 solution at 37 °C for 
1-3 h. The optical density at 450 nm was recorded. 

Detection of mitochondrial △Ψm 
Mitochondrial Δψm was quantified using the 

5,5',6,6'-tetrachloro-1,1',3,3'-tetraethyl-1H-imidazole-2
-carboxylic acid (JC-1) (Beyotime, Shanghai, China) 
kit. Following treated with JC-1 working buffer (37 °C, 
20 min), heart tissue cryosections or H9c2 cells were 
imaged using a fluorescence microscope (Nikon, 
Japan). 

Reactive oxygen species (ROS) staining 
The intracellular accumulation of ROS was 

evaluated using a ROS detection kit (Solarbio, China). 
In brief, samples were incubated with 10 μM 
DCFH-DA at 37 ℃ for 20 min, followed by washed 
with serum-free medium for 3 times to remove the 
unincorporated dye. Afterwards, fluorescence signals 
were visualized using a Nikon fluorescence 
microscope, and signal intensity was quantified. 

Calcein-AM staining  
The mitochondrial permeability transition pore 

(mPTP) was evaluated using the mPTP assay kit 
(Beyotime, China). In brief, the fluorescence 
quenching solution CoCl2 was added to the prepared 
Calcein AM assay buffer and mixed thoroughly. After 
washed with PBS, the cells were treated with the 
prepared solution for 30 min at 37 °C. Afterward, the 
medium was substituted with fresh DMEM, and the 
cells were maintained at 37 °C in the absence of light 

for another 30 min. Fluorescence signals were 
detected under a fluorescence microscope. 

Assessment of mitochondrial swelling 
The mitochondrial swelling detection was 

performed as we previously described [39]. 
Mitochondria were extracted using the mitochondrial 
isolation kit (Solarbio, China), and then resuspended 
in swelling buffer supplemented with 100 mM KCl, 
5 mM KH2PO4, 50 mM MOPS, 1 mM MgCl2, 0.5 µM 
EGTA, 5 mM malate, and 5 mM glutamate. The 
absorbance at 520 nm (OD1) was first detected. To 
induce swelling, mitochondria were supplemented 
with 200 μM CaCl2, and assessed the absorbance at 
540 nm (OD2) at 1 min interval for 30 min using a 
microplate spectrophotometer. The difference 
between OD2 and OD1 was used for statistical 
analysis. 

Dual-luciferase reporter assay 
Potential transcription factor binding sites of p53 

within the promoter regions of Bak were predicted 
using the JASPAR database (http://jaspar.genereg 
.net/). Based on the analysis results, the p53-bound 
Bak promoter sequences were cloned into the pGL4 
vector, downstream of the firefly luciferase gene. 
Cardiomyocytes were transfected with the 
recombinant vector using Lipofectamine 3000 
(Thermo Fisher, USA). Afterwards, cells were 
collected and subjected to luciferase activity analysis 
using the Dual-Luciferase Reporter Assay Kit 
(HANBI, China). Firefly and Renilla luciferase signals 
were measured, and their activity ratio was calculated 
to assess reporter gene expression. 

Ca2+ flux assays 
Intracellular Ca2+ levels in cardiomyocytes were 

assessed by the Fluo-4 NW Calcium Assay Kit 
(Thermo Fisher, USA). Cells were treated with Fluo-4 
dye at 37 °C for 45 min, followed by an additional 
30-min equilibration period at ambient temperature. 
Calcium flux assessment was carried out by 
MetaFluor software and an ion imaging system, 
recording the relative fluorescence intensity of 
calcium ions in specific cells at a frequency of once 
every 3 s. After the recorded curve stabilizes, 50 mM 
KCl was administered to excite the cells, and 
recording continued until the fluorescence value 
returned to a stable state. The relative fluorescence 
intensity was used to represent the relative value of 
intracellular calcium ions. 

Immunofluorescent staining 
Cells were treated with 4% formaldehyde 

solution preheated to room temperature for 30 min. 
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Subsequently, cells were rinsed 3 times with PBS, 
followed by permeabilization and blocking at ambient 
temperature for 30 min. After overnight incubation 
with primary antibodies anti-Syt7 (Synaptic Systems, 
Germany, 105173), anti-p53 (CST, USA, 32532S) at 
4 °C, the cells were exposed to Alexa Fluor–labeled 
secondary antibodies for 1 h. Afterward, nuclei were 
stained with DAPI to visualize nuclear morphology. 
Secondary detection was performed using Alexa 
Fluor–conjugated goat anti-mouse IgG (Beyotime, 
A4028) and anti-rabbit IgG (Beyotime, A0562). 
Fluorescence images were acquired with a Nikon 
fluorescence microscope. 

Co-immunoprecipitation (Co-IP) assays 
Co-IP was conducted with the Pierce® Classic IP 

kit (Thermo Fisher, USA). Briefly, the designated 
antibody was combined with protein A/G agarose 
slurry and gently rotated for 1 h to facilitate binding. 
Following cell disruption using IP lysis/wash buffer, 
total protein content was determined for each lysate. 
Next, 200 μg of protein lysate was exposed to the 
antibody cross-linking resin at 4 °C under continuous 
rotation overnight. The resulting immune complexes 
were isolated using magnetic separation and rinsed 
twice with lysis/wash buffer to eliminate non-specific 
proteins. Target antigens were eluted and denatured 
for Western blot analysis using the primary 
antibodies: anti-Syt7 (Synaptic Systems, Germany, 
105173) and anti-p53 (CST, USA, 32532S). 

Cell bioenergetic profiling 
Mitochondrial function was assessed in real time 

by measuring oxygen consumption rate (OCR) using 
the Seahorse XFe24 Analyzer (Agilent Technologies, 
USA), providing insight into cellular respiratory 
capacity. In brief, cells were exposed to Seahorse XF 
assay medium supplemented with 10 mM glucose, 
2 mM glutamine, and 1 mM pyruvate at 37 °C for 1 h. 
Then, the cells were incubated with oligomycin, 
FCCP, and Rot/AA to assess mitochondrial 
respiratory parameters, including baseline oxygen 
consumption, ATP-linked respiration, and maximal 
respiratory capacity. 

Chromatin immunoprecipitation quantitative 
PCR (ChIP-qPCR) 

ChIP Kit (Abcam, USA) was used to perform 
ChIP assays. Briefly, cells were fixed with formalin 
and glycine, followed by lysis using an ultrasonic 
disruptor. DNA fragments (200-1000 bp) were 
incubated with p53 or IgG antibody and magnetic 
beads. Then the DNA was eluted from the 
immunoprecipitated samples and analyzed by qPCR 
assay. Specific primers based on predicted binding 

sites were used: forward, 5'-CCTCTGCCTCCTG 
AGTGTTG-3'; reverse, 5'-TCCTGAACAGTAAAG 
GCCACAAG-3'. Relative DNA levels were 
determined by normalizing to IgG ChIP samples as 
negative controls. 

Western blotting 
Tissues or cells were lysed with RIPA lysis buffer 

supplemented with a mixture of 0.1 mM PMSF and a 
protease inhibitor cocktail. After determining protein 
concentrations, lysates were denatured at 100 °C for 
10 min, and subjected to SDS-PAGE. Following 
electrophoresis, proteins were transferred to PVDF 
membranes (Millipore, USA), which were then 
blocked using 5% skim milk for 1 h. Subsequently, 
membranes were incubated overnight at 4 °C with 
designated primary antibodies, and then exposed to 
HRP-labeled secondary antibodies for 1 h. Signal 
detection was performed using enhanced 
chemiluminescence (ECL) on a Bio-Rad ChemiDoc 
imaging system. The following antibodies were used: 
anti-Syt7 (Abcam, USA, ab174633; Immunoway, 
China, YN1931; Synaptic Systems, Germany, 105173), 
anti-p53 (CST, USA, #32532S), anti-Histone 
(Beyotime, China, AF0009), anti-Bak (CST, USA, 
#12105), anti-Cleaved Caspase 3 (CST, USA, #9664), 
anti-Cleaved Caspase 9 (CST, USA, #52873), 
anti-Cleaved Caspase 7 (CST, USA, #8438), anti-Bax 
(CST, USA, #2772), anti-Bim (CST, USA, #2933), 
anti-Bik (CST, USA, #4592), anti-PHOSPHO-MLKL 
(SER358) (ThermoFisher Scientific, USA, PA5-105678), 
and total and cleaved N-terminal GSDMD antibody 
(Abmart, China, P30823S). 

Quantitative reverse transcription-PCR 
Total RNA was extracted using TRIzol reagent 

and reverse-transcribed into cDNA with the 
All-in-One First-Strand cDNA Synthesis SuperMix 
(AU341-02, TransGen Biotech, China). Quantitative 
PCR was performed using SYBR qPCR Super Mix 
(MF797-01, Mei5bio, China) on a QuantStudio 3 
system. The mRNA levels of PTGS2, Syt1, Syt3, Syt4 
and Syt7 were measured and normalized to GAPDH. 
The primers are presented as follows. Rat PTGS2: 
forward, 5'-ATGTTCGCATTCTTTGCCCAG-3'; 
reverse, 5'-TACACCTCTCCACCGATGAC-3'. Mouse 
Syt1: forward, 5'-CTGTCACCACTGTTGCGAC-3'; 
reverse, 5'-GGCAATGGGATTTTATGCAGTTC-3'. 
Mouse Syt3: forward, 5'-CTCATCTCCTCGAAGC 
CATAATGT-3'; reverse, 5'-CTTGGACAACAGCA 
AAGAGACAGA-3'. Mouse Syt4: forward, 5'-TGACC 
CGTACATCAAAATGACAA-3'; reverse, 5'-GTGGGG 
ATAAGGGATTCCATAGA-3'. Mouse Syt7: forward, 
5'-AACCCCTCTGCCAACTCCAT-3'; reverse, 5'-GCG 
GCTGAGCTTGTCTTTGT-3'. Rat GAPDH: forward, 
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5'-TGGAGTCTACTGGCGTCTT-3'; reverse, 5'-TGTC 
ATATTTCTCGTGGTTCA-3'. Mouse GAPDH: 
forward, 5'-TGTGTCCGTCGTGGATCTGA-3'; 
reverse, 5'-CCTGCTTCACCACCTTCTTGA-3'.  

Statistical analysis 
Data are expressed as the mean ± standard 

deviation (SD) based on at least three independent 
experiments. For comparisons between two groups, 
Student’s t-test was applied. Multiple group 
comparisons were performed using one-way or 
two-way analysis of variance (ANOVA) as 
appropriate. Statistical analysis was conducted using 
GraphPad Prism software. Differences were 
considered statistically significant at * p < 0.05, ** p < 
0.01, *** p < 0.001, **** p < 0.0001. 

Results 
Synaptotagmin-7 deficiency preserves cardiac 
function and alleviates stress-induced 
structural remodeling 

Synaptotagmins (Syts) are key calcium sensors 
involved in membrane fusion and stress-responsive 
signaling [40-45]. To explore the potential 
involvement of specific Syt isoforms in stress-induced 
cardiac injury, we analyzed the mRNA levels of Syt1, 
Syt3, Syt4, and Syt7 in hearts of mice administered 
corticosterone (CORT), a primary glucocorticoid 
hormone widely used to model psychological stress in 
rodents [37]. Results revealed that Syt1, Syt4, and Syt7 
were significantly upregulated upon CORT exposure, 
whereas Syt3 remained unchanged (Figure S1). 
Among the upregulated molecules, Syt7 displayed the 
most stable induction across replicates, as evidenced 
by the lowest standard error. A robust elevation of 
Syt7 protein levels was observed in CORT-treated 
cardiac tissue (Figure 1A). Given this expression 
pattern, along with the established role of Syt7 in 
calcium signaling and cardiac physiology, we selected 
it as a candidate target for in-depth functional 
analysis in stress-induced myocardial injury. Syt7 
knockout (KO) mice were generated through 
CRISPR/Cas9 (Figure 1B). At eight weeks of age, both 
Syt7 KO mice and wild-type (WT) mice received 
intraperitoneal injections of CORT for stress 
induction, and cardiac function was evaluated one 
week later (Figure 1C). Compared to WT mice, Syt7 
KO mice exhibited improved heart function, as 
evidenced by increased ejection fraction (EF) and 
fraction shortening (FS), and restoration of left 
ventricular internal diameter at diastole (LVID;d) and 
left ventricular internal diameter at systole (LVID;s) 
(Figure 1D-H). Furthermore, electrocardiograms 
revealed that WT mice exposed to CORT developed 

T-wave alternans and arrhythmias, which was 
ameliorated by knockout of Syt7 (Figure 1I). These 
findings suggest that Syt7 deficiency mitigates the 
stress-induced cardiac dysfunction and arrhythmias. 
We further explored whether Syt7 regulates stress- 
induced cardiac remodeling. Syt7 knockout mice 
exhibited smaller hearts following stress induction 
compared to control group (Figure 1J-K). 
Additionally, Syt7 deficiency resulted in a 
significantly lower ratio of heart weight-to-body 
weight (HW/BW) (Figure 1L) and heart weight-to- 
tibia length (HW/TL) (Figure 1M). A reduction in 
cardiomyocyte size was also observed in the stressed 
hearts of Syt7 KO mice, as assessed by wheat germ 
agglutinin (WGA) staining (Figure 1N). Stress 
induced cytoplasmic vacuolization in the 
myocardium, which was significantly attenuated by 
Syt7 deletion (Figure 1O). Furthermore, knockout of 
Syt7 mitigated cardiac interstitial fibrosis induced by 
CORT, demonstrated by Sirius red staining (Figure 
1P) as well as Masson’s trichrome staining (Figure 
1Q). To achieve cardiomyocyte-specific silencing of 
Syt7, a recombinant adeno-associated virus serotype 9 
(AAV9) vector encoding Syt7-targeting shRNA under 
the control of the cardiac-specific cTnT promoter was 
constructed and delivered via in situ myocardial 
injection (Figure S2A). Effective knockdown of Syt7 
was detected in hearts, whereas its expression 
remained unchanged in non-cardiac tissues, including 
the liver, spleen, lung, kidney, and brain (Figure 
S2B-G), confirming tissue specificity. Functionally, 
cardiac-specific silencing of Syt7 markedly 
ameliorated CORT-induced cardiac dysfunction 
(Figure S3A-E), T-wave alternans and arrhythmias 
(Figure S3F). Histological analysis further 
demonstrated that Syt7 knockdown mitigated CORT- 
induced myocardial injury including increased heart 
volume (Figure S4A-D), increased cardiomyocyte size 
(Figure S4E), cytoplasmic vacuolization (Figure S4F), 
and cardiac interstitial fibrosis (Figure S4G-H). Taken 
together, Syt7 has been identified as a critical 
modulator of stress-induced cardiac dysfunction and 
myocardial injury. 

Synaptotagmin-7 regulates cardiomyocyte 
necroptosis under stress 

To investigate the function of Syt7 in cardiac 
stress injury and the precise mechanisms, in vitro 
investigations were performed. The expression levels 
of Syt7 are markedly increased by CORT at a dose of 
1µM (Figure 2A). Upon 1 µM CORT treatment, Syt7 
increased in a time-dependent manner, with a 
significant elevation at 48 h (Figure 2B). Given the 
critical contribution of cell death to stress-induced 
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cardiac disorders [15], we next attempted to study the 
ways involved in CORT-induced cardiomyocyte 
death. Apoptosis, a well-established programmed cell 
death governed by caspases— such as caspase-3, -7, 
and -9 [17, 46] — was firstly assessed. Under CORT 
treatment, the expression levels of cleaved caspase-9 
and cleaved caspase-7 did not change significantly, 
while cleaved caspase-3 activity was suppressed by 
CORT (Figure S5A, S6A-C), suggesting that classical 
apoptotic pathways were not predominantly 
activated in this context. It was reported that 
inhibition of apoptosis probably induces necroptosis 
as a compensatory form of regulated cell death [47]. 
We found that CORT significantly increased the 
PI-positive cells and the release of lactic 
dehydrogenase (LDH), both indicative of membrane 
rupture associated with necrotic cell death, which was 
notably attenuated by Nec-1s, a necroptosis inhibitor 
(Figure 2C-E). Similarly, Syt7 knockdown markedly 
attenuated CORT-induced necroptosis, as evidenced 
by decreased proportion of PI-positive cells (Figure 
2F-G), suppressed LDH activity (Figure 2H), 
enhanced cell viability (Figure 2I), and down- 
regulated phosphorylated-MLKL protein levels 
(Figure 2J). Consistent with these results, both Syt7 
knockout mice and cardiac-specific Syt7 knockdown 
mice exhibited a significantly decreased necrotic cells 
and serum LDH activity compared to the control 
group (Figure 2K-M, S4I-J). Furthermore, enforced 
expression of Syt7 markedly increased the sensitivity 
of cardiomyocytes to CORT-induced necroptosis, as 
demonstrated by a higher proportion of PI-positive 
cardiomyocytes, enhanced LDH activity, and reduced 
cell viability (Figure S5B, S7A-D). These effects were 
significantly attenuated by either Nec-1s (Figure 
S7E-G) or mitochondrial permeability transition pore 
(mPTP) inhibitor CsA (Figure S7H-J). In addition, we 
evaluated the potential involvement of ferroptosis 
and pyroptosis in stress-induced cardiomyocyte 
injury. It was shown that treatment with 1 μM CORT 
for 48 h did not induce significant activation of these 
cell death ways, and Syt7 did not participate in their 
regulation (Figure S6D-H). Collectively, these results 
indicate that Syt7 facilitates stress-induced 
myocardial injury mainly through regulating 
necroptosis. 

Synaptotagmin-7 regulates mitochondrial 
structural and metabolic dysfunction under 
stress 

Necroptosis is regulated primarily through two 
major pathways: death receptor-induced necrosis and 
mitochondrial permeability transition pore 
(mPTP)-mediated necrosis [48]. To determine whether 

Synaptotagmin-7 (Syt7) is involved in classical death 
receptor-dependent necroptosis, we employed a 
well-established model using TNF-α in combination 
with the pan-caspase inhibitor z-VAD-fmk [49]. 
Notably, silencing of Syt7 did not affect the extent of 
necrotic cell death in this model, as reflected by 
unchanged levels of necrotic cell death rate (Figure 
S8A) and LDH release (Figure S8B), suggesting that 
Syt7 is dispensable for death receptor-triggered 
necroptosis.  

To further investigate the function of Syt7 in 
mPTP-mediated necroptosis, we evaluated key 
upstream driven factors of mPTP opening, including 
particularly Ca²⁺ overload and oxidative imbalance 
[50]. CORT significantly increased intracellular Ca²⁺ 
levels, which was markedly attenuated by Syt7 
knockdown (Figure 3A). Overexpression of Syt7 
further enhanced Ca²⁺ accumulation (Figure 3B). 
Additionally, CORT induced a substantial ROS 
accumulation in cardiomyocytes, which was 
suppressed upon Syt7 silencing (Figure 3C). Given 
that both Ca²⁺ overload and ROS toxicity are potent 
activators of mPTP opening, the mitochondrial ΔΨm 
was analyzed using the fluorescent probe JC-1, a 
standard tool for assessing mitochondrial 
polarization. CORT led to a notable reduction in red J 
aggregates and a production in green J monomers, 
indicating ΔΨm dissipation. These effects were 
significantly mitigated in Syt7 KO hearts (Figure 3D), 
Syt7 cardiac-specific knockdown hearts (Figure S4K) 
and Syt7 knockdown cardiomyocytes (Figure 3E), 
suggesting that loss of Syt7 stabilizes mitochondrial 
membrane potential under stress. To directly analyze 
mPTP opening, calcein-AM staining assay and 
mitochondrial swelling assay were performed. 
Inhibition of Syt7 significantly alleviated CORT- 
induced mPTP opening, as evidenced by preserved 
calcein fluorescence (Figure 3F) and reduced 
CaCl₂-induced mitochondrial swelling (Figure 3G). 
Moreover, extracellular flux analysis revealed that 
Syt7 silencing restored mitochondrial respiratory 
function in cardiomyocytes exposed to CORT. 
Specifically, knockdown of Syt7 rescued basal 
respiration, ATP-linked respiration, and maximal 
respiratory capacity (Figure 3H-K). Additionally, 
reverse validation experiments demonstrated that 
Syt7 overexpression exacerbated CORT-induced ROS 
accumulation, ΔΨm dissipation and mPTP opening 
(Figure S9A-C). The mPTP inhibitor CsA effectively 
attenuated Syt7-mediated ROS accumulation (Figure 
S9D). Taken together, these findings demonstrate that 
Syt7 regulates mPTP-mediated necroptosis through 
targeting Ca²⁺ overload, ROS accumulation and 
mitochondrial bioenergetics.  
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Figure 1. Deletion of Syt7 alleviates stress-induced myocardial injury in mice. A. Western blot analysis of Synaptotagmin-7 (Syt7) protein levels in mouse cardiac 
tissue after intraperitoneal injection of saline or corticosterone (CORT). *** p < 0.001. n = 5. B. Representative immunoblot showing cardiac Syt7 protein expression in Syt7 
knockout (KO) mice and wild-type (WT) littermates. *** p < 0.001. n = 5. C. Schematic diagram of the experimental design. WT or Syt7 KO mice were treated with 10 mg/kg 
CORT or saline daily for 7 days. D. Representative echocardiograms. Bar = 1 mm. E-H. Quantification of echocardiographic parameters: ejection fraction (EF), fractional 
shortening (FS), left ventricular internal diameter at diastole (LVID;d), and systole (LVID;s). * p < 0.05. ** p < 0.01. n = 6. I. Representative electrocardiograms. Bar = 500 ms. J. 
Representative anatomical images of mouse hearts. Bar = 1 mm. K. H&E staining of longitudinal cardiac sections. Bar = 2 mm. L. Heart weight to body weight ratio (HW/BW, 
mg/g). * p < 0.05. n = 5. M. Heart weight to tibia length ratio (HW/TL, mg/mm). * p < 0.05. n = 6. N. Cross-sectional area of cardiomyocytes assessed by wheat germ agglutinin 
(WGA) staining. Bar = 30 µm. ** p < 0.01. n = 7. O. Degree of vacuolar degeneration analyzed by H&E staining. Arrows indicate vacuolar degeneration. Bar = 40 µm. **** p < 
0.0001. n = 6. P-Q. Cardiac fibrosis assessed by Sirius Red staining (P) and Masson’s trichrome staining (Q), respectively. Bar = 50 µm. **** p < 0.0001. n = 8. Data are expressed 
as the mean ± standard deviation (SD). 
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Figure 2. Syt7 deficiency inhibits stress-induced necroptosis in cardiomyocytes and mouse hearts. A-B. Syt7 protein levels in H9c2 cells under CORT treatment 
detected by Western blotting. ** p < 0.01. n = 4 (A). n = 3 (B). C-E. H9c2 cells were exposed to 50 µM Nec-1s and 1 µM CORT for 48 h. C-D. Propidium iodide (PI) staining. 
Bar = 50 µm. * p < 0.05. ** p < 0.01. n = 5. E. Lactate dehydrogenase (LDH) activity detection. * p < 0.05. *** p < 0.001. n = 5. F-J. H9c2 cells were infected with Syt7 siRNA 
adenovirus, and then treated with 1 µM CORT for 48 h. F-G. Quantification of necrotic cells by PI staining. Bar = 50 µm. ** p < 0.01. **** p < 0.0001. n = 5. H. LDH activity 
detection. * p < 0.05. ** p < 0.01. n = 6. I. Cell viability analysis. *** p < 0.001. n = 8. J. Phosphorylated-MLKL (p-MLKL) levels detection. * p < 0.05. ** p < 0.01. n = 3. K-M. Analysis 
of cardiac necrosis in wild-type (WT) and Syt7 knockout (KO) mice administered CORT. K-L. Cardiac necrosis detected by PI staining. Red: PI; blue: DAPI; green: α-actinin. Bar 
= 100 µm. **** p < 0.0001. n = 6. M. LDH activity detection. * p < 0.05. *** p < 0.001. n = 6. Data are expressed as mean ± standard deviation (SD). 
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Figure 3. Syt7 promotes necroptosis through regulation of mPTP opening and mitochondrial function. A-B. Real-time monitoring of intracellular Ca²⁺ 
fluorescence intensity in H9c2 cells. KCl (50 mM) was added at 200 s. **** p < 0.0001. n = 5. C. Reactive oxygen species (ROS) levels detected in H9c2 cells using DCFH-DA 
probe. Bar = 100 µm. * p < 0.05. n = 5. D-E. Mitochondrial membrane potential (ΔΨm) assessed by 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethyl-1H-imidazole-2-carboxylic acid (JC-1) 
in hearts (D, n = 6) and H9c2 cells (E, n = 5), respectively. Ratio of J-monomers to J-aggregates calculated. Bar = 50 µm. * p < 0.05. ** p < 0.01. *** p < 0.001. F. Mitochondrial 
permeability transition pore (mPTP) opening assessed in H9c2 cells by Calcein-AM staining. Bar = 20 µm. *** p < 0.001. **** p < 0.0001. n = 5. G. Mitochondrial swelling detected 
by absorbance over 30 min. **** p < 0.0001. n = 5. H-K. Real-time oxygen consumption rate (OCR) analysis in H9c2 cells. Basal, ATP-coupled, and maximal respiration rates 
were calculated. * p < 0.05. ** p < 0.01. n = 5. Data are expressed as mean ± standard deviation (SD). 

 
The p53-Bak signaling axis drives mPTP 
opening and cardiomyocyte necroptosis 

Next, we explored the downstream targets of 
Syt7 in the regulation of stress-induced necroptosis 
and mitochondrial dysfunction. The Bcl-2 protein 
family, including Bax, Bak, Bim, and Bik, was 
analyzed due to their pivotal roles in regulating outer 

mitochondrial membrane integrity and mPTP 
opening [51-55]. Results showed that silencing of Syt7 
did not significantly affect the expression levels of 
Bax, Bim, or Bik (Figure S10A-C), while it significantly 
attenuated CORT-upregulated Bak expression (Figure 
4A), suggesting that Bak is a potential downstream 
target of Syt7 in the stress pathway. Subcellular 
localization analysis in cardiomyocytes revealed that 
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Syt7 is broadly distributed in the cytoplasm, 
mitochondria, and nucleus, with a predominant 
accumulation in the nucleus (Figure S11). Therefore, 
we speculated that Syt7 regulated stress-induced 
injury probably through modulating nuclear 
processes such as transcription. Given that Bak is a 
well-established transcriptional target of p53 [56, 57], 
and that p53 has been involved in regulating mPTP 
opening across various pathological contexts 
including cardiac ischemia/reperfusion (I/R) injury 
and oxidative stress in H9c2 cells [48], NaF-induced 
neurotoxicity and PC12 cell apoptosis [58], as well as 
T-2 toxin-induced cartilage degeneration in 
Kashin-Beck disease models and ATDC5 cell 
apoptosis [59], we explored whether p53-Bak axis 
contribute to stress-induced cardiomyocyte necrosis. 
Pifithrin-α (PFT-α), a specific inhibitor of p53, 
significantly reduced CORT-induced necroptosis, as 
evidenced by reduced PI-positive cell, decreased LDH 
activity and enhanced cell viability, which was 
attenuated by Bak overexpression (Figure 4B-D). 
Furthermore, Bak overexpression attenuated the 
inhibitory effects of PFT-α on mitochondrial 
dysfunction including ROS accumulation, ΔΨm 
dissipation, and mPTP abnormal opening (Figure 
4E-G). These findings indicate that p53 and Bak 
constitute a regulatory axis in necroptosis and 
mitochondrial dysfunction under stress. 

Synaptotagmin-7 interacts with p53 in 
stress-induced necrotic signaling 

To further study the molecular mechanism 
underlying Syt7-mediated necroptosis, the interaction 
between Syt7 and p53 was explored. 
Immunofluorescence analysis revealed that Syt7 was 
predominantly localized in the cytoplasm and 
nucleus, while p53 expression was relatively low and 
primarily cytoplasmic, under physiological 
conditions. After CORT treatment, both Syt7 and p53 
were upregulated and exhibited increased nuclear 
co-localization (Figure 5A). Consistently, subcellular 
fractionation confirmed that CORT induced nuclear 
translocation and accumulation of both proteins 
(Figure 5B). Furthermore, co-immunoprecipitation 
(co-IP) assay was performed in cardiomyocytes to 
determine whether Syt7 interacts with p53. CORT 
markedly promoted the interaction between Syt7 and 
p53 (Figure 5C), whereas Syt7 knockdown markedly 
reduced this interaction (Figure 5D). We wonder 
whether Syt7 regulates necrosis by targeting p53. 
Overexpression of Syt7 significantly increased 

CORT-induced necrotic cell death, LDH release and 
decreased cell viability, which were attenuated by p53 
inhibitor PFT-α (Figure 5E-G). In addition, Syt7 
overexpression exacerbated CORT-induced 
mitochondrial dysfunction, including elevated ROS 
accumulation, mitochondrial ΔΨm dissipation, and 
prolonged mPTP opening. Inhibition of p53 
significantly mitigated these mitochondrial 
impairments (Figure 5H-J). Taken together, these 
findings suggest that Syt7 interacts with p53 to 
promote mPTP opening and mitochondrial 
necroptosis.  

Syt7 enhances p53-dependent Bak 
transcription to promote mitochondrial 
necroptosis 

We next investigated whether Synaptotagmin-7 
(Syt7) facilitates the transcriptional activation of Bak 
by p53, thereby contributing to mPTP opening as well 
as necroptosis. As shown in our previous results, 
corticosterone (CORT) treatment significantly 
upregulated Bak expression in cardiomyocytes, an 
effect that was markedly attenuated by Syt7 
knockdown (Figure 4A). Overexpression of p53 
significantly up-regulated Bak, whereas Syt7 silencing 
diminished p53-induced Bak upregulation (Figure 
6A). To determine the underlying mechanism, a Bak 
promoter fragment containing a putative p53 binding 
site was cloned into a firefly luciferase reporter vector 
(pGL4). Dual-Luciferase reporter assays in 
cardiomyocytes showed that the elevated luciferase 
activity in presence of Bak promoter construct was 
further enhanced by co-transfection with the p53 
overexpression plasmid, whereas Syt7 knockdown 
significantly suppressed the chemiluminescence 
signal (Figure 6B), indicating that Syt7 modulates 
p53-driven Bak promoter activation. Chromatin 
immunoprecipitation (ChIP)-PCR further confirmed 
the direct binding of p53 to the Bak promoter in 
cardiomyocytes. Notably, Syt7 silencing reduced, 
while Syt7 overexpression enhanced, the enrichment 
of p53 on the Bak promoter (Figure 6C-D), suggesting 
that Syt7 strengthens the transcriptional interaction 
between p53 and Bak. Functionally, Bak 
overexpression exacerbated CORT-induced 
cardiomyocyte necrosis and mitochondrial 
dysfunction, which was significantly attenuated by 
Syt7 knockdown (Figure 6E-K). Collectively, these 
results demonstrate that Syt7 regulates mitochondrial 
necroptosis through facilitating p53-mediated 
transcription of Bak. 
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Figure 4. The p53-Bak axis contributes to necroptosis and mPTP opening in cardiomyocytes. A. Bcl-2 homologous antagonist/killer (Bak) protein levels detected 
by Western blotting after SiSyt7 or NC treatment under CORT exposure. * p < 0.05. n = 4. B-G. H9c2 cells were exposed to PFT-α (a specific inhibitor of p53) with transfected 
with either a Bak overexpression plasmid (pcDNA3.1 vector containing Bak cDNA) or the empty pcDNA3.1 vector, followed by CORT treatment. B. PI staining analysis. Bar = 
50 µm. * p < 0.05. ** p < 0.01. n = 5. C. LDH activity assay. * p < 0.05. n = 5. D. Cell viability detection. *** p < 0.001. n = 8. E. ROS levels detected by the fluorescent probe 
DCFH-DA. Bar = 100 µm. * p < 0.05. n = 5. F. ΔΨm detected by JC-1 staining. The ratio of J-monomers to J-aggregates was calculated. Bar = 50 µm. * p < 0.05. ** p < 0.01. n 
= 5. G. Assessment of mPTP opening by Calcein-AM fluorescence staining. Bar = 20 µm. ** p < 0.01. **** p < 0.0001. n = 5. Data are expressed as mean ± standard deviation (SD). 
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Figure 5. Syt7 interacts with p53 to promote mPTP opening and necroptosis. A. Immunofluorescence staining for Syt7 and p53 in H9c2 cells after 48 h of CORT 
treatment. Red: Syt7; green: p53; blue: DAPI. Bar = 50 µm. B. Western blot analysis of Syt7 and p53 expression levels in whole-cell and nuclear fractions under CORT treatment. 
* p < 0.05. ** p < 0.01. n = 3. C. Co-immunoprecipitation (co-IP) of Syt7 and p53 in H9c2 cells exposed to CORT for 48 h. D. Co-IP analysis of Syt7 and p53 interaction following 
Syt7 siRNAs treatment. E-J. H9c2 cells were transfected with Syt7 overexpression plasmid with or without PFT-α (a specific inhibitor of p53), followed by CORT treatment. E. 
PI staining. Bar = 50 µm. * p < 0.05. ** p < 0.01. n = 5. F. LDH activity detection. * p < 0.05. n = 5. G. Cell viability detection. ** p < 0.01. *** p < 0.001. n = 6. H. Intracellular 
ROS levels analysis by the fluorescent probe DCFH-DA. Bar = 100 µm. * p < 0.05. ** p < 0.01. n = 5. I. ΔΨm detected by JC-1 staining. The ratio of J-monomers to J-aggregates 
was calculated. Bar = 50 µm. * p < 0.05. ** p < 0.01. n = 5. J. The mPTP opening evaluated by Calcein-AM fluorescence staining. Bar = 20 µm. * p < 0.05. *** p < 0.001. **** p < 
0.0001. n = 5. Data are expressed as mean ± standard deviation (SD). 
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Figure 6. Syt7 regulates mPTP opening and necroptosis through the p53-Bak axis. A. Western blot analysis of Bak expression following p53 overexpression with or 
without Syt7 siRNAs treatment. * p < 0.05. ** p < 0.01. n = 4. B. Dual-luciferase assay of Bak promoter activity after co-transfection of p53 plasmid with or without Syt7 siRNAs 
in HEK293 cells. * p < 0.05. *** p < 0.001. n = 4. C-D. Chromatin immunoprecipitation quantitative PCR (ChIP-qPCR) to assess p53 binding to the Bak promoter under Syt7 
siRNA (C) or Syt7 overexpression plasmid (D) in H9c2 cells. IgG used as control. * p < 0.05. ** p < 0.01. n = 3. E-K. H9c2 cells were transfected with Bak plasmid with or without 
Syt7 siRNA, followed by CORT treatment. E-F. PI staining assay. Bar = 50 µm. * p < 0.05. ** p < 0.01. n = 5. G. LDH activity detection. * p < 0.05. ** p < 0.01. n = 5. H. Cell 
viability analysis. ** p < 0.01. *** p < 0.001. **** p < 0.0001. n = 8. I. ROS levels detected by the fluorescent probe DCFH-DA. Bar = 100 µm. * p < 0.05. ** p < 0.01. n = 5. J. ΔΨm 
detected by JC-1 staining, calculated as the ratio of J-monomers to J-aggregates. Bar = 50 µm. * p < 0.05. n = 5. K. mPTP opening was evaluated using Calcein-AM staining. Bar 
= 20 µm. * p < 0.05. *** p < 0.001. **** p < 0.0001. n = 5. Data are expressed as mean ± standard deviation (SD). 
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Therapeutic silencing of Synaptotagmin-7 
protects against stress-induced cardiac injury 

While our study has elucidated key mechanistic 
insights into stress-related myocardial injury, clinical 
manifestations remain heterogeneous, and effective 
therapeutic strategies are still lacking [12]. To evaluate 
the translational potential of Syt7, we investigated 
whether Syt7-targeted siRNA therapy could mitigate 
CORT-induced cardiac injury. WT mice received 
intraperitoneal injection with saline or CORT, 
followed by in situ myocardial injection of either 
Syt7-targeting siRNA adenovirus or a negative 
control vector (Figure 7A). Adenoviral Syt7 siRNA 
significantly suppressed Syt7 expression in 
myocardial tissue (Figure 7B), without affecting its 
expression in non-cardiac tissues including the liver, 
spleen, lung, kidney, and brain (Figure S12). Mice 
from Syt7 siRNA group exhibited preserved cardiac 
function including enhanced EF, improved FS, and 
decreased LVID;d and LVID;s (Figure 7C-G), and 
mitigated T-wave alternans (Figure 7H), compared 
with the negative control group. Inhibition of Syt7 
reduced myocardial hypertrophy, as evidenced by 
reduced heart volume (Figure 8A-B), decreased ratio 
of HW/BW and HW/TL (Figure 8C-D), and smaller 
cardiomyocyte cross-sectional areas (Figure 8E). 
Diminished myocardial vacuolar degeneration 
(Figure 8F) and attenuated interstitial fibrosis (Figure 
8G-H) were observed in the Syt7 siRNA group. 
Furthermore, Syt7 knockdown reduced CORT- 
induced cardiomyocyte necrosis (Figure 8I-J) and 
mitochondrial injury (Figure 8K). Taken together, 
these findings demonstrate targeting Syt7 with siRNA 
adenoviral therapy alleviates cardiac dysfunction, 
remodeling, fibrosis, and mitochondrial-mediated 
necrosis. 

Discussion 
Stress-induced cardiac injury is characterized by 

a complex interplay of adaptive and maladaptive 
responses. Although acute stress may temporarily 
preserve cardiovascular homeostasis, chronic or 
excessive stress can result in progressive myocardial 
damage and functional decline [60]. Among various 
types of programmed cell death implicated in cardiac 
damage, necroptosis has gained increasing attention. 
However, the precise mechanisms are not yet fully 
clarified. The present work identifies Syt7 as a novel 
regulator of stress-induced cardiac injury. Syt7 
expression is significantly upregulated in both 
stress-threatened hearts and cardiomyocytes. Syt7 
deficiency markedly ameliorated CORT-induced 
cardiac dysfunction, arrhythmia, remodeling, fibrosis 
and necroptosis. Mechanistically, Syt7 interacts with 

p53, facilitates p53-directed transcription of Bak, 
thereby promoting mitochondrial dysfunction and 
necroptosis. Importantly, Syt7-targeting siRNA 
adenoviral therapy mitigates stress-induced 
cardiomyocyte necrosis and restores cardiac 
performance. These findings collectively establish 
Syt7 as a critical driver of stress-induced necroptosis 
and a promising therapeutic target. 

Chronic exposure to stress activates the 
hypothalamic–pituitary–adrenal (HPA) axis, thereby 
increasing secretion of CORT in rodents [61, 62]. 
Circulating CORT content in stressed mice typically 
range from 300 to 600 ng/mL [15, 37, 63]. 1 μM CORT 
has been widely used to simulate glucocorticoid- 
induced stress in vitro. Previous studies have shown 
that 1 μM CORT impairs cardiomyocyte viability and 
contractile function [15], enhances L-type calcium 
currents in ventricular myocytes [64], and triggers 
mitophagy in hippocampal neurons [37]. It also 
affects neural stem cell differentiation and promotes 
Aβ generation in neuroblastoma cells [65, 66]. In our 
study, a CORT concentration gradient was established 
to assess its regulatory effects on Syt7 expression in 
cardiomyocytes and it was shown that 1 μM CORT 
significantly upregulated Syt7 protein levels (Figure 
2A), suggesting a potential threshold for stress- 
induced Syt7 activation. Based on these observations, 
we employed 10 mg/kg CORT in vivo and 1 μM 
CORT in vitro to model pathologically relevant stress 
conditions. The type of cell death triggered by stress is 
highly context-dependent, varying with CORT 
concentration, exposure duration, and cell type. 
Apoptosis has been widely reported in neuronal cells 
exposed to 200-400 μM CORT for 24-48 h, as 
evidenced by caspase activation and chromatin 
condensation in PC12 and HT22 cells [67-71]. Other 
types of programmed cell death, such as ferroptosis 
and pyroptosis, are activated under prolonged or 
combinatorial stress conditions—particularly with 
long-term CORT administration or co-stimulation 
with lipopolysaccharide (LPS) [72-75]. Autophagy is 
also frequently activated in response to stress. Models 
employing chronic restraint or sustained CORT 
exposure demonstrate increased autophagic flux in 
both neuronal and cardiac tissues [63, 76]. More 
specifically, exposure to 1 μM CORT has been shown 
to induce autophagy in neuronal cells within 24 h [37], 
and in cardiomyocytes, short-term CORT treatment (6 
h) leads to mitochondrial dysfunction, superoxide 
(O₂⁻) accumulation, inflammatory activation, lipid 
peroxidation, and ferroptosis [15]. Similarly, in 
hippocampal neural stem/progenitor cells, 48 h 
exposure to 1 μM CORT results in glutathione (GSH) 
depletion, increased ROS levels, elevated lipid 
peroxidation, and suppression of the LC3-II/I ratio, 
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confirming concurrent activation of ferroptotic and 
autophagic pathways [75]. However, despite growing 
attention in these stress-induced cell death pathways, 
the involvement of necroptosis in CORT-induced 
cardiac injury has remained largely unexplored [77]. 
Our study has demonstrated that 1 μM CORT 
treatment for 48 h induces prominent necroptotic 
features in cardiomyocytes, including increased PI 
uptake, elevated LDH release, reduced cell viability, 
intracellular Ca²⁺ overload, ROS accumulation, and 
mPTP prolonged opening. Notably, inhibition of Syt7 
significantly attenuated these pathological changes, 
highlighting its essential role in mediating stress- 

induced necroptosis. Interestingly, in the CORT- 
induced cardiomyocyte injury model established in 
our study, other programmed cell death including 
apoptosis, ferroptosis, and pyroptosis did not exhibit 
significant activation. However, this observation 
should be interpreted with caution, as the assessment 
was limited to a select subset of representative 
markers, and may not comprehensively capture the 
full spectrum of cell death responses. It is needed to 
confirm whether alternative modes of cell death may 
also contribute and the possible crosstalk with 
necroptosis in the future.  

 

 
Figure 7. Syt7 silencing mitigates CORT-induced cardiac structural and electrical remodeling. A. Schematic diagram of the in vivo experimental protocol involving 
Syt7 siRNA adenovirus administration following CORT treatment. B. Western blot analysis of Syt7 protein expression. ** p < 0.01. n = 5. C-G. Representative echocardiograms 
(C) and quantitative analysis of cardiac functional parameters (D-G), including EF, FS, LVID;d, and LVID;s. Bar = 1 mm. * p < 0.05. ** p < 0.01. **** p < 0.0001. n = 6. H. 
Representative electrocardiograms. Bar = 500 ms. Data are expressed as mean ± standard deviation (SD). 
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Figure 8. Syt7 inhibition attenuates CORT-induced myocardial injury and necroptosis. A-B. Gross heart images and H&E-stained longitudinal sections. Bar = 2 mm. 
C-D. Heart weight to body weight ratio (HW/BW, mg/g) and heart weight to tibia length ratio (HW/TL, mg/mm). * p < 0.05. n = 6. E. Cross-sectional area of cardiomyocytes 
assessed by WGA staining. Bar = 30 µm. ** p < 0.01. **** p < 0.0001. n = 6. F. Vacuolar degeneration in cardiomyocytes detected by H&E staining. Arrows indicate vacuolar 
degeneration. Bar = 30 µm. **** p < 0.0001. n = 6. G. Myocardial fibrosis evaluated by Sirius Red staining. Bar = 50 µm. **** p < 0.0001. n = 6. H. Myocardial fibrosis assessed 
using Masson’s trichrome staining. Bar = 50 µm. ** p < 0.01. n = 6. I. Cardiomyocyte necrosis detected by PI staining. Red: PI; blue: DAPI; green: α-actinin. Bar = 50 µm. **** p 
< 0.0001. n = 6. J. LDH activity. * p < 0.05. ** p < 0.01. n = 6. K. ΔΨm assessed by JC-1 staining, calculated as the J-monomers to J-aggregates ratio. Bar = 100 µm. **** p < 0.0001. 
n = 6. Data are expressed as mean ± standard deviation (SD). 
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Syt7 has been identified as a calcium sensor 
originally for its role in vesicle trafficking, exocytosis, 
and neurotransmitter release [78, 79]. Beyond its 
neuronal functions, Syt7 mediates hormonal secretion 
and participates in development and progression of 
multiple cancers, gastric, hepatic, pulmonary, thyroid, 
ovarian, cervical, and hematologic malignancies 
[28-31, 80-83]. In contrast, studies investigating Syt7 in 
cardiovascular biology remain limited. Syt7 is highly 
enriched at the sympathetic nerve terminals of the 
mouse heart, where it modulates neurotransmission 
through a calcium-independent mechanism. Syt7 
knock-in mice exhibit enhanced norepinephrine (NE) 
release and elevate systemic blood pressure, which 
indicates a role in autonomic regulation of 
cardiovascular function [33]. Epigenetic profiling has 
revealed that hypertension development has been 
closely related to methylation of the Syt7 promoter 
[34]. Recent evidence has also shown that silencing 
Syt7 in cardiomyocytes inhibits hypoxia/ 
reoxygenation (H/R)-induced RIP3 upregulation and 
LDH activity elevation [84]. These findings 
collectively support a multifaceted role for Syt7 in 
cardiovascular pathology, including sympathetic 
neurotransmission modulation, epigenetic control, 
and cellular stress responses. In addition, our 
previous work demonstrated that Syt7 is significantly 
increased upon Angiotensin II treatment and 
promoted cardiac hypertrophy by regulating 
autophagy [36]. In the present study, we extend this 
understanding by providing the direct evidence that 
Syt7 functions as a critical mediator of stress-induced 
necroptosis and cardiac injury. Mechanistically, Syt7 
regulates CORT-induced intracellular calcium 
overload and ROS accumulation—two well- 
established triggers of mPTP opening. mPTP 
prolonged opening leads to mitochondrial swelling, 
membrane rupture, and cell necroptosis, representing 
a key pathway of intrinsic regulated necroptosis. We 
have additionally assessed whether Syt7 is involved 
in the signaling of extrinsic necroptosis. Functional 
analysis revealed that Syt7 knockdown did not 
significantly alter necrotic phenotypes, suggesting 
that Syt7 is dispensable for extrinsic necrosis. From a 
therapeutic perspective, silencing Syt7 markedly 
reduced these mitochondrial insults and conferred 
significant protection against myocardial injury. 
Together, these results position Syt7 as a central 
regulator of calcium signaling, redox stress, and 
regulated necrosis in the stressed heart. 

A major advance of the present study is 
identification of p53 as a critical downstream target of 
Syt7 in stress-induced necrotic signaling. p53, a 
transcription factor, regulates diverse cellular stress 
signals to orchestrate apoptosis, autophagy, 

ferroptosis and necroptosis [85]. p53 has been 
demonstrated to regulate RIP1/RIP3-mediated 
necrosis in myocardial infarction [86]. Additionally, 
p53 activates necrosis in heat-stressed intestinal 
epithelium via MLKL signaling [87] and interacts with 
Cyclophilin D and Drp1 to modulate mitochondrial 
permeability transition [88]. Our work has revealed 
that Syt7 facilitates transcriptional activity of p53, 
leading to upregulation of Bak at the transcriptional 
levels. ChIP and luciferase assays confirmed that Syt7 
enhances p53 binding to the Bak promoter. Functional 
assays revealed that p53 inhibition reversed the 
necroptotic effects of Syt7, while Bak overexpression 
abolished the protective effects of p53 blockade. These 
results place Bak downstream of the Syt7–p53 axis 
and identify it as a key mediator of mPTP opening 
and necrosis. Although Bak has been classically 
viewed as a pro-apoptotic effector, increasing 
evidence implicates it in necroptosis through 
disruption of mitochondrial membrane integrity [53, 
89, 90]. Bak knockout has been shown to reduce 
necrosis in mouse embryonic fibroblasts (MEFs) and 
hepatocellular carcinoma cells, particularly in the 
context of p53 activation [91]. Our study has 
demonstrated that the p53–Bak axis critically 
mediates mPTP-dependent necroptosis in stressed 
cardiomyocytes. 

The demonstration that Syt7-targeted siRNA 
therapy mitigates stress-induced cardiac injury 
highlights the translational potential of this pathway. 
Adenoviral delivery of Syt7 siRNA restored systolic 
function, improved ventricular remodeling, and 
reduced fibrosis and cellular necrosis. Given the lack 
of effective therapies for stress cardiomyopathy, 
targeting Syt7 may offer a new strategy for 
modulating stress responses in the heart. Several 
important questions remain. First, it is unclear 
whether Syt7 regulates additional p53 targets 
involved in mitochondrial networks. Second, p53 is 
modulated by a variety of post-translational events, 
especially acetylation and phosphorylation, which 
may influence its activity under stress [87]. 
Investigating how Syt7 influences these modifications 
could yield deeper mechanistic insights. Third, 
whether cardiomyocyte-specific Syt7 inhibition 
confers protection in other models of cardiac stress, 
such as pressure overload-triggered hypertrophic 
remodeling or ischemia/reperfusion damage, to 
assess the generalizability of its therapeutic efficacy. 
Moreover, the development of small-molecule Syt7 
inhibitors may represent a promising direction for 
translational advancement, potentially offering a 
more clinically feasible and scalable intervention 
compared to gene therapy approaches. Finally, 
potential crosstalk between necroptosis and other 
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death programs such as ferroptosis and pyroptosis 
merits further exploration, particularly in chronic or 
multifactorial stress models. 

Conclusions 
This study identifies Syt7 as a novel 

stress-responsive factor that promotes stress-induced 
cardiomyocyte necroptosis, progressive myocardial 
damage and functional decline. Mechanistically, Syt7 
interacts with p53, enhances its transcription of Bak, 
and thereby triggers mitochondrial dysfunction and 
necrosis, revealing a novel signaling axis of 
Syt7-p53-Bak. Syt7-targeted therapy mitigates 
stress-induced cardiac disorders, providing key 
insight for clinical treatment. 
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