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A B S T R A C T

Increased mechanical pressure is a well-recognized feature of acute pancreatitis (AP), but its pathological 
mechanisms remain elusive. Although previous studies have emphasized shear stress-induced pancreatic injury, 
the effects of static hydrostatic pressure have been underappreciated. Mitochondria act as mechanosensitive 
organelles, and mechanical stimuli can induce mitochondrial oxidative stress. Release of mitochondrial DNA 
(mtDNA) could trigger activation of the cyclic GMP-AMP synthase (cGAS)–stimulator of interferon genes 
(STING) pathway in immune cells. However, whether increased hydrostatic pressure can induce mtDNA- 
mediated cGAS-STING activation in pancreatic cells is unknown. In this study, we explored the mechanistic 
links between pressure-induced mitochondrial dysfunction, mtDNA release, and innate immune signaling acti
vation in AP. Acute pancreatitis was induced in mice using two models: (1) intraperitoneal injection of caerulein 
combined with lipopolysaccharide (LPS), and (2) retrograde infusion of methylene blue-balanced salt solution 
through the pancreatic duct followed by briefly clamping to mimic elevated intrapancreatic hydrostatic pressure. 
AR42J cells, an immortalized pancreatic adenocarcinoma cell line exhibiting acinar-like characteristics, were 
cultured under controlled high hydrostatic pressure conditions to investigate pressure-induced cellular responses 
in vitro. Elevated hydrostatic pressure markedly aggravated mitochondrial dysfunction and induced mitochon
drial permeability transition pore (MPTP) opening, accompanied by increased mitochondrial ROS production, 
leading to mtDNA leakage and cGAS-STING pathway activation, which exacerbated inflammatory responses and 
AP. Inhibition of MPTP suppressed mtDNA release, reduced STING activation, and ameliorated pancreatic injury. 
Collectively, our data show that increased hydrostatic pressure is a critical but underappreciated mechanical 
insult that causes mitochondrial dysfunction and mtDNA release in pancreatic cells through MPTP opening. The 
associated increase in mitochondrial oxidative stress may represent a key upstream trigger in this process, and 
cytosolic mtDNA could subsequently activate cGAS-STING signaling and exacerbate inflammatory responses in 
AP. These findings suggest that mitochondrial permeability transition is a potential therapeutic target in 
pressure-associated AP.

1. Introduction

Acute pancreatitis (AP) presents a major medical complication 
because it emerges suddenly and leads to high morbidity while poten
tially advancing into systemic inflammatory response syndrome and 
multi-organ dysfunction syndrome [1]. Even with improved supportive 
care for severe AP, the mortality rate continues to stay between 15 % 

and 30 % [2]. Recent research findings show that inflammation acts as a 
primary pathophysiological process in AP and that inflammatory re
sponses are closely linked to both disease severity and clinical results [3,
4]. Therefore, the development of targeted therapies for AP requires a 
deep understanding of the molecular pathways responsible for 
inflammation.

Mitochondrial DNA (mtDNA) works as a powerful damage- 

* Corresponding author. Department of Hepatobiliary Surgery, The First Affiliated Hospital of Xi’an Jiaotong University, Xi’an, 710061, China.
** Corresponding author. Center for Translational Medicine, The First Affiliated Hospital of Xi’an Jiaotong University, Xi’an 710061, China.

E-mail addresses: mzh@xjtu.edu.cn (Z. Ma), Lanching@xjtu.edu.cn (F. Cao). 

Contents lists available at ScienceDirect

Free Radical Biology and Medicine

journal homepage: www.elsevier.com/locate/freeradbiomed

https://doi.org/10.1016/j.freeradbiomed.2025.11.031
Received 15 September 2025; Received in revised form 14 November 2025; Accepted 16 November 2025  

Free Radical Biology and Medicine 243 (2026) 126–142 

Available online 17 November 2025 
0891-5849/© 2025 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

mailto:mzh@xjtu.edu.cn
mailto:Lanching@xjtu.edu.cn
www.sciencedirect.com/science/journal/08915849
https://www.elsevier.com/locate/freeradbiomed
https://doi.org/10.1016/j.freeradbiomed.2025.11.031
https://doi.org/10.1016/j.freeradbiomed.2025.11.031
http://crossmark.crossref.org/dialog/?doi=10.1016/j.freeradbiomed.2025.11.031&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


associated molecular pattern (DAMP) which increases inflammation 
during AP [5,6]. Clinical studies show that patients with AP exhibit 
increased circulating mtDNA levels which show a positive relationship 
with both disease severity and organ dysfunction scores [7,8]. The 
release of mtDNA from pancreatic acinar cells triggers the 
cGAS–STING–NF-κB signaling pathway which leads to ongoing inflam
mation and increased pancreatic cell damage during AP [9]. When 
mitochondrial function becomes disrupted due to cellular stress or 
injury, mtDNA leaks into the cytosol for cGAS to recognize. The syn
thesis of cGAMP through binding activates STING. Upon activation, 
STING recruits TANK-binding kinase 1 (TBK1), which phosphorylates 
and activates the transcription factors nuclear factor-kappa B (NF-κB) 
and interferon regulatory factor 3 (IRF3). These transcription factors 
regulate the expression and secretion of type I interferons and 
pro-inflammatory cytokines, thereby amplifying inflammation and 
contributing to tissue damage [10,11]. Deletion of STING genes or its 
pharmacological inhibition reduces inflammation and pancreatic tissue 
injury in multiple animal pancreatitis models [12]. The collective results 
from these studies highlight the crucial role of mtDNA-STING signaling 
as a key driver of inflammatory processes in AP.

Pancreatic inflammation modulation by mechanical forces receives 
increasing recognition but scientific focus remains primarily on fluid 
shear force instead of hydrostatic pressure. Scientific studies extensively 
demonstrate how fluid shear stress affects pancreatic ductal cells by 
damaging epithelial barriers and triggering pro-inflammatory signaling 
pathways [13,14]. The early development of AP pathogenesis causes 
increased ductal pressure from obstruction, hypersecretion, or sphincter 
of Oddi dysfunction which results in elevated hydrostatic pressure that 
impacts pancreatic acinar cells [15,16]. Intraductal hyper NETs plays a 
role in the development of AP [17], but scientists have yet to fully 
investigate how increased hydrostatic pressure influences acinar cell 
inflammation and molecular pathways.

Studies indicate that cellular reactions to mechanical pressure 
throughout different tissues are governed by multiple mechanosensitive 
pathways including ion channel operations [13,14]. Mechanical stimuli 
trigger mechanosensory pathways to activate which leads to calcium 
influx that may cause mitochondrial dysfunction [18]. Hydrostatic 
pressure may affect pancreatic cell biology in ways that differ from fluid 
shear stress and other mechanical forces. Current studies have yet to 
confirm whether mechanosensitive pathway activation through hydro
static pressure induces mitochondrial damage and mtDNA release in 
pancreatic cells. The connection between hydrostatic pressure and 
mitochondrial integrity in pancreatic cells have not been thoroughly 
investigated. The impact of pressure-induced cellular stress on mtDNA 
release and the subsequent cGAS-STING pathway activation in AP re
mains unexplored.

Our study utilized an in vitro system to examine hydrostatic pressure 
effect on pancreatic cells. We performed a detailed examination of how 
hydrostatic pressures impact mitochondrial structure and functionality, 
and identified the mtDNA release and the subsequent cGAS-STING 
signaling pathway activation. We investigated potential therapeutic 
strategies aimed at this specific pathway to reduce the inflammatory 
response induced by abnormal hydrostatic pressure. Our research re
veals new insights about how hydrostatic pressure triggers inflamma
tory responses in acute pancreatitis which could lead to innovative 
treatment options for this critical condition.

2. Materials and methods

2.1. Animals

Eight-week-old male C57BL/6 J mice (weight 20 ± 1g) were pur
chased from Xi’an Huishi Biotechnology Co., Ltd. and were housed in 
individually ventilated cages in the SPF facility of the Experimental 
Animal Center at Xi’an Jiaotong University (four animals per cage). 
They were kept under controlled environmental conditions, with non- 

inflammatory exposure to standard laboratory food and tap water, and 
maintained on a regular 12/12-h light/dark cycle. Temperature was 
maintained at 22 ± 2 ◦C with humidity at 50–60 %. All animal pro
cedures were performed in strict compliance with the guidelines and 
protocols approved by the Biomedical Ethics Committee of Health Sci
ence Center of Xi’an Jiaotong University (No. XJTUAE2024-2145). 
Before the experiments, the mice were acclimatized to the environ
ment for one week.

2.2. Induction of acute pancreatitis in mice

To establish a model of severe acute pancreatitis in mice as a positive 
control, we first administered an intraperitoneal injection of caerulein 
(10 μg/ml) at a dosage of 50 μg/kg once every hour for a total of ten 
times. Following the final injection of caerulein, a single intraperitoneal 
injection of lipopolysaccharide (LPS) (5 mg/ml) at a dosage of 10 mg/kg 
was administered immediately.

Retrograde pancreatic duct injection of methylene blue-balanced salt 
solution was employed to simulate the high-pressure environment of the 
pancreatic duct in vivo. Methylene blue serves as a visual tracer to 
confirm successful cannulation and injection into the pancreatic ductal 
system. The mice were anesthetized with 2 % isoflurane inhalation, and 
the skin was prepared and disinfected, followed by the placement of a 
sterile drape. A midline incision approximately 1–1.5 cm long was made 
on the abdominal wall to access the abdominal cavity. The abdomen was 
exposed, and the duodenum was identified and flipped over to reveal the 
bile-pancreatic duct on the hepatic side of the duodenum. The duo
denum was secured with traction sutures. One hand held the puncture 
needle at an angle with the tip facing upwards, penetrating through the 
intestinal wall until reaching the papilla, and entering the pancreatic 
duct by 2–3 mm. A 30-gauge needle was used to minimize tissue trauma 
while ensuring adequate flow. A micro clamp was used to secure the 
puncture needle to prevent it from dislodging. The microinjection pump 
was employed to infuse the methylene blue-balanced salt solution at a 
flow rate of 4.8 ml/h for 5 min. Throughout the infusion process, saline 
was used to keep the intestine moist, and the appearance of the 
pancreatic duct and pancreas was monitored. Distinct from conventional 
methods, our model involved briefly clamping the pancreatic duct for 2 
min after retrograde injection, aiming to enhance the exposure of the 
pancreas to increased hydrostatic pressure and create a more robust 
pressure-induced injury model. Mice were euthanized at 24 h post- 
surgery by isoflurane inhalation followed by cervical dislocation, in 
accordance with institutional animal ethics guidelines.

Based on the experimental design and modeling protocols, the mice 
were randomly divided into the following four groups: NC group 
(normal control group, untreated mice), Sham group (mice subjected to 
laparotomy and pancreatic duct puncture without infusion), AP- 
caerulein group (mice receiving intraperitoneal injections of caer
ulein), and AP-pressure group (mice subjected to retrograde pancreatic 
duct injection of a balanced salt solution (4.8 mL/h for 5 min), followed 
by temporary pancreatic duct occlusion to simulate elevated intra
pancreatic hydrostatic pressure).

2.3. Cell culture

The AR42J cell line, an immortalized pancreatic adenocarcinoma 
cell line that shares similarities with pancreatic acinar cells, was pur
chased from Procell. The cells were cultured in Ham’s F-12K medium 
supplemented with 20 % fetal bovine serum at a temperature of 37 ◦C 
and a humidity of 5 % CO2.

2.4. Pressure chambers

Two square pressure chambers, crafted from aluminum alloy with 
internal dimensions of 13.5 cm × 9.5 cm × 1.5 cm, were constructed to 
fit within a standard 37 ◦C, 5 % CO2, 95 % air incubator (Fig. 4A). Each 
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chamber contained two racks to hold cell culture plates. Water was 
placed at the bottom of each chamber to generate a humid environment. 
A remote humidity/temperature monitor (VWR) was used to verify that 
internal conditions matched the incubator’s settings (37 ◦C, 95 % rela
tive humidity). Reservoir water levels were checked post-experiment 
and every other day during extended experiments, with no significant 
reduction observed in either the reservoirs or the media covering the 
cells. A separate trial confirmed stable humidity levels, consistent with 
incubator conditions, throughout multi-day experiments. A gas cylinder 
containing a 5 % CO2/21 % O2/balance N2 mixture was stationed 
outside the incubator, fitted with a dual-stage, ultra-low-pressure 
regulator. Chamber pressure was monitored using digital pressure 
gauges in the outlet line, ensuring pressure remained above standard 
atmospheric pressure as per the pressure monitoring table. Miniature 
needle valves in the inlet and outlet lines maintained a steady gas flow 
rate (~0.1 ml/min, or ~0.005 % of chamber volume/min) to regulate 
pressure and support airflow during experiments.

2.5. Cell experimental procedure

Cells were routinely seeded and incubated overnight to allow 
adherence. Subsequently, the cell plates were transferred to the pressure 
chambers and cultured under pressures of 40 kPa or 80 kPa above at
mospheric pressure (designated as the 40 kPa and 80 kPa groups, 
respectively). In contrast, control group cells were maintained at at
mospheric pressure (NC group). The duration of pressure exposure 
varies based on the specific experimental protocols. The pressures of 40 
and 80 kPa were selected based on preliminary optimization experi
ments, as lower pressures (<20 kPa) did not consistently induce 
measurable mitochondrial or inflammatory responses in AR42J cells. 
Cells were maintained under standard culture conditions (37 ◦C, 5 % 
CO2, atmospheric O2) throughout the experiments. Pressure chambers 
were flushed with the same incubator gas mixture to maintain compa
rable O2 tensions between control and pressurized groups.

2.6. Measurement of intracellular Ca2+ under hydrostatic pressure

Intracellular Ca2+ levels were monitored using the fluorescent probe 
Fluo-4 AM (Beyotime, China). AR42J cells were incubated with 5 μM 
Fluo-4 AM for 30 min at 37 ◦C to allow dye loading and subsequently 
washed once with HBSS. Cells were then subjected to hydrostatic pres
sures of 40 kPa or 80 kPa using the customized pressure chamber, while 
control cells were maintained at atmospheric pressure. Fluorescence 
intensity (excitation 488 nm, emission 525 nm) was recorded by a 
microplate reader at 5, 10, 20, 30, 60, and 90 s after pressure applica
tion. Baseline fluorescence (F0) was defined as the mean intensity at 0 s 
prior to pressurization. Relative fluorescence (F/F0) was calculated for 
each time point to normalize inter-well variability. Relative fluorescence 
was normalized to the baseline value (0 s) and expressed as F/F0 to 
depict early-phase Ca2+ influx kinetics under hydrostatic stress.

2.7. Histopathological analysis

24 h after modeling, the mice were euthanized, and their pancreatic 
tissues were fixed in 4 % paraformaldehyde for 48 h, followed by 
dehydration and embedding. The paraffin-embedded tissue sections, 5 
μm in thickness, were deparaffinized and stained with hematoxylin and 
eosin. The degree of pancreatic edema, inflammation, hemorrhage, and 
necrosis was examined under an optical microscope. A standard 
immunohistochemistry (IHC) protocol was used for staining pancreatic 
tissues. In brief, the samples were blocked and incubated overnight at 
4 ◦C with primary antibodies against cGAS (HUABIO, HA500023, 
1:500), STING (Selleck, F2884, 1:2000), pTBK1 (Affinity, AF8190, 
1:100), and pIRF3 (Affinity, AF2436, 1:100). Subsequently, the sections 
were washed three times with phosphate-buffered saline (PBS) and 
incubated with a horseradish peroxidase (HRP)-conjugated secondary 

antibody at 37 ◦C for 20 min. Finally, after color development with DAB, 
the sections were counterstained with hematoxylin. The staining in
tensity was scored as follows: 0 for negative, 1 for weak positive, 2 for 
positive, and 3 for strong positive. The extent of staining was scored as: 1 
point for ≤25 %, 2 points for 26–50 %, 3 points for 51–75 %, and 4 
points for >75 %. The final IHC score was obtained by multiplying the 
intensity score by the extent of staining score [19].

2.8. Flow cytometry

To assess the infiltration levels of serum macrophages and neutro
phils in model mice, PerCP Anti-Mouse CD11b Antibody (Elabscience, E- 
AB-F1081F) and anti-mouse F4/80 Antibody (Biolegend, QA17A29) 
were used to detect serum macrophages. FITC Anti-Mouse CD11b 
Antibody (Elabscience, E-AB-F1081C) and PE Anti-Mouse Ly6G Anti
body (Elabscience, E-AB-F1108D) were utilized to evaluate the infil
tration levels of neutrophils in serum. The percentage of mouse serum 
macrophages and neutrophils was quantified using the NovoCyte Flow 
Cytometer (Agilent, CA, USA).

2.9. Measurement of cytokines, amylase, and lipase

After successful modeling, blood samples were collected from the 
periorbital region of the mice. The blood samples were stored at 4 ◦C 
overnight and then centrifuged at 3000 rpm for 15 min to obtain serum. 
AR42J cells were cultured in six-well plates and subjected to pressure 
intervention (40 kPa and 80 kPa) for 24h, after which cell supernatants 
were collected. Serum and cell supernatant levels of cytokines (IL-1β, IL- 
6, TNF-α) and serum amylase (AMS) and lipase (LPS) were quantified 
using the Mouse IL-1β ELISA Kit (Proteintech, KE10003), Mouse IL-6 
ELISA Kit (Proteintech, KE10007), Mouse TNF-α ELISA Kit (Pro
teintech, KE10002), Amylase Assay Kit (Nanjing Jiancheng Bioengi
neering Institute, C016-1-1), and Lipase Assay Kit (Nanjing Jiancheng 
Bioengineering Institute, A054-1-1) according to the instructions pro
vided with the kits.

2.10. RNA extraction and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from mouse pancreatic tissues and AR42J 
cells using the Trizol method (Takara) to measure the expression levels 
of different genes. Mice pancreatic tissues homogenized with 1 mL 
Trizol reagent or 1 x 106 AR42J cells were lysed with 1 mL Trizol reagent 
by pipetting up and down. The samples were then subjected to the same 
procedure for phase separation, RNA precipitation, and washing and 
resuspended in RNase-free water. The purity (A260/A280: 1.8–2.0) and 
integrity of the total RNA samples were determined by NanoDrop and 
agarose gel electrophoresis. The qRT-PCR was performed on cDNA 
prepared from 1 μg RNA using a High-Capacity cDNA Reverse Tran
scription Kit (Takara) [9]. The PCR reaction mixture contained SYBR 
Green Master Mix, target-specific primers, and 1 μl cDNA with GAPDH 
as the endogenous reference, and was incubated under the standard 
cycling conditions (95 ◦C for 30 s, 43 cycles of 95 ◦C for 5 s and 59.5 ◦C 
for 30 s) on a real-time PCR machine (Bio-Rad CFX-96). No-template and 
no-reverse-transcriptase controls were included to ensure the specificity 
of the reactions. All experiments were conducted in triplicate. The target 
gene primers were listed in Table 1.

2.11. Detection of extracellular and circulating mtDNA by droplet digital 
PCR (ddPCR)

Cell culture supernatants and mouse sera were collected after hy
drostatic pressure exposure. Samples were centrifuged at 3000×g for 10 
min to remove debris, and DNA was isolated using a plasma/serum DNA 
isolation kit (Abcam, USA). The concentration of mitochondrial DNA 
(mtDNA) was quantified by droplet digital PCR (ddPCR) using a QX200 
Droplet Digital PCR System (Bio-Rad, USA). PCR reactions were 
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prepared with ddPCR Supermix for Probes (Bio-Rad) following the 
manufacturer’s protocol, using primers specific for the mtCO3, mtDloop, 
mtND1 and mtND2 gene. Droplets were generated with a QX200 droplet 
generator and thermally cycled under standard conditions (95 ◦C for 5 
min, followed by 40 cycles of 95 ◦C for 30 s and 56 ◦C for 1 min, with a 
final step at 90 ◦C for 2 min). Data were analyzed using QuantaSoft 
software (Bio-Rad), and mtDNA concentrations were expressed as copy 
numbers per microliter of supernatant or serum.

2.12. Western blotting

Mouse pancreatic tissue lysates and cell lysates were prepared using 
RIPA lysis buffer (Proteintech, Cat No. PR20001) with protease inhibitor 
and phosphatase inhibitor. Samples were homogenized with ultrasonic 
cell crusher and then centrifuged at [specify speed, e.g., 12,000×g] for 
15 min at 4 ◦C, and the supernatants were collected to extract soluble 
proteins. Protein concentrations were determined using a BCA Protein 
Assay Kit (Proteintech, Cat No. PK10026). Equal amounts of proteins 
were subjected to SDS-PAGE and transferred to a PVDF membrane, 
followed by blocking with 5 % bovine serum albumin (BSA) in TBST for 
1 h at room temperature. Primary antibodies against cGAS (HUABIO, 
HA500023, 1:500), STING (Proteintech, 66680-1-Ig, 1:5000), TBK1 
(Affinity, DF7026, 1:1000), pTBK1 (Affinity, AF8190, 1:1000), IRF3 
(Affinity, DF6895, 1:1000), pIRF3 (Affinity, AF2436, 1:1000), MPO 
(Proteintech, 22225-1-AP, 1:1000), CD206 (Proteintech, 32647-1-AP, 
1:1000), SDHA (Proteintech, 14865-1-AP, 1:10000), PHB1 (Pro
teintech, 10787-1-AP, 1:5000), and VDAC1 (Proteintech, 55259-1-AP, 
1:2000) were incubated with the PVDF membrane overnight at 4 ◦C. 
The membrane was then washed with TBST 5 times, and incubated with 

HRP-conjugated secondary antibody for 1 h at room temperature. Pro
tein bands were visualized by Bio-Rad ChemiDoc MP Chemiluminescent 
Gel Imaging System. All experiments were repeated in triplicate.

2.13. Mitochondrial membrane potential assay

Mitochondrial membrane potential in primary acinar cells isolated 
from model mice and AR42J cells was measured using JC-1 (Thermo 
Fisher Scientific, Waltham, MA, USA, Cat No. T3168) and TMRM 
(Thermo Fisher Scientific, Waltham, MA, USA, Cat No. I34361) dyes. 
Cells were stained according to the manufacturer’s instructions, with 2 
μg/mL JC-1 or 100 nM TMRM and incubated for 30 min at 37 ◦C in a 5 % 
CO2 atmosphere. Cells were washed with PBS and subjected to flow 
cytometry (Agilent, CA, USA) to measure fluorescence ratios (JC-1: red/ 
green; TMRM: fluorescence intensity) and laser confocal microscopy 
(Leica TCS SP5 II, Wetzlar, Germany) to visualize mitochondrial stain
ing. Each sample type was performed in triplicate with unstained cells or 
CCCP-treated cells as a depolarized control.

2.14. Mitochondrial permeability transition pore (MPTP) assay

AR42J cells were cultured in a pressure chamber at 40 kPa or 80 kPa 
for 24 h to induce stress, with or without Cyclosporin A (CsA) (Target
Mol, 59865-13-3, 5 μg/mL) to inhibit MPTP opening. Experimental 
groups included: (1) Ctrl (normal control), (2) Ctrl + CsA (normal cul
ture with CsA), (3) 40 kPa (cells at 40 kPa), (4) 40 kPa + CsA (cells at 40 
kPa with CsA), (5) 80 kPa (cells at 80 kPa), and (6) 80 kPa + CsA (cells at 
80 kPa with CsA). The opening of MPTP was detected using a Mito
chondrial Permeability Transition Pore Assay Kit (Thermo Fisher Sci
entific, USA, Cat No. I35103) according to the manufacturer’s protocol. 
In brief, the cells were stained with the supplied fluorescent dyes (cal
cein-AM and CoCl2) and incubated at 37 ◦C for 15 min in a 5 % CO2 
incubator. After washing with HBSS, the stained cells were subjected to 
flow cytometry analysis to quantify the fluorescence intensity and laser 
confocal microscopy to visualize MPTP activity. Experiments were 
performed in triplicate for each group, with fluorescence intensity of 
calcein-AM indicating MPTP opening.

2.15. Mitochondrial and double-stranded DNA (dsDNA) staining and 
detection

Cytoplasmic free mtDNA was measured in the supernatants of AR42J 
cells or in supernatants of the primary acinar cells isolated from the 
model mice. To quantify the amount of mtDNA, a dsDNA Quantitation 
Reagent, PicoGreen (Thermo Fisher Scientific, USA, Cat No. P11495), 
was used according to the manufacturer’s instructions. PicoGreen re
agent as a 200 × concentrated stock solution in anhydrous DMSO (100 
μL) was equilibrated to room temperature. To prepare a working solu
tion, the 200 × concentrated PicoGreen reagent was diluted in 1 × TE 
buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5, 1:200) on the day of the 
experiment.

Supernatants from cells were obtained by centrifugation at (1000×g 
for 5 min), then stained with 1 × PicoGreen working solution (1 mL), 
and incubated at 37 ◦C for 1 h in the dark. Subsequently, fluorescence 
was read in a microplate reader (SPARK, Tecan, Austria) at excitation/ 
emission wavelengths of 480/520 nm. The resulting fluorescence in
tensity is proportional to the concentration of dsDNA in the sample. The 
stained cells were examined using the Leica LAS X laser confocal mi
croscope to confirm the localization of mtDNA.

2.16. Electron microscopy detection

Pancreas samples from normal and model mice were immediately 
fixed in 1.5 mL of electron microscopy fixative (2.5 % glutaraldehyde in 
0.1 M cacodylate buffer, pH 7.4) at 4 ◦C for 24 h. Following 24 h of 
pressure intervention (40 kPa or 80 kPa), AR42J cells were 

Table 1 
The target gene primers.

Gene Primer sequences (5′-3′)

mouse-IL-1β-F TGTAATGAAAGACGGCACACC
mouse-IL-1β-R TCTTCTTTGGGTATTGCTTGG
mouse-IL-6-F CAAAGCCAGAGTCCTTCAGA
mouse-IL-6-R GATGGTCTTGGTCCTTAGCC
mouse-TNF-α-F GCCTCTTCTCATTCCTGCTTG
mouse-TNF-α-R CTGATGAGAGGGAGGCCATT
mouse-STING-F TCGCACGAACTTGGACTACTG
mouse-STING-R CCAACTGAGGTATATGTCAGCAG
mouse-cGAS-F GTCGGAGTTCAAAGGTGTGGA
mouse-cGAS-R GACTCAGCGGATTTCCTCGTG
mouse-actin-F GTGACGTTGACATCCGTAAAGA
mouse-actin-R GCCGGACTCATCGTACTCC
mouse-mt-ND1-F GAGCCTCAAACTCCAAATACTCACT
mouse-mt-ND1-R GAACTGATAAAAGGATAATAGCTATGGTTACTTCA
mouse-mt-ND2-F ACCTACCCTATCACTCACACTAGCA
mouse-mt-ND2-R GAGGCTCATCCTGATCATAGAATG
mouse-mt-CO3-F CCTCGTACCAACACATGATCTAGG
mouse-mt-CO3-R AGTGGGACTTCTAGAGGGTTAAGTG
mouse-mt-DLOOP-F AATCTACCATCCTCCGTGAAACC
mouse-mt-DLOOP-R TCAGTTTAGCTACCCCCAAGTTTAA
rat-IL-1β-F ACCTTCCAGGATGAGGACATGA
rat-IL-1β-R CTAATGGGAACGTCACACACCA
rat-IL-6-F ATGAACTCCTTCTCCACAAGCGC
rat-IL-6-R GGGAAGGCAGCAGGCAACAC
rat-TNF-α-F TCAAAGGGGAACGGACATAG
rat-TNF-α-R ACCAGGATTCTGTGGCAATC
rat-GAPDH-F TGTTCGTCATGGGTGTGAAC
rat-GAPDH-R ATGGCATGGACTGTGGTCAT
rat-STING-F TCTGACTGTGAGAGCAAGCAG
rat-STING-R ACCTTTAGGTCCCAGGCCATT
rat-cGAS-F ACATGGCGGCTATCCTTCTCT
rat-cGAS-R GGGTTCTGGGTACATACGTGAAA
rat-mt-ND1-F GCCGCCCGATGATACCCATGGCCAACCTCC
rat-mt-ND1-R GTCGACTAGGTTTGAGGGGGAATGCTG
rat-mt-ND2-F GCCGGCCGATGATAAACTTCGCCTTAATT
rat-mt-ND2-R GTCGACATTCGGTTCAGTCTAATCCTT
rat-mt-DLOOP-F AAATTCTAGGCTATATACAACTAC
rat-mt-DLOOP-R GCTAGCATGTTTATTTCTAGGC
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enzymatically digested and centrifuged at 800 rpm for 10 min to collect 
cell aggregates. The cell pellets were suspended with 1.5 mL of electron 
microscopy fixative and centrifuged again at 800 rpm for 5 min. This 
resuspension-centrifugation step was repeated twice.

Tissues and cells were fixed, dehydrated, embedded, sectioned and 
stained. Mitochondria ultrastructure was observed by imaging on a 
transmission electron microscope (Hitachi HT-7800). Representative 
images were captured for qualitative assessment.

2.17. Statistical analysis

Statistical analysis was conducted using GraphPad Prism version 
10.1.2. Quantitative data are expressed as mean ± standard error of the 
mean (SEM). One-way and Two-way analysis of variance (ANOVA) was 
employed to compare values among three groups; comparisons between 
two groups were performed using independent samples t-test or rank- 
sum test. A p-value <0.05 was considered statistically significant (*p 
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

3. Results

3.1. Establishment of the mouse model of AP via retrograde pancreatic 
duct injection

The in vivo mouse model of AP via retrograde pancreatic duct in
jection was established to explore the possible role of hydrostatic pres
sure in AP. A balanced salt solution was injected retrogradely into the 
pancreatic duct at a constant flow rate of 4.8 mL/h for 5 min to construct 
the pressure-induced AP mouse model and to investigate the role of high 
hydrostatic pressure in the development of AP (Fig. 1A). The sham- 
operated animals underwent laparotomy with pancreatic duct punc
ture, but without fluid injection. To further strengthen the role of hy
drostatic pressure during the induction of pancreatitis, transient 
occlusion of the pancreatic duct was performed immediately after 
retrograde pancreatic infusion. In addition to these model groups, AP 
was also induced by a classical caerulein-based model as a positive 
control. Caerulein (50 μg/kg) was administered intraperitoneally every 
hour for a total of ten injections followed by a single injection of LPS (10 
mg/kg) after the last injection of caerulein (Fig. 1B). As shown in 
Fig. 1C, the pancreatic tissues of mice subjected to intrapancreatic hy
pertension appeared severely damaged and necrosis of pancreatic acinar 
cells and inflammatory cell infiltration (histology was performed with 
HE staining) when compared to the normal control group. In accordance 
with histopathology, serum AMS and LPS levels were determined by 
ELISA and showed significantly higher in AP model groups compared 
with the control (Fig. 1D). Flow cytometry analysis showed a significant 
increase of peripheral blood Mø and NE in the AP groups compared with 
normal mice, (Fig. 1F and G). The expression levels of CD206 (macro
phage marker) and MPO (neutrophil marker) were significantly 
increased in the pancreatic tissues of AP mice (Fig. 1H). In addition, the 
expression levels of pro-inflammatory cytokines such as IL-1β, IL-6, and 
TNF-α were also significantly upregulated in serum and pancreatic tis
sues of the model mice (Fig. 1E–I). The above-mentioned findings 
indicate that the pressure-induced AP mouse model was successfully 
established with specific histological damage and inflammation.

3.2. Mitochondrial damage and mitochondrial DNA release in pressure- 
induced AP

Pancreatic tissues from mice were collected for transmission electron 
microscopy (TEM) examination 24 h after retrograde pancreatic duct 
injection. As shown in Fig. 2A, TEM analysis revealed severe mito
chondrial swelling, partial destruction of cristae and formation of 
autophagosomes in the AP-caerulein and AP-pressure groups, suggesting 
obvious mitochondrial injury. JC-1 staining showed that the mito
chondrial membrane potential in primary pancreatic acinar cells from 

AP modeled mice was significantly depolarized, compared with that in 
the control groups (Fig. 2B). Moreover, western blotting analysis was 
performed to further verify mitochondrial injury. The results showed 
that compared with the control and sham groups, the protein levels of 
mitochondrial markers, including SDHA, PHB1 and VDAC1 were 
significantly decreased in pancreatic tissues of mice in the AP-caerulein 
and AP-pressure groups (Fig. 2C, D, E, H). Serum levels of dsDNA were 
measured by a fluorescence microplate reader to preliminarily assess the 
release of mtDNA into the circulation. The AP modeled group had 
significantly higher serum dsDNA levels than the control and sham 
groups (Fig. 2F). RT-qPCR analysis of pancreatic tissues revealed the 
upregulated transcription levels of mtCO3, mtDloop, mtND1 and mtND2 
in the AP-caerulein and AP-pressure groups, which suggested mtDNA 
accumulated (Fig. 2G). To clarify the release of mtDNA into the circu
lation in AP modeled mice, absolute quantification of circulating mtDNA 
in peripheral serum was performed by droplet digital PCR (ddPCR). The 
results showed a significant serum mtDNA increase in the AP-pressure 
group (Fig. 2I). These results indicated that retrograde pancreatic duct 
injection and transient ductal hypertension caused mitochondrial injury 
in pancreatic acinar cells and promoted the release of mtDNA into the 
circulation. The increased release of mtDNA suggests that mtDNA may 
act as DAMPs entering the circulation, exacerbating the inflammatory 
response.

3.3. Activation of the cGAS-STING signaling pathway in pancreatic tissue 
of mice with pressure-induced AP

Mitochondrial DNA release was observed to be enhanced under high 
hydrostatic pressure condition, the possibility of the involvement of 
cGAS–STING pathway in pressure-induced AP was further investigated. 
In response to cytosolic double-stranded DNA, such as mtDNA, the 
cytosolic DNA sensor cGAS is activated, which results in the production 
of cGAMP to further activate STING and promote inflammatory re
sponses. Immunohistochemical detection of cGAS and STING proteins in 
the pancreatic tissues of model mice was performed. The results indi
cated that both the AP-caerulein group and the AP-pressure group 
showed a significant increase in the expression of cGAS and STING 
proteins after modeling, and the downstream proteins of STING, phos
phorylated TBK1 (pTBK1) and phosphorylated IRF3 (pIRF3), also 
exhibited a significant increase in expression (Fig. 3A–E).Western blot
ting analysis demonstrated that the protein levels of cGAS and STING 
were significantly increased in the pancreas of mice with pressure- 
induced AP (Fig. 3F–H). Consistently, their transcript levels were also 
significantly increased, as determined by RT-qPCR (Fig. 3I and J). We 
further determined the levels of cGAMP, the enzymatic product of cGAS, 
in the pancreas and found that it was significantly increased, which 
directly demonstrated the activation of cGAS-STING pathway (Fig. 3N). 
In addition, the downstream effector proteins of STING pathway, pTBK1 
and pIRF3, were also found to be significantly increased (Fig. 3K–M).

3.4. Elevated hydrostatic pressure induces inflammatory-like changes in 
cultured AR42J cell line in vitro

Our investigation into whether hydrostatic pressure can trigger in
flammatory responses in vitro required the creation of a custom high- 
pressure culture chamber for pressurizing AR42J pancreatic-derived 
cells (Fig. 4A). To investigate the effects of varying hydrostatic pres
sures on cellular growth states, AR42J cells were cultured under hy
drostatic pressures of varying degrees (0 kPa, 10 kPa, 20 kPa, 40 kPa, 
and 80 kPa) above standard atmospheric pressure for 24h, 48h, and 72h. 
The CCK-8 assay demonstrated that the growth curve of cells exposed to 
a pressure exceeding 40 kPa and 80 kPa above standard atmospheric 
pressure was significantly inhibited (Fig. 4B). Our subsequent assays will 
utilize 40 kPa and 80 kPa since the results indicated these pressures 
should be tested further. Morphological examination by light micro
scopy showed that exposure to 80 kPa had a slight observed impact on 
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cell morphology, with a subtle more-rounded shape, in comparison to 
the control cells, while cells exposed to 40 kPa exhibited no discernible 
morphological changes (Fig. 4C). No apparent cell death was observed 
under the applied conditions. The levels of the enzymes AMS and LPS in 

the cell culture supernatant were also significantly increased after 
exposure to the high hydrostatic pressure (Fig. 4D and E), which are 
widely accepted markers for injury in pancreatic cells. In addition, RT- 
qPCR analyses further revealed that the high hydrostatic pressure 

(caption on next page)
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exposure resulted in a significant increase of the pro-inflammatory 
cytokine transcripts IL-1β, IL-6, and TNF-α in AR42J cells (Fig. 4F–H). 
The increase in cytokine levels in cell culture supernatants aligns with 
the observed transcriptional data (Fig. 4I–K). Our data showed that 
hydrostatic pressure alone evokes an inflammatory-like response in 
AR42J cells, which supports the hypothesis that mechanical forces elicit 
an early pro-inflammatory signal cascade in pancreatic cells.

3.5. Elevated hydrostatic pressure exposure causes mitochondrial 
dysfunction and oxidative stress changes

Given the inflammation induced by hydrostatic pressure and the 
well-established role of mitochondrial dysfunction in promoting in
flammatory response, mitochondrial integrity and function were 
assessed to identify potential causative pathways. As shown in Fig. 5A, 
TEM showed that high hydrostatic pressure treatment induced obvious 
mitochondrial swelling and cristae shrinkage and dissolution. Notably, 
the 80 kPa treated cell group were observed to exhibit more obvious 
endoplasmic reticulum expansion, along with the formation of auto
phagosomes and myelin-like bodies. These results suggested that expo
sure to increased hydrostatic pressure for 24 h may cause ultrastructural 
changes in mitochondria. Subsequently, flow cytometry was used to 
detect intracellular ROS levels for further evaluating the impact of hy
drostatic pressure on oxidative stress. In both DCFH- and DHE-stained 
cells, the mean fluorescence intensity (MFI) was increased under pres
sure interventions (Fig. 5B and C). Additionally, mitochondrial ROS 
levels evaluated using MitoSox Green staining also showed abnormal 
hydrostatic pressure treatment induced a certain increase in mitochon
drial ROS (Fig. 5D).

To evaluate intracellular Ca2+ dynamics under hydrostatic stress, 
AR42J cells were loaded with the fluorescent probe Fluo-4 AM and 
exposed to 0 kPa (control), 40 kPa, or 80 kPa for 5–90 s. Control cells 
exhibited minimal fluctuations around baseline throughout the obser
vation period. In contrast, cells exposed to 40 kPa displayed a biphasic 
response characterized by an initial nadir at 10 s, followed by a rapid 
overshoot at 20 s and sustained mild elevation through 90 s. Notably, the 
80 kPa group demonstrated an inverse early response, with a transient 
peak at 10 s followed by gradual decline (Fig. 5E). Two-way ANOVA 
revealed a significant main effect of time [F(5,90) = 5.281, P = 0.0003], 
no significant main effect of pressure [F(2,90) = 1.545, P = 0.2189], but 
a highly significant time × pressure interaction [F(10,90) = 18.29, P <
0.0001]. These findings demonstrate that hydrostatic pressure elicits 
pressure-specific temporal patterns of Ca2+ signaling rather than pro
ducing uniform elevation across all conditions. Specifically, moderate 
pressure (40 kPa) triggers a dip-then-rebound pattern, whereas high 
pressure (80 kPa) induces a transient spike, consistent with mechano
sensitive, pressure-dependent Ca2+ signaling dynamics. In addition to 
this early response, a significant elevation was detected 24 h after sus
tained pressure exposure in intracellular Ca2+ levels (Fig. 5F), coin
ciding with mitochondrial depolarization and activation of downstream 
signaling pathways. Together, these findings suggest that hydrostatic 
pressure induces a biphasic Ca2+ response: an immediate transient 
influx reflecting mechanical stimulation, and a delayed accumulation 
associated with persistent mitochondrial dysfunction and stress 
signaling.

Additionally, there was a noticeable decrease in ATP levels within 

the AR42J cells following the pressure intervention (Fig. 5G). Further
more, the mitochondrial membrane potential was detected by JC-1 and 
TMRM assays. As shown in Fig. 5H and I, JC-1 staining showed an in
crease in the monomer form (green fluorescence) and a decrease in the 
polymer form (red fluorescence), leading to an elevated green/red 
fluorescence ratio in the 40 kPa and 80 kPa groups. The increased green/ 
red fluorescence intensity ratio indicated mitochondrial depolarization 
(Fig. 5H). Consistent with the results in Fig. 5H, TMRM staining indi
cated a diminished mitochondrial fluorescence signal under pressure 
exposure, confirming the loss of mitochondrial membrane potential 
(Fig. 5I). Collectively, these findings provide clear evidence that expo
sure to elevated hydrostatic pressure induces mitochondrial morpho
logical disruption, oxidative stress, and mitochondrial dysfunction in 
AR42J pancreatic cells.

3.6. Mitochondrial DNA release and activation of the cGAS-STING 
signaling pathway in AR42J cells under pressure culture conditions

mtDNA is a well-known activator of the cGAS–STING signaling 
pathway. Our research examined mtDNA function to establish how high 
hydrostatic pressure activates the innate immune response. The pres
ence and localization of mtDNA were determined under pressure con
ditions. Picogreen staining followed by confocal microscopy analysis 
showed a strong cytoplasmic dsDNA signal at 24 h and 48 h of hydro
static pressure treatment (Fig. 6A and B). The dispersed extranuclear 
bright fluorescence spots (white arrows) suggested the release of mtDNA 
into the cytosol. The quantification of dsDNA content by a fluorescence 
plate reader also revealed a significant increase in the amount of dsDNA 
in the culture supernatant from cells treated with hydrostatic pressure 
(Fig. 6C), which was indicative of the enhanced release of mtDNA 
outside of the cells. Moreover, a significant increase in the level of 
mtDNA in the cell culture medium supernatant (reflecting extracellular 
release), including mtCO3, mtDloop, mtND1, and mtND2 transcripts, 
was also detected by ddPCR specific for mtDNA under pressure condi
tions (Fig. 6D). These data suggested that high hydrostatic pressure in
duces mitochondrial dysfunction and the release of mtDNA. Besides, 
both the cGAS and STING protein levels were found to be significantly 
upregulated after hydrostatic pressure treatment (Fig. 6E and F). In 
addition, their mRNA expression levels were also significantly increased 
(Fig. 6G). The levels of phosphorylated TBK1 (pTBK1), the upstream 
kinase of IRF3, and phosphorylated IRF3 (pIRF3), the downstream 
molecule of the cGAS–STING signaling pathway, were also significantly 
increased under pressure conditions (Fig. 6H and I). Immunofluores
cence staining also showed that the expression levels of cGAS and pIRF3 
were increased with cytoplasmic localization, which was consistent with 
the biochemical results (Fig. 6J and K). These results suggested that 
exposure to non-physiological high hydrostatic pressure induces mito
chondrial damage, which in turn causes the release of mtDNA. Accu
mulation of mtDNA further activates the cGAS–STING signaling 
pathway and downstream proinflammatory signaling.

3.7. Pressure-induced MPTP opening promotes mtDNA release and 
activation of the cGAS-STING pathway

The opening status of mitochondrial permeability transition pore 
(MPTP) was examined to determine its role in high hydrostatic pressure- 

Fig. 1. Establishment of the acute pancreatitis mouse model. 
A, B Schematic diagram of the acute pancreatitis mouse modeling. The AP-pressure group received a continuous infusion of balanced salt solution at a rate of 4.8 mL/ 
h for 5 min via retrograde cannulation of the bile-pancreatic duct (A); the Sham group underwent a sham surgery with only laparotomy and pancreatic duct 
cannulation; AP-Caerulein group was subjected to intraperitoneal injection of caerulein in mice to create a model (B) (n = 6). C H&E staining images to observe the 
extent of pancreatic tissue damage and inflammatory infiltration in the model mice (scale bar, 100 μm and 50 μm). D Serum amylase (AMS) and lipase (LPS) levels in 
model mice after 12 h. E RT-qPCR detection of the levels of inflammatory factors IL-1β, IL-6, and TNF-α in the pancreatic tissue of model mice (n = 6). F, G Flow 
cytometry analysis of serum macrophage (Mø) and neutrophil (NE) abundance in model mice. H Increased protein levels of CD206 and MPO in model mice (n = 3). I 
ELISA detection of serum inflammatory factors IL-1β, IL-6, and TNF-α levels (n = 6). All data are presented as means, and all error bars represent the standard error of 
the mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 2. Mitochondrial damage and the release of mitochondrial DNA (mtDNA) in acinar cells of mice with pressure-induced pancreatitis. 
A Electron microscopy images of pancreatic tissue from different treatment groups of mice; Ctrl, normal control group; Sham, sham surgery group; AP-Caerulein, the 
positive control group modeled with caerulein; AP-pressure, the experimental group with retrograde pancreatic duct injection (scale bars: 2 μm, 500 nm, and 200 
nm). ER, endoplasmic reticulum; M, mitochondria; blue small triangles indicate autophagosomes. B Flow cytometry analysis of JC-1 staining to detect changes in 
mitochondrial membrane potential in primary acinar cells from modeled mice. Mitochondrial membrane potential depolarization was observed in acinar cells from 
both the AP-Caerulein and AP-pressure groups. C Downregulation of SDHA(D), PHB1(E), and VDAC(H) protein levels in pancreatic tissue of mice with pressure- 
induced pancreatitis (n = 3). F Picogreen staining showed a significant increase in serum double-stranded DNA (dsDNA) levels in model mice (n = 6). G RT- 
qPCR analysis revealed a significant increase in mtDNA levels at the mRNA level in the pancreatic tissue of model mice (n = 6). I Digital PCR (ddPCR) analysis 
indicated an increase in mtDNA copy number in the serum of mice subjected to retrograde pancreatic duct injection (n = 6). All data are presented as means, and all 
error bars represent the standard error of the mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Activation of the cGAS-STING signaling pathway in pancreatic tissue of mice with pressure-induced pancreatitis. 
A Immunohistochemical staining of pancreatic tissue for cGAS, STING, pTBK1, and pIRF3 proteins in mice with pressure-induced pancreatitis (n = 6). B-E Path
ological scores for the immunohistochemical staining for the expression levels of cGAS (B), STING (C), pTBK1 (D), and pIRF3 (E). F-H Upregulation of cGAS and 
STING protein levels in pancreatic tissue of mice with pressure-induced pancreatitis (n = 3). I, J RT-qPCR detection of upregulated cGAS and STING mRNA levels in 
pancreatic tissue of model mice. K-M Activation of downstream molecules of STING in pressure-induced pancreatitis. Upregulation of pTBK1 (L) and pIRF3 (M) 
protein levels (n = 3). N ELISA detection of increased serum cGAMP levels in model mice. The data are presented as mean values, with all error bars indicating the 
standard error of the mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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induced cytosolic mtDNA accumulation. As shown in Fig. 7A, AR42J 
cells exposed to 40 kPa or 80 kPa hydrostatic pressure for 24 h exhibited 
significantly increased MPTP opening. When cells were pre-treated with 
the MPTP inhibitor CsA, this effect was markedly attenuated (Fig. 7B). 
These findings indicated that mechanical stress-induced mitochondrial 
permeability resulted, at least in part, from MPTP activation. Our next 
step was to establish the involvement of MPTP in mtDNA release. 
Measurement of dsDNA concentration in the cytosolic fraction and su
pernatant revealed a significant increase in mtDNA amount following 
exposure to pressure, and this was considerably decreased when cells 

were treated with CsA (Fig. 7C–E). To examine if this process is involved 
in the innate immune activation, we determined the status of 
cGAS–STING signaling. Western blot analysis indicated that pressure 
induced an increase in the expression levels of cGAS, STING, and their 
downstream molecules pTBK1 and pIRF3, and this effect was markedly 
attenuated in CsA-treated cells (Fig. 7F–J). Additionally, the expression 
levels of typical inflammatory cytokines including IL-1β, IL-6, and TNF-α 
were also significantly decreased following treatment with MPTP in
hibitor, at both the transcriptional and protein levels (Fig. 7K and L).

Fig. 4. Pressure culture of AR42J cells in vitro induces inflammatory-like changes. 
A The in vitro pressure intervention device and the flow chart of the high-pressure intervention on cells. The immortalized rat pancreatic exocrine cell line AR42J was 
utilized for the intervention culture. Cells in the experimental group were subjected to varying pressures (40 kPa and 80 kPa) for 24 h, while cells in the control group 
were maintained under normal conditions. B CCK8 proliferation assay to detect cell proliferation under pressure intervention (n = 6). C Morphological changes in 
AR42J cells after pressure intervention were observed using bright-field optical microscopy. Cells cultured at 80 kPa pressure exhibited slight morphological al
terations, appearing rounder than those maintained under normal atmospheric pressure, although no significant cell death was noted. D, E The levels of amylase 
(AMS) and lipase (LPS) in the culture supernatant of cells were also significantly elevated following pressure intervention (n = 6). F-H RT-qPCR analysis revealed a 
significant increase in the mRNA levels of the inflammatory cytokines IL-1β, IL-6, and TNF-α in cells subjected to pressure intervention (n = 6). I-K ELISA analysis 
demonstrated a marked elevation in the levels of IL-1β, IL-6, and TNF-α in the supernatant of the cell culture medium following pressure intervention (n = 6). The 
data are presented as mean values, with all error bars indicating the standard error of the mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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4. Discussion

AP presents as a disease with rapid inflammatory onset yet its 
mechanisms are not well understood. Activation of innate immunity is 
an important early event to drive AP, which can be stimulated by a 
variety of factors, including mechanical stress. Accumulating evidence 
has suggested that physical stress, such as fluid shear stress, can disrupt 
the integrity of the pancreatic epithelial barriers and promote AP by 
activating downstream pro-inflammatory signaling [17]. The effect of 
hydrostatic pressure elevation on pancreatic acinar cell inflammation 
and how it leads to innate immune activation during AP, however, re
mains largely unknown. Our investigation demonstrated that elevated 
hydrostatic pressure in pancreas resulted in mitochondrial dysfunction 
followed by cytosolic mtDNA release which triggered the cGAS–STING 
signaling pathway and intensified inflammation during AP.

Mitochondrial dysfunction has been reported to be involved in the 
pathogenesis of AP. Studies have found mitochondrial dysfunction in 
peripheral blood mononuclear cells isolated from patients with mild AP 
[20]. Mitochondrial morphological changes such as fragmentation, 
cristae disappearance, and decreased ATP production were also 
observed in neuronal and retinal cell lines after exposure to high hy
drostatic pressure, suggesting the vulnerability of mitochondria to me
chanical stress [21,22]. Consistent with the previous study, we also 
found mitochondrial swelling, cristae disorganization, mitochondrial 
membrane depolarization, and increased ROS generation in both an in 
vivo mouse model of pancreatic hypertension and an in vitro pancreatic 
AR42J cell line abnormal hydrostatic pressure culture model. These 
findings indicate that high hydrostatic pressure in the pancreas could 
directly affect mitochondrial morphology and function and contribute to 
acinar cell injury.

Consistent with previous reports that fluid shear stress can rapidly 
alter cytosolic Ca2+ levels through mechanosensitive ion channels [14], 
we detected a rapid and transient increase in cytosolic Ca2+ levels within 
seconds of hydrostatic pressure exposure, supporting the concept that 
pressure acts as an acute mechanical trigger for Ca2+ influx in pancreatic 
acinar cells. Because early Ca2+ transients can initiate mitochondrial 
stress and redox imbalance that evolve over hours, subsequent analyses 
were conducted at 24h to assess mitochondrial dysfunction, ROS accu
mulation, and activation of the cGAS–STING pathway. The 24-h time 
point was chosen to capture the integrated cellular responses to sus
tained mechanical stress rather than the transient ionic events. 
Together, these findings suggest that an early Ca2+ influx serves as an 
initiating signal linking mechanical load to mitochondrial damage and 
innate immune activation in the later phase of hydrostatic pressur
e–induced pancreatic injury. This mechanistic connection aligns with 
previous evidence that pressure-induced mitochondrial depolarization 
and oxidative stress act upstream of mtDNA release and cGAS–STING 
activation.

We focused on MPTP, a non-specific channel that passes molecules 
less than 1.5 kDa between the matrix and the cytosol, as it has been 
previously reported to be associated with mtDNA release in stress- 
induced processes [23,24]. We found that high hydrostatic pressure 

led to the opening of MPTP and that inhibiting MPTP with CsA led to the 
reduction of mtDNA release and inhibition of the cGAS–STING signaling 
cascade. These results suggest that MPTP opening plays an important 
role in mediating mtDNA release from mitochondria to the cytosol in AP 
with high hydrostatic pressure.

This mechanistic link from mechanosensing through MPTP opening 
provides a plausible upstream pathway for the mitochondrial compro
mise observed under hydrostatic stress. We also observed a cytosolic 
accumulation of mtDNA in pancreatic cells following high hydrostatic 
pressure. mtDNA has been found to be an important DAMP that can 
trigger strong innate immune responses [25]. mtDNA has a structural 
and chemical resemblance to bacterial DNA and is underrepresented in 
methylation levels, which makes it more sensitive to oxidative damage 
[26–29]. The presence of ROS generation organelles and the mito
chondrial matrix that is closed off from the cytosol by the mitochondrial 
membrane make mtDNA prone to oxidative damage [27–29]. Further
more, high plasma mtDNA concentrations in AP patients have been 
shown to have a positive correlation with pancreatic necrosis and 
pancreatic disease outcomes [7,8]. The activation of the 
autophagy-lysosomal degradation pathway has been reported to 
contribute to the clearance of cytosolic mtDNA and the reduction of the 
inflammatory response and stress responses [30].

In addition to intracellular signaling, extracellular propagation of 
mtDNA-mediated inflammation may also occur. Moreover, mtDNA 
released into the extracellular space may further act as a DAMP to 
amplify inflammatory signaling. Circulating or secreted mtDNA can be 
recognized by pattern recognition receptors such as TLR9 or internalized 
by immune cells [31], thereby linking local cellular injury to systemic 
inflammatory responses. This mechanism is supported by our ddPCR 
results showing elevated mtDNA levels in both cell culture supernatants 
and mouse serum following hydrostatic pressure exposure. Such extra
cellular mtDNA may function in parallel with intracellular cGAS–STING 
activation to sustain the inflammatory milieu characteristic of acute 
pancreatitis. These results indicate the pro-inflammatory role of mtDNA 
as a DAMP during pancreatitis induced by high hydrostatic pressure. 
Future studies are warranted to dissect the relative contributions of 
extracellular versus intracellular mtDNA signaling in the progression of 
pressure-induced pancreatic inflammation.

The inflammatory milieu of acute pancreatitis contains multiple 
sources of extracellular DNA, including nuclear DNA and neutrophil 
extracellular traps (NETs). While we cannot fully exclude their contri
bution, our results support a predominant role for mtDNA: serum 
mtDNA levels and cytosolic mtDNA release were markedly elevated 
under hydrostatic pressure, and pharmacological inhibition of MPTP 
suppressed both mtDNA release and cGAS–STING activation. These 
findings suggest that mitochondrial stress is a key driver of DNA- 
mediated innate immune signaling in our model, although future 
studies will be needed to dissect the relative contributions of nuclear 
DNA, NET-derived DNA, and mtDNA.

Although our study focused on acinar cells as the main targets in 
pancreatitis, other cell types may also contribute to cGAS–STING acti
vation. Infiltrating myeloid cells can amplify type I interferon and NF-κB 

Fig. 5. Pressure culture induces mitochondrial damage and oxidative stress changes in AR42J cells. 
A Electron microscopy images depict acinar cell mitochondria subjected to various pressure interventions (scale bars: 2 μm, 500 nm, and 200 nm). Following pressure 
intervention, mitochondrial cristae are absent, and mitochondrial matrix swelling is evident. M, mitochondria; N, nucleus; and small blue triangles signify auto
phagosomes. B, C Post-pressure intervention in AR42J cells, DCFH and DHE staining, assessed via flow cytometry, reveals elevated intracellular ROS levels and a 
notable increase in the mean fluorescence index (MFI). D MitoSox Green staining of AR42J cells, followed by flow cytometry, demonstrates an increase in mito
chondrial ROS production, as indicated by MFI. E Fluo-4 AM-based detection of early Ca2+ responses in AR42J cells under 0 kPa, 40 kPa and 80 kPa hydrostatic 
pressure. Relative fluorescence (F/F0) was measured 5–90 s after pressurization, showing transient Ca2+ fluctuations. Values represent mean ± SEM (n = 6). F Fluo-4 
AM fluorescence probe detection showed that after 24 h of pressure intervention, the Ca2+ levels in AR42J cells were significantly elevated (n = 3). G After 24 h of 
pressure intervention, the ATP levels in the AR42J cells significantly decreased (n = 3). H JC-1 staining, observed via confocal microscopy, indicates depolarization 
of the mitochondrial membrane potential in AR42J cells after 24 h of pressure intervention (scale bar, 30 μm). I Tetramethylrhodamine (TMRM) staining, also viewed 
through confocal microscopy, reveals alterations in the depolarization of the mitochondrial membrane potential in AR42J cells after 48 h of pressure intervention 
(scale bar, 30 μm). The data are presented as mean values, with all error bars indicating the standard error of the mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001, 
and ****p < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Mitochondrial DNA release and activation of the cGAS-STING signaling pathway in AR42J cells under pressure culture conditions. 
A, B Picogreen staining and confocal laser scanning microscopy were employed to observe mtDNA release in cells after 24 h (A) and 48 h (B) of pressure intervention 
(scale bar, 30 μm). C Detection using a fluorescence microplate reader revealed a significant increase in dsDNA levels in the cell supernatant following pressure 
intervention (n = 5). D Digital PCR (ddPCR) was utilized to assess changes in mtDNA copy number in the cell culture medium supernatant (n = 6). E Western blotting 
was performed to evaluate the protein expression of the cGAS-STING pathway (n = 3). F, G Both cGAS and STING were significantly upregulated at the protein and 
mRNA levels. H, I The protein levels of pTBK1 and pIRF3, which are downstream molecules of STING, were also upregulated (n = 3). J, K Immunofluorescence (IF) 
was employed to detect the protein expression of cGAS (J) and the downstream molecule pIRF3 (K) (scale bar, 50 μm). The data are presented as mean values, with 
all error bars indicating the standard error of the mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Fig. 7. Pressure-induced MPTP opening promotes mtDNA release and activation of the cGAS-STING pathway. 
A The opening of the MPTP channel in AR42J cells under pressure culture conditions was observed using laser confocal microscopy with fluorescent dye (Calcein 
AM) staining (scale bar, 30 μm). B The MPTP inhibitor Cyclosporin A (CsA) reverses the pressure-induced opening of the MPTP. The extent of MPTP opening was 
quantified by flow cytometry and expressed as mean fluorescence intensity (MFI). C Changes in mtDNA copy number in the cell culture supernatant following CsA 
treatment. D, E CsA treatment resulted in a reduction of cytoplasmic mtDNA release. After CsA treatment, the release of mtDNA following stress intervention was 
assessed via PicoGreen staining and confocal laser scanning microscopy (D) (scale bar, 5 μm); the level of double-stranded DNA (dsDNA) in the supernatant of AR42J 
cells was measured using a fluorescence microplate reader (E). F-J CsA mitigated the pressure-induced activation of the cGAS-STING pathway, inhibiting the 
activation of cGAS (G), STING (H), pTBK1 (I), and pIRF3 (J) (n = 3). K, L CsA suppressed the pressure-induced upregulation of IL-1β, IL-6, and TNF-α (n = 6). The 
data are presented as mean values, with all error bars indicating the standard error of the mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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cytokine signaling, while neuronal and glial cells may participate in 
neurogenic inflammation through the same pathway [31,32]. In addi
tion, ductal epithelial cells are directly exposed to elevated luminal 
pressures and may undergo mitochondrial stress or release nucleic acids 
that further engage innate immune signaling [17,33]. These findings 
suggest that, under conditions of ductal obstruction or altered flow, both 
acinar and ductal compartments may participate in initiating or ampli
fying inflammatory signaling within the pancreas. While our present 
study was designed to delineate the effects of static hydrostatic pressure 
specifically in acinar cells, we acknowledge that ductal cells likely 
contribute to the overall inflammatory network through 
mechanotransduction-related mechanisms. Future studies employing 
cell type–specific models (such as primary ductal cell cultures, organo
ids, or conditional knockout approaches) will be valuable for dis
tinguishing the relative roles of these distinct pancreatic cell populations 
in cGAS–STING activation under mechanical stress.

The detection of exogenous and endogenous DNA by cytosolic DNA 
sensors is the first step in initiating the inflammatory innate immune 
response [34,35]. The cGAS–STING signaling cascade is one of the main 
cytosolic DNA sensors. Once the cGAS–STING signaling axis is activated, 
it activates transcription factors, including IRF3 and NF-κB, to produce 
cytokines such as IL-1β, IL-6, and type I interferon to initiate inflam
matory responses [36,37]. A recent study has revealed that blocking 
cGAS–STING signaling can reduce acute pancreatitis in mice [9,19]. 
Although it was found that cGAS–STING signaling was involved in AP, 
the stimuli for cGAS–STING signaling activation during mechanical 
stress-induced AP remains to be determined. The current study found 
increased cGAS and STING protein and mRNA levels and STING 
downstream signaling molecule pTBK1 and pIRF3 activation in both in 
vivo and in vitro models of AP with high hydrostatic pressure. This in
crease was associated with a release of mtDNA from the mitochondria 
into the cytoplasm, leading to activation of the cGAS–STING signaling 
cascade in AP induced by high hydrostatic pressure.

It should be noted that cGAS is capable of sensing both mitochondrial 
and nuclear double-stranded DNA, though the comparative kinetics of 
pathway activation remain incompletely characterized. Studies 
demonstrate that mitochondrial DNA may be more readily sensed under 
stress conditions due to its circular conformation, lack of protective 
histones, and high content of unmethylated CpG motifs [23,38,39]. 
Comparative analyses of cytosolic nuclear and mitochondrial DNA 
support the view that mtDNA contributes disproportionately to 
cGAS-STING activation in stress settings [40]. While our current work 
focuses on mtDNA, future studies should explore whether differences in 
binding affinity translate to distinct kinetic responses, and how these 
temporal dynamics may influence cGAS-STING activation in pancreatic 
injury.

Manometric studies in humans have reported pancreatic duct pres
sures in the range of ~10–30 mmHg (≈1.3–4.0 kPa) under various 
conditions [41,42]. Other studies in mouse models of obstructive 
pancreatitis have reported peak intraductal pressures up to 130 mmHg 
(17.3 kPa) [17]. In contrast, our in vitro experiments showed that 
pressures within this physiological range (<20 kPa) did not consistently 
induce mitochondrial dysfunction or inflammatory responses in AR42J 
cells. Therefore, to robustly uncover mechanistic pathways, we applied 
exaggerated stress conditions (40 and 80 kPa), which reliably triggered 
mtDNA release and cGAS–STING activation. While these values exceed 
physiological measurements and some reported pathological pressures, 
they serve as a tractable model to dissect fundamental cellular mecha
nisms underlying pressure-induced pancreatic injury, and we acknowl
edge this as a limitation of our study.

The in vivo and in vitro models used in this study have also been 
optimized compared to the previous studies. We employed a novel 
mouse model in which pancreatic duct occlusion was transient after 
retrograde pancreatic duct infusion with saline solution to induce ductal 
hypertension. This method is different from traditional pancreatic duct 
ligation-induced duct hypertension. Consistently, we also found an 

increased pancreatic injury score in this new AP mouse model by his
tological evaluation. In addition, we developed a novel cell culture 
model in which AR42J cells were cultured under high hydrostatic 
pressure to precisely regulate the applied pressure, allowing a clear 
distinction of cellular responses to mechanical stress. These improve
ments to the in vivo and in vitro models allow the conclusions drawn 
from our results to be more robust. However, we did not directly mea
sure O2 tension in the culture medium under hydrostatic pressure. 
Although the chambers were equilibrated with the same incubator gas 
mixture, it remains possible that pressure may subtly alter dissolved 
oxygen levels. Future studies using O2-sensitive probes or controlled 
hypoxic conditions could clarify the role of oxygen tension in pressure- 
induced mitochondrial dysfunction.

5. Conclusion

In summary, we have found that high hydrostatic pressure in the 
pancreatic duct could lead to mitochondrial dysfunction and release of 
mtDNA from the mitochondria to the cytoplasm and promote the acti
vation of the cGAS–STING signaling cascade to worsen pancreatitis 
inflammation. This study could be extended to explore the possible 
treatment options for AP. As we have found that the mitochondrial 
dysfunction was the early stage of AP, the treatments that target mito
chondrial protection, such as maintaining the membrane potential or 
neutralizing the overproduced ROS, might have a potential therapeutic 
effect. Furthermore, as the cGAS–STING signaling cascade was also 
found to be involved in the development of AP, the drugs that target this 
signaling axis might also serve as therapeutic options for AP. Overall, we 
believe that our study has provided new mechanistic insights into the 
development of AP and will help develop new treatment options for AP.
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