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 Xerophthalmia, also called Keratoconjunctivitis sicca (KCS), is often referred to as 
dry eye disease (DED). It is a chronic immune-mediated ocular surface inflammatory 
disease. Its characteristics are corneal epithelial cell damage and persistent local 
inflammation. Increasing evidence indicates that pyroptotic death of corneal 
epithelial cells can significantly exacerbate tissue damage and accelerate disease 
progression. The cyclic guanosine monophosphate-adenosine monophosphate 
synthase-interferon gene stimulator protein (cGAS–STING) pathway is a key DNA-
sensing signaling pathway in inflammatory cell death; however, its role in KCS is 
unclear. In this study, a KCS murine model was constructed in C57BL/6 mice, and 
different concentrations of H151 (a selective cGAS–STING inhibitor) were used for 
treatment. Human corneal epithelial cells (HCECs) were placed in an in vitro 
environment, first exposed to a hypertonic condition, and then treated with H151. The 
activity of the cGAS-STING pathway, pyroptosis, and the inflammatory response 
were evaluated by measuring tear secretion, performing TUNEL staining, using 
CCK-8, measuring LDH release, and using Western blotting (WB). In the DED 
mouse model, tear secretion decreased, corneal inflammatory cytokine expression 
increased, and cGAS–STING–related proteins were upregulated. Using H151 could 
significantly improve tear secretion, reduce pathological activity, and also reduce the 
quantity of TUNEL-positive cells and the level of caspase-3 and gasdermin E in a 
manner dependent on the dose. Similar to the in vivo experimental results, hypertonic 
stress activated the cGAS–STING pathway in HCECs, as evidenced by decreased cell 
viability, increased LDH release, and increased pyroptosis. H151 can enhance cell 
viability and inhibit the pyroptosis-related signaling pathway to alleviate these 
effects. The research results indicate that the cGAS–STING pathway is involved in 
the pyroptosis of corneal epithelial cells in Sjögren's syndrome and is closely 
associated with caspase-3/GSDME signaling. These findings suggest that cGAS–
STING activation may contribute to pyroptotic processes rather than directly 
initiating caspase-3/GSDME-mediated pyroptosis. Accordingly, this pathway may 
represent a potential therapeutic target for DED. 
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INTRODUCTION 

 
Keratoconjunctivitis sicca (KCS), also known as dry 

eye disease (DED) in humans, is a multifactorial disease 
characterized by tear film instability and loss of ocular 
surface homeostasis. In veterinary medicine, KCS 
primarily occurs in dogs and is rare in cats (Avci et al., 

2025; Çaki and Durmuş, 2025). KCS pathology is related 
to slow inflammation and the gradual damage of corneal 
and conjunctival epithelial layers (Song et al., 2024; 
Roszkowska et al., 2025). Clinical patients will have 
symptoms such as dry eyes, irritation, burning pain, and 
changes or blurring of vision. If regular treatment is not 
carried out, the disease will cause injury to the corneal 
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epithelium, and severe cases will lead to permanent loss of 
vision (Shimizu et al., 2021; Hu et al., 2025). Over the past 
several decades, the incidence of KCS/DED worldwide has 
increased, partly due to population aging, increased screen 
time, and greater environmental pressure. Therefore, DED 
represents a common ocular surface disorder and an 
increasingly serious public health concern (Al-Mohtaseb et 
al., 2021; Papas et al., 2021). 

The corneal epithelium is the primary barrier of the 
ocular surface and is extremely important for the stability 
of the tear film and normal vision (Kontoh-Twumasi et al., 
2025). The loss of epithelial integrity during the 
progression of KCS or DED is widely recognized as a key 
catalyst for the inflammatory cascade and ocular surface 
dysfunction (Li et al., 2024). Early studies predominantly 
focused on apoptosis and necrotic cell death; however, 
subsequent investigations have increasingly focused on 
pyroptosis, a unique form of regulated cell death (Zhong et 
al., 2023). Pyroptosis is mediated by Gasdermin proteins, 
and the cells will appear swollen, plasma membrane pores 
will form, and pro-inflammatory cytokines, for example 
interleukin-1β (IL-1β) and interleukin-18 (IL-18) will be 
released, which makes the ocular surface inflammation 
more severe (Fischer et al., 2021). More and more evidence 
suggests that corneal epithelial cell pyroptosis may cause 
tissue damage in KCS (Liao et al., 2024). Despite advances 
in research, the molecular events controlling corneal 
epithelial pyroptosis remain unclear, especially regarding 
the possible involvement of the cyclic GMP–AMP 
synthase (cGAS) stimulator of interferon genes (STING) 
pathway. 

In recent years, the cGAS–STING signaling pathway 
has been increasingly studied in the research of immune 
response in animals and humans (Yang et al., 2022). This 
pathway is a cytosolic deoxyribonucleic acid (DNA) 
sensor, which can detect abnormal intracellular DNA, such 
as damaged mitochondrial DNA, translocated nuclear 
DNA, and DNA from pathogens (Han et al., 2024). After 
DNA is recognized, cGAS generates cyclic guanosine 
monophosphate–adenosine monophosphate (cGAMP), 
cGAMP activates STING, initiates downstream pathways, 
and then type I interferons together with pro-inflammatory 
cytokines are generated, triggering the innate immune 
response (Qian et al., 2025). The dysregulation of the 
cGAS–STING pathway is not only related to antiviral and 
anti-tumor but also to various inflammations and 
autoimmune diseases, including conditions such as 
systemic lupus erythematosus, Sjögren’s syndrome, and 
psoriasis (Xu et al., 2023; Gu et al., 2024; Zhang et al., 
2025). Activation of the pathway enhances the production 
of pro-inflammatory mediators, for example, CXC motif 
chemokine ligand 10 (CXCL10), interleukin-6 (IL-6), and 
interferon-β (IFN-β) (Ouyang et al., 2023), and the levels 
of these mediators are elevated in DED and KCS models 
(Almulhim et al., 2024). More and more research shows 
that excessive activation of the cGAS–STING pathway 
may make corneal epithelial injury more serious, 
exacerbate inflammation, and increase the number of cell 
deaths; drug targeting can protect cells from oxidative 
stress and reduce cell deaths (Ouyang et al., 2023). These 
results indicate that cGAS–STING signaling could be a key 
contributor to the pathogenesis of KCS, and it is necessary 
to explore the effect on corneal epithelial cell apoptosis.  

We use the mouse model of keratoconjunctivitis sicca 
induced by scopolamine hydrobromide and the in vitro 
hyperosmotic stress model of HCECs to explore the 
function of the cGAS–STING pathway in disease 
development. It is particularly important to determine how 
this signaling axis regulates corneal epithelial cell 
pyroptosis and the production of inflammatory cytokines. 
This strategy notes that the cGAS–STING signaling 
pathway in corneal epithelial cells triggers pyroptosis in 
KCS and explores therapeutic targets. 
 

MATERIALS AND METHODS 
 

DED Mouse Model and Drug Intervention: A total of 30 
female C57BL/6 mice, 6-8 weeks old, were obtained from 
Beijing Vital River Laboratory Animal Technology Co., Ltd. 
After 1 week of adaptation, the DED model was induced by 
placing the mice in a dry environment and subcutaneously 
injecting scopolamine hydrobromide (0.6mg/250μL; hy-
n0296a, MedChem Express, Monmouth Junction, NJ, USA). 
As outlined earlier (Wang et al., 2025), four injections per 
day were performed for seven consecutive days. The mice 
were assigned randomly to five experimental groups: normal 
control (CT), DED model (DED), low-dose H151 
intervention (DED+H151-L, 500nmoL/mouse), medium-
dose H151 intervention (DED+H151-M, 750nmoL/mouse), 
and high-dose H151 intervention (DED+H151-H, 
1000Nano Letters/mouse). Mice assigned to the intervention 
groups received intraperitoneal injections of the STING 
inhibitor H151 (HY-112693, MedChem Express, 
Monmouth Junction, NJ, USA) once daily for seven 
consecutive days, administered 1h before each scopolamine 
hydrobromide injection. The CT and DED groups received 
equal volumes of vehicle intraperitoneally. Following the 
completion of the experiment, the mice were humanely 
euthanized, and their eyes and corneal tissues were harvested 
for subsequent analyses. 
 
Tear Secretion Measurement: At 1.5h after scopolamine 
injection, a cotton thread soaked with phenol red was 
inserted into the conjunctival sac and maintained for 1 min. 
The wetted length of the thread was measured. A wetting 
length of less than 2mm indicated that the scopolamine 
dose effectively reduced tear secretion and was suitable for 
subsequent experiments. 
 
Cell Culture and Treatment: HCECs (JNO-H0616, 
Genio Biotech, Guangzhou, China) were cultured at 37°C 
with 5% CO₂ in DMEM/F12 medium (SNM-004B, 
SUNNCELL, Wuhan, China) supplemented with 10% fetal 
bovine serum (FBS, Thermo Fisher Scientific, USA). The 
cells were authenticated via STR profiling and verified to 
be free of mycoplasma. 

For the in vitro KCS model, HCECs were exposed to 
hyperosmotic medium (312–500mOsm) (Wang et al., 
2025). The cells were divided into the normal control (NC), 
hypertonic (HOP), and HOP+ cGAS/STING inhibitor 
(HOP+H151) groups. HOP cells grow in a medium with 
added NaCl (450mOsm), and NC cells grow in a normal 
osmotic pressure (310mOsm). The HOP + H151 group 
cells were exposed to a range of concentrations of STING 
inhibitor H151 (1, 2.5, or 5μM) for 24 hours before the 
experiment. 
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Cell Viability Assay: The cell counting kit-8 (CCK-8; 
FNCK064; FineTest, Wuhan, China) was used to assess 
cell viability and determine the impact of H151 on HCEC 
cell survival. The cells were plated into 96-well plates and 
were adherent 24 hours before H151 treatment. Each well 
was treated with 100µL, 10µL CCK-8, and incubated at 
37°C for 2.5 hours. The absorbance at 450nm was 
measured with a microplate reader (Bertin Instruments, 
Burlington, VT, USA). Cells were assigned to the NC, HO, 
and HOP+H151 groups, and the HOP+H151 group was 
further subdivided into 1, 2.5, and 5μM to examine how 
cell viability varies with dose. 
 
Cell Death Assay: HCEC apoptosis was assessed by 
quantifying lactate dehydrogenase (LDH) release. The 
cells (5×103 cells/well) were grown in 96-well plates. After 
the indicated treatments, the culture plates were centrifuged 
at 400 ×g for 5 min. Subsequently, 120μL of cell culture 
supernatant was collected and incubated with LDH 
reaction solution at room temperature for 30 min in the 
dark. The reaction was terminated using the stop solution, 
and absorbance was measured at 490nm with a microplate 
reader. LDH released was determined according to the 
supplied protocol of the LDH assay kit (JLCS1449, 
Gelatins, Shanghai, China). 
 
Inflammatory Cytokine Measurement: ELISA was used 
to detect IL-6, tumor necrosis factor-alpha (TNF-α), and 
IL-1β levels in mouse corneal tissues and HCECs. Kits 
were purchased from Mibio (ml063159; ml002095; 
ml106733, Shanghai, China) and Beyotime (PI330; PT518; 
PI305, Shanghai, China), and all procedures were carried 
out following the manufacturers' protocols. Briefly, mouse 
corneal tissues were homogenized in ice-cold lysis buffer 
and centrifuged to collect supernatants, while culture 
supernatants from treated HCECs were collected directly. 
Samples and standards were added to precoated 96-well 
plates and incubated according to the manufacturer’s 
instructions. After washing, biotin-conjugated detection 
antibodies and horseradish peroxidase-linked streptavidin 
were sequentially applied, followed by substrate solution 
incubation. The reaction was terminated with stop solution, 
and absorbance was measured at 450nm using a microplate 
reader. Cytokine concentrations were calculated from 
standard curves and normalized to total protein content 
where applicable. 
 
Terminal deoxynucleotidyl transferase dUTP Nick-End 
Labeling (TUNEL) Assay for Apoptosis in Mouse 
Corneal Tissue and HCECs: After euthanasia, mouse 
eyeballs were fixed in FAS eyeball fixative (TT154, 
Huayueyang Biotech, Beijing, China), dehydrated, 
embedded in paraffin, sectioned, and deparaffinized. 
HCECs were seeded on coverslips and fixed with 4% 
paraformaldehyde (P0099, Beyotime, Shanghai, China) for 
30 min. Samples were treated with DNase-free 
proteinase K for 20 minutes at room temperature, then 
rinsed with PBS (PB180327, Procell, Wuhan, China). The 
tissue sections were incubated with 3% hydrogen peroxide 
for 20 minutes to inhibit endogenous peroxidase activity. 
Tissues and cells were incubated with TUNEL working 
solution (C1088; C1090, Beyotime, Shanghai, China) at 
37°C in darkness for 1 hour, washed with PBS, and stained 

with 4′,6-diamidino-2-phenylindole (DAPI, 40728ES03, 
YEASEN, Shanghai, China) for 5min. After the final PBS 
washes, samples were mounted and analyzed for apoptosis 
using a fluorescence microscope. 
 
Western Blot (WB) Analysis: Total protein was isolated 
from mouse corneal tissues and HCECs using a 
radioimmunoprecipitation assay lysis buffer (PC101, 
YaYme, Shanghai, China). Protein concentrations were 
quantified, then resolved by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis and subsequently 
transferred onto polyvinylidene fluoride membranes. The 
membranes were blocked with 5% milk for 1 hour, after 
which they were incubated overnight at 4°C with the 
primary antibody cGAS (29958-1-AP, proteintech, Wuhan, 
China), TANK-Binding Kinase 1 (TBK1; 29958-1-AP; 
67211-1-Ig, Proteintech, Wuhan, China), STING, 
phosphorylated interferon regulatory factor 3 (p-IRF3), 
IRF3, caspase-3, cleaved-caspase-3 (3337; 29047; 26306; 
9662; 9661, Cell Signaling Technology, Danvers, MA, 
USA), p-TBK1, GSDME, gasdermin E n-terminal domain 
(GSDME-N), and beta-actin (β-actin; AF8190; DF9705; 
AF4016; AF7018, Affinity, Jiangsu, China). Membranes 
were then incubated for 1 hour with HRP-conjugated goat 
anti-rabbit secondary antibodies (A0208; A0352, 
Beyotime, Shanghai, China). The protein bands were 
detected with a chemiluminescence imaging system 
(Bio-Rad, California, USA) and quantified via ImageJ 
software, using β-actin as the loading control. 
 
Quantitative Real-Time Polymerase Chain Reaction 
(qRT-PCR): Total RNA was isolated from mouse corneal 
tissues and HCECs with TRIzol reagent (R0016; Beyotime, 
Shanghai, China). RNA concentration and purity were 
assessed by spectrophotometry, and equal amounts of RNA 
were reverse-transcribed into cDNA using the Hifair® 
AdvanceFast First-Strand cDNA Synthesis Kit 
(11150ES60, YEASEN, Shanghai, China). qRT-PCR was 
carried out on an Mx3005P system (Agilent, Santa Clara, 
USA) using the Hifair® V Multiplex One Step RT-PCR Kit 
(13089ES60, YEASEN, Shanghai, China) with the 
following cycling conditions: initial denaturation at 95°C 
for 5 min, followed by 40 cycles of denaturation at 95°C 
for 10s and annealing/extension at 60°C for 30s. 
Expression levels of the genes were quantified using the 
2^-ΔΔCt calculation and normalized to β-actin. The primer 
sequences are listed in Table 1. 
 
Statistical Analysis: Statistical analyses were performed 
with GraphPad Prism 9.5 (GraphPad Software, La Jolla, CA, 
USA). Data are presented as mean ± standard deviation 
(SD). All Western blot and qRT-PCR experiments were 
performed using at least three independent biological 
replicates. Inter-group comparisons were made using one-
way ANOVA followed by Tukey’s post-hoc test, and a p-
value <0.05 was considered statistically significant. 
 

RESULTS 
 

H151 Mitigates Corneal Inflammation and Enhances 
Tear Secretion in KCS or DED Mice via cGAS–STING 
Pathway Inhibition: Tear secretion measurement showed 
that tear secretion in DED mice was markedly decreased 
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compared with that in the CT group (P<0.05), suggesting 
that the model had been successfully established (Fig. 1A). 
Administration of the cGAS–STING inhibitor H151 could 
improve tear secretion in a dose-dependent manner. 
Compared with untreated DED mice, tear secretion in the 
DED+H151-H group increased the most (P<0.05; Fig. 1A). 
The measurement of IL-6, TNF-α, and IL-1β in corneal 
homogenate revealed a significant increase in the 
KCS/DED group compared with the CT group (P<0.05; 
Fig. 1B), reflecting a strong local inflammatory response. 
H151 intervention inhibited the upregulation of cytokines 
to different degrees, and the effect of DED+H151-H group 
was the best (P<0.05; Fig. 1B). 
 
Table 1: Primer sequences for qRT-PCR 
Gene Name Species Sequence (5′–3′) 
IL-6 Human F: AGACAGCCACTCACCTCTTCAG 

R: TTCTGCCAGTGCCTCTTTGCTG 
IL-6 Mouse F: TACCACTTCACAAGTCGGAGGC 

R: CTGCAAGTGCATCATCGTTGTTC 
TNF-α Human F: CCAGGGACCTCTCTCTAATCA 

R: TCAGCTTGAGGGTTTGCTAC 
TNF-α Mouse F: TCTTCTCATTCCTGCTTGTGG 

R: TCTGGGCCATAGAACTGATGA 
IL-1β Human F: GTACCTGTCCTGCGTGTTGA 

R: GGGAACTGGGCAGACTCAAA 
IL-1β Mouse F: GAAGCTGGATGCTCTCATCTG 

R: TTGACGGACCCCAAAAGAT 
cGAS Human F: GGCCTGCGCATTCAAAACTG 

R: AGCCGCCATGTTTCTTCTTGG 
cGAS Mouse F: TTCCACGAGGAAATCCGCTGAG 

R: CAGCAGGGCTTCCTGGTTTTTC 
STING Human F: CCTGAGTCTCAGAACAACTGCC 

R: GGTCTTCAAGCTGCCCACAGTA 
STING Mouse F: CGTGCTGGCATCAAGAATCG 

R: TCGAGACTCGGGGACATCTT 
TBK1 Human F: CAACCTGGAAGCGGCAGAGTTA 

R: ACCTGGAGATAATCTGCTGTCGA 
TBK1 Mouse F: GACATGCCTCTCTCCTGTAGTC 

R: GGTGAAGCACATCACTGGTCTC 
IRF3 Human F: TCTGCCCTCAACCGCAAAGAAG 

R: TACTGCCTCCACCATTGGTGTC 
IRF3 Mouse F: CGGAAAGAAGTGTTGCGGTTAGC 

R: CAGGCTGCTTTTGCCATTGGTG 
Caspase-3 Human F: GGAAGCGAATCAATGGACTCTGG 

R: GCATCGACATCTGTACCAGACC 
Caspase-3 Mouse F: GGAGTCTGACTGGAAAGCCGAA 

R: CTTCTGGCAAGCCATCTCCTCA 
GSDME Human F: GATCTCTGAGCACATGCAGGTC 

R: GTTGGAGTCCTTGGTGACATTCC 
GSDME Mouse F: ACGGACACCAATGTAGTGCTGG 

R: CTCTCATGCTCGAAGCCACCAT 
β-actin Human F: GAGCTACGAGCTGCCTGACG 

R: GTAGTTTCGTGGATGCCACAG 
β-actin Mouse F: CGTGAAAAGATGACCCAGATCA 

R: TGGTACGACCAGAGGCATACAG 
 

WB analysis showed that, relative to CT mice, the 
expression levels of cGAS, STING, p-TBK1, and p-IRF3 
in the DED group increased (P<0.05), and the overall 
protein levels of TBK1 and IRF3 remained constant (Fig. 
1C). H151 treatment markedly suppressed the expression 
of those proteins (P<0.05; Fig. 1C). qRT-PCR analysis 
revealed that the mRNA levels of IL-6, TNF-α, IL-1β, 
cGAS, STING, TBK1 and IRF3 in the corneas of DED 
mice were markedly elevated than those in CT mice 
(P<0.05; Fig. 1D). The treatments with H151 at various 
doses significantly reduced the expressions of these genes, 
and the inhibition was the most obvious in the DED+H151-
H group (P<0.05; Fig. 1D). KCS induces corneal epithelial 
inflammation and also activates the cGAS-STING 

pathway, which may be potentially linked to pyroptosis. 
Inhibition of the cGAS–STING pathway with H151 
markedly reduced corneal inflammation and partially 
improved tear production, indicating a significant role for 
this signaling axis in the pathogenesis of KCS. 
 
H151 Reduces Corneal Epithelial Pyroptosis in DED 
Mice by Inhibiting the cGAS–STING Pathway: TUNEL 
staining revealed significantly elevated numbers of DNA-
fragmented corneal epithelial cells in the DED group relative 
to the CT group (P<0.05), consistent with pyroptosis-
associated corneal epithelial cell damage in DED mice (Fig. 
2A). After H151 treatment, the quantity of TUNEL-positive 
cells gradually decreased in a dose-dependent manner, with 
the DED + H151-H group exhibited the greatest 
improvement (P<0.05; Fig. 2A). WB analysis further 
showed that the levels of protein caspase-3, cleaved caspase-
3, GSDME, and its active fragment GSDME-N were 
markedly increased in the DED group compared with CT 
mice (P<0.05). H151 intervention reduced the upregulation 
of these proteins in a dose-dependent fashion (Figs. 2B–2D). 
qRT-PCR analysis further demonstrated that caspase-3 and 
GSDME mRNA expression in KCS corneal tissues was 
markedly elevated compared with that in CT mice (P<0.05), 
and H151 administration led to a reduction in these levels, 
especially in the DED+H151-H group (P<0.05; Fig. 2E). 
The results indicated that activation of the cGAS–STING 
pathway contributed to corneal epithelial pyroptosis in KCS, 
and H151 treatment alleviated this effect by inhibiting 
pathway hyperactivation. 
 
H151 Improves Viability and Suppresses Inflammatory 
Cytokine Expression in Hyperosmotic-Damaged Cells: 
Cell viability assay showed that H151 had no cytotoxicity 
at a concentration ≤5μM, whereas high doses (≤7.5μM) 
significantly reduced HCEC viability (P<0.05), indicating 
that concentrations up to 5μM were safe (Fig. 3A). The 
activity of HCEC in the HOP group was markedly reduced 
compared to the level in the NC group (P<0.05). 
Administration of H151 improved cell viability in a dose-
dependent fashion, and the HOP+H151-H showed the most 
significant effect (P<0.05; Fig. 3B). 

Compared with NC, HOP cells showed a markedly 
increased LDH release (P<0.05), and the administration of 
H151 attenuated this effect in a concentration-dependent 
fashion (P<0.05; Fig. 3C). ELISA analysis shows that the 
levels of IL-6, TNF-α, and IL-1β in HOP cells are 
significantly increased (P<0.05). After H151 treatment, the 
secretion of cytokines decreased, and the decrease was the 
most obvious in the HOP+H151-H group (P<0.05; Fig. 
3D). qRT-PCR analysis revealed that the mRNA level of 
IL-6, TNF-α, and IL-1β in cells treated with HOP increased 
significantly (P<0.05), and H151 reduced this expression 
in a dose-dependent fashion, and the effect was the 
strongest in the HOP+H151-H group (P<0.05; Fig. 3E). 
Under safe concentrations, H151 can rely on hyperosmotic 
stress to increase the vitality of HCECs, reduce the damage 
of cell membranes, and inhibit the release of inflammatory 
cytokines. 
 
H151 Inhibits Hyperosmotic Stress-Induced 
Overactivation of the cGAS–STING Pathway in Cells: 
WB  analysis  revealed  that  HOP  cells exhibited markedly  
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Fig. 1: H151 improves tear secretion and inhibits cGAS-STING pathway activation in DED mice. (A) Tear secretion measurement. (B) ELISA detection 
of inflammatory cytokines. (C) WB of cGAS-STING–related proteins. (D) qRT-PCR of corneal inflammatory cytokines and cGAS-STING genes. n=6; 
*P<0.05, **P<0.01, ***P<0.001 vs. DED group. 
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Fig. 2: H151 reduces corneal epithelial pyroptosis in DED mice by inhibiting the cGAS-STING pathway. (A) TUNEL staining (400×25μm). (B-D) WB 
analysis of pyroptosis-related protein expression in corneal tissues. (E) qRT-PCR analysis of pyroptosis-related mRNA levels in corneal tissues. n=6; 
*P<0.05, **P<0.01, ***P<0.001 vs. DED group.
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Fig. 3: Effects of H151 on cell viability, membrane damage, and inflammation in hyperosmotic-damaged cells. (A) Impact of varying H151 doses on cell 
viability. (B) Cell viability in each experimental group. (C) LDH release levels. (D) ELISA detection of cellular inflammatory cytokine levels. (E) qRT-PCR 
analysis of inflammatory cytokine gene expression. n = 3; *P<0.05, **P<0.01, ***P<0.001 vs. HOP group. 
 
higher expression of cGAS–STING pathway proteins 
than the NC group (P<0.05), indicating that this pathway 
was activated under hyperosmotic stress (Figs. 4A and 
4B). The application of H151 significantly reduced the 
protein levels of cGAS–STING pathway components in a 
concentration-dependent manner. The decrease is more 
obvious in the HOP+H151-H group (P<0.05; Figs. 4A 
and 4B). The trend obtained from qRT-PCR analysis 
matches the protein expression data. qRT-PCR analysis. 

Relative to the NC group, the mRNA levels of cGAS–
STING related genes in HOP cells were markedly 
elevated (P<0.05). In the HOP+H151-H group, the 
mRNA expression of cGAS–STING–related genes was 
markedly reduced in a concentration-dependent manner 
following H151 treatment (P<0.05; Fig. 4C). 
Hyperosmotic stress obviously activates the cGAS–
STING signaling pathway, while H151 can relieve this 
relatively high activation state. 
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Fig. 4: Impact of H151 on cGAS-STING signaling in cells subjected to hyperosmotic stress. (A and B) WB analysis of cGAS-STING–related protein 
expression. (C) qRT-PCR analysis of cGAS-STING–related gene expression. n = 3; *P<0.05, **P<0.01, ***P<0.001 vs. HOP group. 
 
H151 Inhibits Pyroptosis of Corneal Epithelial Cells 
Triggered by Hyperosmotic Stress: The number of 
TUNEL positive cells in the HOP group was markedly 
increased relative to the NC group (P<0.05), reflecting the 
situation of pyroptotic cell damage (Fig. 5A). The 
addition of H151 made the concentration of TUNEL 
positive cells decrease in a concentration-dependent 
fashion, and the effect of HOP + H151-H was the most 
obvious (P<0.05; Fig. 5A). WB analysis revealed that 
protein levels of caspase-3, cleaved caspase-3, GSDME, 
and its active fragment GSDME-N were significantly 
upregulated in HOP cells than in NC (P<0.05). H151 

intervention substantially decreased the upregulation of 
these pyroptosis-related proteins in a dose-dependent 
fashion (Figs. 5B–5D). The findings of qRT-PCR analysis 
were consistent with the WB results, showing that 
hyperosmotic stress markedly increased caspase-3 and 
GSDME mRNA levels (P<0.05), which were 
progressively reduced by H151 treatment, with the 
strongest inhibition observed in the HOP+H151-H group 
(P<0.05; Fig. 5E). The findings suggested that 
hyperosmotic stress markedly induced corneal epithelial 
cell pyroptosis, whereas H151 could suppress this effect 
in a dose-dependent manner. 
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Fig. 5: Impact of H151 on corneal epithelial cell pyroptosis triggered by hyperosmotic stress. (A) TUNEL staining (200×50μm). (B-D) WB analysis of 
pyroptosis-related protein expression in cells. (E) qRT-PCR analysis of pyroptosis-related gene expression in cells. n=3; *P<0.05, ***P<0.001 vs. HOP group. 
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DISCUSSION 
 

KCS in canines and felines, or DED in humans and 
animal models, is globally prevalent and often leads 
patients to seek ophthalmic care (Ling et al., 2021; Lu et 
al., 2022). In veterinary medicine, canine KCS is common, 
accounting for a large proportion of ophthalmic 
consultations in dogs, especially in immune-mediated and 
brachycephalic breeds, whereas feline KCS often occurs 
secondary to chronic conjunctivitis or feline herpesvirus 
infection (Wei et al., 2022; Chaithra et al., 2024; Picazo et 
al., 2024; Lau and Taylor, 2025). Apart from eye dryness, 
sensations of a foreign body, and visual tiredness, severe 
cases may experience vision loss, and chronic discomfort 
can even affect physical and mental health (Ax et al., 2023; 
Rolando et al., 2024). The pathogenesis of KCS is 
complex, with hyperosmotic stress, corneal damage, and 
inflammation as primary contributors (Chen et al., 2024; 
Hu et al., 2025). In dogs with KCS, chronic inflammation, 
impaired lacrimal gland function, and tear film instability 
can lead to sustained corneal epithelial damage (Jafari 
Taheri et al., 2025; Ohnishi et al., 2025). Inflammation of 
the corneal epithelium and immune cells disrupts cytokine 
production, further aggravating decreased tear production 
and destabilizing the tear film (Jeyabalan et al., 2023). Cat 
research shows that persistent ocular surface inflammation 
and virus reactivation can cause epithelial damage and 
disruption of tear film homeostasis (Colman et al., 2024). 

Recently, pyroptosis has been recognized as a form of 
regulated cell death, distinct from apoptosis and secondary 
necrosis in both molecular mechanisms and morphological 
features. Apoptosis is generally characterized by caspase 
activation without plasma membrane rupture, whereas 
pyroptosis involves gasdermin-mediated membrane pore 
formation and inflammatory cytokine release. Secondary 
necrosis may occur when apoptotic cells are not efficiently 
cleared, leading to membrane rupture and inflammation, 
which may partially overlap with pyroptotic phenotypes. 
Research into the role of pyroptosis in inflammatory diseases 
is gradually increasing. It has the characteristics of cell 
swelling, plasma-membrane disruption accompanied by the 
liberation of pro-inflammatory cytokines (Wei et al., 2025). 
GSDME is a key execution protein, which can be cleaved by 
caspase-3 to promote pyroptosis (Du et al., 2024). In the 
present study, in vivo DED mouse models and in vitro 
hyperosmotic - stressed corneal epithelial cells exhibited a 
significant upregulation of caspase-3 and GSDME at the 
levels of both mRNA and protein. The observed TUNEL 
positivity and caspase-3 activation may reflect a spectrum of 
regulated cell death processes, including apoptosis, 
pyroptosis-like cell death, and potentially secondary 
necrosis. While these features are not exclusively specific to 
pyroptosis, the concomitant upregulation and cleavage of 
GSDME suggest a shift toward pyroptosis-like 
characteristics rather than classical apoptosis alone. This 
indicates the involvement of the caspase-3/GSDME axis in 
mediating corneal epithelial pyroptosis during KCS. 
Notably, the upregulation of caspase-3 usually exceeds the 
levels of GSDME. Although direct evidence of caspase-
3/GSDME-mediated corneal pyroptosis is currently lacking 
in felines and is rarely observed in canines, related 
mechanisms have been documented. A similar pyroptotic 
tendency in canines was demonstrated by Wang et al. 

(2024), who reported that the expression of NLRP3 and 
gasdermin D (GSDMD) proteins increases significantly in 
infected corneas, indicating that pyroptosis participates in 
canine ocular surface inflammation. In cats, chronic viral 
keratoconjunctivitis has also been associated with epithelial 
and stromal inflammatory cell activation, suggesting that 
inflammasome-related pathways may contribute to feline 
ocular surface damage (Sebbag et al., 2021). Although there 
is no direct evidence linking these species-specific 
differences to epigenetic regulation or variations in natural 
cleavage sites of GSDME in corneal epithelial cells or DED 
conditions, previous studies in tumor tissues have shown that 
GSDME can be silenced via promoter methylation or lose 
function due to cleavage site mutations (e.g., 
D270A/D273A), thereby impairing caspase-3-mediated 
pyroptosis (Li et al., 2022). 

The cGAS–STING pathway functions as a crucial 
intracellular DNA-sensing signaling cascade, whose 
activation induces type I interferons (such as IFN-β) and 
pro-inflammatory cytokines (including IL-6) through the 
TBK1–IRF3 axis (Cheng et al., 2020). Extensive studies 
have shown that overactivation of this pathway is linked to 
cell damage and chronic inflammation in various immune 
and inflammatory diseases. For instance, abnormal 
activation of cGAS–STING has been identified as a major 
regulator of disease progression in systemic lupus 
erythematosus, Sjögren's syndrome, and psoriasis (Chang 
et al., 2024; Xu et al., 2024; Zu et al., 2024).  

Evidence shows that the cGAS–STING signaling 
pathway is involved in various types of programmed cell 
death, including apoptosis, necroptosis, and pyroptosis 
(Zheng et al., 2023). The production of pro-inflammatory 
cytokines and the pathological activity in pyroptosis and 
ocular/retinal diseases are related, which can exacerbate 
ocular surface injury (Shang et al., 2025). H151-mediated 
STING inhibition can effectively suppress the activity of 
the cGAS–STING pathway, thereby reducing the 
inflammatory response and cell damage (Sun et al., 2025). 
Our research results initially suggest that, in the context of 
DED, activation of the cGAS - STING axis may lead to 
pyroptosis in corneal epithelial cells and potentially trigger 
inflammatory responses. H151 can increase tear secretion, 
reduce damage to corneal epithelium, and, in a dose-
dependent manner, inhibit the expression of genes and 
proteins associated with pyroptosis, with the most obvious 
effect at the highest concentration. Through TUNEL 
staining, it was found that H151 can reduce DNA 
fragmentation in corneal epithelial cells, which reflects 
alleviation of regulated cell death but cannot distinguish 
pyroptosis from apoptosis or secondary necrosis. 
Ultrastructural analyses, such as membrane ballooning by 
electron microscopy, and detection of inflammasome-
related markers (e.g., NLRP3, ASC) were not performed; 
thus, pyroptosis identification is mainly based on molecular 
signatures, limiting definitive morphological confirmation. 
Although the cGAS–STING pathway has not been fully 
studied in dogs and cats, there may be similar inflammatory 
signaling mechanisms in diseases such as canine chronic 
dacryoadenitis and feline virus-related conjunctivitis 
(Wang et al., 2023). The research showed that excessive 
activation of the cGAS–STING pathway is very crucial in 
the pathogenesis of DED, and targeting this axis may be an 
effective therapy. 
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In the DED model, inflammatory cytokines—
including IL-6, TNF-α, and IL-1β—exhibit a markedly 
elevated level, and H151 administration can make their 
expression weaken. The results show that pyroptosis and 
inflammation can form a self-amplifying loop, and 
cytokines are released through GSDME pores to promote 
local inflammation (Li et al., 2021). Therefore, GSDME is 
a mediator of corneal epithelial cell pyroptosis and an 
important regulatory factor in the inflammatory signaling 
network. 

However, this study has several limitations. First, the 
role of GSDME as the principal executioner of pyroptosis 
in DED has not been fully established. Second, although 
pharmacological inhibition of STING using H151 
consistently attenuated inflammatory responses and cell 
death, genetic approaches such as siRNA- or CRISPR-
mediated knockdown of cGAS or STING were not 
employed. Therefore, the direct causal contribution of 
individual components of the cGAS–STING pathway to 
caspase-3/GSDME activation cannot be conclusively 
determined. Future studies incorporating genetic loss-of-
function strategies will be necessary to validate the 
mechanistic hierarchy proposed here. In addition, KCS is 
common in dogs, and ocular surface inflammation is 
prevalent in cats, suggesting that investigation of this 
signaling axis in companion animals may provide valuable 
comparative and translational insights. However, the 
present findings are derived exclusively from murine 
models and human corneal epithelial cells, and species-
specific validation—ideally involving additional animal 
models and clinical samples—will be required before 
extrapolating these mechanisms to veterinary patients. 
 
Conclusions: This study explores the association between 
cGAS–STING activation and GSDME-related pyroptosis-
like cell death in the pathogenesis of DED. In the DED 
model, the expression of caspase-3 and GSDME was 
significantly upregulated, indicating their involvement in 
corneal epithelial cell pyroptosis. Overactivation of the 
cGAS–STING pathway amplifies inflammatory responses 
and exacerbates epithelial damage. H151 pharmacological 
inhibition can effectively restore tear secretion, alleviate 
corneal inflammation, and inhibit pyroptosis activity in a 
dose-dependent manner. These findings offer fresh 
perspectives on the contribution of pyroptosis to the 
pathogenesis of DED and provide potential avenues for 
targeted therapeutic intervention. 
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