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Introduction 

Acute lung injury is a common clinical syndrome. The 
main pathological features are diffuse pulmonary inter-
stitial and alveolar edema caused by pulmonary capi-
llary endothelial cells and alveolar epithelial cells inju-
ry, which leads to acute hypoxemia, and acute respira-
tory distress syndrome in severe cases, which is life-
threatening (Qiao et al., 2024). At present, the treatment 
of acute lung injury mainly focuses on supportive 
therapy, drug therapy, and mechanical ventilation, and 
there is still a lack of effective treatment (Munshi et al., 
2022). Therefore, finding new drugs to treat acute lung 
injury is of great significance for improving the survival 
rate and quality of life of patients. 

Vascular endothelial injury plays an important role in 
acute lung injury (Liu et al., 2015), and neutrophils par-
ticipate in vascular endothelial cell injury by releasing 
neutrophil extracellular traps (NETs)(Fei et al., 2024). 
When acute lung injury occurs, neutrophils are activa-
ted to form NETs, releasing substances such as elastase, 
myeloperoxidase, citrullinated histone H3, and double-
stranded DNA (dsDNA). The released dsDNA and 
other substances will cause secondary damage to their 
vascular endothelial cells and aggravate the develop-
ment of acute lung injury (Fei et al., 2024). 

Recent studies have shown that dsDNA can participate 
in vascular endothelial injury through the activation of 
STING pathway during acute lung injury (Zhu et al., 
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2023). When cyclic GMP-AMP synthase (cGAS) was 
used to detect abnormal dsDNA in cytoplasm, cataly-
zed the synthesis of the second messenger 2 '3'-cGAMP 
(cGAMP), which effectively activates STING in the 
endoplasmic reticulum. Subsequently, STING under-
went a conformational change from endoplasmic reticu-
lum translocation to perinuclear septum, and recruited 
TANK-binding kinase 1 to produce highly ordered con-
tinuous phosphorylation. TANK-binding kinase 1 phos-
phorylates interferon (IFN) regulatory factor 3, activates 
interferon regulatory factor 3 dimer to enter the nucle-
us, induces type I interferons production, and leads to 
endothelial cell damage (Decout et al., 2021). Therefore, 
cGAS/STING pathway may be a new target for the 
treatment of vascular endothelial injury in acute lung 
injury. 

RU.521 is a selective cGAS inhibitor that inhibits cGAS-
mediated interferon up-regulation and suppresses 
dsDNA-activated reporter activity (Uthaman et al., 
2024). RU.521 can improve sepsis-related organ func-
tional impairment, but its specific mechanism has not 
been fully clarified (Li et al., 2022; Luo et al., 2024). This 
study intends to confirm that RU.521 can reduce endo-
thelial cell damage by inhibiting the activation of 
STING pathway, dsDNA released by NETs through cell 
experiments.  

 

Materials and Methods 

Patients 

Patients meeting acute lung injury clinical criteria were 
recruited from Suzhou Hospital of Integrated Tradition-
al Chinese and Western Medicine from August to 

December 2023. Overall, 14 patients with acute lung 
injury were included, patients age ranges between 30 
and 88 years old (males 10, females 4). Acute lung 
injury was defined according to the Berlin definition 
(Ranieri et al., 2012). Same number of patients without 
acute lung injury were matched based on age and 
gender during the same time. 

Cell culture 

HUVEC (Human venous endothelial cells) were pur-
chased from iCell (China). HUVEC were maintained in 
RPMI 1640 (Gibco, C11875500BT) media containing 10% 
fetal bovine serum (Bdbio, F801-050Hi). Human pri-
mary neutrophils isolation was performed using a 
neutrophil isolation kit (Solarbio, P9040). Human pri-
mary neutrophils were maintained in RPMI 1640 media 
containing 10% fetal bovine serum. All cells were 
grown at 37°C in the presence of 5% CO2. 

NETs 

Human primary neutrophils were isolated from the 
peripheral blood using a commercially available kit 
(Solarbio, P9040). Human primary neutrophil pellets 
were resuspended in DMEM supplemented with 10% 
fetal bovine serum, 1% glutamine, and 1% penicillin/
streptomycin solution at a concentration of 1 x 106 cells/
mL. Human primary neutrophils were stimulated by 
lipopolysaccharide to activate neutrophils to form neu-
trophil extracellular traps. Freshly isolated human or 
murine neutrophils were plated in 6-well culture plates 
(4 x 106 cells/mL) and stimulated with lipopolysaccha-
ride (10 g/mL) for 3 hours. To remove the cells, the 
culture medium was carefully removed, and each well 
was washed twice with 1 mL of cold phosphate-buffer-
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Box 1: Western Blot 

Principle 

In western blotting, proteins are separated into gels based on 
their molecular weight as a result of immunochromatography. 

Requirements 

 ECL (Medicalbio, PT01001) reagent; Fat-free milk; HRP-
conjugated secondary antibody (ABclonal, AS014); HUVEC 
cells; Image J software; Phosphatase inhibitors (Beyotime 
Biotechnology); Protease inhibitors (Beyotime Biotechnology); 

PVDF (0.45 µm) membrane; RIPA bufer with 1 mM PMSF; 

SDS-PAGE; STING (Abcam, ab181125), p-STING (Biodragon, 
BD-PP1684), cGAS (Proteintech, 26416-1-AP), anti-GAPDH 
(Biodragon, B1034); Tanon scan imager; TBST buffer 

Procedure 

Step 1: HUVEC cells were lysated in RIPA bufer with 1 mM 
PMSF, protease inhibitors and phosphatase inhibitors for 30 
min.  

Step 2: Protein sample was then determined by the BCA 
method (Beyotime Biotechnology).  

Step 3: After 10% SDS-PAGE electrophoresis separation, the 
gel was transferred to PVDF membrane.  

Step 4: PVDF membranes were blocked in 5% fat-free milk for 
60 min at room temperature.  

Step 5: Then PVDF membranes were rinsed with TBST buffer 3 
times for 5 min and probed with STING (1:1000), p-STING 
(1:1000), cGAS (1:3000), anti-GAPDH (1:5000), at 4℃ 
overnight.  

Step 6: After rinsing with TBST buffer 3 times for 5 min, PVDF 
membranes were then incubated in HRP-conjugated 
secondary antibody (1:7500) at room temperature for 1 hour.  

Step 7: After rinsing with TBST buffer 3 times for 5 min. 
Finally, the membrane was imaged at Tanon scan imager after 
ECL reagent visualization, all bands was analyseed by Image J 
software.  
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ed saline. It was then resuspended in fresh PBS that 
contained the pellet that contained neutrophil extrace-
llular traps (Xie et al., 2023). Isolated NETs were then 

stored at -20 º C until they were used. 

ELISA 

Human IFN-β ELISA kit (EK1236), human TNF-α 
ELISA kit (EK182), and human myeloperoxidase/
myeloperoxidase ELISA kit (EK1133) were purchased 
from Multisciences (China), and were used according to 
the manufacturer’s instructions. In brief, diluted 
samples and the standards were added to the antibody-
coated orifice, then, added detection antibodies for 2 
hours at room temperature. Discard the liquid, add 300 
µL lotion to each hole to wash the plate, and washed 6 
times. After washing the board, it was to pat it dry on 
absorbent paper. Add 100 µL streptavidin working 
solution per well for 45 min at room temperature. The 
absorbance was detected by TMB color rendering and 
enzyme-labeled instrument (Li et al., 2023). 

Double-stranded DNA (dsDNA) determination 

Determination of dsDNA was quantified using the 
dsDNA quantitation assay kit (Medicalbio, MR0013) 
according to the manufacturer’s instructions. Allow the 
kit to equilibrate at room temperature prior to use. 10ul 
samples were added to 190 µL detection buffer and 
mixed, incubated at room temperature away from light 
for 3 min. Following the addition of the dye reagent to 
each well and subsequent incubation for a duration of 
15 min at room temperature, the measurement of emi-
ssion wavelength at 520 nm, in conjunction with an 
excitation wavelength of 480 nm, was conducted (Ray-
buck et al., 2019). Synergy LX Multi-Mode Reader 
(USA) was used for detection.   

RT-qPCR 

Total RNA was extracted from cell samples using 
MolPure cell/tissue total RNA kit (Yeasen, 19221ES50) 
and then reverse-transcribed into cDNA with HS RT 
SuperMix (Medicalbio, MR0110) according to the 
instructions. SYBR qPCR master mix (Medicalbio, 
MR0321) was designed according to the instructions. 
The 20 µL reaction mixture contained 0.4 µL each of 
upstream and downstream primers, 10 µL of SYBR 
Green master mix, 1 µL template cDNA, and 8.2 uL 

nuclease-free water. The 2−ΔΔCT method was used for 
the data analysis. GAPDH was used as an internal 
control (Raybuck et al., 2019). The primers were 
synthesized by Sangon Biotech Corporation. The 
sequences of primers used are the following: 

c G A S - F : C A C G A A G C C A A G A C C T C C G , c G A S -
R : G T C G C A C T T C A G T C T G A G C A ,  S T I N G -
F : C C A G A G C A C A C T C T C C G G T A , S T I N G -
R:CGCATTTGGGAGGGAGTAGTA, GAPDH -
F :TGTGGGCATCAATGGATTTGG, GAPDH -
R:ACACCATGTATTCCGGGTCAAT.   

Statistical analysis 

Data were expressed as mean ± SEM. The analysis 

was performed using Graphpad Prism 5 (Graphpad 
Software, USA). To determine whether the two groups 
differed statistically, a t-test was used. Significant 
results were determined by a p-value less than 0.05. 

 

Results 

Myeloperoxidase and dsDNA levels 

To verify the expression of NETs in acute lung injury 
patients, the serum myeloperoxidase and dsDNA levels 
were assessed. Patients who did not develop acute lung 
injury as the control group. Compared with the control 
group, the levels of myeloperoxidase and dsDNA in 
acute lung injury patients were significantly increased, 
the difference was statistically significant (p<0.05; 
Figure 1). These results suggest that acute lung injury 
patients had NETs and high levels of dsDNA. 

dsDNA-mediated vascular endothelial injury through 
activation of the STING pathway 

It has been reported that the release of excessive 
dsDNA from NETs can activate STING pathway to 
damage vascular endothelial cells and aggravate lung 
injury. To verify this conclusion, the expression level of 
IFN-β in the blood of acute lung injury patients was 
detected, and found that the expression levels of IFN-β 
and TNF-α in acute lung injury patients was 
significantly increased (p<0.05l Figure 2 A-B), 
suggesting that STING pathway may be activated in 
acute lung injury patients. Further experiments were 
conducted using NETs to stimulate HUVEC cells in 
vitro. The results showed that after NETs stimulation, 
the expression of cGAS and STING proteins in HUVEC 
cells was significantly increased (p<0.05; Figure 2 D-E), 
and the expression of IFN-β was significantly increased 
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Figure 1: The levels of myeloperoxidase (A) and double-
stranded DNA (dsDNA) (B) in control and acute lung injury 

groups. Data are expressed as mean ± SEM. Compared to the 

control group, ap＜0.05 
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(p<0.05; Figure 2C). Thus, NETs release dsDNA would 
activate the STING pathway.  

Vascular endothelial through inhibiting STING 
pathway 

To verify the effect of RU.521 on vascular endothelial 
injury, CCK-8 detected HUVEC in different groups. 
HUVEC survival decreased after the addition of NETs, 
while HUVEC injury was reversed after the use of 700 
nM RU.521 (p<0.05; Figure 3A). To investigate whether 
RU.521 can ameliorates vascular endothelial injury by 
STING pathway, western blot, and PCR experiments 
were conducted, and the PCR results indicated that 
cGAS and STING mRNA expressions were significantly 
decreased in RU.521 group compared with NETs group 
(p<0.05; Figure 3 B-C). The results of the western blot 
indicated that RU.521 could significantly inhibit the 
expression of cGAS and p-STING/STING (p<0.05; 
Figure D-E). Therefore, RU.521 ameliorates vascular 
endothelial injury by inhibiting the cGAS/STING 
pathway.    

  

Discussion 

In this study, the findings were as follows: acute lung 
injury patients have NETs and a large amount of 
dsDNA exists in serum, and the appearance of dsDNA 
may be related to the formation of NETs. The 

expression levels of IFN-β and TNF-α in acute lung 
injury patients were significantly increased, suggesting 
that cGAS/STING might be activated. In vitro 
experiments confirmed that dsDNA release from NETs 
could activate the cGAs/STING pathway of vascular 
endothelial cells, resulting in vascular endothelial 
damage. RU.521 can improve the survival rate of 
HUVEC, and in vitro experiments showed that RU.521 
can improve vascular endothelial injury by inhibiting 
cGAS/STING pathway. 

Acute lung injury is a common disease in ICU, about 
general sepsis patients will be complicated with acute 
lung injury, and the mortality of patients with acute 
lung injury is significantly increased (Xie et al., 2020). 
Vascular endothelial injury is an important 
pathogenesis of acute lung injury. Studies have found 
that NETs can directly damage vascular endothelial 
cells and aggravate the development of acute lung 
injury (Fei and Huang et al., 2024). cGAS/STING 
pathway activation may be one of the pathogenesis of 
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Figure 2: The levels of IFN-β (A) and TNF-α (B) between con-

trol group and acute lung injury group. The expression of IFN-

β (C) in HUVEC cells stimulated with NETs was quantified 
between two groups (C). The expression levels of cGAS and p-
STING/STING were analyzed between two groups (D-F) 

Figure 3: Effects of RU.521 on cell viability (A), cGAS/
GAPDH mRNA (B), STING/GAPDH mRNA vascular endo-
thelial injury. The levels of cGAS and p-STING/STING 
were analyzed by western blotting within the three 

groups (D-F). Data are expressed as mean ± SEM. Com-

pared to the control group, ap＜0.05.Compared to the 

NETs group, bp＜0.05  
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endothelial injury caused by NETs. Activation of cGAS-
STING pathway inhibits endothelial cell proliferation 
and vascular repair in inflammatory lung injury (Zhu et 
al., 2023). NETs released dsDNA is a powerful stimula-
tory signal of the cytoplasmic cGAS-STING pathway. 
Recent studies have found that dsDNA activates the 
cytoplasmic cGAS-STING pathway, leading to lung 
tissue inflammation and injury, and participating in a 
variety of lung diseases including allergic asthma and 
COPD (Zhang et al., 2023; Li et al., 2024). Some scholars 
have found that H-151 successfully alleviated inflam-
matory lung injury in LPS-induced ALI by cGAS-
STING pathway (Zhao et al., 2023). Therefore, inhibi-
tion of cGAS-STING pathway is a potential target for 
treating acute lung injury. 

It has been confirmed that the release of dsDNA by 
NETs can activate the STING pathway and cause tissue 
damage (Wei et al., 2024), and it has also been confirm-
ed that RU.521 can improve the cardiac damage caused 
by sepsis (Li et al., 2022). However, there are few 
reports on RU.521 treating acute lung injury or impro-
ving vascular endothelial damage. Different from other 
studies, the purpose of this study is to investigate the 
effect of RU.521 on improving vascular endothelial 
injury, which is a potential drug for the treatment of 
acute lung injury. 

However, there are some limitations in the study. First, 
the study examined only the literature-reported endo-
thelial damage in vascular endothelial cells and did not 
study alveolar epithelium, macrophages, and other 
cells. Second, due to the limited research conditions, 
animal models were not used to verify findings.    

 
 

Conclusion 

NETs release dsDNA activates the cGAS/STING path-
way induced vascular endothelial injury in acute lung 
injury patients. RU.521 protects vascular endothelial 
injury by inhibiting the cGAS/STING pathway.  
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