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Purpose: Endoplasmic reticulum stress (ERS) plays an important role in the pathogenesis of lung ischemia/reperfusion (I/R) injury.
Cyclic GMP-AMP synthase (cGAS) is a cytosol dsDNA sensor, coupling with downstream stimulator of interferon genes (STING)
located in the ER, which involves innate immune responses. The aim of our present study was to investigate the effects of cGAS on
lung I/R injury via regulating ERS.

Methods: We used Sprague-Dawley rats to make the lung I/R model by performing left hilum occlusion-reperfusion surgery. cGAS-
specific inhibitor RU.521, STING agonist SR-717, and 4-phenylbutyric acid (4-PBA), the ERS inhibitor, were intraperitoneally
administered in rats. Double immunofluorescent staining was applied to detect the colocalization of cGAS or BiP, an ERS protein, with
alveolar epithelial type II cells (AECIIs) marker. We used transmission electron microscopy to examine the ultrastructure of ER and
mitochondria. Apoptosis and oxidative stress in the lungs were assessed, respectively. The profiles of pulmonary edema and lung tissue
injury were evaluated. And the pulmonary ventilation function was measured using a spirometer system.

Results: In lung I/R rats, the cGAS-STING pathway was upregulated, which implied they were activated. After cGAS-STING
pathway was inhibited or activated in lung I/R rats, the ERS was alleviated after cGAS was inhibited, while when STING was
activated after lung I/R, ERS was aggravated in the AECIIs, these results suggested that cGAS-STING pathway might trigger ERS
responses. Furthermore, activation of cGAS-STING pathway induced increased apoptosis, inflammation, and oxidative stress via
regulating ERS and therefore resulted in pulmonary edema and pathological injury in the lungs of I/R rats. Inhibition of cGAS-STING
pathway attenuated ERS, therefore attenuated lung injury and promoted pulmonary ventilation function in I/R rats.

Conclusion: Inhibition of the cGAS-STING pathway attenuates lung ischemia/reperfusion injury via alleviating endoplasmic
reticulum stress in alveolar epithelial type II cells of rats.

Keywords: cGAS-STING, endoplasmic reticulum stress, alveolar epithelial type II cells, lung ischemia/reperfusion injury

Journal of Inflammation Research 2022:15 51035119 5103
Received: 11 March 2022 © 2022 Huang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creati org/licenses/by-nc/3.0/). By accessing the

Accepted: 26 August 2022
Published: 5 September 2022

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0003-2894-8699
http://orcid.org/0000-0001-9845-9685
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Huang et al Dove

Graphical Abstract

e jon
a el inject

H 0
a N Ns qrape N € 4,
\©: PN — " / ) ,79//@
N

% SD rat
RU.521

Lung IR injury

e |
CGAS-STING - ERS "’“l /
tammatin

Introduction

Acute lung injury induced by ischemia/reperfusion (I/R) occurs in various clinical conditions, including lung transplantation,
pulmonary thrombectomy, and cardiopulmonary bypass." Particularly in lung transplantation, lung I/R injury is the leading cause
of primary graft dysfunction,” which is responsible for nearly 50% of mortality within the first year after lung transplantation
surgery and has no effective clinical therapy until now.** Despite improved strategies intended to reduce lung I/R injury, both
from the experimental and clinical aspects, such as inflammation inhibitors application, protection in ventilation and reperfusion,
fibrinolytic treatment, and also, inhalation of therapeutic gases and substances,” ’ the fundamental improvement in prevention
and treatment of lung I/R injury are still lacking, the underlying molecular mechanism remains unknown.

Recent studies showed that multiple mechanisms were involved during the process of lung I/R, including intracellular
calcium overload, inflammation responses, oxidative stress, and apoptosis.® '° Reactive oxygen species (ROS), damaging
inflammation response and high level of alveolar epithelium apoptosis could lead to severe pathological injury of the
alveoli and impairment of the alveolar-capillary barrier. AECII is a critical component of the alveolar epithelium, where
they play a role in innate immunity, regulating transepithelial water and ion transport, and contributing to alveolar
epithelial type I cell (AECI) trans-differentiation. AECIIs are also involved in the production and secretion of surfactant,
which is essential for maintaining pulmonary ventilation function and homeostasis.'' !> A single AECII can create about
10° proteins per minute, with the endoplasmic reticulum (ER) processing about 30% of them.'* As a result, ER
homeostasis is a need for AECII function, with any ER disruption resulting in downstream consequences.

The destruction of ER homeostasis induced by the lung I/R leads to an accumulation of unfolded or misfolded proteins,
leading to prolonged ERS."” Inflammation, apoptosis, and the development of oxidative stress are all exacerbated by severe
and consecutive activation of ERS signaling in AECII, which is an important destructive mechanism of the alveolar-
capillary barrier.'® Pulmonary edema and acute lung tissue pathological injury result from increased pulmonary vascular
permeability and aberrant pulmonary inflammation, aggravating pulmonary ventilation dysfunction. Researches have
shown that inhibition of ERS significantly reduces apoptotic cells while also inhibiting inflammation responses caused
by the I/R process.'”'® As a result, preserving lung from I/R injury by preventing persistent ERS could be a viable option.

Pattern-recognition receptors (PRRs), such as pathogen-associated molecular patterns (PAMPs) and damage-asso-
ciated molecular patterns (DAMPs), are sensors of cellular danger signals for innate immune systems.'® When cells are
attacked and injured by pathogens or other cells, various kinds of cytosolic sensors are aggregated, ascribing to the
sensation of PRRs. It is noted that cyclic GMP-AMP synthase (cGAS) is an endogenous sensor in innate immune
signaling activated by cytosolic DNA, such as extranuclear chromatin and DNA released from impaired mitochondria.?’
c¢GAS normally resides as an inactive protein in cytosol. Upon binding to cytosolic DNA, cGAS transforms its
conformation to an active state and produces the second messenger cyclic GMP-AMP (cGAMP), using ATP and GTP,
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which could be subsequently detected by the stimulation of interferon genes (STING), a transmembrane protein located
at the ER, responsible for sensing the cyclic-dinucleotide. Activation of STING by binding to cGAMP can subsequently
trigger inflammatory responses and cell death in various ways via activating STING downstream signaling. Recent
studies have demonstrated that change in STING activity is associated with ERS induction. Cur et al reported that STING
exacerbates inflammatory response and apoptosis via activating the interferon regulatory factor 3 (IRF3) in an ERS-
dependent manner.”' However, in this study, we found that ERS was also essential for the activation of STING and the
induction of STING-dependent type I interferon program genes. Obviously, there is a reciprocal regulation between
STING and ERS. Another research on heart inflammation and fibrosis has also demonstrated this type of reciprocal
crosstalk.”? STING activation induced by angiotensin II was dependent upon ERS, while knockout of STING resulted in
a decreased level of ERS following the aortic banding process in mice. Our present study was to investigate the effects of
cGAS on lung ischemia/reperfusion injury via regulating ERS. We hypothesized that inhibition of cGAS-STING
pathway improves pulmonary ventilation dysfunction induced by lung I/R via suppressing ERS in alveolar epithelial
type I cells. cGAS might be a potential therapeutic target for protecting lung from I/R injury.

Materials and Methods

Regents and Antibodies

RU.521 (S6841) and SR-717 (S0853) were purchased from Selleckchem (Houston, Texas, USA); 4-PBA (S305161) was
purchased from Aladdin (Shanghai, China). Hematoxylin and Eosin (HE) Staining Kit (C0105S), Dihydroethidium
(DHE) (S0063), and Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End-Labeling (TUNEL) Apoptosis
Assay Kit (C1089) were purchased from Beyotime (Shanghai, China). Antibodies: cGAS (ab252416), STING (ab13647),
BiP (ab21685), Goat Anti-Rabbit IgG (ab150077), and Goat Anti-Mouse IgG (ab150115) were purchased from Abcam
(Cambridge, UK); SP-C (SC-13979) was purchased from Santa Cruz Biotechnology (Dallas, USA); B-actin (3700) were
purchased from Cell Signaling Technology (Boston, USA).

Experimental Design

Figure S1 shows the outline of the experimental design. Totally 40 rats were divided into five groups randomly (n = 8 for
each group): (1) Sham group receiving the sham operation and 210 minutes ventilation without occlusion of left lung
hilum, (2) Lung I/R modeling group receiving the lung ischemia/reperfusion (LI/R) surgery, (3) /R + RU.521 group
receiving the LI/R surgery one hour after intraperitoneal injection of RU.521 (5 mg/kg), (4) I/R + SR-717 group
receiving the LI/R surgery one hour after intraperitoneal injection of SR-717 (3 mg/kg), and (5) I/R + SR-717 + 4-PBA
group receiving the same intraperitoneal co-injection of SR-717 (3 mg/kg) and 4-PBA (an inhibitor of ERS, 40 mg/kg)
one hour before modeling surgery. The lung I/R model of rats was established according to the previously reported
method with a slight modification.?® Specifically, we performed the thoracotomy surgery and 90 minutes occlusion of left
lung hilum for modeling ischemia phase, then following 120 minutes of reperfusion by losing the left lung hilum. The
volume of vehicle was delivered for the Sham and the I/R group equivalently.

Lung Ischemia/Reperfusion Injury Model Induction
The male Sprague-Dawley rats ranging from 300 to 350 g were acquired from the Animal Laboratory Center of Fudan
University. The rats were accommodated in a standard 24°C temperature-controlled and 12-hour light/dark cycle room, and
they were supplied with food and water sufficiently. Greatest efforts have been made to minimize the usage number and the
sufferings of animals. This study was approved by the Animal Care Committee of Fudan University, Shanghai, China.
Animal care and all experimental procedures were conformed to the guidelines by the Institutional Ethics Committee.
Specifically, the rats were anesthetized using intraperitoneal injection of 20% urethane (1.5 g/kg). ¢cGAS potent inhibitor
RU.521 (5 mg/kg), which has high selectivity and nontoxicity,* was dissolved with 0.5 mL of 10% dimethyl sulfoxide (DMSO)
and injected intraperitoneally in the /R + RU.521 group, while the same volume of 10% DMSO without RU.521 was
administered in the I/R modeling group. The usage and dosage of RU.521 in our study was referenced to the previous
researches.”> STING selective agonists SR-717 (3 mg/kg) and 4-PBA (40 mg/kg) and the ERS inhibitor were dissolved in

Journal of Inflammation Research 2022:15 hetps: 5105

Dove:


https://www.dovepress.com/get_supplementary_file.php?f=365970.docx
https://www.dovepress.com
https://www.dovepress.com

Huang et al Dove

10% DMSO and 0.9% saline, respectively, then SR-717 was injected intraperitoneally in the I/R + SR-717 group singly and was
administered in the I/R + SR-717 + 4-PBA group cooperated with 4-PBA inje:ction.26’27 As the cGAS-specific inhibitor, RU.521
can bind to the catalytic domain of cGAS, thus inhibiting the activation of cGAS by dsDNA. SR-717 is a non-nucleotide cGAMP
analogue, which was designed based on the structure of cGAMP and can activate STING directly. Throughout the experiment,
the rectal temperature was measured and maintained at 37 + 0.5°C using a heated operation table, and the inspiration oxygen
fraction was kept at 100%.

Rats were performed tracheotomy and ventilated at the certain parameter: 8 mL/kg tidal volume (TV) and 80 breaths/
minute respiratory rate with VentElite (Harvard, Massachusetts, US). For the rats in I/R modeling groups, the left thoracotomy
surgery was performed subsequently, and the left hilum was occluded with a proper suture for 90 minutes. After 90 minutes of
occlusion, we then released the suture, and reperfusion was performed by restoring blood flow and ventilation to the operated
lung. The sham group rats were performed the sham operation, specifically, we surrounded through the left hilum with the
same suture but without occlusion, and maintained bilateral ventilation for 210 minutes in total.

Pulmonary Ventilation Function Measurement

Rats were ventilated at the certain parameter throughout the lung ischemia/reperfusion surgery: 8 mL/kg TV and 80
breaths/minute respiratory rate with VentElite (Harvard, Massachusetts, US). After 120 minutes of reperfusion, the
animals were then connected to the R&C system (EMMS, Alton, UK) to assess the pulmonary function. The TV and
respiratory rates noted above were maintained at 8 mL/kg and 80 breaths/minute, respectively, and then, we measured the
mean airway pressure, peak airway pressure, and dynamic compliance for 10 minutes (see Figure S2).

Pulmonary Edema Evaluation

The bilateral lung of separate groups (n = 6) was removed after the reperfusion phase, and the total lung weight was
determined, thereafter cut the upper part of the left lung with a sharp blade and measured the wet weight immediately and
dried it in an oven at 60°C for 48 hours when a stable dry weight was reached. The lung wet/dry (W/D) ratio and lung
weight/body weight (LW/BW) ratio were calculated as an evaluation of pulmonary edema.?®

Endoplasmic Reticulum Stress Evaluation

Endoplasmic reticulum stress was evaluated by detecting the content of BiP and observing the morphology of the ER.
BiP, a chaperone, has been proposed to be a direct ER stress sensor, leading to UPR activation, in addition to its activity
as a key ER chaperone.”® To determine the expression of BiP, we employed immunofluorescent staining and Western
blot. In addition, we used transmission electron microscopy (TEM) to scan the ER’s structure.

Rats Perfusion Fixation

The anesthetic rat was placed on the shallow tray filled with crushed ice. The heart and the lungs of the rat were fully exposed
with an incision from the abdominal to the thoracic wall. Then, a puncture was made at the apex of the heart with a perfusion
needle, and an incision was made in the auricula dextra. Finally, 0.9% saline solution and 4% paraformaldehyde solution are
pumped up in sequence. The lungs were harvested and put into 4% paraformaldehyde solution for post-fixation.

Hematoxylin and Eosin (HE) Staining and Lung Injury Scoring

The histopathological changes of lung tissue induced by I/R were visualized using HE staining. The left lungs of rats
were harvested and fixed in 4% paraformaldehyde for 48 hours. The lung tissue was embedded in paraffin, and then, we
sectioned it into 4-um-thick slices and stained it with hematoxylin and eosin. Two independent pathologists were blinded
to evaluate lung tissue pathological injury under microscopy (Olympus, Tokyo, Japan).

We used the lung injury scoring system reported previously to quantify the pathological injury of lung tissue.*® Specifically, the
pathology indexes consisted of alveolar wall thickness, alveolar congestion, lung edema, hemorrhage, and infiltration of
neutrophils into the airspace or vessel wall. The scoring was showed in detail as follows: lung hemorrhage (0 = no hemorrhage,
1 =mild hemorrhage, 2 = severe hemorrhage), lung interstitial edema (0 =no edema, 1 = mild edema, 2 = severe edema), alveolar
wall thickness (0 = no alveolar wall thickness, 1 = mid-alveolar wall thickness, 2 = severe alveolar wall thickness, and 3 = severe
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alveolar wall thickness with >50% lung consolidation) and infiltration of inflammatory cells (0 =no inflammatory cell infiltration,
1 = mild infiltration of inflammatory cell infiltration, 2 = moderate inflammatory cell infiltration, 3 = severe inflammatory cell
infiltration).

Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End-Labeling (TUNEL)

Cell apoptosis in lung was detected by using the TUNEL assay with an apoptosis detection kit (Beyotime, Shanghai,
China). We fixed the left lung tissue in 4% paraformaldehyde for 24 hours, embedded in paraffin, and sectioned it into 4-
pm-thick slices. The slices were photographed under a Fluorview FV300 laser scanning confocal microscope (Olympus,
Tokyo, Japan). The TUNEL positive cells (nuclei stained red) were identified in five random and non-overlapping
regions. The apoptosis index was calculated as the ratio of TUNEL positive cells to the total number of cells.*’

In vivo ROS Detection

The in-situ production of ROS in the lung tissue was detected by using the dihydroethidium (DHE) fluorescent probe
assay.>” Briefly, after the reperfusion phase, the fresh left lung tissue of rats was collected as mentioned above. The
segments of lung tissue were sectioned to 5-pm-thick sections and then placed in a glass slide (DHE, Molecular Probes).
The slices were treated with 1 mmol/L DHE in a dark and humidified chamber at 37°C for 30 minutes. Literally, DHE
can be oxidized by superoxide to ethidium bromide, which binds to DNA and emits red fluorescence, thereby can be
detected digitally captured by fluorescence microscope (Olympus, Tokyo, Japan).

Transmission Electron Microscopy Observation

Samples of fresh lung tissue (1 mm x 1 mm x 1 mm) were harvested carefully from rats, and then, they were fixed in 2.5%
glutaraldehyde for 24 hours primarily. After that, we washed the lung samples with Sorenson’s Phosphate Buffer (pH = 7.4) and
post-fixed them in 1% osmium tetroxide for 1 hour. We used propylene oxide to wash the tissues after post-fixation and
dehydration procedures and then the tissues were embedded in the epoxy resin embedding media. Following these processes,
we sectioned the tissue blocks into segments around 60 nanometers in thickness using the ultramicrotome (LKB Nova, Sweden).
These sections were stained with uranyl acetate and lead citrate and then observed using the transmission electron microscope
(HITACHLI, Japan).

Immunofluorescent Staining Analysis

The lung sections were deparaffinized and subsequently washed in PBS and then used 0.25% Triton X-100 to permeabilize for 30
minutes followed by incubation with 10% fetal donkey or goat serum for 2 hours at room temperature to block non-specific
protein. After blocking, the samples were incubated with primary antibody to cGAS, STING, BiP, and SP-C overnight at 4°C.
Sections were incubated with corresponding secondary antibodies for 2 hours at room temperature, washed with PBS twice for 10
minutes, and incubated with DAPI for 5 minutes at room temperature. The fluorescence signal was detected under a Fluorview
FV300 laser scanning confocal microscope (Olympus, Tokyo, Japan); Immunoreactivity was manifested in specific green, red or
pink fluorescence. Totally, 3 slides of lung tissue sections were selected, and five separated files of each slide were selected
randomly to be observed by 2 pathologists blinded to the experimental groups. We utilized Image] software to analyze the
immunofluorescent images and the colocalization event of the segmented points from the dual channels was evaluated by using
the ImageJ plugin Just Another Colocalization Plugin (JACoP). JACoP can calculate Pearson coefficients, which indicated the
percentage of thresholded pixels in the red channel that was occupied by relevant thresholded pixels in the green channel. ANOVA
analysis was carried out by using GraphPad Prism software to provide further information regarding the statistical analysis of
colocalization.

Western Blot Analysis

Lung tissues from each rat were homogenized in a lysis buffer containing 5 mmol/L EDTA and 1 mmol/L PMSF as described
previously.>® We extracted protein samples at the same amount from each rat to analyze protein expression by Western blot.
Briefly, the protein samples (15pg per well) were subjected to SDS/PAGE in 10% gradient del (Beyotime, Shanghai, China)
and then transferred to the PVDF membrane. Primary antibodies were incubated using the following dilution: cGAS (1:500),
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STING (1:500), BiP (1:1000), and B-actin (1:2000). After washing, the membranes were incubated with the secondary
antibodies, horseradish peroxidase-conjugated goat anti-rabbit IgG (1:1000) or goat anti-mouse IgG (1:1000). The ECL
detection reagents (WBKLS0050; Millipore) were utilized to assess the amount of protein expression and the automatic
chemiluminescence image analysis system (Tanon-5200; Tanon Science & Technology, Shanghai, China) was used to
visualize and quantify the immunostaining band. The data were normalized by developing the B-actin as a loading control.

Statistical Analysis

We use SPSS 11.0 to analyze the data. The data were presented as mean + standard error of the mean (SEM). The
experimental groups were compared by variance analysis followed by One-way ANOVA with post hoc Bonferroni-Dunn
using GraphPad Prism software. A P-value of less than 0.05 indicated the presence of a significant difference.

Results

cGAS-STING Signaling Was Activated and ERS Was Augmented After I/R in Rats

Figure 1A and B demonstrated that after I/R, ¢cGAS in the I/R group significantly increased compared to the sham group
(P<0.05), and simultaneously, the expression of STING was increased in lung tissue measured by immunofluorescent staining,
compared to the sham group (Figure 1C and D, P<0.05). Besides cGAS-STING signaling activation, Figure 1E and F
demonstrated that BiP expression in the I/R group was higher than that in the sham group (P<0.05). In the lung tissue of /R
rats, western blot analysis verified the increase in cGAS compared to the sham group (Figure 2F and I, P<0.05). Also, STING
was shown to be higher in I/R rats’ lung tissue than in the sham group, according to Western blot analysis, while intraperitoneal
treatment of RU.521, a cGAS inhibitor, significantly reduced STING content (Figure 2F and J, P<0.05). These results Suggested
that RU.521 inhibited activation of the cGAS-STING pathway induced by I/R in rats. Western blot analysis verified the increased
BiP expression in lung tissue of I/R rats compared to the sham group, which could be reversed by RU.521 (Figure 2F and K,
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Figure | Immunofluorescent staining of cGAS, STING and BiP (ER stress marker protein) expression in lung tissue after IR in rats. (A) Immunofluorescent staining of cGAS
expression in the lung tissue. (B) Immunofluorescent density analysis to quantify the expression of cGAS. (C) Immunofluorescent staining of STING. (D) Immunofluorescent
density analysis to quantify the expression of STING. (E) Immunofluorescent staining of BiP. (F) Immunofluorescent density analysis to quantify the expression of BiP. Scale
bar = 25um or 50um. Data are presented as mean + SEM, n = 6 per group. *P < 0.05 vs sham group.
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P<0.05). Furthermore, the double immunofluorescent staining showed that the increased STING and BiP were predominantly
expressed in the alveolar epithelial type II cells (AECIIs) (Figure 2C, H and Figure 2E, G, P<0.05), while the increased cGAS
was hardly detectable in AECIIs (Figure 2A, B and D, P<0.05). These findings implied that I/R triggered cGAS-STING
signaling activation and ERS augmentation in the lung.

cGAS-STING Signaling Activation Induced ERS in Alveolar Epithelial Type Il Cells After
I/R in Rats

Numerous physiological and pathological factors can cause ER environment disturbance, ERS is a condition which is accelerated
by aggregation of unfolded/misfolded proteins.** We interfered the cGAS-STING signaling by using the cGAS inhibitor RU.521
and the STING potent agonist SR-717, respectively, to investigate the causal relationship between cGAS-STING signaling and
ERS. The ultrastructure of alveolar epithelial type II cells (AECIIs) was investigated using transmission electron microscopy
(Figure 3). As Figure 3 shows, we found that I/R induced dramatical swelling of the ER and evident dilatation of the lumen,
which could be reversed by RU.521. While to the contrary, the STING agonist, SR-717 further aggravated the ultra-pathological
damage of the ER induced by I/R. Western blot analysis revealed the increased BiP expression in the lung tissue after I/R in rats
(Figure 4C and D, P<0.05). As performed in Figure 4C and D, we found that RU.521 treatment deregulated BiP expression,
while intraperitoneal injection of SR-717, a STING agonist, upregulated BiP expression, which indicated that cGAS-STING
signaling activation might aggravate ERS responses. Furthermore, the double immunofluorescent staining and co-localization
analysis showed that increased BiP was mainly present in AECII (Figure 4A and B, P<0.05). These results suggested that cGAS-
STING signaling activation-induced ERS in the I/R rats.

Activation of cGAS-STING Pathway Exacerbated Cell Apoptosis in Lung via Regulating
ERS in I/R Rats

It was noted that a high level of alveolar epithelium apoptosis is critical in the pathogenesis of acute lung injury induced by I/R.*®
To investigate the causality between ERS and cell apoptosis, we intervened the ERS by using the ERS inhibitor 4-PBA. The cell
apoptosis in the lungs after I/R of rats was assessed using the terminal deoxynucleotidyl transferase-mediated dUTP nick end-
labeling (TUNEL) assay. We discovered that the I/R group had significantly more apoptotic cells in lung tissue than the sham
group, which could be reversed by RU.521, a cGAS inhibitor (Figure SA and D, P<0.05). Furthermore, as compared to the I/R
group, SR-717 administration exacerbated pulmonary cell apoptosis, whereas co-treatment with the ERS inhibitor 4-PBA

reversed the effects. Furthermore, the double immunofluorescent staining revealed the increased apoptotic alveolar epithelial type
I cells following I/R in rats (Figure 5B and E, P<0.05). These results suggested that cGAS-STING pathway activation
aggravated cell apoptosis in lung via regulating ERS in the I/R rats.

SR

1

Figure 3 Electron micrographs showed the morphology of endoplasmic reticulum of alveolar epithelial type Il cells in rats. Red arrow indicates the presence of lamellar
bodies, which are characteristics of alveolar epithelial type Il cells, yellow arrow notes swallowed and dilated endoplasmic reticulum. n = 3. Scale bar = lum or 2um.
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Figure 4 BiP expression in alveolar epithelial type Il cells by using Western blot and double immunofluorescent staining respectively. (A) Double immunofluorescent staining
to colocalize BiP with alveolar epithelial type Il cells marker SP-C in lung tissue. Scale bar = 25um or 50um. (B) The quantified colocalization of BiP with alveolar epithelial
type Il cells marker was assessed using the Pearson coefficient. Data are presented as mean + SEM, n = 6 per group. (C-D) Western blotting analysis to verify the expression
of BiP. Data are presented as mean * SEM, n = 3 per group. *P < 0.05 vs sham group, “P < 0.05 vs I/R group, %P < 0.05 vs I/R group.

ERS Triggered the Inflammatory Response and Oxidative Stress in Lung Tissue After |/
R in Rats

Excessive ERS was found to exacerbate LPS-induced acute lung injury by initiating the inflammatory response and increasing
oxidative stress.>® Up to date, however, little was known about the role of ER hormesis in I/R-induced inflammatory response and
high level of oxidative stress. We found that SR-717 administration aggravated the I/R induced infiltration of inflammatory cells,
while 4-PBA with SR-717 co-treatment alleviated infiltration of inflammatory cells in the lung tissue after /R in rats
(Figure 6A—C, P < 0.05). Furthermore, DHE superoxide anion probe detection revealed that SR-717 administration aggravated
the /R induced oxidative stress indicated by ROS production, while 4-PBA with SR-717 co-treatment evidently reduced the ROS
production in the lung tissue after I/R in rats (Figure 5C and F, P < 0.05).

Inhibition of cGAS-STING Pathway Improved I/R Induced Pulmonary Ventilation
Dysfunction by Attenuating Pulmonary Edema and Pathological Injury of Lung Tissue
via Suppressing ERS

It was noted that excessive cell apoptosis, damaging ROS and aberrant inflammatory response aggravates injury of the alveoli
and destruction of the alveolar-capillary barrier, which results in pulmonary edema and acute pathological injury of lung tissue,
thus leading to I/R induced pulmonary ventilation dysfunction. The morphological changes showed that the left lung of rats
following I/R had significant edema and hemorrhage (Figure S3). Furthermore, we used W/D ratio, LW/BW ratio, and
hematoxylin and eosin staining, respectively, to evaluate the pulmonary edema and lung tissue pathological changes after I/R
in rats. We found that the I/R group had severe pulmonary edema indicated by higher W/D ratio and LW/BW ratio, while RU.521
treatment significantly attenuated pulmonary edema caused by lung I/R (Figure 6D and E, P<0.05). As Figure 6A—C showed, we
found that the I/R group had significantly damaged alveoli structure with interstitial edema and remarkably inflammatory cell

Journal of Inflammation Research 2022:15 hetps: 5111
Dove


https://www.dovepress.com/get_supplementary_file.php?f=365970.docx
https://www.dovepress.com
https://www.dovepress.com

Huang et al Dove

IIR+SR-717

IIR+SR-717
I/IR+RU.521 IIR+SR-717 +4-PBA

:

-

IIR+SR-717
I/IR+RU.521 IIR+SR-717 +4-PBA

w)

8 &

w

N
*

of DHE (Fold of Change)

30
L

A
N 6‘@6‘ N\ N or “n Al " ggF
\\?3‘ \aal Al \\?3 \@x ,\1
=)
Nl \\?3‘6

Apoptotic index (%)

o

Apoptotic alveolar epithelial
type Il cells / HPF
> o
*
3 .
_ S
i)
R
‘p.-\
»
Relative fluorescent intensity

Figure 5 Cell apoptosis and oxidative stress detection in lung of rats. (A) Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was used to detect
apoptosis in lung. Scale bar = 100um. (B) Double immunofluorescent staining to colocalize TUNEL with alveolar epithelial type Il cells marker SP-C. Scale bar = 25um or
50um. (C) The representative figures of the DHE probe detecting superoxide anion in lung tissue. Scale bar = 100um. (D) Quantified analysis of cell apoptosis in lung by
using apoptosis index. (E) The quantification of apoptotic alveolar epithelial type Il cells in high power field (HPF). (F) Immunofluorescent density evaluation of DHE staining.
Data are presented as mean  SEM, n = 6 per group. *P < 0.05 vs sham group, *P < 0.05 vs I/R group, &P < 0.05 vs I/R group, AP < 0.05 vs I/R + SR-717 group.
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Figure 6 Hematoxylin and eosin staining of lung tissue and evaluation of pulmonary edema in rats. (A) The representative figures were used to evaluate the pathological

injury of lung tissue. Scale bar = 50pum or 100um. (B) The profiles of lung pathological injury were assessed with the lung injury scoring system. (C) The quantification of

neutrophils infiltration in alveoli or interstitial space. (D and E) The W/D ratio and LW/BW ratio were used to assess pulmonary edema. Data are presented as mean * SEM,
= 6 per group. *P < 0.05 vs sham group, *P < 0.05 vs I/R group, &P < 0.05 vs I/R group, AP < 0.05 vs I/R + SR-717 group.

infiltration, while RU.521 treatment significantly alleviated these pathological changes. Likewise, 4-PBA inhibited I/R-induced
lung tissue pathological injury which was aggravated by SR-717 administration. Finally, the mean dynamic compliance, mean
airway pressure, and peak airway pressure were used to quantify the pulmonary ventilation function of each group after I/R
surgery. We found that 90 minutes left hilum clamp and 120 minutes reperfusion resulted in severe pulmonary ventilation
dysfunction. By contrast, RU.521 treatment remarkably attenuated the pulmonary ventilation function after I/R, as indicated by
the significantly lower mean/peak airway pressure and higher mean dynamic compliance. It was found that SR-717 adminis-
tration aggravated the increased mean/peak airway pressure and the decreased mean dynamic compliance, while 4-PBA with SR-
717 co-treatment improved I/R induced pulmonary ventilation dysfunction in rats (Figure 7A—C, P < 0.05).
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Figure 7 Measurement of pulmonary ventilation function in rats. (A=C) The mean airway pressure, peak airway pressure and mean dynamic compliance were used to
evaluate pulmonary ventilation function. Data are presented as mean  SEM, n = 6 per group. *P < 0.05 vs sham group, “P < 0.05 vs I/R group, &P < 0.05 vs I/R group, AP <
0.05 vs I/R + SR-717 group.

Discussion

Lung I/R injury is the fundamental cause of pulmonary dysfunction following lung transplantation surgery, which could lead
to primary graft dysfunction that accounts for a high rate of mortality, even with intensive supportive therapy.>’ Further
researches have confirmed that over-activation of pulmonary inflammation and excessive apoptosis are important mechanisms
of pulmonary dysfunction induced by the lung I/R process, but their initial molecular mediators are not fully understood.*®

Our present findings showed that the reactive cGAS-STING pathway leads to lung I/R injury by aggravating ERS in
alveolar epithelial type II cells. Pulmonary edema and pathological lung tissue injury are the two main pathophysiological
components of lung I/R injury. We discovered that RU.521, a specific inhibitor of cGAS, reduced cell apoptosis, production
of reactive oxygen species (ROS), and infiltration of inflammatory cells in a rat lung I/R model; thereafter attenuated
pulmonary edema and alleviated lung tissue pathological injury; and thus improved pulmonary ventilation function.

cGAS is anovel pattern recognition receptor (PRR) that functions as a double-stranded (dsDNA) sensor, which could be
activated by cytosolic DNA and produces cGAMP, which binds to STING and activates its downstream pathway, thereby
triggering the inflammatory response and modulating cell death.>® Cytosolic DNA is a potent trigger of cGAS activation.
The foundational researches of cGAS indicate its requirement in response to DNA virus infection, and the exogenous
microbial DNA remains the primary activator of cGAS.?’ However, in addition to infection-related DNA entering the
cytosol from viral or bacterial sources, cGAS has now been found to interact with various endogenous self-DNA according
to recent studies. These types of endogenous DNA include cytosolic DNA origin from nuclei and mitochondria, chromatin
in the nucleus, and DNA in the cytosolic micronuclei.**** DNA is restricted to nuclei and mitochondria under normal
circumstances, but the high level of oxidative stress defined by overproduction of ROS could enhance the mitochondrial
permeability transition, allowing self-DNA to leak from mitochondria into the cytosol.** Increased amounts of intracellular
DNA serve as a DAMP, which could be detected by PRRs involving cGAS. In our present study, we found that the
production of ROS was upregulated in lung after I/R in rats, which was consistent with precious study.” And the
transmission electron microscopy analysis revealed that mitochondria were morphologically normal in pneumonocytes
including alveolar epithelial type II and type I cells for rats in sham group. However, I/R induced evident deformation of the
mitochondrial cristae and destruction of the mitochondrial membrane integrity (Figure S4). As a result, mtDNA might leak
from the impaired mitochondria induced by lung I/R and trigger cGAS activation.

The main function of the cGAS-STING signaling activation is to initiate antiviral immunity and active adaptive immune
system through inducing type I interferon pathway and upregulating the expression of type I interferon.'® Besides its primary
function of triggering an inflammatory response, recent works showed that cGAS-STING signaling plays an important role in
cell death modulation. cGAS-STING signaling activation promotes the formation of a complex between BAX (Bcl2-
associated X gene) and IRF3, which triggers apoptosis through the mitochondrial pathway.** Besides, type I interferon
induced by cGAS-STING can stimulate expression of TNF-related apoptosis-inducing ligand (TRAIL), which act via death
receptor 5 to induce apoptosis.* Growing evidence has highlighted that apoptosis, inflammation, and ROS play a critical and
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detrimental role in the development of lung I/R injury, but the regulation of cGAS in cell apoptosis and pulmonary
inflammation induced by lung I/R is largely unexplored. The linkage between cGAS-STING pathway activation and lung
injury caused by the I/R process remains elusive.

Zhao et al reported that deletion of cGAS resulted in decreased hepatocytes autophagy induced by hypoxia and thus
leading to increased apoptotic cell death during liver I/R, which revealed a novel role for cGAS in the protection of the
liver from I/R injury.*® On the contrary, in a report on cerebral I/R injury, Liao et al described that activation of the
cGAS-STING pathway served as a detrimental role via promoting the formation of a pro-inflammatory microenviron-
ment, while deletion of cGAS attenuated I/R-induced neuroinflammation and brain injury.*’ In our present study, we
found that the expression of both ¢cGAS and STING were upregulated dramatically in rat following I/R. Inhibition of
cGAS significantly reduced cell apoptosis and pulmonary inflammation caused by the lung I/R, thereafter alleviated
pulmonary edema and lung tissue pathological injury and attenuated pulmonary ventilation function. The important role
of cGAS in the setting of lung I/R injury was indicated by our findings. We showed that the cGAS-STING pathway
activation exacerbated I/R-induced lung injury via mediating apoptosis, oxidative stress and the inflammatory response.
The ¢GAS inhibitor, RU.521 has been proven to be nontoxic in animals by previous studies,*® so it may serve as basic
experimental evidence for the potential protective effect of RU.521 in clinical practice. Therefore, blocking cGAS might
be an effective approach to inhibit excessive cell apoptosis, ROS production and aberrant inflammatory response, thus
preventing the lung from I/R injury. However, the underlying mechanisms need to be further investigated.

Various studies have demonstrated that ERS plays a primary role in the development of I/R injury and inhibition of
ERS has become a common intervention strategy for I/R injury in the heart, lung, liver, and other important organs.** "
But its upstream target remains incompletely understood. ERS can be seen as a compensatory response responsible for
maintaining cell homeostasis via correcting endoplasmic reticulum protein folding errors and promoting autophagy-
associated degeneration of unfolded or misfolded proteins during the I/R process. Several researches on in vitro
pharmacologic manipulation illustrated a reciprocal regulation between ERS and STING activation.’>>® ERS could
induce STING activity, while activation of STING increased ERS and ERS-dependent autophagy. The linkage between
ERS and the cGAS-STING signaling activation remains unknown in the setting of lung I/R injury. According to our
present study, we found that lung I/R significantly activated the cGAS-STING signaling and pulmonary ERS. The
expression of STING and BiP was downregulated when cGAS was inhibited, whereas activation of STING with the
STING specific agonist SR-717 resulted in substantially increased ERS and subsequent lung injury. Taking these findings
together, we suggested that cGAS-STING pathway might trigger the ERS responses. Severe and persistent ERS is
considered to be detrimental due to its capacity to facilitate cell death and trigger an aberrant inflammatory response by
activating the pathogenic cascades of various chronic disorders. Profound ERS results in cell death and serious
inflammation via triggering further ROS damage, promoting overload of intracellular calcium, aggravating mitochondrial
metabolic disorders, and depletion of ATP.’*>° Moreover, subsequent cascades may lead to a series of catastrophic
reactions which ultimately augment the pro-apoptosis pathway activation and inflammatory activity.’’

Alveolar epithelial type II cells (AECIIs), distinguished by the presence of lamellar bodies which can store and
secrete pulmonary surfactant, are functionally important in regulating alveolar fluid levels and adjusting pulmonary
ventilation function and contribute to the immune response as well.'> We found that RU.521 evidently downregulated the
expression of STING and BiP induced by I/R in AECIIs. However, our current research revealed an intriguing and
perplexing finding: increased I/R-induced cGAS was scarcely expressed in AECIIs, which was unexpected. A possible
explanation might be because cGAS secondary message cGAMP can enter bystander cells to trigger downstream
signaling pathways as well. According to various studies, it can spread over gap junctions to neighboring cells or
enter distant cells by incorporating into viral capsids.”®>? Besides, some cGAMP can be released into the microenviron-
ment upon conditions including cell damage or necrotic cell death, and this cGAMP can enter other cells via channel-
dependent mechanisms.®® The regulation of cGAS-STING pathway is complex, and ¢cGAMP generated by other
pneumonocytes could diffuse into AECIIs and be detected by STING, thereby inducing ERS of AECIIs. However, the
exact process by which cGAMP enters AECIIs is uncertain, and more research is needed.

Journal of Inflammation Research 2022:15 hetps: 5115
Dove


https://www.dovepress.com
https://www.dovepress.com

Huang et al Dove

| #

Alveolar epithelial

Ischemia/reperfusion type Il cell
|
l mtDNA releasing
@ — % —
Mitochondria impairment cGAS-STING t

I

=,

ERS t

Lung
ischemia/reperfusion — ROS
injury

Apoptosis t

Inflammation

Figure 8 Schematic diagrams illustrating the effects of the cGAS-STING pathway in lung ischemia/reperfusion injury. The process of lung ischemia/reperfusion aggravates the
impairment of mitochondria in alveolar epithelial type Il cells, augmenting the releasing of mtDNA from mitochondria to cytosol. Subsequently, the downstream cGAS-
STING signaling is activated, leading to enhanced endoplasmic reticulum stress (ERS). Severe and persistent ERS finally leads to excessive cell apoptosis, aberrant
inflammation and a high level of oxidative stress, which result in lung ischemia/reperfusion injury.

In summary, we conclude that cGAS-STING pathway activated by lung ischemia/reperfusion promotes cell apoptosis,
oxidative stress and inflammation via inducing ERS in alveolar epithelial type II cells. Inhibition of cGAS attenuates
pulmonary ERS and improves pulmonary ventilation function of rats after lung I/R.

There are some limitations in our present study. First, cGAS and STING might localize in alveolar epithelial type 11
cells or other pneumonocyte types in lung; therefore, further experiments are required to define cell-specific effects of
cGAS on lung I/R injury. Second, the interaction among different pneumonocyte types in the regulation of lung I/R
requires further investigation.

Conclusion
To conclude, inhibition of the cGAS-STING pathway attenuates lung ischemia/reperfusion injury via regulating ERS in
alveolar epithelial type II cells of rats (Figure 8). cGAS might be a potential target for treating lung ischemia/reperfusion

injury.
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ischemia/reperfusion; W/D, lung wet/dry ratio; LW/BW, lung weight/body weight ratio; HE, hematoxylin and eosin;
TUNEL, terminal deoxynucleotidyl transferase-mediated nick end-labeling; DHE, dihydroethidium; TEM, transmission
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