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Abstract

sion conditions.

C partially reversed these beneficial effects.

Background: Acute lung injury (ALl) caused by intestinal ischemia—reperfusion is a life-threatening disease. Inter-
feron gene stimulator (STING) is a cytoplasmic DNA sensor that participates in the initiation of the inflammatory
response. This study aims to establish whether C-176 (STING inhibitor) improves ALl under intestinal ischnemia-reperfu-

Methods: To induce AL, 72 male C57BL/6 mice were subjected to intestinal ischemia for 60 min and reperfusion for
3 h.Through intraperitoneal injection, C-176, a selective STING inhibitor, was injected 30 min before surgical treatment;
meanwhile, compound C, an antagonist of adenosine monophosphate-activated protein kinase (AMPK), was admin-
istered 30 min after surgery. Based on immunofluorescence and Western blot assays, post-ALl assessments included
lung water content (TLW), bronchoalveolar lavage fluid (BALF) protein, H&E staining, Masson staining, pulmonary
pyroptosis [Gasdermin-D (GSDMD), cleaved caspase-1], and apoptosis (TUNEL, cleaved caspase-3).

Results: C-176 administration significantly attenuated intestinal ischemia-reperfusion-mediated ALI; this effect was
reflected by exacerbated TLW and BALF protein, aggravated lung injury score, elevated degree of pulmonary fibrosis,
increased TUNEL- and GSDMD-positive cells, and upregulated phospho-AMPK, cleaved caspase-1, cleaved caspase-3
and IFNB mRNA expression. Moreover, C-176 increased phospho-AMPK under ALl conditions. Nonetheless, compound

Conclusion: C-7176, a selective STING inhibitor, improves intestinal ischemia—reperfusion-mediated AL, and its under-
lying mechanism may be associated with AMPK signal activation.
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Introduction

Acute lung injury (ALI) is a severe respiratory disease
causing high global mortality. It is characterized by dysp-
nea, interstitial edema, accumulation of activated inflam-
matory cells, mass migration of neutrophils, and diffuse
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alveolar damage [1, 2]. A growing body of recent evi-
dence indicates that distant lung organ injuries, including
abdominal ischemia-reperfusion, infection, and surgery,
can cause ALI [3-5]. Moreover, reports indicate that the
inflammatory response after intestinal ischemia—reper-
fusion injury promotes ALI [6]. To date, potential treat-
ments or drugs against intestinal ischemia—reperfusion
injury-induced ALI are unavailable in clinical therapy.
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Interferon gene stimulator (STING) is an important
mediator of the innate immune response; it detects dou-
ble-stranded DNA (dsDNA) in the cytoplasm of immune
cells, including DCs, T cells, and macrophages [7]. After
catalyzing endogenous dsDNA leaking from mitochon-
dria and exogenous dsDNA from pathogens by cyclic
GMP-AMP synthase (cGAS), STING translocates from
the endoplasmic reticulum to perinuclear microsomes
via the Golgi apparatus [8]. Notably, STING activation
controls mitochondrial DNA-mediated lung injury by
evoking an inflammatory storm [9]. Several studies indi-
cate that lipopolysaccharide (LPS)-induced ALI is associ-
ated with upregulation of STING expression [10, 11]. To
date, limited studies have explored STING function in
intestinal ischemia—reperfusion injury-induced ALIL

Although STING is essential in the process of ALI [12,
13], its downstream proteins remain underexplored.
Notably, adenosine monophosphate-activated protein
kinase (AMPK) promotes various anabolic and catabolic
signals, hence maintaining suitable levels of adenosine
triphosphate under energetic and/or cellular stress [14].
Interestingly, the STING-AMPK signal is implicated in
high-fat diet-induced cardiac anomalies [15]. Moreover,
compound C, which is annotated as a reversible inhibitor
of AMPK, inhibits dsDNA-dependent type I interferon
induction [16]. However, the role of STING-AMUPK sign-
aling in the ALI model should be further investigated.

This study hypothesizes that surgical intervention
induces intestinal ischemia—reperfusion followed by ALL
Using a selective inhibitor of STING and an AMPK inhib-
itor, we aimed to determine the role of STING-AMPK
signaling in the pathogenesis of ALI after intestinal
ischemia—reperfusion injury.

Materials and methods

Adult male C57/BL mice (7-9 weeks old; weight,
27.1+2.3 g) were purchased from Changsheng Bio-
technology Co., Ltd. (Benxi, Liaoning, China). All the
mice had free access to food and water; they were kept
in a 12-h alternating light and dark facility at 25 °C£1 °C
(humidity 50-70%). The tests involving animals were
performed following the guidelines of the Animal Ethics
Committee of Cangzhou Central Hospital.

Grouping and intestinal ischemia-reperfusion (IR)-induced
ALI

In the first stage, animals were randomly grouped into
five groups: sham (1#=24); intestinal ischemia—reper-
fusion (IR)+vehicle (n=24); IR+C-176 (350 nmol,
4.7 mg/kg) (n=18); IR+ C-176 (550 nmol, 7.3 mg/kg)
(n=24) and IR+ C-176 (750 nmol, 10 mg/kg) (n=18).
In the second stage, animals were randomly divided
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into two groups: IR+ C176+ compound C (n=12) and
IR+ C176 + Vehicle (n=12).

Mice were anesthetized with pentobarbital (10 mg/
kg) via intraperitoneal injection. An oral endotracheal
tube for the mouse was established and then connected
with a ventilator (model: volume-controlled; tidal vol-
ume: 8 mL/kg; frequency: 120 beats/min). Throughout
the experiment, the animals were kept on a warm blan-
ket to maintain their body temperature within 37-38 °C.
Based on previous studies [17], the IR model was estab-
lished as follows: (1) a lower midline laparotomy was
performed; (2) the superior mesenteric artery was identi-
fied and occluded below the celiac trunk with an arterial
microclamp, and intestinal ischemia was confirmed by
the paleness of the jejunum and ileum; (3) the clamp was
removed after 60 min; (4) 0.5 mL of sterile saline at 37 °C
was injected into the peritoneal cavity; and (5) the inci-
sion was sutured and blocked using ropivacaine. In the
first stage, a selective STING inhibitor, three dosages of
C-176 (4.7 mg/kg, 7.3 mg/kg, and 10 mg/kg) (HY-112906,
MedChemExpress, NJ, USA) were administered 30 min
before surgical exposure via intraperitoneal injection.
In the pd stage, a selective antagonist of AMPK, com-
pound C (25 mg/kg) (HY-13418A, MedChemExpress),
was administered via subcutaneous injection 30 min after
initiation of IR. Both C-176 and compound C were dis-
solved with 10% DMSO (HY-Y0320, MedChemExpress)
and 90% corn oil (HY-Y1888, MedChemExpress). The
mice in the sham, IR+ Vehicle, and IR 4+ C176 + Vehicle
groups were only administered solvent containing 10%
DMSO and 90% corn oil using intraperitoneal or subcu-
taneous injection. Notably, the sham animals underwent
a similar procedure without clamps (Fig. 1).

Assessment of lung injury

Three hours after reperfusion, mice (n=6) were eutha-
nized through cervical dislocation under 8% sevoflurane.
The surface of the left lungs was wiped after rinsing with
saline. The weight was recorded as wet weight (W). After
drying at 70 °C for 24 h, the dry weight (D) was recorded.
Total lung water content (TLW) was calculated using the
equation TLW = (W — D)/D x 100%.

Mice (n=6) were anesthetized under 3—4% sevoflurane
and injected with 0.5 mL of normal saline via the trachea.
Then, the liquid of bronchoalveolar lavage was gently
aspirated, and bronchoalveolar lavage was performed
twice. After centrifugation at 4000xg at 4 °C for 10 min,
the supernatant from the lavage solution was obtained
as bronchoalveolar lavage fluid (BALF). The content of
BALF protein was measured using the BCA assay based
on the manufacturers’ instructions (P0012, Beyotime,
Shanghai, China).
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Fig. 1 Experimental schematic diagram. Mice with intestinal ischemia—reperfusion injury (IR) and C-176 treatment. IR: mice received an occlusion
of the superior mesenteric artery below the celiac trunk with an arterial microclamp for 60 min and reperfusion for 3 h. C-176: C-176 administered
via intraperitoneal injection 30 min before surgical exposure. Compound C: compound C was administered via subcutaneous injection 30 min after
the initiation of IR. Vehicle: 10% DMSO and 90% corn oil were administered via intraperitoneal or subcutaneous injection as a control. Sham: mice
subjected to identical surgery and vehicle injection except for the occlusion of the superior mesenteric artery

Measurement of diamine oxidase (DAO) and IL-1p in serum
After 3 h of reperfusion, mice (n=6) were anesthetized
under 3-4% sevoflurane. Blood was collected from a ven-
triculus sinister. Then, the mice were perfused with cold
saline via the ventriculus sinister—aorta until clear fluid
flowed out from the right atrial appendage. Lung tissues
were quickly kept on ice. The lung tissues for RNA and
protein were removed and homogenized on ice. Based on
DAO synthesized primarily in gastrointestinal mucosal
cells, the integrity and functional mass of the intesti-
nal mucosa can be reflected by the level of serum DAO
[18]. IL-1P, a marker of the inflammatory response in the
serum, was also used to validate the distant organ injury
primarily caused by circulating mediators in blood. After
centrifugation at 1200x g for 10 min, the serum from the
blood sample was used to evaluate DAO and IL-1p levels.
According to the manufacturer’s protocol, we detected
the level of serum DAO via a chemical assay kit (Cat#
A088-1-1, Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) with a spectrophotometer. The results
were expressed as units per liter serum. Serum IL-1p lev-
els were evaluated by ELISA according to the manufac-
turer’s protocol (Cat# PI301, Beyotime).

Real-time PCR
Total RNA was extracted with a TRIeasy  Plus Total
RNA Kit (Cat# 19211ES60, Yeasen, China) according to
the manufacturer’s protocol. The extracted RNA (400 ng)
was treated with DNase I and then reverse-transcribed
into cDNA by a BeyoRT" Q First Strand cDNA Synthesis
Kit (Beyotime) according to the manufacturer’s protocol.
Real-time PCR was performed using the Step One Real-
Time PCR system (ABI). The expression levels of RNA
were normalized to B-actin. The sequences of the primers
used for real-time PCR were:

B-actin: 5-TTTGCAGCTCCTTCGTTGC-3’ (F).

5-TCGTCATCCATGGCGAACT-3 (R).

IFN: 5'-CCAGCTCCAAGAAAGGACGAC(F).
5'-CGCCCTGTAGGTGAGGTTGAT-3' (R).

Hematoxylin and eosin (H&E) staining and Masson staining
Three hours after reperfusion, mice (n=6) were anes-
thetized under 3-4% sevoflurane and perfused with cold
saline via the ventriculus sinister—aorta. Mice were per-
fused with 10% paraformaldehyde after clear saline was
released from the right auricle. After fixing with 10%
paraformaldehyde for 48 h, the left lungs were cut into
5-um paraffin coronal sections for hematoxylin and eosin
(H&E) and Masson staining as previously published [19,
20]. The slides were observed under a light microscope
(BX51; Olympus, Tokyo, Japan). Three fields (magnifi-
cation, x 200) in one slice (3 slices in one group) were
randomly selected. Lung injury was analyzed by an expe-
rienced investigator blinded to the group and recorded
as normal (0), mild (1), moderate (2), or severe (3) based
on histological parameters, including alveolar edema, dif-
fuse alveolar hemorrhage, congestion, and intra-alveolar
infiltration of inflammatory cells. Additionally, the per-
centage of Masson-stained collagen was measured using
Image] (1.37v, Wayne Rasband, available through the
National Institutes of Health).

Immunofluorescence staining

The slices (thickness: 5 pm) mentioned above were used
for immunofluorescence staining. After boiling with
sodium citrate at 100 °C for 20 min, the cooled sec-
tions were incubated with 1% Triton X-100 for 20 min
and blocked with QuickBlock " Blocking Buffer (P0260,
Beyotime) at 25 °C for 1 h. After washing with PBS three
times, the sections were incubated overnight with rabbit
anti-gasdermin-D (GSDMD) (K009328P, Solarbio, Bei-
jing, China) at 4 °C. After rising with PBS, the slices were
incubated with goat anti-rabbit secondary antibodies
(P0208, Beyotime) at room temperature for 1 h, coated
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with anti-fluorescence quenching sealing solution with
DAPI (P0131, Beyotime) for 5 min and sealed. Terminal
deoxynucleotide transferase deoxyuridine triphosphate
(dUTP) nick end labeling (TUNEL) (C1062, Beyotime)
assays were performed according to the manufactur-
er’s protocol to detect pulmonary apoptosis. Six fields
with a magnification of x 200 in 3 slices were randomly
selected from each group. Under a fluorescence micro-
scope (BX53, Olympus, Tokyo, Japan), the percentage
of GSDMD-positive cells and TUNEL-positive cells was
calculated using Image] (1.37v, Wayne Rasband, available
through the National Institutes of Health).

Western blot

Total protein was extracted from lung tissue and quan-
tified through the BCA assay. Each sample containing
40 pg of mixed loading buffer was boiled at 100 °C for
15 min. The sample was separated by 10% SDS-PAGE
and transferred to a PVDF membrane. The mem-
brane was incubated with QuickBlock " blocking buffer
(P0235, Beyotime) at 25 °C for 10 min and then rinsed
with Western wash buffer (P0023C, Beyotime) for 5 min
3 times. Anti-rabbit p-AMPK (dilution: 1:500, ab133448,
Abcam, Cambridge, UK), anti-rabbit AMPK (dilution:
1:1000, ab32047, Abcam, Cambridge, UK), anti-rabbit
cleaved-caspase-1 (dilution: 1:500, ab179515, Abcam,
Cambridge, UK), anti-rabbit cleaved-caspase-3 (dilution:
1:500, ab32351, Abcam, Cambridge, UK) and GAPDH
(dilution 1:1000, K106389P, Solarbio) were used for over-
night incubation of PVDF membranes at 4 ‘C. After ris-
ing with Western washing buffer 3 times, the membranes
were incubated with goat anti-rabbit secondary anti-
body (dilution 1:1000, A0562, Beyotime) at 25 °C for 1 h.
After washing 3 times with Western washing buffer, pro-
tein bands were detected using BeyoECL Moon (P0018,
Beyotime). The ratio between the gray value of the target
protein and the GAPDH bands (internal reference) was
calculated using Image].

Statistical analysis

All results are expressed as the means 4 standard devia-
tion (SD). Statistical analysis was performed using Stu-
dent’s ¢-test or one-way analysis of variance (ANOVA)
with a Tukey post hoc test for multiple comparisons.
Differences with P values of less than 0.05 (P<0.05) were
considered statistically significant.

Results

C-176 mitigates lung injury after intestinal ischemia-
reperfusion injury

C-176 (a selective inhibitor of STING) was intro-
duced to explore the potential role of STING in intes-
tinal ischemia-reperfusion-induced ALI. Both TLW
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and BALF protein were used to measure pulmonary
edema and exudation. Serum DAO and IL-1p were
used to assess intestinal mucosa damage and circula-
tion mediators, respectively. In addition, H&E and Mas-
son staining were used to evaluate pulmonary structure
damage and fibrosis, respectively. In contrast with the
sham group, both the lung injury score (F, ,;=195.7,
P<0.0001; Fig. 2A, B) indicated by H&E staining and the
percentage of collagen volume fraction (F, ,;=278.8,
P<0.0001; Fig. 2A, C) revealed by Masson staining
were increased in the IR+vehicle group. Similarly,
TLW (F, ,5=215.9, P<0.0001; Fig. 2D), BALF pro-
tein (F, ,5=523.3, P<0.0001; Fig. 2E) were significantly
increased in the IR + vehicle group, and serum DAO con-
tents (F, ,5=123.5, P<0.0001; Fig. 2F) and IL-1p levels
(Fy, 95="54.83, P<0.0001; Fig. 2G) were increased in the
IR+ vehicle group. Nonetheless, pathological score, the
percentage of collagen volume fraction, TLW, BALF
protein, serum DAO contents, and IL-1p levels were
significantly decreased with increasing doses of C-176
(Fig. 2B—@G). No remarkable difference in the index men-
tioned above was noted between the mice exposed to
intestinal ischemia—reperfusion injury with 550 nmol
and 750 nmol. Thus, 550 nmol of C-176 was applied in
the follow-up study.

C-176 mitigates pulmonary pyroptosis and apoptosis
induced by intestinal ischemia-reperfusion injury
Immunofluorescence assays for GDSMD (pyropto-
sis) and TUNEL (apoptosis) were used to evaluate
the effects of STING on pulmonary pyroptosis and
apoptosis induced by intestinal ischemia—reperfusion
injury. As a pyroptosis execution protein, GSDMD is
usually used to explore the classical pyroptosis acti-
vated by cleaved caspase-1 [21]. During the late stages
of apoptosis, DNA degradation in the nuclei can be
detected by the TUNEL assay [22]. Immunofluo-
rescence showed an increased number of GSDMD-
positive (F, ;5=162.4, P<0.0001; Fig. 3A, B) and
TUNEL-positive (F, ,5;=217.1, P<0.0001; Fig. 3C,
D) cells in the IR+ Vehicle group compared to the
sham group. Nonetheless, unlike the IR+ Vehicle
group, both GSDMD-positive cells (F, ;5=217.1,
P<0.0001; Fig. 3A, B) and TUNEL (F, ,5;=162.4,
P<0.0001; Fig. 3C, D) were significantly decreased in
the IR+ C-176 group. Western blot results showed
that the expression levels of the apoptosis-associated
factor cleaved caspase-3 (F, ;;=1082, P<0.0001;
Fig. 4A, B) and the pyroptosis-associated factor
cleaved caspase-1 (F, 5=148.3, P<0.0001; Fig. 4A,
C) were significantly upregulated in the IR+ vehi-
cle group compared to the sham group; on the other
hand, C-176 partially reversed this upregulation in the
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IR+ C-176 group (F, ;5=1082, P<0.0001 for cleaved
caspase-3; F, ;5=148.3, P<0.0001 for cleaved cas-
pase-1; Fig. 4A—C). Additionally, our data also showed
that IFNB mRNA expression was heavily elevated in
the IR + Vehicle group compared to that in the sham
group, while C-176 partially reversed this elevation
in the IR+C-176 group (F, ,5=239.5, P<0.0001;
Fig. 4D). The above results indicate that the STING
inhibitor C-176 mitigates pyroptosis, apoptosis and
IENP expression in the lung after intestinal ischemia—
reperfusion injury.

AMPK signal is involved in the protective effects of C-176
against lung injury induced by intestinal ischemia-
reperfusion injury

AMPXK signaling is a downstream factor of STING in sev-
eral processes of inflammatory injury [23, 24]. The ratio
of phospho-AMPK to total AMPK was slightly increased
in mice exposed to IR compared to those under sham
treatment (IR + Vehicle vs. sham, F, ,5=348.6, P<0.0001;
Fig. 5A, B). Interestingly, the ratio of phospho-AMPK to
total AMPK was further upregulated in mice exposed to
IR plus C-176 treatment compared to those exposed to
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IR plus vehicle (IR+ C-176 vs. IR+ Vehicle, F, ;5 =2348.6,
P<0.0001; Fig. 5A, B). These findings show that AMPK
signaling may regulate the protective effects of C-176
against lung injury induced by IR.

Compound C, an AMPK inhibitor, reversed the protective
effect of C-176 on ALI

Compound C (a selective inhibitor of AMPK) was intro-
duced to further detect the role of STING-AMPK
signaling in lung injury induced by intestinal ischemia—
reperfusion injury. Unlike the IR+ C-176+ vehicle
group, mice in the IR+ C-176+compound C group
showed a significant increase in TLW (¢=10.85,
P<0.0001; Fig. 6A); an elevation of BALF protein con-
tent (¢=11.86, P<0.0001; Fig. 6B); an aggravation of lung
injury score (t=6.167, P<0.001; Fig. 6C, D); an upregu-
lation in the percentage of collagen volume (£=6.005,
P<0.001; Fig. 6C, E); an increase in serum DAO content
(t=15.56, P<0.0001; Fig. 6F); and an elevation of IL-1f
in serum (¢=9.926, P<0.0001; Fig. 6G). Additionally,

GSDMD- and TUNEL-positive cells in the lung were
both increased in the IR+ C-176+ compound C group
relative to the IR+ C-176+vehicle group (¢=3.543,
P<0.01 for GSDMD; ¢t=5.478, P<0.001 for TUNEL;
Fig. 7A-D). Based on the Western blot results, com-
pound C significantly decreased the ratio of phospho-
AMPK/total AMPK in the IR+ C-176+ compound
C group relative to the IR+ C-176+vehicle group
(t=11.52, P<0.0001; Fig. 7E, F). Moreover, the mRNA
expression levels of the pyroptosis-associated fac-
tor cleaved caspase-1 (¢=8.959, P<0.0001; Fig. 7E, G),
apoptosis-associated factor cleaved caspase-3 (t=6.078,
P<0.001; Fig. 7E, H), and IFNpB (t=4.814, P<0.001;
Fig. 7I) were significantly upregulated in the IR+ Vehicle
group compared to the sham group.

Discussion

The present report details STING-AMUPK signaling in the
pathological process of ALI after intestinal ischemia—rep-
erfusion injury. The main findings included the following:
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(1) the STING C-176 inhibitor significantly reduced lung
injury and pulmonary fibrosis after intestinal ischemia—
reperfusion injury; (2) the STING C-176 inhibitor signifi-
cantly ameliorated pulmonary apoptosis and pyroptosis;
and (3) the protective effects of C-176 against ALI after
intestinal ischemia—reperfusion injury may be associated
with STING-AMUPK signaling.

Endogenous toxins released from intestinal bacte-
ria can shift to the circulatory system after intestinal

ischemia—reperfusion injury, resulting in systemic
inflammation, including lung injury [25]. In addition to
endogenous toxins, inflammatory factors, including IL-
1 and IL-6, produced during ischemia enter the circula-
tory system [26]. In the current study, we showed that
serum DAO and IL-1f were significantly increased after
reperfusion, which indicates that circulation media-
tors were released from intestinal tissue. Relevant stud-
ies revealed that distant lung injury occurs during the
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Fig. 6 Compound C reverses the protective effects against ALl in mice exposed to IR. A Total lung water content (TLW). B Content of BALF protein
caused by the indicated stimuli 3 h after IR. C Representative photomicrographs of H&E and Masson trichrome-stained sections. Scale bar=50 um;
arrows indicate lung injury and lung collagen, respectively. D Lung injury score; E the percentage of lung collagen content; F diamine oxidase
(DAO) content in serum; and G IL-18 levels in the serum caused by the indicated stimuli 3 h after IR. Data are presented as the mean £+ SD (n=6). IR,
C-176, compound C and vehicle are described above. ****P <0.0001, ***P <0.001

process of reperfusion after intestinal ischemia; however, The formation and activation of the inflammasome are

the mechanism of lung injury after intestinal ischemia—
reperfusion injury remains unclear [27, 28]. The data
showed that lung injury indicated by TLW, BALF protein
content, pathological score, and collagen volume fraction
were significantly aggravated after intestinal ischemia—
reperfusion injury. This implies that this rodent model of
intestinal ischemia—reperfusion injury potentially trig-
gers distant lung injury, which can destroy the alveolar
membrane.

facilitated by the cGAS-STING pathway, subsequently
causing pyroptosis and apoptosis [29, 30]. Recent studies
have reported that the inflammasome response after bac-
terial and viral infections is ameliorated by inhibiting the
¢GAS-STING-NLRP3 axis in human myeloid cells [10].
Benmerzoug et al. reported that STING-mediated self-
dsDNA sensing regulates the process of silica-induced
lung inflammation [31]. The cGAS-STING-NLRP3 axis
in the cytoplasm is a potential therapeutic target against

(See figure on next page.)

Fig. 7 Compound C reverses the anti-pyroptotic and anti-apoptotic effects of C-176 against ALl in mice exposed to IR. A Representative

photomicrographs of GSDMD-positive cells and C TUNEL-positive cells in the lung. B The number of GSDMD-positive cells and D the percentage

of TUNEL-positive cells in the lung caused by the indicated stimuli 3 h after IR. Scale bar =50 um. E Representative Western blot of phospho-AMPK,
total AMPK, cleaved caspase-1 and cleaved caspase-3 in the lung caused by the indicated stimuli. F The ratio between the optical density value of
phospho-AMPK and total AMPK in the lung, as evaluated by Western blot. G The ratio between the optical density value of cleaved caspase-1 and
GAPDH in the lung, as evaluated by Western blot; H the ratio between the optical density value of cleaved caspase-3 and GAPDH in the lung, as
evaluated by Western blot. | The expression of IFNB mRNA in the lung caused by the indicated stimuli. Data are presented as the mean = SD (n =6).
Sham, IR, C-176, and vehicle are described above. ****P < 0.0001, ***P < 0.001, **P<0.01
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ALI [32]. C-176, which is different from another inhibi-
tor of STING, such as C-178 binding to Cys91, can block
palmitoylation induced by STING activation [8]. STING
assembly into polymer complexes in the Golgi apparatus
is inhibited, subsequently blocking downstream signal
transduction [33]. C-176, an effective STING covalent
inhibitor, has been suggested to inhibit the activation of
the STING downstream pathway and exert a robust anti-
inflammatory effect in previous studies [16, 34]. Inter-
estingly, STING inhibition through a selective inhibitor
(C-176) significantly attenuated pulmonary inflammation
and fibrosis in mice induced by graphitized multiwalled
carbon nanotubes [35]. As previously described, ALI is
suggested to be induced by intestinal ischemia—reperfu-
sion injury within 3 h after reperfusion [36, 37]. Mito-
chondrial injury-induced activation of inflammatory
factors and calcium overload can reportedly contribute
to cleavages of the caspase family, including caspase-1
and caspase-3, at the early stage of reperfusion, which
are indicators of pyroptosis and apoptosis [38, 39]. We
showed that C-176 effectively reduced pulmonary pyrop-
tosis and apoptosis caused by intestinal ischemia—reper-
fusion injury and mitigated ALI at 3 h after reperfusion.
Considering the role of C-176, our results confirm the
activation of STING signaling in ALI after intestinal
ischemia-reperfusion injury.

A recent publication reported that the STING-
TBK1 complex inhibits phosphorylation of AMPK,
thereby enhancing the inflammatory response in vivo
and in vitro [40]. There is overwhelming evidence that
STING can downregulate AMPK phosphorylation, but
pharmacological inhibition of STING alleviates inflam-
matory injury via phosphorylated AMPK-related anti-
inflammatory signaling [16]. Additionally, AMPK/
SIRT1 activation protects ALI induced by LPS by inhib-
iting pulmonary apoptosis, as indicated by a reduction
in cleaved caspase-3 [41]. Endotoxin-induced ALI cor-
relates with pyroptosis via the AMPK/NLRC4 path-
ways [42]. Moreover, it was suggested that activation of
AMPK phosphorylation ameliorates the alleviation of
caspase-1-associated pyroptosis in in vivo and in vitro
models of diabetic cardiomyopathy [43]. Notably, cas-
pase-1l-associated pyroptosis and caspase-3-associated
apoptosis can reportedly contribute to the process of
ALI after intestinal ischemia-reperfusion injury [6,
17]. We found a slight increase in AMPK phosphoryla-
tion, as indicated by the ratio of phosphorylated AMPK
to total AMPK, in pulmonary tissue after intestinal
ischemia-reperfusion injury; however, C-176 further
increased phospho-AMPK. Intriguingly, compound C,
an inhibitor of AMPK phosphorylation, significantly
decreased phospho-AMPK, partially eliminating the
protective effects of C-176. These data indicate that
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STING-AMPK signaling is implicated in the process of
ALI after intestinal ischemia—reperfusion injury.

In conclusion, we evaluated the role of STING-AMPK
signaling in the pathophysiological process after ALI
induced by intestinal ischemia—reperfusion injury. The
findings support the fact that STING-AMPK signaling
is a potentially novel therapeutic approach for the treat-
ment of intestinal ischemia—reperfusion injury-induced
ALL
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