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Background: Sepsis is a life-threatening condition characterized by organ dysfunction due to an impaired immune response to
infection. The lungs are highly susceptible to infection, often resulting in acute lung injury (ALI). The immune-related GTPase
M (IRGM) and its murine homolog Irgm1 mediate autophagy and are implicated in inflammatory diseases, yet their roles in sepsis-
induced ALI remain unclear.

Methods: We used RNA sequencing and bioinformatics to explore IRGM regulation. Sepsis-induced ALI was modeled in mice using
cecal ligation and puncture (CLP). An in vitro model was created by stimulating A549 cells with lipopolysaccharide (LPS).
Results: In A549 cells, LPS treatment induced upregulation of IRGM expression and enhanced autophagy levels. IRGM knockdown
exacerbated LPS-induced ALI, characterized by suppressed autophagy and increased apoptosis, along with significantly elevated levels
of p-AKT and p-mTOR. Further investigation revealed that treatment with the AKT inhibitor MK2206 effectively reversed the
autophagy inhibition caused by IRGM knockdown and reduced apoptosis. These findings suggest that the AKT/mTOR signaling
pathway plays a crucial role in IRGM-mediated protection against sepsis-related ALI.

Conclusion: This study identifies the protective role of IRGM in sepsis-induced ALI and reveals that IRGM mitigates ALI by
promoting autophagy through inhibition of the AKT/mTOR pathway. These findings provide insights into the pathogenesis of sepsis-
related ALI and highlight IRGM as a potential therapeutic target.
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Introduction

Sepsis is a life-threatening condition resulting from an inappropriate host response to infection, often leading to organ
dysfunction." It is a major cause of death in intensive care units, with mortality rates ranging from 25% to 35%.> The
early stage of sepsis is characterized by excessive immune activation,* followed by immune suppression, which
compromises the host’s ability to clear pathogens. The lungs, being one of the earliest and most vulnerable organs
affected by sepsis, are commonly implicated in the development of ALI. ALI results from widespread damage to
pulmonary capillary endothelial cells and alveolar epithelial cells, causing pulmonary edema, alveolar collapse, respira-
tory distress, and refractory hypoxemia.’ Despite advances in mechanical ventilation and supportive therapies, mortality
in patients with sepsis-associated ALI remains high, and clinical outcomes are poor.

The term “autophagy”, originating from the Greek word for “self-eating”, was first coined by Christian de Duve more
than 40 years ago. Autophagy is a well-preserved catabolic mechanism that enables the breakdown and recycling of
damaged organelles and macromolecules through lysosomal activity, thus preserving cellular homeostasis during adverse
conditions.®” However, the function of autophagy in sepsis-induced ALI remains a subject of debate. While some studies
have reported protective effects,”’ others suggest that autophagy may exacerbate damage,'™'' leading to conflicting
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conclusions. On the one hand, autophagy is induced as an essential adaptive response in various pathological conditions,
including ischemia/reperfusion injury, hypoxia, sepsis-associated ALI, and inflammation, where it alleviates these
processes.'> ' This indicates that autophagy may be a potential therapeutic target for managing or reducing the
progression of sepsis-induced ALI. Conversely, excessive autophagy can cause cell death, which can exacerbate lung
damage in sepsis.'” Therefore, further investigation is required to elucidate how autophagy regulates sepsis-induced ALL

Immunity-related GTPase M (IRGM), a key member of the interferon-inducible GTPases (IRGs) family, is recog-
nized as a potent intracellular pathogen defense molecule.'® A landmark study demonstrated that murine Irgm1 and its
human ortholog, IRGM, play a critical role in inducing autophagy and clearing intracellular Mycobacterium
tuberculosis.'” Subsequent research has shown that Irgm1-mediated autophagy also supports the survival of autoreactive
T cells, ischemic neurons, and melanoma cells.'® 2! Moreover, IRGM is linked to the development of inflammatory
bowel disease and plays a role in regulating autophagy. Studies have shown that under conditions of nutrient deprivation,
bacterial, and viral infections, IRGM regulates autophagy by inactivating the mTOR signaling pathway.** As one of the
core pathways regulating autophagy, inhibition of the AKT/mTOR signaling pathway has been shown to effectively
activate autophagy and plays a crucial role in enhancing the immune response to bacterial invasion.*>** Despite its role
in various inflammatory and autoimmune diseases, the specific role and mechanisms of IRGM in sepsis-induced ALI are
still not well elucidated. Therefore, this study sought to explore the role of IRGM in sepsis-induced ALI.

This study aimed to clarify the impact of IRGM on autophagy and apoptosis in the context of sepsis-induced ALI.
Furthermore, we explored how the AKT/mTOR signaling pathway influences autophagy regulated by IRGM. Our results
highlight the essential role of IRGM in sepsis-related ALI and may identify new therapeutic targets for clinical treatment
of sepsis-induced ALI.

Materials and Methods

Bioinformatic Analysis

Bioinformatics analysis was carried out on the datasets GSE2411, GSE18341, and GSE60088, which were sourced from
the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/). The GSE2411 dataset comprised 6
control lung tissue samples and 6 sepsis-induced ALI samples. GSE18341 included 8 control lung tissue samples and 8

sepsis-induced ALI samples, while GSE60088 contained 4 control lung tissue samples and 5 sepsis-induced ALI
samples.

Animals

Male C57BL/6J mice (6—8 weeks old, 20-24 g), maintained in a specific pathogen-free (SPF) environment, were
obtained from the Experimental Animal Center of Lanzhou University. The animals were kept in a pathogen-free
environment with controlled temperature (22+1°C) and humidity (60+10%). All experimental procedures followed the
Animal Welfare Committee guidelines of the First Hospital of Lanzhou University and received approval from the
Institutional Animal Care and Use Committee (LDYYLL2024-400).

Cecal Ligation and puncture (CLP) Surgery

A total of 24 C57BL/6J mice were randomly assigned to four groups, with six mice per group: Sham, CLP 6 hours, CLP
12 hours, and CLP 24 hours. The CLP procedure was carried out according to established protocols.”> Mice were
anesthetized using an intraperitoneal injection of 1% sodium pentobarbital at a dose of 50 mg/kg. After anesthesia, the
mice were positioned on a surgical platform, and their abdominal fur was shaved. A 1 cm incision was made along the
midline, and the abdominal cavity was opened layer by layer to access the cecum. A ligature was placed using 3/0 silk
suture approximately one-third from the tip of the cecum. Following this, the cecum was punctured twice with a 21-
gauge needle to release intestinal contents. After these procedures, the cecum was repositioned within the abdominal
cavity, and the incision was closed in layers before final disinfection. Mice in the sham surgery group underwent the
same procedure, with the exception that the cecum was not subjected to ligation or puncture. Following the CLP
procedure, mice received subcutaneous injections of physiological saline (50 mL/kg) for fluid resuscitation. All animals
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were euthanized by intraperitoneal injection of sodium pentobarbital (150 mg/kg), and tissue samples were subsequently
collected for further experiments.

Hematoxylin and Eosin (H&E) Staining

The lower lobe of the left lung from each group of mice was collected and fixed in 4% paraformaldehyde for 24 hours.
After dehydration through a series of graded ethanol and embedding in paraffin, 4 um-thick tissue sections were sliced
with a microtome. The specimens were then treated with H&E, dehydrated in ethanol, cleared with xylene, and mounted
in neutral resin. Morphological alterations in lung tissues were examined under a microscope, and histopathological

scoring of lung injury was performed according to the method described in reference.?*’

Immunohistochemical Staining

Paraffin-embedded tissue blocks were sliced into 5 pm sections and then processed for deparaffinization and rehydration.
Subsequently, the sections were incubated in 3% H,0, solution to inhibit endogenous peroxidase activity and subse-
quently incubated with goat serum for 30 minutes at ambient temperature. Subsequently, the samples were treated with
Irgm1 antibody and incubated overnight at 4°C. The next day, after washing with PBS, the sections were exposed to the
corresponding secondary antibody and incubated at room temperature for 1 hour. After a final PBS wash, the sections
were developed using a DAB staining kit. The slides were then counterstained with hematoxylin, dehydrated, cleared,
mounted in neutral resin, and examined under a light microscope.

Enzyme-linked Immunosorbent Assay (ELISA)
Tumor necrosis factor-a (TNF-a) and interleukin-1p (IL-1p) levels in mouse serum were assessed using ELISA kits from
Dakewe Biotech Co., Ltd. (Shenzhen, China) following the manufacturer’s guidelines.

Lung Wet-to-Dry (W/D) Weight Ratio Assay

Mice were euthanized at 6, 12, and 24 hours post-CLP, and the left lung was promptly excised. Lung tissue was first
weighed to determine its wet weight. It was then placed in a drying oven at 80°C for 48 hours to remove moisture, after
which the dry weight was measured.

Bronchoalveolar Lavage Fluid (BALF)

Three milliliters of PBS were introduced into the trachea, and the lungs were softly washed three times to gather BALF.
The fluid was centrifuged at 350 g for 5 minutes at 4°C to separate the supernatant, which was then analyzed for protein
content using a bicinchoninic acid (BCA) assay.

Cell Culture and treatment

A549 cells were obtained from Wuhan Zishan Biotechnology Co., Ltd. and cultured in DMEM medium supplemented
with 10% fetal bovine serum (FBS; Gibco, USA) in a 5% CO2 humidified incubator at 37°C. To create an in vitro model
of sepsis-associated ALI, A549 cells were exposed to lipopolysaccharide (LPS; Sigma, USA) to induce cellular damage.
The lentivirus for IRGM gene knockdown (sh-IRGM) and the control (sh-NC) were provided by GeneChem Co., Ltd.
(Shanghai, China). Transfections were executed per the manufacturer’s protocol, and efficiency was measured 72 hours
later. Subsequently, the cells were exposed to 20 ug/mL LPS for 24 hours, or pre-treated with the AKT inhibitor MK2206
(50 uM) for 24 hours prior to LPS exposure, and then harvested for molecular analysis.

Cck-8

A549 cells were seeded into 96-well plates at a rate of 5x10° cells per individual well. After 48 hours, CCK-8 reagent
(Solarbio, Beijing, China, CA1210) was added at 10 uL per 100 pL of medium and incubated at 37°C for 2 hours. The
optical density (OD) was measured at 450 nm. Cell viability was evaluated based on absorbance values compared to
a standard curve. Each experiment was performed in triplicate.
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EdU Assay

Cell proliferation was assessed using the BeyoClick™ EdU Cell Proliferation Detection Kit (Beyotime, Shanghai, China,
C0075). A549 cells were initially grown in 6-well plates using DMEM medium with 10% serum. The cells were then
incubated with EdU-containing medium for 2 hours. Following the removal of the EdU-containing medium, the cells
were rinsed with PBS and then fixed with formaldehyde to preserve the incorporated EdU. Following fixation, the cell
membranes were permeabilized using an appropriate permeabilization buffer. The cells were incubated with the click
chemistry reaction mixture containing the fluorescent probe for 30 minutes. Following incubation, the cells were rinsed
with a suitable buffer to remove excess reagents. Subsequently, fluorescence microscopy was used to analyze the cells.

Western Blot Analysis

Proteins from A549 cells or lung tissue samples were isolated using RIPA lysis buffer containing protease and
phosphatase inhibitors. Protein levels were determined with a BCA assay kit. The proteins were then resolved by SDS-
PAGE and transferred to PVDF membranes. After blocking with 5% non-fat milk for 1 hour at room temperature, the
membranes were incubated overnight at 4°C with specific primary antibodies. The primary antibodies used are as
follows: IRGM (1:1000, NBP1-76377, Novus), Irgml (1:1000, MA9427, Abmart), LC3 (1:1000, #3868, CST), p62
(1:2000, 18,420-1-AP, Proteintech), Beclinl (1:2000, 11,306-1-AP, Proteintech), Bax (1:3000, 50,599-2-Ig, Proteintech),
Bel2 (1:2000, ab12858, abcame), Caspase9 (1:1000, 10,380-1-AP, Proteintech), AKT (1:2000, 10,176-2-AP;
Proteintech), p-AKT (1:1000, #9271, CST), mTOR (1:1000, 66,888-1-Ig, Proteintech), p-mTOR (1:1000, #5536,
CST), B-actin (1:1000, #4967, CST). Following this, the membranes were treated with the relevant secondary antibody
at room temperature for 1 hour. The target proteins were then detected using a chemiluminescence reagent and visualized
with a chemiluminescence imaging system. The intensity of the target bands was quantified with ImageJ software, using
B-actin levels as an internal control for normalization.

Quantitative Real-time Polymerase Chain Reaction (qRT-PCR)

RNA was isolated from cells using the RNA extraction kit (NCM, Suzhou, China). The total RNA was then converted into
cDNA. Gene expression was quantified through qRT-PCR with Power SYBR Green PCR Master Mix (Takara, Shiga, Japan).
GAPDH levels served as an internal control to normalize the expression of target genes. The primers of target genes were:
IRGM-Forward, CGAAACACAGGACATGAGGGTAAG; IRGM-Reverse, GAAATAGGAGGCACATCTTTGGGTAG.

RNA Sequencing

A549 cells transfected with sh-IRGM and sh-NC were collected after 24 hours of LPS treatment and subjected to RNA
sequencing (RNA-seq) by OE Biotech Co., Ltd. (China) following standard protocols. Differentially expressed genes
were identified with thresholds of P<0.05 and FDR<0.25. Key genes were then analyzed for their involvement in
pathways using KEGG analysis through OECloud tools (https://cloud.oebiotech.com).

Autophagy Flux Analysis

A549 cells were cultured in confocal dishes and reached 50-60% confluency at the time of infection. The cells were then
transduced with Ad-mRFP-GFP-LC3B adenovirus (GeneChem, Shanghai, China) at a multiplicity of infection (MOI) of
10 for 24 hours. After the transduction period, the adenovirus-containing medium was removed. The infected cells were
subjected to various stimuli and treated for an additional 24 hours. Autophagic flux was visualized using a confocal
microscope (Zeiss, Germany) and evaluated by counting the yellow and red fluorescent spots.

Flow Cytometry

Apoptosis was assessed using an apoptosis detection kit (Elabscience, Wuhan, China). Cells from each group were
resuspended in 500 pL of 1x Annexin V Binding Buffer to create a single-cell suspension. Subsequently, 5 pL of
Annexin V-FITC and 5 pL of PI were added, and the mixture was gently mixed and incubated in the dark at room
temperature for 15 minutes. Apoptosis was then assessed within 1 hour using a flow cytometer.
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Immunofluorescence

Cell samples were initially fixed in 4% paraformaldehyde at room temperature for 15 minutes to preserve cellular
integrity. Next, cells were permeabilized using 0.1% Triton X-100 for 5-10 minutes and then blocked with 5% bovine
serum albumin (BSA) for 30 minutes to reduce nonspecific binding. Following this, the samples were incubated
overnight at 4°C with primary antibodies. The primary antibodies used were as follows: p-AKT (1:1000, #9271,
CST), p-mTOR (1:1000, #5536, CST), LC3 (1:1000, #3868, CST), and Caspase9 (1:1000, 10,380-1-AP, Proteintech).
After washing, a secondary antibody conjugated to a fluorescent dye was applied for 1 hour at room temperature in the
dark. Finally, the samples were mounted with DAPI for nuclear visualization and analyzed with a fluorescence
microscope.

Statistical Analyses

Statistical analyses and graphical representations were conducted using GraphPad Prism 9 software. Experimental data
are presented as mean+SD from at least three independent trials. Group differences were evaluated with one-way
ANOVA or an unpaired #-test, with significance defined as a p-value of <0.05.

Results
DEGs in Sepsis-Induced ALl Were Identified Through a Combined Analysis of Multiple

Microarray Datasets

To explore the molecular mechanisms of ALI, we analyzed three datasets (GSE2411, GSE18341, and GSE60088) from
the GEO database to identify differentially expressed genes (DEGs) in a murine model of sepsis-induced ALI. Heatmap
and volcano plot analyses of these datasets (Figure 1A-C) revealed the expression profiles of the DEGs. Venn diagram
analysis identified 23 commonly upregulated DEGs across the three datasets (Figure 1D). The 23 identified DEGs were
subsequently analyzed using the STRING database to construct a PPI network (Figure 1E). Using six topological analysis
methods provided by the CytoHubba plugin, we ranked the nodes in the PPI network, revealing Irgm1, Gbp2, and Gbp3
as key hub genes (Figure 1F). Given the novelty and existing literature, we noted that there is relatively limited research
on Irgml in the context of sepsis-induced ALI, prompting us to focus on this gene for further investigation. In all three
GEO datasets, Irgm1 was significantly upregulated in ALI samples (Figure 1G). Based on these findings, we selected
Irgm1 as a key gene for subsequent studies.

In Mice with Sepsis-Induced ALI, Irgm| Expression Increases Concomitantly with the
Activation of Autophagy

To investigate the role of Irgm1 in autophagy regulation, we established a murine sepsis-induced ALI model using the
CLP method and conducted observations at 6, 12, and 24 hours post-operation. At the 12-hour mark, serum levels of IL-
1B and TNF-a showed a significant rise, which persisted through 24 hours (Figure 2A-B). Simultaneously, the lung W/D
weight ratio and protein content in BALF increased at 12 hours, reaching their highest levels by 24 hours (Figure 2C-D).
To further validate the successful induction of the ALI model, we performed H&E staining on lung tissues from each
group, followed by histopathological analysis (Figure 2E-F). The sham-operated group exhibited normal cellular
morphology and arrangement. In contrast, the 24-hour CLP group showed marked histopathological changes in the
lung tissue, including interstitial congestion and edema, thickening of the alveolar walls, and extensive infiltration of
inflammatory cells into the alveolar spaces. These results indicate that we successfully established a murine model of
sepsis-induced ALIL.

To further investigate the potential role of autophagy in sepsis-induced ALI, we assessed the expression of LC3, p62,
and Beclinl by Western blotting (Figure 2G). The results revealed a significant increase in the levels of the autophagy
markers LC3-II /LC3-I and Beclinl at 12 hours, with a peak at 24 hours. In contrast, p62 levels showed a marked
decrease as early as 6 hours. Additionally, the protein expression level of Irgm1 gradually increased at 12 and 24 hours
post-CLP, demonstrating a time-dependent upregulation. To further confirm the expression changes of Irgml, we
employed immunohistochemistry to evaluate Irgm1 protein levels in lung tissues from each group. The results indicated
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a significant upregulation of Irgm1 in lung tissues at 24 hours post-CLP (Figure 2H-I). These findings suggest that Irgm1,
along with autophagy-related proteins, is upregulated in response to CLP-induced ALI, indicating a potential involve-
ment of Irgml in the autophagic process associated with sepsis-induced ALI
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IRGM Knockdown Increases LPS-Induced Death in A549 Cells

Since autophagy plays a key regulatory role in lung injury, the expression levels of IRGM and autophagy markers
(LC3II/1, p62 and Beclinl) were examined by Western blot. The results demonstrated a clear concentration- and time-
dependent response. In the concentration gradient experiment, increasing LPS concentrations led to a significant
elevation in the levels of IRGM and autophagy markers (LC3II/I and Beclinl), particularly at 20 pg/mL, with
a subsequent slight decrease. Conversely, p62 expression was markedly reduced and then slightly rebounded
(Figure 3A and C). Based on these findings, we selected 20 pg/mL LPS for treatment of A549 cells for 12, 24, and
48 hours. The results showed that the expression levels of IRGM and autophagy markers (LC3II/I and Beclinl) peaked at
24 hours before slightly declining, while p62 expression reached its lowest point at 24 hours and then slightly increased
(Figure 3B and D). Therefore, we determined that 20 pg/mL LPS and a 24-hour stimulation period were optimal
conditions for subsequent in vitro experiments.

To further elucidate the mechanism by which IRGM modulates lung epithelial cell activity in sepsis-induced ALI, we
first established a sepsis-induced ALI cell model using LPS-treated A549 cells. Following this, IRGM expression was
silenced, and the knockdown efficiency was confirmed through qRT-PCR and Western blot assays. Results demonstrated
that sh-IRGM#1 exhibited higher efficiency in IRGM gene knockdown compared to sh-IRGM#2. Therefore, sh-IRGM#1
was selected for use in subsequent experiments (Figure 4A-C). To assess the effects of IRGM knockdown on cell
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viability, we evaluated cell growth with CCK-8 and EdU assays. Our analysis indicated that LPS treatment significantly
diminished the viability of A549 cells. Following IRGM knockdown, the LPS-induced suppression of cell viability was
further exacerbated (Figure 4D-F). These findings suggest that IRGM may mitigate the progression of ALI by preserving
lung epithelial cell activity.

IRGM Regulates the AKT/mTOR Signaling Pathway and Autophagy

To investigate the mechanism by which IRGM alleviates sepsis-induced ALI, we developed a cell line with stable IRGM
knockdown (sh-IRGM). Subsequently, we performed transcriptome sequencing analysis on LPS-stimulated sh-IRGM
cells (LPS+sh-IRGM) and their corresponding negative controls (LPS+sh-NC) (Figure 4G). Data analysis revealed that
IRGM knockdown resulted in significant expression changes in 1913 genes (log2 FC > 1) (Figure 4H). To further
elucidate the downstream molecular mechanisms regulated by IRGM, we conducted KEGG pathway enrichment analysis
on the DEGs, identifying the top 20 most significantly enriched signaling pathways. The results indicated that the PI3K-
AKT and TNF signaling pathways were highly enriched among the DEGs (Figure 4I). Notably, earlier studies have
identified the PI3K-AKT signaling pathway as pivotal in modulating autophagy,”® which is considered an important
regulatory mechanism in the progression of LPS-induced sepsis ALI.

To assess the impact of IRGM knockdown on the autophagic process in LPS-induced ALI, we evaluated the protein
expression levels of autophagy markers LC3 II/II, Beclin-1, and p62 using Western blot. The results demonstrated
a significant increase in LC3 II/I and Beclin-1 expression levels following LPS induction, alongside a marked decrease in
p62 levels. In contrast, IRGM knockdown significantly inhibited the LPS-induced upregulation of LC3 II/I and Beclin-1,
while concurrently elevating p62 expression (Figure 5A). Additionally, we employed the mRFP-GFP-LC3 adenovirus
vector to monitor autophagic flux.%° The findings revealed that LPS stimulation led to a substantial increase in autophagic
flux. However, IRGM gene silencing markedly attenuated the LPS-induced increase in autophagic flux (Figure 5B-D). To
further elucidate the involvement of the AKT/mTOR signaling axis in the regulation of autophagy by IRGM, we
analyzed the expression levels of AKT, p-AKT, mTOR, and p-mTOR using Western blot. The results showed
a significant reduction in p-AKT/AKT and p-mTOR/mTOR protein levels following LPS stimulation. Notably, IRGM
knockdown led to a significant upregulation in the ratio of p-AKT to AKT and p-mTOR to mTOR protein levels
(Figure 5E). Collectively, these findings suggest that IRGM may enhance the autophagic process by inhibiting the AKT/
mTOR signaling pathway, thereby providing protective effects on A549 cells and alleviating sepsis-induced ALI.

IRGM Knockdown Exacerbates Apoptosis in LPS-Induced ALI

To elucidate IRGM’s impact on cell apoptosis, we assessed the abundance of various apoptosis-related markers using
Western blot analysis. The results indicated that IRGM knockdown significantly enhanced the upregulation of pro-
apoptotic proteins Bax, and cleaved-caspase9 in LPS-treated A549 cells, while further suppressing the levels of the Bcl2
(Figure 6A). To further validate the impact of IRGM on cell apoptosis, we performed quantitative analysis of apoptosis
rates using flow cytometry. The results demonstrated that LPS significantly increased the apoptosis rate, and down-
regulation of IRGM further exacerbated LPS-induced apoptosis (Figure 6B). These findings are consistent with the
Western blot results and further confirm the protective role of IRGM in regulating LPS-induced apoptosis.

AKT/mTOR Signaling Pathway Inhibitors Specifically Reverse the Impact of IRGM

Deficiency on LPS-Induced ALI

To further elucidate the mechanism by which the AKT/mTOR signaling pathway mediates IRGM regulation of
autophagy, we conducted intervention experiments using the specific AKT inhibitor MK2206 (50 uM). Western blot
and immunofluorescence analyses were employed to assess the expression levels of AKT, p-AKT, mTOR, and p-mTOR.
The results demonstrated that MK2206 treatment markedly decreased the ratios of p-AKT to AKT and p-mTOR to
mTOR relative to those observed in the LPS+sh-IRGM group (Figure 7A-E). Subsequently, we evaluated the abundance
of LC3 II/I, Beclin-1, and p62 by Western blot, and further confirmed LC3 expression and distribution through
immunofluorescence staining. MK2206 treatment was found to significantly upregulate LC3 II/I and Beclin-1 expression
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while downregulating p62 expression, in contrast to the LPS+sh-IRGM group (Figure 8 A-D). Moreover, the immuno-
fluorescence staining of LC3 corroborated the Western blot results (Figure 8E-F). These findings highlight the pivotal
role of the AKT/mTOR signaling pathway in the regulation of autophagy by IRGM.

Treatment with MK2206 in A549 cells significantly reversed the effects of IRGM knockdown, reversing the increase
in pro-apoptotic proteins (Bax and cleaved-caspase9) and the decrease in the anti-apoptotic protein Bel2 induced by LPS
(Figure 9A-D). Flow cytometry analysis further confirmed that MK2206 significantly reduced the apoptosis rate
associated with IRGM knockdown (Figure 9E and G). Additionally, immunofluorescence staining for cleaved-
caspase9 supported these findings (Figure 9F and H). These results indicate that IRGM mitigates LPS-induced apoptosis
in A549 cells by inhibiting the AKT/mTOR signaling pathway and promoting autophagy. This mechanism provides new
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molecular insights into the protective role of IRGM in ALI and lays a theoretical foundation for developing therapeutic
strategies targeting IRGM and the AKT/mTOR signaling pathway.

Discussion

ALI is a common complication of sepsis; however, effective therapeutic interventions remain limited.>® To elucidate the
molecular mechanisms underlying sepsis-induced ALI, we performed bioinformatics analyses on lung tissue samples
from sepsis-induced ALI mice and normal controls, utilizing microarray datasets GSE2411, GSE18341, and GSE60088.
Our findings identified Irgml as a key gene associated with sepsis-induced ALI.

In a normal physiological state, Irgm1 levels are relatively low, however, it is significantly upregulated in response to
pathogen invasion.>' In this study, a sepsis-induced ALI mouse model was established using the CLP method. The results
showed high expression of Irgml in ALI samples, consistent with bioinformatics predictions. Importantly, Irgml
expression levels were found to increase with autophagy activation, aligning with previous findings. In a permanent
middle cerebral artery occlusion (pMCAO) mouse model, Irgm1 was upregulated on the ischemic side of the brain,
accompanied by a pronounced autophagic response. Conversely, Irgm1 knockout mice exhibited nearly complete loss of
neuronal autophagy function and a significant increase in infarct volume.?® To further investigate the critical role of
Irgml in autophagy regulation, we stimulated human lung epithelial A549 cells with 20 pg/mL LPS for 24 hours to
establish an in vitro model of sepsis-induced ALI. Transcriptomic analysis was performed using RNA-seq technology.
Comparison of transcriptomic data between LPS+sh-IRGM and LPS+sh-NC groups revealed that DEGs were mainly
concentrated in the PI3K-AKT and TNF signaling pathways. Existing research indicates that the PI3K-AKT signaling
pathway plays a crucial role in autophagy regulation.”” Building on these results, we focused on the AKT/mTOR
signaling axis for further investigation.

Autophagy is a process that maintains cellular homeostasis by degrading intracellular macromolecules. This mechan-
ism not only provides essential resources to the cell but also sequesters and eliminates intracellular toxins, pathogens, and
damaged cytoplasmic components, thereby preventing further cellular injury.>* During autophagy, cytoplasmic LC3-1I is
converted into LC3-II on the autophagosomal membrane, marking the formation of autophagosomes.>* p62 is a protein
degraded during autophagy, and its degradation serves as an indicator of autophagosome formation.® Beclin] is a crucial
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#EEP < 0,0001 versus Sham.

regulatory protein in autophagy, playing a central role in the initiation of autophagy and the formation of
autophagosomes.>® Recent investigations underscore the essential role of autophagy activation in protecting against
sepsis-induced ALL'**7 In a murine model of sepsis-induced ALI, silencing GGPPS1 diminished NLRP3 inflammasome
activity and cell apoptosis by enhancing autophagy. However, this protective effect was abolished by the autophagy
inhibitor 3-MA.** Our study found that LPS treatment significantly increased the LC3-II /I ratio and Beclinl expression
levels while decreasing p62 expression. Concurrently, mRFP-GFP-LC3 autophagy reporter assays indicated an increase
in the number of autophagosomes. Conversely, IRGM knockdown impaired autophagy, leading to a significant reduction
in A549 cell viability and an increase in cell apoptosis. This was accompanied by elevated levels of p-AKT and p-mTOR.
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These findings indicate that IRGM’s protective role in sepsis-induced ALI may involve modulating autophagy through
the AKT/mTOR signaling pathway.

The AKT/mTOR signaling pathway orchestrates a wide array of essential cellular processes, including cell prolifera-
tion, differentiation, migration, and survival, while also playing a pivotal role in the regulation of autophagic and
apoptotic signaling.®’ Although mTOR is recognized as the primary regulator of autophagy, AKT activation suppresses
autophagy through multiple mechanisms in cells.** *' AKT specifically phosphorylates and blocks the TSC1/2 complex,
which activates RHEB GTPase. This, in turn, stimulates mTORC] activity and suppresses autophagy.*** Moreover, the
AKT/mTOR signaling pathway is intricately involved in the regulation of both autophagy and apoptosis. AKT also
phosphorylates the Bel-2-associated death promoter (Bad), an anti-apoptotic molecule, which facilitates the release of the
activated form of Bcl-2, preventing cytochrome c release and thereby halting the initiation of the apoptotic cascade.**
While AKT activation temporarily inhibits apoptosis, the suppression of autophagy leads to the accumulation of cellular
damage, which may eventually result in increased apoptosis. Multiple studies have demonstrated that enhancing
autophagy through the modulation of the AKT/mTOR signaling pathway effectively mitigates sepsis-induced ALI. Qu
et al demonstrated that glycyrrhizic acid significantly alleviates LPS-induced lung injury by inhibiting the PI3K-AKT-
mTOR pathway, downregulating mTOR, and activating autophagy, thereby decreasing the secretion of inflammatory
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Figure 9 Inhibition of the AKT/mTOR signaling pathway partially reversed the activation of IRGM knockdown on autophagy in LPS-induced ALI. (A-E) Levels of apoptotic
markers were evaluated by Western blot; (F-G) Apoptosis rate was detected using flow cytometry; (H) Immunofluorescence staining was used to detect the fluorescence
intensity of cleaved-caspase9 in A549 cells. Scale bars: 100 um. Each experiment is repeated three times, and the data are presented as mean % SD values, *P < 0.05,** P <
0.01, **P < 0.001.

mediators and the generation of HMGB1.*> Similarly, Zhang et al found that octreotide promotes autophagy and
attenuates LPS-induced ALI through the inhibition of AKT and mTOR phosphorylation.*® Furthermore, Tanaka et al
reported that autophagy exerts a protective effect in hyperoxia-induced lung injury.*” Our study reveals that IRGM
knockdown significantly impairs proliferation and autophagy in A549 cells, while concurrently increasing cell apoptosis
and elevating levels of p-AKT and p-mTOR. These findings suggest that the protective effect of IRGM in sepsis-induced
ALl is closely associated with AKT/mTOR-mediated autophagy. To further elucidate the protective mechanism of IRGM
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via this signaling pathway, we employed the AKT-specific inhibitor MK2206. The findings revealed that administering
the AKT inhibitor prior to the experiment reversed the detrimental effects of IRGM knockdown on LPS-induced A549
cell injury. This indicates that IRGM may enhance LPS-induced autophagy and mitigate sepsis-induced ALI by
inhibiting the AKT/mTOR signaling pathway. These findings hold significant implications for future research on the
protective role of IRGM in sepsis-induced ALI and for exploring novel therapeutic strategies.

In summary, our study demonstrates that IRGM enhances autophagy and prevents sepsis-induced ALI by inhibiting
the AKT/mTOR signaling pathway. These findings provide new insights into the pathogenesis of sepsis-induced ALI and
reveal potential strategies for the clinical management of ALIL
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