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Abstract. Acute lung injury (ALI) accompanied by an inflam-
matory response is an important complication after drowning.
Macrophage activation and polarization are implicated in the
inflammatory process of lipopolysaccharide (LPS)-induced
ALI (LPS-ALI), but little is known about drowning-induced
ALI (drowning-ALI). SH3 domain-containing GRB2-like
protein B1 (SH3GLBI) is a member of the endophilin family
and has been shown to be involved in mitochondrial morpho-
logical changes and autophagy. However, its role in ALI
remains unclear. Thus, the present study aimed to examine
the effects of macrophages in drowning-ALI and to elucidate
the underlying molecular mechanism involved. In the present
study, single-cell RNA-sequencing indicated that the regula-
tion of macrophages in drowning-ALI was similar to that
in LPS-ALI by single-cell profiling of lung immune cells
isolated from the lungs. Specifically, SH3GLBI1 was highly
expressed in macrophages of drowning-ALI mouse models
and was related to inflammation. Furthermore, SH3GLBI1
deletion ameliorated LPS-ALI or drowning-ALI. By contrast,
the restoration of SH3GLBI expression provoked LPS-ALI
and drowning-ALI. Mechanistically, SH3GLBI was shown to
interact with Rab7 to contribute to mitophagy, which resulted
in mitochondrial dysfunction. Overall, these findings indicated
that SH3GLBI is required for Rab7-mediated mitophagy in
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inflammation during ALI and could be a novel target for lung
protection.

Introduction

Sea water drowning is a crucial public safety problem and
is the third leading cause of accidental fatality, claiming
~372,000 lives annually worldwide (1,2). In near-drowning
patients, acute lung injury (ALI) or acute respiratory distress
syndrome (ARDS) is one of the most common complica-
tions. ALI is a life-threatening clinical syndrome that occurs
in critically ill patients because of an uncontrolled systemic
inflammatory response. This response can either result from
direct injury to the lung or from indirect injury in the setting of a
systemic process following lipopolysaccharide (LPS) exposure
or drowning (3.,4). However, the mechanisms through which
ALI is induced by drowning have not been well elucidated.

Severe inflammatory responses, when coupled with an
excessive oxidative stress response, are considered to be the
main causes of ALI (5,6). The onset of ALI is followed by
a strong inflammatory response in lung tissue. Inflammatory
cells such as alveolar macrophages (AMs) infiltrate lung tissue
and produce inflammatory cytokines (7). Also, the abnormal
production of reactive oxygen species (ROS) is considered to
further worsen the onset and development of lung injury (8).
Our previous studies indicated that endothelial semaphorin 7A
promoted seawater aspiration-induced acute lung injury
through plexin C1 and p1 integrin (9). It was also shown that
seawater inhalation induced ALI ROS generation and the
endoplasmic reticulum stress pathway (10). This suggested
that severe inflammatory responses and ROS production
exited in drowning-induced ALI (drowning-ALI). Innate
immune cells located in the lung epithelium play an essen-
tial role by producing pro-inflammatory factors to eliminate
pathogens and releasing anti-inflammatory factors to maintain
lung homeostasis (11). Pulmonary macrophage is a critical
cell of the pneumonic innate immune system in lung injury,
suggesting that macrophages are activated and polarized in
response to LPS-induced lung injury (12). However, the effect
of macrophages in drowning-ALI is poorly understood.
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SH3 domain-containing GRB2-like protein B1 (SH3GLB1)
or Bax-interacting Factor 1 (Bif 1), is an Endophilin B protein.
SH3GLBI is expressed in most tissues, with high expression
in the heart and skeletal muscle (13). Studies have reported
that SH3GLBI plays a key role in cancer (14,15), Parkinson's
disease (16), Alzheimer's disease (17) and cerebral ischemic
injury (18). However, whether SH3GLBI is involved in main-
taining normal cardiac function and myocardial I/R injury
remains unclear. Furthermore, the molecular mechanism
responsible for SH3GLBI related cardiac regulation requires
further investigation.

Therefore, the objectives of this study were to examine the
effects of macrophages in drowning-ALI and to elucidate the
underlying molecular mechanism involved.

Materials and methods

Animals. All animal procedures followed the eighth edition
(2011) of the Guide for the Care and Use of Laboratory
Animals (https://www.ncbi.nlm.nih.gov/books/NBK54050/)
and were approved by the Fourth Military Medical University
Animal Ethics Committee (approval no. 20250088). A total of
20 SH3GLBI-deficient mice on a C57BL/6J background and
20 of their wild-type littermates were produced by Shanghai
Model Organisms Center. Animals were housed at 22+0.5°C
and 60+5% relative humidity under a 12-h light/dark cycle.
Mice were allocated randomly and subsequent histological
and functional analyses were performed by investigators
unaware of genotype.

Drowning- and LPS-induced ALI (LPS-ALI) models. A total
of 30 8-week-old pathogen-free, 15 male WT C57BL/6 mice
or 15 SH3GLB1 KO mice (20-22 g) were housed at 22+0.5°C
and 60+5% relative humidity under a 12-h light/dark cycle.
Then they were used to establish an LPS-induced ALI
model (19). Living conditions were as in the previous section.
In brief, mice are anesthetized with isoflurane using an induc-
tion concentration of 5% for 2-5 min until the animals lose
consciousness. For maintenance, the concentration was kept
at 2.5% for 2-3 min, depending on the duration of seawater
perfusion. Then, 50 ul of 10 mg/kg LPS (cat. no. O55:B5;
MilliporeSigma) was slowly dripped into the lungs from the
air pipe to the distal end of the lung with a microinjector. To
induce drowning-related ALI, a seawater solution matching
East China Sea parameters (1,300 mmol/l osmolality; pH 8.2;
SW 1.05; containing 6.518 g/l NaCl, 3.305 g/l MgSO,,2.447 g/1
MgCl,, 1.141 g/1 CaCl,, 0.725 g/l KClI, 0.202 g/l NaHCO;,
0.083 g/1 NaBr) was slowly instilled at 4 ml/kg into the distal
airways via a microinjector inserted through the trachea (20).
After 0.5, 1, 2 and 3 h of seawater inhalation, arterial blood
from the right common carotid artery was collected for blood
gas analysis. PaO,/Fi0,<300 mmHg (40 kPa) indicated
successful modelling.

Histopathological analysis. Paraffin sections of lungs (5 ug)
were stained with hematoxylin-eosin (room temperature;
1 min) and evaluated independently by two pathologists
unaware of group assignment. Injury was graded 0-3 (absent
to severe) for interstitial/alveolar oedema, hemorrhage, septal
thickening and inflammatory-cell infiltration (21).

Single-cell preparation and single-cell RNA-sequencing.
Lungs were harvested and enzymatically dissociated with
0.4 mg/ml collagenase A plus 0.4 mg/ml DNase to yield
single-cell suspensions; material from identical time points
was pooled. After Fc-blockade (anti-CD16/32, Invitrogen;
cat. no. MFCRO00), cells were stained with anti-CD45
(BioLegend, Inc.; cat. no. 480027) and CD45+ leukocytes
were purified by fluorescence-activated cell sorting for
subsequent assays. Using the 10X Genomics Chromium plat-
form (Shanghai OE Biotech Co., Ltd. ), barcoded gel beads
were loaded to saturation so that each gel bead-in-emulsion
(GEMs) contained one cell and one bead. After lysis, poly-A
RNA hybridized to the beads, which were then pooled for
reverse transcription; every cDNA received a 5' UMI and a
cell-specific barcode. Libraries were checked on a Bioanalyzer
2,100 with an Agilent high-sensitivity DNA chip and quanti-
fied by the Qubit HS DNA kit (Q33230; Thermo Fisher, Inc.)
before 150-bp paired-end sequencing on a NovaSeq 6,000
(Illumina, Inc.). Reads were demultiplexed and aligned with
Cell Ranger 4.0 (10X Genomics, Inc.) under default settings.
Gene Ontology (GO) functional enrichment and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses of differentially expressed genes were
performed with ClusterProfiler (v4.2.0; Shanghai OE Biotech
Co., Ltd.). The SRA data are accessible with the following
link: https://www.ncbi.nlm.nih.gov/sra/PRINA1416051.

Flow cytometry analysis. After harvesting, cells were resus-
pended in BD Pharmingen Stain Buffer (BD Biosciences;
cat. no. 554656;) and incubated for 30 min at 4°C with
the following macrophage-focused panel: APC-F4/80
(cat. no. 123115; BioLegend, Inc.; 5 ul), Pacific Blue-Ly6G
(cat. no. 127612; BioLegend, Inc.; 5 ul), FITC-CDI11b
(cat. no. 101205; BioLegend, Inc.; 5 ul) and PE-CDllc
(cat. no. 117307; BioLegend, Inc.; 5 ul). Viability was assessed
with DAPI plus BD Horizon Fixable Viability Stain 780
(cat. no. 565388; 1:1,000) and 510 (cat. no. 564406; 1:1,000).
Following three washes in stain buffer, samples were acquired
on an ImageStream Mark II (Luminex) and analyzed with
IDEAS v6.2 (Cytek Biosciences, Inc.).

Transmission electron microscopy (TEM). Lung tissue was
initially fixed overnight at 4°C in 4% glutaraldehyde prepared
in PBS, then post-fixed for 1 h with 1% osmium tetroxide.
After dehydration the specimens were resin-embedded and
sectioned at 80 nm. Ultrastructural images were recorded on
a JEOL JEM-1230 transmission electron microscope (JEOL,
Ltd.) operating at 80 kV and mitochondrial cross-sectional
areas were measured with ImageJ 1.54p (National Institutes
of Health).

Reverse transcription-quantitative (RT-q) PCR. RNA was
extracted with TRIzol® (cat. no. 15596026; Thermo Fisher
Scientific, Inc.). The purity of extracted RNA was evaluated
using the 260/280 ratio, with values between 1.8 and 2.0
indicating good purity. The RNA concentration ranged from
500 to 1,000 ng/ml. After gDNA removal (PrimeScript RT
kit; cat. no. RRO47A; Takara Biotechnology Co., Ltd.), cDNA
was synthesized and analyzed by SYBR-based gPCR (SYBR
Premix Ex Taq II; cat. no. RR820L; Takara Biotechnology
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Co.,Ltd. Transcript levels were quantified by the 2"24%4 method
relative to GAPDH (22). Primers (provided by Beijing Tsingke
Biotech Co., Ltd.): SH3GLBI, F 5-GTGTGAGCGGAGAGG
CG-3, R 5"TCTTCTGTGAACTGCACGGC-3'; GAPDH, F:
5'-GACATGCCGCCTGGAGAAAC-3'; R: 5-AGCCCAGGA
TGCCCTTTAGT-3".

Western blot analysis.Lung samples and bone marrow-derived
macrophages (BMDMs) were homogenized in RIPA buffer.
Proteins were separated by SDS-PAGE, transferred onto
PVDF membranes, blocked with 5% skimmed milk for
1 h and probed with primary antibodies overnight at 4°C.
Primary antibodies: GAPDH (1:1,000; cat. no. ab8245;
Abcam), HSP90 (1:1,000; cat. no. 13171-1-AP, Proteintech
Group, Inc.), SH3GLBI1 (1:1,000; cat. no. sc-374146, Santa
Cruz Biotechnology, Inc.), LC3 (1:1,000; cat. no. 12741T; CST
Biological Reagents Co., Ltd.), P62 (1:1,000; cat. no. abl09012,
Abcam), Rab7 (1:1,000; cat. no. A12308, ABclonal) and
Parkin (1:1,000; cat. no. ab77924, Abcam). After washing
with 1X TBST (containing 0.1% Tween-20), membranes
were incubated with HRP-conjugated secondary antibodies
(1:5,000, cat. no. 7074S/7076S; CST Biological Reagents Co.,
Ltd.) and bands were revealed using ECL-HRP substrate
(cat. no. WBAVDCHOI; MilliporeSigma ) and quantified in
Image Lab (Bio-Rad Laboratories, Inc.).

Isolation, culture and BMDM treatments. Primary mouse
BMDMs were isolated from 6- to 11-week-old mice sacrificed
under approved protocols (23). Bones (femur/tibia) were
dissected aseptically, cleaned of soft tissue and epiphyses
removed. Marrow cavities were rinsed with ice-cold DMEM
(cat. no. 11995; Gibco; Thermo Fisher Scientific, Inc.) using a
1 ml syringe. The flushed cells were pelleted (300 x g, 5 min,
room temperature), subjected to red-cell lysis and filtered
through a 40 ym nylon mesh (Falcon; Corning Life Sciences)
to obtain a single-cell suspension. To drive differentiation,
these bone-marrow progenitors were maintained for 7 days at
37°C in complete DMEM (10% FBS, 1% P/S) supplemented
with 20 ng/ml mouse M-CSF (cat. no. 315-02-500; PeproTech,
Inc.). Differentiation was confirmed by flow-cytometric detec-
tion of F4/80. For experiments, macrophages were exposed to
200 ng/ml LPS (cat. no. S7850; Selleck Chemicals) dissolved
in 20% artificial seawater for 24 h.

Bronchoalveolar lavage fluid (BALF) collection. After
sedating the mice, the airways were washed by inserting a 14-G
catheter into the trachea and gently instilling and withdrawing
1 ml of PBS three times; the resulting BALF was harvested for
subsequent analyses (24).

ELISA assay. Post-ALI, carotid blood was withdrawn and
centrifuged (1,000 rpm; 10 min; 4°C) to obtain serum that
was kept at -80°C. In parallel, BALF was harvested. Cytokine
concentrations (TNF-a, IL-6, IL-1f; cat nos. RK04875,
RK00008 and RK05253; ABclonal Biotech Co., Ltd.) in both
fluids were quantified with commercial ELISA kits following
the supplier's protocol.

Seahorse analysis. Mitochondrial oxygen consumption
rate (OCR) was monitored on an XF24 Extracellular Flux
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Analyzer (Agilent Seahorse; Agilent Technologies, Inc.) (25).
BMDMs were plated at 1.6x10° cells per XF24 well, trans-
fected with siRNA for 48 h and treated as indicated. OCR was
then recorded using the Mito Stress Test with the following
injector concentrations: oligomycin 0.6 yuM, FCCP 0.75 uM,
antimycin A 2 uM and rotenone 1 xM. Basal and maximal
respiration were extracted with Seahorse Wave desktop
software Wave Desktop v2.6.3.5 (Agilent Seahorse; Agilent
Technologies, Inc.); ATP-linked respiration and spare respira-
tory capacity were calculated according to the kit's algorithm.

Mitochondrial ROS assay. Mitochondrial ROS were visu-
alized with MitoSOX Red (cat. no. M36008; Invitrogen;
Thermo Fisher Scientific, Inc.) per the supplier's instructions.
Fluorescence images were captured on an FV3000 confocal
microscope (Olympus Corporation) and quantified by ImageJ
v1.54p (National Institutes of Health) (26) In brief, the fluores-
cence of exposed cells/fluorescence of control cells represented
ROS production and the average fluorescence intensity was
analyzed by ImagelJ v1.54p (National Institutes of Health).

Mitochondrial membrane potential (Aym) measure-
ments. Aym was evaluated with the JC-1 assay (Beyotime
Biotechnology) (27). After 20 min of incubation at 37°C,
healthy mitochondria (JC-1 aggregates) emitted red light
(570 nm), whereas depolarized mitochondria (JC-1 monomers)
emitted green light (535 nm). Red/green fluorescence ratios
were acquired on an FV3000 confocal microscope (Olympus
Corporation) and used as a proxy for Aym.

Coimmunoprecipitation (Co-IP). BMDMs were rinsed three
times with ice-cold PBS and solubilized in IP buffer (25 mM
Tris-HC1 pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 5%
glycerol; cat. no. 87787; Thermo Fisher Scientific, Inc.) plus
protease/phosphatase inhibitors (cat. no. 5872; CST Biological
Reagents Co., Ltd.). Lysates were rotated overnight at 4°C with
1 ug antibody, then with Protein A/G magnetic beads for 4 h.
After three washes with IP buffer, bead-bound proteins were
eluted, electrophoresed and transferred to PVDF for blotting
with anti-SH3GLBI and anti-Rab7. A total of 40 ul of original
lysate were retained as input/loading control.

LC-MS/MS analysis. LC-MS/MS was contracted to Shanghai
Baipu Biotechnology Co., Ltd. Gel slices were reduced,
alkylated, acetone-precipitated and digested overnight with
trypsin (Promega Corporation; 1:50 w/w) at 37°C. Peptides
were recovered by centrifugation (16,000 x g; 15 min; 20°C),
desalted on C18 StageTips and loaded onto a trap column
in 0.1% FA. Separation used a 300 nl min™! home-packed
RP column coupled to a Q-Exactive HF-X (Thermo Fisher
Scientific, Inc.). A Top-20 DDA method (350-1 800 m/z;
60,000 at 200 m/z for MS, 15,000 at 200 m/z for HCD-MS/MS)
generated raw files searched against the UniProt mouse
database with MaxQuant 1.6.1.0. Data are available via
ProteomeXchange with identifier PXD073650 (https:/www.
ebi.ac.uk/pride/archive/projects/PXD073650).

Cell transfection and adenoviral infection. BMDMs were
transfected with 20 nM siRNA (sense 5'-GCACAGUGU
UACCAGUAUA, antisense 5'-UAUACUGGUAACACU
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GUGC) using Lipofectamine® RNAIMAX (cat. no. 13778075;
Invitrogen; Thermo Fisher Scientific, Inc.) for 6 h, then
maintained in fresh complete medium for 48 h at 37°C. For
overexpression, cells were exposed to adenovirus (MOI 50) for
6 h, washed and cultured another 48 h at 37°C; efficiency was
verified by western blotting.

Immunofluorescence staining. To label mitochondria or
lysosomes, live BMDMs infected with SH3GLBI-expressing
adenoviral vectors were stained with the MitoTracker Red
CMXRos probe (150 nM; cat. no. M7512; Thermo Fisher
Scientific, Inc.) or LysoTracker Red DND99 probe (100 nM;
cat. no. T39855; TargetMol Chemicals Inc.) at 37°C for
20 min. The images were acquired with a confocal microscope
(FV3000; Olympus Corporation).

Mitophagic flux analysis. A mitochondrion-targeting Keima
(mKeima) adenovirus (Shanghai GeneChem Co., Ltd.) was
used to infect the cells for 6 h. Their Keima fluorescence
density was observed at 48 h after mKeima infection by a
Zeiss LSM780 confocal microscope (Zeiss AG). Lysosomal
mitochondrial degradation was evaluated with mKeima as a
marker for the evaluation of mitophagic flux. The pH sensitivity
of mKeima was used to determine if the mitochondria were
in acidic (561 nm, red) or neutral compartments (excitation
488 nm, green). Pairs of images were collected in sequence at
488 nm (green) and 561 nm (red) wavelengths for ratiometric
analysis of mKeima fluorescence (28). The fluorescence
density of mKeima was calculated as the ratio of 561/488 nm
fluorescence integrated densities in each x630 field by ImageJ
v1.54p (National Institutes of Health).

Pull-down assays. Recombinant GST-tagged proteins were
incubated with glutathione sepharose beads for 4 h at 4°C.
After pre-binding, the beads were incubated overnight at
4°C with purified interacting proteins in binding buffer C
(50 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 6 mM
sodium deoxycholate, 1% NP-40, 1 mM PMSF, plus protease
inhibitors). Beads were washed extensively with the same
buffer and bound proteins were eluted in 2X SDS sample
buffer for immunoblot analysis.

Statistical analysis. Continuous variables are presented as
the means + Standard deviations. The normality of the data
distribution was examined with a Shapiro-Wilk normality
test. Two-tailed Student's t-tests and Mann-Whitney U tests
were performed to see if there were any significant differ-
ences between the two groups. A one-way ANOVA was used
to compare more than two variables with one independent
variable, followed by a Tukey multi-comparison test. One-way
ANOVA was used to evaluate the difference between time and
concentration, followed by Dunnett's multi-comparison test.
Data were analyzed using the GraphPad Prism Software 8.3.0
(Dotmatics) and SPSS Statistics, v25 (IBM Corp.). P<0.05 was
considered to indicate a statistically significant difference.

Results

The regulation of macrophages in drowning-ALI is similar to
thatin LPS-ALI. The mice were treated with sea water, followed

by hematoxylin and eosin staining. Compared with that in the
normal group (sham), on the first day, lung inflammation was
markedly aggravated, characterized by inflammation in the
bronchi and alveoli, inflammatory cell infiltration, thickening
of the alveolar septa and pulmonary oedema. From Day 1-3,
the degree of lung inflammation gradually decreased, with
inflammation limited to the peribronchial area. By Day 5, the
inflammatory infiltration had recovered (inflammation moved
into the repair phase) (Fig. 1A). Moreover, scoring of the lung
injury revealed that the inflammation score was the highest on
the first day (Fig. 1B).

Todissect the contribution of immune cells todrowning-ALI
progression, we performed single-cell profiling. Lungs were
collected from sham mice and mice after sea water administra-
tion for 1, 3 and 5 days. Then, the lung cells were normalized
and clustered and the clusters were annotated on the basis
of their specific gene expression markers: macrophages
(CD68*C5arl*), dendritic cells (CD11c*MHC-IT*Dpp4*),
T and natural killer T (NKT) cells (CD3e*), B cells
(CD19*CD79a/b*), neutrophils (CXCR2*C5arl*) and NK cells
(NKg7*NCR1*Gzma*; Fig. 1C). It was found that on the first
day of seawater treatment, the macrophages in the lung tissue
were depleted and the proportion of neutrophils increased. On
the third day, the number of neutrophils began to decrease and
the proportion of macrophages increased. On the fifth day,
the neutrophils were depleted and the proportion of macro-
phages increased (Fig. 1D and E). Although macrophages are
implicated in the inflammatory process of ALL, little is known
about their role in drowning-ALI. To determine the regula-
tion of macrophages in drowning-ALI, the macrophages were
classified and it was found that, on the first day of seawater
treatment, the alveolar macrophages were depleted. On
the third day, both alveolar macrophages and mononuclear
macrophages began to increase in number. On the fifth day,
the number of alveolar macrophages increased (Fig. 1F-H).
Alveolar macrophages mostly originate from mononuclear
macrophages in ALI. Thus, single-cell sequencing trajectory
analysis was performed and it was found that after administra-
tion to sea water, alveolar macrophages were derived mainly
from mononuclear macrophages, which was consistent with
the source of alveolar macrophages in ALI (Fig. 11). Thus,
to verify the pattern of macrophages in seawater-induced
acute lung injury, flow cytometry analysis of F4/80 (marked
macrophages) and Ly6G (marked neutrophils) was conducted.
The results revealed that on Day 1 after seawater treatment,
the macrophages were depleted, whereas the number of
neutrophils sharply increased. On Days 3 and 5, the number
of macrophages increased, whereas the number of neutrophils
decreased. Furthermore, flow cytometry antibodies against
CDllc were used to identify alveolar macrophages and anti-
bodies against CD11b were used to identify monocyte-derived
macrophages. CDl11c* cells were markedly reduced on
Day 1 after seawater treatment and gradually increased
on Days 3 and 5. This finding indicates that on Day 1 after
seawater treatment, the alveolar macrophages were depleted
but increased on Days 3 and 5 and mostly differentiated from
monocyte-derived macrophages (Fig. 1J), which was consis-
tent with the single-cell sequencing data. These data indicate
that immune cells, particularly macrophages, in drowning-ALI
were similar to those involved in LPS-induced ALI.
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Figure 1. The regulation of macrophages in drowning-ALI was similar to that in LPS-ALI. (A) Lung tissues were histologically investigated by hematoxylin
and eosin staining (scale bars, 200 ym). (B) Representative severity scores of lung injury (n=8). (C and D) UMAP analysis of immune cells in the lungs of
sham- and sea water-treated mice; the colored unsupervised clustering results with cell type annotations are shown on the right. (E) Proportions of different
cells in the lungs of the sham and sea water groups. (F and G) UMAP analysis of macrophages in the lungs of sham- and sea water-treated mice; the colored
unsupervised clustering results with cell type annotations are shown on the right. (H) UMAP plots depicting the projection of macrophages from various stages
of ALI on a 2D map. (I) Representative flow cytometry analysis of Ly6G and CD11c from F4/80*cells in the lung. (J) Representative analysis of the regulation
of macrophages and neutrophils in sea water-induced ALI. The data are presented as the means + SEMs. P<0.05 was considered to indicate a statistically
significant difference. ALI, acute lung injury; LPS, lipopolysaccharide; UMAP, uniform manifold approximation and projection.

The mitochondrial protein SH3GLBI is highly expressed  LPS-ALI. Transmission electron microscopy revealed that
in alveolar macrophages in drowning-ALI. Mitochondria  sea water induced mitochondrial morphological abnormali-
play essential roles in macrophage inflammation during ties, as indicated by greater swelling, a decreased number of
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mitochondrial cristae and a reduced area of cristae (Fig. 2A).
Next, single-cell sequencing data was analyzed and the top 15
mitochondrial proteins identified, among which SH3GLBI1
had the highest score (Fig. 2B). Furthermore, it was found
that SH3GLB1 was highly expressed in alveolar macro-
phages and that its expression was highest on the third day of
seawater treatment (Fig. 2C). On the basis of the expression
of SH3GLBI, the present study subsequently distinguished
between alveolar macrophages with high and low expression
of SH3GLBI1 (Fig. 2D and E). It was found that the alveolar
macrophages with high SH3GLBI expression were depleted
on the first day of seawater treatment, increased on the third
day and increased on the fifth day. This finding was consistent
with the changes in macrophages. To determine the effect of
sea water on SH3GLBI, western blotting and qPCR was used
to assess its expression. SH3GLBI expression was elevated in
alveolar macrophages treated with seawater (Fig. 2F and G).
These results indicated a strong association between increased
SH3GLBI expression and sea water-induced ALI.

SH3GLBI deficiency protected against inflammation in ALI.
The present study subsequently performed Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analyses based on SH3GLBI expression.
The results indicated that SH3GLBI1"¢" AMs showed an
enrichment in regulation of the inflammatory response and
the oxidative stress response (Fig. 3A-C). To assess the effects
of SH3GLBI on ALI, SH3GLB1 KO mice were generated.
To gain insight into the function of increased SH3GLBI in
ALI, SH3GLBI1 KO and control WT mice were subjected
to sea water treatment or a sham operation at 8 weeks of
age. Notably, SH3GLBI deficiency markedly improved sea
water-induced ALI and LPS-ALI (Fig. 3D and E). The present
study next measured the concentration of inflammatory
factors in the BALF via ELISA and found that SH3GLBI1
deficiency markedly decreased the sea water- or LPS-induced
expression of inflammatory factors, including IL-1f, TNFa
and IL-6 (Fig. 3F-H). In agreement with these results,
SH3GLBI deficiency reduced the sea water- or LPS-induced
elevations in the serum concentrations of these inflammatory
factors (Fig. 3I-K). To determine whether SH3GLBI defects
directly influence macrophage inflammation, we isolated
BMDMs and then infected them with adenoviruses carrying
siRNA targeting SH3GLBI or a control scrambled siRNA.
Western blot and qPCR analyses revealed that the siRNA
effectively knocked down SH3GLBI1 expression (Fig. 3L-M).
As expected, ELISA analysis demonstrated that SH3GLBI1
knockdown in BMDMs markedly reduced the secretion of
inflammatory factors induced by LPS (Fig. 3N) and sea water
(Fig. 30). Taken together, the data indicated that SH3GLBI1
defects were critical for protection against ALI.

Reduced SH3GLBI ameliorates mitochondrial dysfunction
in macrophages from ALI model mice. There is a close rela-
tionship between ALI and mitochondrial homeostasis. Next,
the present study examined the mitochondrial morphology
of SH3GLB1 KO and WT mice at 8 weeks old by means of
TEM. At 8 weeks old, no significant changes in mitochondrial
morphology were seen in the SH3GLB1 KO mice compared
with the control WT. However, it was found that SH3GLBI1

KO alleviated mitochondrial morphological abnormalities, as
indicated by greater swelling, a decreased number of mito-
chondrial cristae and a reduced area of cristae induced by sea
water (Fig. 4A).

Given that SH3GLBI1 deficiency improved BMDM
inflammation, it was next determined whether SH3GLBI1 can
directly affect mitochondrial function in BMDMs. Therefore,
the mitochondrial membrane potential was tested using JC-1
staining and it was found that SH3GLB1 knockdown mark-
edly increased the mitochondrial membrane potential in
BMDMs under LPS conditions (Fig. 4B and C). Additionally,
confocal microscopy images to were used assess mitochon-
drial ROS levels and it was found that SH3GLBI1 knockdown
decreased mitochondrial ROS production in BMDMs under
LPS conditions (Fig. 4D). Due to these profound alterations
in the structure of mitochondria and mitochondrial oxida-
tion, OCR was analyzed to assess mitochondrial respiration.
As expected, SH3GLBI1 knockdown markedly enhanced
mitochondrial respiration in BMDMs under LPS, as shown by
basal respiration, ATP production, maximum respiration and
reserve respiration (Fig. 4E). Taken together, these data showed
that the inactivation of SH3GLBI increases the potential loss
of mitochondrial membrane potential, reduces the generation
of mitochondrial ROS and induced by LPS in mitochondrial
respiratory failure.

Restoration of SH3GLBI expression provokes ALI and
mitochondrial dysfunction. To determine whether SH3GLBI1
overexpression can aggravate sea water-induced ALI or
LPS-ALI, SH3GLBI expression was restored by inhala-
tion of adenoviruses expressing the SH3GLB1-GFP fusion
protein into the mouse lung. Notably, the hematoxylin
and eosin results indicated that SH3GLBI1 overexpression
markedly aggravated sea water-induced ALI or LPS-ALI
(Fig. 5A and B). Furthermore, the present study measured
the concentrations of inflammatory factors in the BALF and
found that SH3GLBI1 overexpression markedly increased
the sea water- or LPS-induced expression of inflammatory
factors (Fig. 5C and E). Similarly, SH3GLBI overexpression
increased sea water or LPS-induced increases in the serum
concentrations of these inflammatory factors (Fig. SF-H).
Next, SH3GLBI was overexpressed in BMDMs via adenovirus
infection. Western blot and qPCR analyses revealed markedly
increased expression of SH3GLBI1 in BMDMs (Fig. 51 and J).
ELISAs revealed that SH3GLBI overexpression in BMDMs
markedly promoted the secretion of inflammatory factors
induced by LPS (Fig. 5K) and sea water (Fig. 5L). Overall, the
data revealed that restoring SH3GLBI expression in the lung
exacerbated ALL

Next, alveolar macrophages (AMs) mitochondrial
morphology was examined using TEM in SH3GLBI-
overexpressing and control mice at 8 weeks of age. No
significant alterations in mitochondrial morphology were
observed in SH3GLBI1-overexpressing mice compared with
control mice. However, SH3GLBI1 overexpression provoked
mitochondrial morphological abnormalities, as indicated by
increased swelling, an increased number of mitochondrial
cristae and an increased area of cristae induced by sea water
or LPS (Fig. 6A). The present study also found that SH3GLBI1
expression markedly decreased the mitochondrial membrane
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Figure 2. The mitochondrial protein SH3GLB1 was highly expressed in alveolar macrophages in drowning-ALI. (A) Representative TEM images of AM mito-
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data and identification of the top 15 mitochondrial proteins. (C) Representative macrophage subcluster-specific expression patterns of SH3GLBI1 between the
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unsupervised clustering results with cell type annotations are shown on the right. (F) Relative SH3GLB1 mRNA levels in alveolar macrophages from sham- or
sea water-induced ALI model mice (n=7). (G) Representative western blots of SH3GLBI1 protein levels in sham- or sea water-induced ALI model mice. The
data are presented as the means + SEMs; P<0.05 was considered to indicate statistical significance. SH3GLB1, SH3 domain-containing GRB2-like protein Bl;
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Figure 3. SH3GLBI deficiency protects against inflammation in ALI. (A) Gene expression of SH3GLBI"&" AMs in cohort 1 (n=3) represented in a volcano
plot, with the fold change (log2) expressed as the level in sham versus sea water-ALI subjects on the x-axis and the P-value on the y-axis (logl0). Significantly
(P<0.05) regulated genes are marked in colors: red indicates upregulated genes and blue indicates downregulated genes in ALIL (B) Representative GO analysis
of SH3GLBI1"&" AMs. (C) Representative KEGG analysis of SH3GLB1"" AMs. (D) Representative hematoxylin and eosin staining of lung tissues (scale
bars, 200 xm). (E) Representative severity scores of lung injury (n=3). Representative ELISA results showing the levels of inflammatory factors, including
(F) TNFa, (G) IL-6 and (H) IL-1p, in the BALF (n=6). (I-K) Representative ELISA analysis of the levels of inflammatory factors, including (I) IL-14, (J) IL-6
and (K) TNFa, in the serum (n=6). (L) Representative western blots of SH3GLBI protein levels in NC or SH3GLB1-KD BMDMs. (M) Relative SH3GLBI1
mRNA levels in (NC or SH3GLBI1-KD BMDM:s. n=6/group. Representative ELISA analysis of the levels of inflammatory factors, including IL-1f, IL-6 and
TNFa, in the supernatants of cells treated with (N) LPS or (O) seawater, (n=3).The data are presented as the means + SEMs; P<0.05 was considered to indicate
statistical significance. SH3GLB1, SH3 domain-containing GRB2-like protein B1; AMs, alveolar macrophages, ALI, acute lung injury; GO, Gene Ontology;
KEGG, Kyoto Encyclopedia of Genes and Genomes; BALF, bronchoalveolar lavage fluid; BMDMs, bone marrow-derived macrophages; KD, knockdown; WT,
wild-type; KO, knockout; NC, negative control; LPS, lipopolysaccharide.
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Figure 4. Reduced SH3GLBI ameliorates LPS-induced mitochondrial dysfunction in macrophages. (A) Representative TEM images of macrophage mito-
chondria in the lung (scale bars, 2 ym/500 nm). Representative (B) confocal microscopy and (C) flow cytometry analysis of the mitochondrial membrane
potential by JC-1 staining in BMDMs. A high level of green fluorescence (x-axis) represents a reduced mitochondrial membrane potential (A¥m) and a
high level of red fluorescence (y-axis) represents a normal AWm. The red fluorescence rate was analyzed (n=3). (D) Representative confocal microscopy
images of mitochondrial ROS production (MitoSOX fluorescence; red) in NC or SH3GLB1-KD BMDMs under normal or LPS conditions (scale bar, 50 ym).
(E) Analysis of the OCR of mitochondrial respiratory capacity, including basal respiration, ATP production, maximal respiration and spare respiration, in
NC or SH3GLBI1-KD BMDMs under normal or LPS conditions. The data are presented as the means + SEMs; P<0.05 was considered to indicate statistical
significance. SH3GLB1, SH3 domain-containing GRB2-like protein B1; LPS, lipopolysaccharide; TEM, transmission electron microscopy; BMDMs, bone
marrow-derived macrophages; KD, knockdown; OCR, oxygen consumption rate; NC, negative control.

potential in BMDMs under LPS conditions (Fig. 6B and C).
Additionally, confocal microscopy images indicated that
SH3GLBI1 overexpression increased mitochondrial ROS
production in BMDMs under LPS conditions (Fig. 6D). The
present study analyzed the mitochondrial OCR to assess the
mitochondrial respiratory capacity. SH3GLBI overexpression
markedly reduced mitochondrial respiratory capacity, as
indicated by basal respiration, ATP production, maximal
respiration and spare respiration, in BMDMs under LPS
conditions (Fig. 6E). Taken together, these data demonstrated
that SH3GLBI1 overexpression facilitated mitochondrial
membrane potential loss and increased mitochondrial ROS
production and mitochondrial respiratory dysfunction
induced by LPS.

SH3GLBI interacts with the lysosomal protein Rab7 to
contribute to macrophage inflammation. To understand
the molecular mechanisms of SH3GLBI1 in macrophage
function, IP-LC-MS/MS was employed to identify potential
endogenous SH3GLBI1 binding partners with a specific

antibody against SH3GLBI in BMDMs. The top 5 mito-
chondrial proteins were identified, among which Rab7 had
the highest score (Fig. 7A). LPS or sea water increased Rab7
expression in BMDMs (Fig. 7B). Co-IP assays revealed
that SH3GLBI interacted with the lysosomal protein Rab7
(Fig. 7C). Moreover, immunofluorescence staining of
BMDMs was performed and the colocalization of SH3GLBI1
and Rab7 was observed (Fig. 7D). The present study
subsequently conducted molecular docking analysis, which
revealed a docking score of -289.57, which is less than -1
and the confidence score was 0.94 (a score higher than 0.7
indicated that Rab7 was more likely to bind to SH3GLBI)
(Fig. 7E). The results of the pull-down experiments indi-
cated that the purified Rab7 interacted with SH3GLBI1
in vitro (Fig. 7F). These results suggested the direct binding
between SH3GLB1 and Rab7. To determine whether
SH3GLBI1 promotes inflammation through Rab7, BMDMs
were subjected to Rab7 overexpression or SH3GLB1 knock-
down. The results revealed that the overexpression of Rab7
followed by the knockdown of SH3GLBI failed to improve
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Figure 5. Restoration of SH3GLBI expression provokes ALI. (A) Representative hematoxylin and eosin staining of lung tissues (scale bars, 100 pm).
(B) Representative severity scores of lung injury (n=3). Representative ELISA results showing the levels of inflammatory factors, including (C) TNFa, (D) IL-1$
and (E) IL-6, in the BALF (n=6). Representative ELISA analysis of the levels of inflammatory factors, including (F) IL-1, (G) IL-6 and (H) TNFa, in the
serum (n=6). (I) Western blots of SH3GLBI expression. (J) Relative SH3GLB1 mRNA levels in vector- or SH3GLBI-overexpressing BMDMs. n=6/group.
Representative ELISA analysis of the levels of inflammatory factors, including IL-1B, IL-6 and TNFa, in the supernatants of cells treated with (K) LPS or
(L) sea water (n=3).The data are presented as the means + SEMs; P<0.05 was considered to indicate statistical significance. SH3GLB1, SH3 domain-containing
GRB2-like protein B1; ALI, acute lung injury; BMDMs, bone marrow-derived macrophages; WT, wild-type; OV; overexpression.

the release of inflammatory factors in BMDMs induced by release of inflammatory factors induced by LPS or sea water
LPS or sea water (Fig. 7G and I). Similarly, Rab7 knockdown  (Fig. 7H and J). These findings indicated that SH3GLBI1 was
followed by SH3GLBI overexpression failed to change the required for Rab7 to contribute to macrophage inflammation.
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Figure 6. SH3GLBI overexpression provoked mitochondrial dysfunction in macrophages. (A) Representative TEM images of macrophage mitochondria in
the lung (scale bars, 2 ym/500 nm). Representative (B) confocal microscopy and (C) flow cytometry analysis of the mitochondrial membrane potential by
JC-1 staining in BMDMs (n=3). (D) Representative confocal microscopy images of mitochondrial ROS production in vector- or SH3GLB1-OV BMDMs under
normal or LPS conditions (scale bar, 50 ym). (E) Analysis of the OCR of mitochondrial respiratory capacity, including basal respiration, ATP production,
maximal respiration and spare respiration, in vector- or SH3GLB1-overexpressing BMDMs under normal or LPS conditions. The data are presented as the
means + SEMs; P<0.05 was considered to indicate statistical significance. SH3GLB1, SH3 domain-containing GRB2-like protein B1; TEM, transmission
electron microscopy; OCR, oxygen consumption rate; BMDMs, bone marrow-derived macrophages.

SH3GLBI facilitates Rab7-mediated mitophagy. To clarify
the localization of SH3GLB1 in BMDMs, immunofluo-
rescence staining was performed and the colocalization of
SH3GLBI1 with lysosomes (labelled with LysoTracker) and
mitochondria (labelled with MitoTracker) was observed
(Fig. 8A). Rab7 plays a crucial role in the interaction between
mitochondria and lysosomes, participating in the formation
and fusion of mitochondrial autophagosomes, as well as in
the contact and dissociation processes between mitochondria
and lysosomes. To investigate whether SH3GLBI is involved
in Rab7-mediated mitophagy, cells overexpressing SH3GLBI1
were treated with the mitochondrial autophagy inducer
carbonyl cyanide-chlorophenylhydrazone and the overexpres-
sion of SH3GLBI markedly increased the expression of the
mitophagy-related proteins Parkin and LC3 while decreasing
the expression of P62 (Fig. 8B-E). Additionally, mKeima

expressed in BMDMs was imaged by confocal microscopy
and assayed by flow cytometry. As shown in Fig. 8] and L, the
overexpression of SH3GLB1 markedly facilitated mitophagy.
However, SH3GLB1 knockdown decreased the expression
of the mitophagy-related proteins Parkin and LC3 while
decreasing the expression of P62 (Fig. 8F-1). Taken together,
these findings indicated that SH3GLBI facilitated adverse
Rab7-mediated mitophagy.

Discussion

The present study demonstrated that the regulation of macro-
phages in drowning-ALI was similar to that in LPS-ALI.
Specifically, SH3GLBI1 was highly expressed in macrophages of
drowning-ALI and was related to inflammation. Furthermore,
SH3GLBI deletion ameliorated LPS- or drowning-ALI. By
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Figure 7. SH3GLBI interacts with the lysosomal protein Rab7 to contribute to macrophage inflammation. (A) Representative top five proteins potentially
binding to SH3GLBI1 in mitochondria identified by mass spectrometry analysis. (B) Representative western blots of Rab7 protein levels in BMDMs treated
with LPS or sea water. (C) Co-IP assay showing the interaction of SH3GLBI1 with Rab7. (D) Representative images of immunofluorescence staining for
SH3GLBI (green) and Rab7 (red) in BMDMs. Scale bar, 20 ym. (E) Representative molecular docking analysis of SH3GLB1 and Rab7. (F) Western blots of
recombinant Rab7 binding to recombinant SH3GLBI. Representative ELISA results showing the levels of inflammatory factors, including IL-1f, IL-6 and
TNFa, in the supernatants of cells treated with (G and H) LPS (n=3) or (I and J) sea water (n=3). The data are presented as the means + SEMs; P<0.05 was
considered to indicate statistical significance. SH3GLBI1, SH3 domain-containing GRB2-like protein Bl; BMDMs, bone marrow-derived macrophages; LPS,
lipopolysaccharide; Co-IP, coimmunoprecipitation.
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Figure 8. SH3GLBI facilitated adverse Rab7-mediated mitophagy. (A) Representative images of immunofluorescence staining for SH3GLBI (green) and mito-
chondria (red) or lysosomes (red) in BMDMs. Scale bar, 20 pm. Representative (B and F) western blot and (C-E and G-I) quantification of mitophagy-related
protein levels in BMDMs treated with CCCP. (J) mKeima expressed in BMDMs was imaged by confocal microscopy (mKeima-561 nm: red; mKeima-488 nm:
green; scale bar, 20 pm); (K) the 561/488 nm ratio of mKeima was statistically quantified (n=3). (L) Representative flow cytometry analysis of mKeima
in BMDMs. The data are presented as the means = SEMs; P<0.05 was considered to indicate statistical significance. SH3GLB1, SH3 domain-containing
GRB2-like protein B1; BMDMs, bone marrow-derived macrophages; CCCP, carbonyl cyanide-chlorophenylhydrazone.
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contrast, the restoration of SH3GLBI1 expression provoked
ALI. Mechanistically, SH3GLBI1 interacted with Rab7 to
contribute to adverse mitophagy, which resulted in mitochon-
drial dysfunction. These findings suggested that SH3GLBI1
may be a potential target for protection of the lungs against
ALI induced by LPS or drowning stimuli.

ALl s characterized by infiltration of a large number of inflam-
matory cells, epithelial injury, pulmonary oedema, increased
microvascular permeability and diffuse alveolar damage (29).
Similarly, the present study found that drowning-ALI was
characterized by leukocyte accumulation, pulmonary oedema,
increased alveolar permeability and diffuse alveolar damage.
In particular, macrophages are implicated in the inflammatory
process in ALI (30). The present study performed single-cell
profiling of lung immune cells isolated from drowning-ALI
lungs. This demonstrated neutrophil infiltration in the early
stage of acute lung injury. As the inflammation progressed,
the neutrophils died and the number of recruited macrophages
increased. Over time, the recruited macrophages became
exhausted and tissue-resident macrophages became involved.
This process is similar to that of LPS-ALI. The results of the
present study indicated that macrophages were involved in the
inflammatory process of drowning-ALI.

Mitochondrial quality control modulates cell fate and
homeostasis and diminished mitochondrial quality control
results in mitochondrial dysfunction, increased ROS produc-
tion, reduced ATP production and often the induction of
intrinsic apoptosis (31). A study showed that aberrant mito-
chondria contribute to ALI (32). The present study showed
that mitochondrial injury was implicated in drowning-ALI. It
focused on the mitochondrial protein SH3GLBI, a member of
the endophilin protein family (33), which is located in the outer
mitochondrial membrane (34). A previous study reported that
SH3GLBI plays a key role in regulating mitochondrial injury
and cell death (14). The present study found that SH3GLB1
was highly expressed in macrophages, which is consistent
with the pattern of macrophages in drowning-ALI. Notably,
macrophages with high SH3GLBI1 expression were associ-
ated with inflammation and the response to oxidative stress.
The present study found that SH3GLBI deletion protected
against mitochondrial injury and oxidative stress induced by
drowning or LPS. By contrast, restoring SH3GLBI expression
in the lungs provoked drowning- or LPS-induced mitochon-
drial dysfunction. These findings suggested for the first time
that the mitochondrial protein SH3GLBI participates in ALI.

To explore the mechanisms by which SH3GLBI affects
mitochondria, the present study found that SH3GLBI inter-
acted with Rab7, a small G protein of the Rab family that is
located primarily in late endosomes and lysosomes (35). Rab7
plays a significant role in various inflammatory responses,
particularly in regulating intracellular transport and lysosomal
function (36,37). Its functions in colitis, acute pancreatitis and
immune responses indicate that the regulation of Rab7 is crucial
for maintaining intracellular homeostasis and alleviating
inflammatory responses (38). The present study reported that
SH3GLBI provoked inflammation by the regulation of Rab7 in
ALI. It has also been reported that Rab7 regulates transport from
late endosomes to lysosomes and is involved in the biogenesis
and degradation processes of lysosomes (39,40). Autophagy is
an important form of lysosomal degradation (41). Among these

processes, mitophagy plays a significant role in inflammation
through lysosomal degradation (42). A previous study showed
that autophagy-related key genes (including SH3GLB1) with
diagnostic and prognostic value in sepsis and discovered asso-
ciations between key genes and immune cell signatures (43).
Sepsis induced ALI is a leading cause of poor prognosis in
clinical patients (44). The present study indicated that the
overexpression of SH3GLBI led to the formation of autopha-
gosomes, which colocalized with mitochondria and lysosomes,
indicating that SH3GLBI1 was involved in mitophagy. The
results of the present study revealed that increased SH3GLBI
promoted mitophagy, whereas reduced SH3GLBI1 inhibited
mitophagy. This is similar to a study by Takahashi er al (14).
This may provide new directions for the discovery of promising
biomarkers for different factors induced ALI.

Although the findings of the present study possess
some clinical relevance, there are several limitations. First,
ALI-induced damage, including apoptosis, has not been
extensively explored. Second, while the present study found
that SH3GLBI interacted with Rab7, it did not focus on further
mechanisms. Therefore, these limitations should be considered
in future studies.

In summary, the findings of the present study showed that
the regulation of macrophages in drowning-ALI was similar
to that in LPS-ALI. Specifically, SH3GLB1 was found to
be related to macrophage inflammation and mitochondrial
homeostasis. Mechanistically, SH3GLB1 was required for
mitophagy regulated by Rab7. These findings suggest that
SH3GLBI may be a potential target for the protection of lungs
against ALI induce by LPS or drowning stimuli.
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