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Background: Acute respiratory distress syndrome (ARDS) is characterized by diffuse lung injury and high mortality rates due to
severe inflammation. Adipose tissue, functioning as both an endocrine and immune organ, plays a crucial role in immune regulation by
secreting a variety of adipokines. Among these, adipose tissue-derived extracellular vesicles (EVs) have emerged as novel mediators of
intercellular communication, capable of delivering bioactive molecules such as microRNAs to target cells. This study aimed to
elucidate the immunomodulatory roles and underlying mechanisms of adipose tissue-derived EVs in the pathogenesis of ARDS.
Methods: Subcutaneous adipose tissue extracellular vesicles (SAT-EVs) were collected from the mice via ultracentrifugation. C57BL/
6 mice were administered SAT-EVs (1x10"9 particles per mouse) via tail vein injection, followed by an intraperitoneal
Lipopolysaccharide (LPS) injection three hours later to induce acute respiratory distress syndrome (ARDS). The mice were euthanized
after 18 h to evaluate the permeability of the microvessels and level of inflammation in the lungs. For in vitro experiments, RAW 264.7
macrophages were stimulated with LPS, with or without SAT-EVs, as a control, to evaluate the inflammatory response of the
macrophages.

Results: SAT-EVs treatment enhanced the survival rate of ARDS mice and reduced pulmonary vascular permeability. SAT-EVs were
internalized by alveolar macrophages, leading to an attenuation of inflammation, as indicated by decreased levels of TNF-a, IL-18,
iNOS, PTGS2, and CCL2. Notably, SAT-EVs transferred miR-26a-5p to alveolar macrophages, which directly targeted conserved
helix-loop-helix ubiquitous kinase (CHUK), a key regulator of the NF-kB pathway. This inhibition resulted in reduced transcription of
inflammatory mediators (iNOS, PTGS2, and IL-1p). In vitro, SAT-EVs were internalized by RAW 264.7 macrophages, leading to the
suppression of LPS-induced inflammation, as shown by decreased expression of TNF-a, IL-1B, iNOS, PTGS2, and CCL2. These
findings suggest that miR-26a-5p plays a crucial role in the anti-inflammatory effects of SAT-EVs by suppressing CHUK and
modulating the NF-xB pathway.

Conclusion: SAT-EVs significantly attenuated LPS-induced ARDS, potentially through the CHUK/NF-kB pathway mediated by
miR-26a-5p, thereby exerting protective effects against inflammatory lung injury. These findings provide mechanistic insights into the
role of SAT-EVs in immune modulation and suggest their potential as a therapeutic strategy for ARDS.
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Introduction

Acute respiratory distress syndrome (ARDS) is characterized by severe, diffuse pulmonary inflammation associated with
immune imbalance.! The primary etiological factors include bacterial pneumonia, severe trauma, and sepsis,” * all of
which can induce a cytokine storm, compromise the alveolar-capillary barrier, and result in extensive lung injury.’
Lipopolysaccharide (LPS), the predominant endotoxin of Gram-negative bacteria, is a critical mediator in sepsis-induced
ARDS.® LPS activates the nuclear factor-xB (NF-kB) signaling cascade via the Toll-like receptor 4 (TLR4) pathway,
promoting the release of pro-inflammatory cytokines and contributing to multi-organ dysfunction, including the lungs,
brain, kidneys, and liver.”” Notably, dysregulated immune responses—especially macrophage-mediated cytokine release
and NF-xB pathway activation—play a central role in ARDS pathogenesis and lung injury progression.'®'" In experi-
mental studies, intraperitoneal LPS administration is widely used to model extrapulmonary (indirect) ARDS, as it mimics
systemic inflammation and leads to secondary lung injury without direct pulmonary insult.'> This model closely reflects
the pathophysiological features of sepsis-associated ARDS, which accounts for a significant portion of clinical cases.
Recent studies have highlighted the significance of systemic immune regulation in the pathogenesis of ARDS."* Recent
evidence emphasizes the importance of systemic immune regulation—including the roles of adipose tissue, bone marrow,
and gut microbiota—in modulating ARDS progression through their effects on immune cell function and inflammatory
responses.'*!'> Therefore, a deeper understanding of these systemic immune mechanisms may inform the development of
targeted immunomodulatory therapies for ARDS.

Adipose tissue is a highly dynamic and metabolically active organ that plays fundamental roles in energy home-
ostasis, endocrine regulation, and immune modulation.'>'® Adipose tissue comprises white, brown, and beige
adipocytes.!” White adipocytes primarily function to store energy and secrete adipokines,'® while brown and beige
adipocytes exhibit thermogenic capacity.'® Notably, beige adipocytes can be induced by stimuli such as cold exposure or
exercise.”’ Among the various white adipose tissue depots, subcutaneous adipose tissue (SAT) represents the largest
depot, accounting for over 80% of total fat mass.”'** In contrast to visceral fat, SAT is more widely distributed and has
garnered increasing attention for its immunomodulatory functions, particularly in pulmonary diseases.”> Emerging
evidence underscores its role in regulating systemic inflammation and maintaining immune homeostasis.** 2 SAT
mediates many of its effects through adipokines and extracellular vesicles (SAT-EVs), which are nanoscale vesicles
(30-150 nm) carrying proteins, nucleic acids, and lipids. These vesicles facilitate intercellular communication and
immune regulation.”” Previous studies have demonstrated that adipose-derived EVs modulate lung inflammation and

pulmonary fibrosis,?*~

indicating their potential as therapeutic agents for ARDS. Nevertheless, the precise molecular
mechanisms underlying these effects remain largely unexplored.

MicroRNAs (miRNAs) are among the most biologically active components of adipose-derived EVs. Changes in
circulating or extracellular vesicle miRNA profiles are related to various pathological conditions, including tumors,
infections, and metabolic diseases.’**' EV-derived miRNAs modulate the progression of ARDS by regulating gene
expression in target tissues.”® Recent studies have highlighted the therapeutic potential of miRNA-containing EVs in
ARDS. For example, EVs from M2 macrophages can alleviate ARDS by delivering miR-709 to alveolar macrophages,’”
while bone marrow mesenchymal stem cell-derived EVs carrying miR-21-5p improve LPS-induced acute lung injury
(ALI), an established model of ARDS.** Collectively, these findings underscore the role of EV-mediated miRNA transfer
in modulating lung inflammation and highlight their potential as therapeutic agents for ARDS.

Although clinical interventions for ARDS are typically administered after disease onset, a pre-treatment model was
employed in this study to investigate the early protective and mechanistic effects of SAT-EVs under controlled
experimental conditions. This design facilitated the assessment of direct biological effects while minimizing variability
due to disease progression, thereby providing a rational basis for future studies evaluating SAT-EVs as potential early-
stage or preventive interventions for ARDS.

The findings of this study demonstrate that SAT-EV-derived miRNAs exert protective effects against ARDS by
modulating the inflammatory response of pulmonary macrophages. The effects of SAT-EVs on ARDS were first
evaluated in vivo, followed by in vitro and in vivo assessments of their regulatory roles in lung macrophage-mediated

inflammation. In addition, miRNA profiling of SAT-EVs was performed to explore potential molecular mechanisms
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underlying their immunomodulatory effects. By providing mechanistic insights into SAT-EV-mediated regulation of lung
inflammation, this study advances the understanding of ARDS pathophysiology and proposes SAT-EVs as a promising
therapeutic strategy for mitigating disease severity.

Materials and Methods

SAT-EVs Isolation, Characterization, and Treatment

EVs were isolated from subcutaneous adipose tissue (SAT) using differential ultracentrifugation. SAT was first cut into
1 mm® pieces and digested with a specific enzymatic solution at 37°C for 5 h with gentle shaking until a milky
suspension was formed. The digestion was terminated using DMEM containing 10% exosome-depleted serum. The
suspension underwent differential centrifugation at 2000xg, 4 °C for 5 min. Approximately 50 mL of supernatant was
collected. A second centrifugation was performed at the same speed for 30 min to remove larger vesicles. The
supernatant was filtered using a 0.45 um membrane to collect the filtrate. Ultracentrifugation was conducted at low
temperature (100,000xg for 70 min). The supernatant was discarded and the remaining pellet was resuspended in pre-
chilled PBS (1x concentration). The resuspended samples were subjected to another round of ultracentrifugation under
similar conditions for further purification. Finally, the resulting pellet containing SEVs was reconstituted in PBS and kept
at a low temperature.** Western blotting was performed according to the guidelines of the International Society for
Extracellular Vesicles (ISEV).>> CD9, Alix, and Tsgl01 were used as EV markers, while Calnexin served as a negative
control to exclude contamination from cellular organelles. As EVs lack consistent cytoplasmic content, no universal
loading control is currently available; therefore, marker profiling was used for qualitative validation rather than
quantitative analysis. Nanoparticle tracking analysis (NTA) was performed using a NanoFCM-N30E to measure the
size distribution of the particles based on light scattering and Brownian motion. The structure and morphology of the EVs
were visualized using transmission electron microscopy (TEM, HITACHI, Japan). The protein concentration of the SAT-
EVs was evaluated using a BCA protein assay kit.

Animals and Treatments

Ethical approval for the animal procedures was granted by the Animal Ethics Committee of University-Town Hospital,
Chongqing Medical University. All animal experiments were conducted in accordance with the guidelines for the care
and use of laboratory animals issued by the National Institutes of Health (NIH) and the Guiding Opinions on Treating
Laboratory Animals Kindly (Document No. [2006]398), issued by the Ministry of Science and Technology of China on
September 13, 2006. Male C57BL/6 mice were procured from Chongqing Enbi Biotechnology Co., Ltd. Healthy donor
mice were anesthetized with 80 mg/kg ketamine, and a midline incision was made after thorough disinfection. Briefly,
mice were placed in a supine position during the incision to expose and isolate the subcutaneous adipose tissue, where
EVs were extracted via ultracentrifugation.

Sixty male C57BL/6 mice were randomly assigned to four groups: Sham, SAT-EVs, LPS, and SAT-EVs + LPS (n =
15 per group). Mice in the SAT-EVs and SAT-EVs + LPS groups were administered 1 x 10° particles of SAT-EV's via the
tail vein under anesthesia, while mice in the Sham and LPS groups received an equal volume of sterile saline. To
establish an extrapulmonary ARDS model, mice in the LPS and SAT-EVs + LPS groups were intraperitoneally injected
with lipopolysaccharide (LPS, 15 mg/kg, Escherichia coli O55:BS5; Sigma-Aldrich) 3 hours after the administration of
SAT-EVs or saline. Mice were sacrificed 18 hours after LPS injection for sample collection and analysis. This model
induces systemic inflammation without causing direct pulmonary injury and has been widely used to simulate sepsis-
associated ARDS. Mice in the Sham and SAT-EVs groups received an equal volume of phosphate-buffered saline (PBS)
via the intraperitoneal route.

To investigate the functional role of miR-26a-5p in ARDS, mice were treated with either a miR-26a-5p antagomir (a
chemically modified antisense oligonucleotide that specifically inhibits miR-26a-5p) or an antagomir-NC (a non-targeting
negative control oligonucleotide with no known complementarity to mouse miRNAs). Both reagents were obtained from
Qiyunbio (China) and diluted in nuclease-free water. For in vivo inhibition, 20 nmol of antagomir or antagomir-NC was
administered via tail vein injection once daily for three consecutive days prior to LPS and/or SAT-EVs treatment. Mice
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were randomly assigned to four groups (n = 15 per group): LPS, SAT-EVs + LPS, LPS + SAT-EVs + antagomir-NC, and
LPS + SAT-EVs + miR-26a-5p antagomir. At 18 hours post-LPS injection, mice were anesthetized, and blood samples
were collected via orbital sinus puncture. Mice were subsequently euthanized by cervical dislocation in accordance with
approved humane endpoints.

For survival analysis, an additional 36 mice were randomly divided into three groups (n = 12 per group): SAT-EVs,
LPS, and SAT-EVs + LPS. Rectal temperatures were recorded every 12 hours for 120 hours. Mice with body
temperatures below 30 °C were considered moribund and were euthanized. Furthermore, 24 mice were assigned to
two groups (LPS + SAT-EVs + antagomir-NC and LPS + SAT-EVs + miR-26a-5p antagomir) for body temperature
monitoring under the same protocol to assess the functional role of miR-26a-5p inhibition in vivo.

Lung Tissue Analysis

Lung tissues were collected 18 h after LPS injection. Lung lobes were perfusion-fixed with buffered formalin and
embedded in paraffin. Tissue sections were stained with hematoxylin and eosin (H&E) and evaluated by a pathologist for
pathological features. The severity of lung injury was quantitatively assessed using the modified Smith pathological
scoring system, which evaluates pulmonary edema, alveolar and interstitial inflammation, alveolar and interstitial
hemorrhage, and atelectasis. This scoring system employs a five-level grading scale ranging from 0 to 4, where 0
indicates normal lung morphology, 1 indicates mild injury, 2 indicates moderate injury, 3 indicates severe injury, and 4
indicates extremely severe injury.*

Mouse laryngeal tissue was dissected, and a needle was inserted into the exposed trachea and sutured. Lung lavage
was performed by flushing the lungs twice with 500 pL of precooled PBS, recovering approximately 90% of the
bronchoalveolar lavage fluid (BALF). The collected BALF was purified by centrifugation at 3000 rpm at 4 °C for 10 min.
The protein concentration in the BALF was determined using a BCA protein assay kit (Beyotime).

In this study, the left lung tissue was collected from the mice after modeling, and the wet weight was measured. The
tissues were then dried in a 65 °C incubator. Dry weight was measured after 24 h to calculate the wet-to-dry weight ratio.

ELISA Analysis and Myeloperoxidase (MPO) Activity

The levels of CCL2, IL-6, IL-1pB, and TNF-a in BALF and cell supernatants were quantified using ELISA kits according
to the manufacturer’s guidelines (NeoBioscience Technology Co., China). MPO activity in 20 mg of lung tissue was
evaluated using an MPO colorimetric activity assay kit (A044-1-1; Nanjing Jiancheng Bioengineering Institute).

Western Blotting (WB)

Lung tissues and cells were lysed in RIPA buffer (C500007, Sangon Biotech) containing PMSF (A610425, Sangon Biotech),
followed by addition of 5X loading buffer (C506032, Sangon Biotech, China). The samples were boiled for 10 min at high
temperature to ensure complete denaturation and dissociation and then separated by 10% SDS-PAGE. The proteins were
blotted onto PVDF membranes after electrophoresis, and the membranes were blocked with a nonfat milk solution for 1 h to
prevent nonspecific binding. The membranes were incubated overnight at 4 °C with primary antibodies to ensure optimal
binding to target proteins, including Chuk (1:2000, ET1611-15, HUABIO, China), CD9 (1:500, ab307885, Abcam, China),
IL-1B (1:1000, 31202T, CST, US), TSG101 (1:2000, ab125011, Abcam, China), Calnexin (1:1000, 66,903-1-1gG, MCE,
China), GAPDH (1:1000, GB15004, Servicebio, China), iNOS (1:1000, 18,985-1-AP, Proteintech, China), Phospho-p65
(1:1000, 3033T, CST, US), p65 (1:1000, 8242T, CST, US), IxkBa (1:1000, 4014T, CST, US), Phospho-IxBa (1:1000, 2859T,
CST, US), and PTGS2 (1:1000, 12282T, CST, US). The membrane was then washed three times for 10 min each with TBST
and shaking at 80—100 rpm. Next, the cells were incubated with the secondary antibodies for 2 h. Chemiluminescent reagents
were used to visualize the protein bands.

Real-Time Polymerase Chain Reaction (RT-PCR)

TRIZOL Reagent (Takara Bio, Inc). was used for RNA extraction from the tissue and cellular samples, whereas TRIzol
LS Reagent (Thermo Fisher Scientific, US) was used for RNA extraction from SAT-EVs. Reverse transcription was
performed using a PCR reverse transcription kit (RR037A; Takara Bio, Inc). to convert 1 pg RNA into complementary
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DNA (cDNA). MiRNA synthesis was performed using the stem-loop technique. qPCR was performed in a final reaction
volume of 20 pL. Primers for mRNA and miRNA were obtained from Sangon Biotech, and ACTB (B-actin) or U6 was
used as the internal reference. Details of the specific primer sequences are provided in Supplementary Table 1.

Cell Culture and Treatment

The murine macrophage cell line RAW264.7 (Meipunosai, China) was used to establish the in vitro inflammatory model
of ARDS. This cell line was chosen for its stable macrophage phenotype, high responsiveness to LPS, and consistency
with our murine in vivo ARDS model. Compared to PMA-induced THP-1-derived macrophages, RAW264.7 cells offer
greater experimental reproducibility, species compatibility, and sensitivity to inflammatory stimuli, making them well-
suited for modeling acute pulmonary inflammation. RAW 264.7 cells were grown in DMEM (Gibco, China) supple-
mented with 10% fetal bovine serum, 1% penicillin, and 1% streptomycin. LPS was diluted to the appropriate
concentration using serum-free DMEM. The inhibitor-NC and miR-26a-5p inhibitors (provided by Guangzhou
GeneCloud Biotechnology Co., Ltd). were dissolved in RNase-free water. The cells were assigned to different experi-
mental groups based on their specific treatments as follows: the control group (no treatment), SAT-EVs group (treated
with 1x108 particles/mL SAT-EVs), LPS group (exposed to 200 ng/mL LPS for 18 h), SAT-EVs + LPS group (pretreated
with 1x102 particles/mL SAT-EVs for 6 h followed by 200 ng/mL LPS treatment for 18 h), SAT-EVs + LPS + inhibitor-
NC group (treated with inhibitor-NC for 36 h, pretreated with 1x102 particles/mL SAT-EVs for 6 h, followed by 200 ng/
mL LPS treatment for 18 h), and SAT-EVs + LPS + miR-26a-5p inhibitor group (treated with the miR-26a-5p inhibitor
for 36 h, pretreated with 1x108 particles/mL SAT-EVs for 6 h, followed by 200 ng/mL LPS treatment for 18 h). The cells
were incubated overnight to allow growth until they reached 60% confluence before drug treatment.

SAT-EVs Labeling and Tracking

SAT-EVs were mixed with 10 uM DiD staining reagent (Umibio, Shanghai, China), vortexed thoroughly, and incubated
at 37°C for 1 h under light-shielding conditions. The labeled SAT-EVs were ultracentrifuged at 100,000 x g for 70 min to
collect EVs as pellets. The pellet was then reconstituted in PBS for further use. The mice were injected with DiD-labeled
SAT-EVs (60 pg) via the tail vein. In vivo imaging was conducted 3 and 6 h post-injection. PKH26-labeled SAT-EVs
(15 pg) were incubated overnight with RAW 264.7 macrophages at 37°C, followed by a 5-minute counterstaining with
DAPI. Samples were visualized using a fluorescence microscope, and high-resolution images were acquired to further
analyze particle distribution and fusion within the cells. Five randomly selected areas per section were analyzed.

Small RNA and mRNA Sequencing

Total RNA was extracted from SAT-EVs for microRNA sequencing (miRNA-seq). Library preparation for miRNA-seq
was performed by Xiamen Life Interconnect Technology Co., Ltd. Additionally, total RNA was extracted from si-
CHUK-transfected cells (cells transfected with CHUK small interfering RNA) for mRNA sequencing, which was carried
out by Guangzhou GenCloud Biotechnology Co., Ltd. All sequencing, including PCR product sequencing, was
performed using the Illumina platform.

Dual-Luciferase Reporter Assay

The synthesized CHUK 3'-UTR was cloned into the pmirGLO3 vector (Qiyunbio, Guangzhou, China) based on
predictions from the online tool miRWalk. The resulting CHUK 3'UTR-WT and CHUK 3'UTR-MUT reporter plasmids
were co-transfected into 293T cells together with either a miR-26-5p mimic or a negative control mimic (mimic-NC).
After 48 hours, the cells were harvested and lysed. Luciferase activity was measured using a Dual-Luciferase® Reporter
Assay System (Promega, Madison, WI, USA).

Statistical Analysis
All experiments were conducted in triplicate to ensure accuracy and consistency. Statistical analyses were performed
using GraphPad Prism software. The results are expressed as the mean + standard deviation. The treatment and control
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groups were compared using Student’s ¢-test. Multiple group comparisons were performed using a one-way ANOVA.

Statistical significance was set at p < 0.05.

Results
Characterization of SAT-EVs

A flowchart of the SAT-EV extraction process is presented in Figure 1A. SAT-EVs were isolated from white strip-like

subcutaneous adipose tissue dissected from the abdominal region of mice (Figure 1B). Nanoparticle tracking analysis

(NTA) indicated that most SAT-EVs measured 50—150 nm, with a peak diameter of

75.5 nm, and a particle concentration

of approximately 8.46 x 10® particles/mL (Figure 1C). The SAT-EVs exhibited a characteristic bilayer membrane

structure and appeared round or cup-shaped under TEM (Figure 1D). Additionally, SAT-EVs highly expressed Alix,
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CD9, and Tsgl01 but lacked the expression of calnexin, an endoplasmic reticulum marker protein commonly found in
adipose tissue (Figure 1E). Collectively, these results confirm that the isolated SAT-EVs meet the criteria for exosome
morphology, concentration, size distribution, and protein markers, indicating high purity.

SAT-EVs were Internalized by Lung Tissue and Improved Survival in ARDS Mice

C57BL/6J mice were used to establish an ARDS model via intraperitoneal injection of LPS, as previously described, to
investigate the potential therapeutic effects of SAT-EVs.>” The experimental protocol applied is shown in Figure 2A.
DiD-labeled SAT-EVs were injected via the tail vein to confirm whether SAT-EVs could enter mouse lung tissue. In vivo
imaging was conducted at 3 and 6 h post-injection. DiD-labeled SAT-EVs were detected in the mouse lung tissue at 3 h,
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Figure 2 SAT-EVs in a mouse model of ARDS. (A) Schematic illustration of SAT-EVs administration in ARDS mice. (B) DID-labeled SAT-EVs were imaged in mouse lung
tissue. (C) Representative immunofluorescence images of CD31, CD68, and EPCAM in mouse lung tissue (n = 5 per group). (D) Quantification of Dil-labeled SAT-EVs in
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with fluorescence signals significantly increasing at 6 h (Figure 2B). Therefore, SAT-EVs were pre-administered 6 h before
LPS treatment. The distribution of DiD-labeled SAT-EVs was observed in pulmonary macrophages, epithelial cells, and
capillary endothelial cells (Figure 2C). The SAT-EV fluorescence intensity was markedly elevated in CD68-positive
macrophages compared to that in CD31-positive endothelial cells and EPCAM-positive epithelial cells (Figure 2D).
These results indicate that SAT-EVs can efficiently enter lung tissue and predominantly accumulate in pulmonary
macrophages. Kaplan-Meier survival analysis revealed that the survival rate in the LPS group sharply decreased to
approximately 25% within the first 48 h and was almost zero at 120 h. In contrast, the sham group maintained a stable
survival rate of 100%, with no mortality. The survival rate in the LPS+SAT-EVs group gradually decreased from 100% to
approximately 50% within the first 72 h. The survival rates differed significantly between the LPS+SAT-EVs and LPS
groups, indicating that SAT-EVs effectively protected mice from LPS-induced mortality in the ARDS model (p = 0.0388,
Log rank test) (Figure 2E).

SAT-EV Treatment Alleviates Lung Injury, Reduces Vascular Permeability, and

Attenuates Inflammation in ARDS Mice

Pathological examinations were conducted to assess the effects of the SAT-EVs on tissue damage and inflammation.
Lung tissues from LPS-treated mice exhibited pronounced alveolar septal thickening, abundant erythrocytes within the
pulmonary vasculature, and exudates in the bronchi. These pathological alterations impaired gas exchange, a hallmark of
ARDS. In contrast, co-treatment with SAT-EVs significantly alleviated inflammatory cell infiltration and preserved
alveolar structure (Figure 3A). H&E-stained lung injury scores were higher in the LPS group than in the sham group,
whereas SAT-EV treatment markedly reduced these scores (Figure 3B). LPS administration also led to a significant
increase in total protein levels in BALF and in the lung wet-to-dry weight ratio. Both indices were significantly reversed
following SAT-EV treatment (Figure 3C and D), indicating reduced pulmonary vascular permeability. Furthermore, SAT-
EV treatment decreased LPS-induced elevation of MPO levels in lung tissue (Figure 3E). Analysis of inflammatory
factors in BALF showed that the concentrations of TNF-a, IL-1f3, IL-6, and CCL2 were markedly increased in the LPS
group, but significantly attenuated after SAT-EV administration (Figure 3F-I). SAT-EVs also suppressed the LPS-induced
upregulation of pro-inflammatory cytokine mRNA expression in lung tissue (Figure 3J-M). Immunohistochemical
staining further confirmed these findings, revealing elevated expression of IL-6, IL-1p, TNF-a, and CCL2 in the lung
tissues of LPS-treated mice. These increases were markedly reduced following SAT-EV treatment, highlighting an anti-
inflammatory effect at the tissue level (Supplementary Figure S1). Collectively, these results indicate that SAT-EVs exert

protective effects in ARDS mice by alleviating lung injury, reducing vascular permeability, and suppressing inflammatory
responses.

SAT-EVs Mitigate LPS-Triggered Inflammation in RAWV 264.7 Cells

Alveolar macrophages constitute approximately 55% of pulmonary immune cells and play a pivotal role in maintaining
immune homeostasis during lung inflammation, including ARDS.*® In this study, fluorescent labeling revealed that SAT-
EVs predominantly accumulated in pulmonary macrophages (Figure 2C and D). Based on this observation, RAW 264.7
cells were selected for subsequent in vitro experiments. The experimental protocol for SAT-EV treatment in LPS-
stimulated cells is illustrated in Figure 4A. To evaluate the uptake efficiency of SAT-EVs by macrophages, the vesicles
were labeled with PKH26. Red fluorescence was observed in RAW 264.7 cells under a fluorescence microscope 6 h post-
incubation, indicating successful internalization of SAT-EVs (Figure 4B). To mimic an inflammatory environment
in vitro, cells were pretreated with SAT-EVs (1 x 108 particles/mL) for 6 h, followed by LPS stimulation for
18 hours. ELISA results showed that the concentrations of TNF-a, IL-1pB, IL-6, and CCL2 in the cell supernatants
were significantly elevated in the LPS group. However, SAT-EV pretreatment markedly reduced the levels of these
inflammatory cytokines (Figure 4C-F). Furthermore, qPCR analysis revealed that the mRNA expression levels of TNF-a,
IL-1B, IL-6, and CCL2 were significantly upregulated after LPS stimulation. SAT-EVs intervention markedly reduced the
expression of these inflammatory genes (Figure 4G-J). These findings further confirm that SAT-EVs effectively suppress
LPS-induced inflammatory responses in RAW 264.7 macrophages.
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SAT-EVs miR-26a-5p Modulates the CHUK/NF-kB Pathway

Adipose tissue is a major source of circulating exosomal miRNAs, which play a key role in intercellular
communication.®” In this study, transcriptome sequencing was performed on SAT-EVs to explore the potential molecular
mechanisms by which they alleviate inflammatory responses in ARDS. KEGG pathway enrichment analysis based on
miRNA expression levels revealed that the predicted target genes were primarily involved in pathways related to fatty
acid metabolism, pathogen infection, and inflammation regulation (Supplementary Figures S2 and S3). Nine highly
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expressed miRNAs were identified in SAT-EVs, including let-7a-5p, let-7¢-5p, let-7d-5p, miR-191-5p, miR-2137, miR-
26a-5p, miR-26b-5p, miR-5126, and miR-30d-5p. Among these, RT-PCR analysis confirmed that miR-26a-5p expression
was significantly elevated in SAT-EVs (Figure 5A). miR-26a-5p is an evolutionarily conserved miRNA known to exert
anti-inflammatory effects in both humans and mice (Figure 5B).
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Potential gene targets of miR-26a-5p were predicted using the miRWalk and TargetScan databases. These results were
cross-referenced with genes associated with “sepsis-associated lung injury” in the GeneCards database. Intersection analysis
identified four candidate target genes: Serp!, Chuk, Wnt5a, and Apc (Figure 5C). The expression levels of miR-26a-5p and
these candidate genes were measured in mouse lung tissue, followed by correlation analysis. Notably, miR-26a-5p expression
was inversely correlated with Chuk expression, suggesting a potential regulatory relationship (Figure 5D). miR-26a-5p
exhibits partial complementarity with the 3" untranslated region (3'UTR) of Chuk mRNA, particularly within the seed region
(nucleotides 2—8 from the 5’ end of the miRNA), suggesting a potential post-transcriptional regulatory interaction (Figure 5E).
To validate the predicted interaction, a dual-luciferase reporter assay was performed. Co-transfection of miR-26a-5p with
a reporter construct containing the wild-type Chuk 3'UTR (3'UTR-WT) resulted in a significant decrease in luciferase activity,
whereas no such effect was observed with the mutant construct (3'UTR-MUT) (Figure 5F). These results demonstrate that
miR-26a-5p directly targets CHUK, a key component of the IkB kinase (IKK) complex.

To investigate the underlying molecular mechanisms, siRNA-mediated knockdown of Chuk was performed (Figure 5G),
followed by transcriptome sequencing of si-Chuk samples. Differential expression analysis identified 1120 mRNAs in the si-
Chuk group, including 402 upregulated and 718 downregulated transcripts (Figure SH). A heatmap was generated to visualize
the clustering of these differentially expressed genes (DEGs) (Figure 5I). KEGG pathway analysis revealed that the DEGs
were primarily enriched in inflammation-related pathways, including cytokine—cytokine receptor interactions, TNF signaling,
NF-xB signaling (involving Ikba, Chuk, Parpl, 1l1b, Tnfaip3, Ptgs2, and Bcl2al), and NOD-like receptor signaling
(Figure 5J). CHUK is a key component of the [kB kinase (IKK) complex. It facilitates phosphorylation-dependent degradation
of IkB proteins, leading to the release and nuclear translocation of NF-kB, which subsequently triggers the transcription of
inflammatory genes. These findings suggest that miR-26a-5p, delivered via SAT-EVs, exerts protective effects in ARDS by
modulating the CHUK/NF-kB signaling pathway.

SAT-EVs Alleviate ARDS Inflammation by Modulating miR-26a-5p/CHUK/NF-xB
Signaling in vitro and in vivo

Compared with the untreated control, SAT-EVs treatment significantly upregulated miR-26a-5p expression in RAW
264.7 cells in vitro (Figure 6A). Additionally, pretreatment with SAT-EVs markedly reduced CHUK protein expression
levels. WB analysis demonstrated significantly increased levels of NF-kB pathway-related proteins (IkB-a, p-IkB-a, P65,
p-P65) and inflammation-related proteins (iNOS, IL-1p, and PTGS2) following LPS stimulation. These elevations were
effectively reversed by SAT-EVs treatment (Figure 6B-D).

In vivo, miR-26a-5p expression significantly decreased in lung tissues after LPS exposure compared to the normal
control. However, SAT-EVs treatment restored miR-26a-5p levels significantly (Figure 6E). Consistently, SAT-EVs
reduced CHUK protein levels in the lung tissues of LPS-treated mice (Figure 6F). These findings suggest that SAT-
EVs effectively deliver miR-26a-5p to recipient cells, thereby modulating CHUK expression. Further in vivo WB
analysis confirmed elevated expression of NF-kB-related proteins (IkB-o, p-IkB-o, P65, p-P65) and inflammatory
proteins (iNOS, IL-1B3, PTGS2) following LPS stimulation. SAT-EVs treatment significantly reversed these increases
(Figure 6G and H). Immunofluorescence staining further validated the ability of SAT-EVs to reduce LPS-induced
upregulation of iNOS, IL-1p, and PTGS2 in lung tissues of ARDS mice (Figure 6I).

Collectively, these results demonstrate that SAT-EVs deliver miR-26a-5p to alveolar macrophages, inhibit the CHUK/
NF-kB signaling pathway, and subsequently reduce organ-specific inflammation, ultimately alleviating ARDS.

miR-26a-5p Inhibition Diminishes the Anti-inflammatory Effects of SAT-EVs on LPS-
triggered Inflammation in RAW 264.7 Cells

To investigate whether the anti-inflammatory effects of SAT-EVs are mediated by miR-26a-5p, miR-26a-5p expression
was silenced using a specific miRNA inhibitor. The inhibitor was co-transfected with RAW 264.7 cells for 36 h. RT-PCR
analysis confirmed that miR-26a-5p expression was significantly suppressed following transfection (Supplementary
Figure S4). In LPS-stimulated macrophages, miR-26a-5p inhibition reversed the SAT-EV-induced reductions in TNF-
a, IL-1P, IL-6, and CCL2 at both the mRNA and protein levels (Figure 7A—H). Moreover, qRT-PCR analysis confirmed
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that SAT-EVs markedly upregulated miR-26a-5p expression, which was effectively reversed upon transfection with
a specific miR-26a-5p inhibitor (Figure 7I). Consistently, the suppressive effects of SAT-EVs on the protein levels of
CHUK, IkB-a, p-IxB-a, P65, p-P65, iNOS, IL-1B, and PTGS2 were abolished following miR-26a-5p knockdown
(Figure 7J-P). These findings collectively suggest that the anti-inflammatory effects of SAT-EVs are, at least in part,

mediated via the upregulation of miR-26a-5p.
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Inhibition of miR-26a-5p Compromises the Protective Effects of SAT-EVs in ARDS
Mice

In vivo, a miR-26a-5p antagomir was administered via tail vein injection for three consecutive days, followed by
intravenous injection of 1x10° SAT-EV particles. Three hours later, a sepsis-related ARDS model was established by
intraperitoneal injection of LPS. Survival analysis revealed a significant reduction in survival in the SAT-EVs + LPS +
miR-26a-5p antagomir group compared with the SAT-EVs + LPS + antagomir-NC group (50% vs 70%, respectively;
Figure 8A), indicating that miR-26a-5p inhibition impaired the survival benefit conferred by SAT-EVs. Histopathological
evaluation further demonstrated that miR-26a-5p inhibition attenuated SAT-EVs-mediated lung protection, as indicated
by increased lung injury scores (Figure 8B and C). In addition, SAT-EV treatment significantly reduced the lung wet/dry
weight ratio and total protein concentration in BALF, whereas these improvements were reversed by the miR-26a-5p
antagomir (Figure 8D and E). Consistently, lung MPO activity was elevated following miR-26a-5p antagomir
(Figure 8F). Moreover, miR-26a-5p inhibition abolished the anti-inflammatory effects of SAT-EVs, Both mRNA and
protein levels of TNF-a, IL-1B, IL-6, and CCL2 were significantly increased in the SAT-EVs + LPS + miR-26a-5p
antagomir group compared with the SAT-EVs + LPS and SAT-EVs + LPS + antagomir-NC groups (Figure 8G-N).
Consistent with these findings, immunohistochemical staining of lung tissues showed elevated expression of TNF-a, IL-
1B, IL-6, and CCL2 in the antagomir-treated group, confirming the reversal of SAT-EV-induced anti-inflammatory effects
(Supplementary Figure S5). Further supporting the loss of SAT-EV-induced anti-inflammatory effects. In parallel, the

SAT-EV-induced upregulation of miR-26a-5p in LPS-treated lungs was significantly suppressed by the antagomir
(Figure 80). WB analysis confirmed that SAT-EV-mediated downregulation of CHUK, IkB-a, p-IxkB-a, P65, p-P65,
iNOS, IL-1B, and PTGS2 was reversed by miR-26a-5p inhibition (Figure 8P and Q). Immunofluorescence staining
further demonstrated that the reduced expression of iNOS, IL-18, and PTGS2 in response to SAT-EV treatment was
abolished by the antagomir (Figure 8R). Collectively, these results indicate that the therapeutic effects of SAT-EVs in
ARDS are, at least in part, mediated by miR-26a-5p-dependent regulation of the NF-kB signaling pathway.

Discussion

In this study, we demonstrated that SAT-EVs exert protective effects against ARDS, primarily by modulating the
pulmonary macrophage inflammatory response. Mechanistically, SAT-EVs deliver miR-26a-5p to alveolar macrophages,
thereby regulating the CHUK/NF-kB signaling pathway and mitigating ARDS-related inflammation.

Adipose tissue, as an active immune organ, exhibits complex and multidimensional immunomodulatory functions.*’ In
addition to serving as an energy reserve, adipose tissue is essential to the immune system. Adipose tissue, particularly
subcutaneous adipose tissue (SAT), is rich in a large number of immune cells, including innate immune cells (eg, macro-
phages, neutrophils, eosinophils, and natural killer cells) and adaptive immune cells (eg, T cells and B cells).*' Adipocytes are
central to the formation of the immune microenvironment; they not only participate in the metabolic function of adipose tissue
but also play a key role in regulating systemic immune responses.* ** By directly or indirectly modulating the immune
response of other tissues and organs through the secretion of various bioactive molecules, including cytokines, adipokines, and
chemokines. Some studies have demonstrated the immunomodulatory role of chest adipose tissue in respiratory viral
infections.** Additionally, adipose-derived leptin has been reported to modulate cellular and humoral immune responses

1.** Adipose tissue and the macrophages within it also serve as a vital

and play an immunosuppressive role in a hamster mode
factor in the immune regulation of COVID-19.%° Therefore, the potential role of adipose tissue in diseases related to immune
dysregulation, particularly ARDS, warrants further investigation. By modulating the immune response, adipose tissue may
offer new therapeutic strategies for correcting the immune imbalance in ARDS.

Adipose tissue is an important source of circulating EVs carrying functional miRNAs which have been shown to
protect against ARDS.*”** Therefore, miRNA sequencing was performed on SAT-EVs to identify their functional
molecules and mechanisms in ARDS. Several miRNAs, including let-7a-5p, let-7d-5p, miR-2137, miR-26a-5p, and
miR-5126, were enriched in the SAT-EVs. These miRNAs can contribute to the repair of lung and other organ injuries.
For instance, EVs carrying engineered let-7a-5p have been reported to alleviate LPS-induced ARDS.* Let-7d-5p was

demonstrated to alleviate inflammation and apoptosis in rat intestinal epithelial cells,”® and miR-2137 was implicated in
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the repair of acetaminophen-induced liver injury.”' The miR-26a-5p can mitigate drug-induced liver injury®* and
myocardial ischemia-reperfusion injury.”® Additionally, PCR analysis of the genes enriched in SAT-EV sequencing
showed that the level of miR-26a-5p was the highest.

miR-26a-5p is a multifunctional miRNA with multiple functions in vivo. It modulates the progression of multiple
cancers,”*> directly targets ACSL3 in adipocytes to regulate adipocyte differentiation,>® participates in various cardi-
ovascular diseases’’ and diabetic retinopathy.”® Our results also demonstrate that SAT-EV's could deliver miR-26a-5p to
macrophages in ARDS. SAT-EV treatment significantly upregulated miR-26a-5p levels in vitro and in vivo, while
reducing LPS-induced elevation of inflammatory factors, such as TNF-a, IL-1B, IL-6, iNOS, PTGS2, and MCP-1.
Knockdown of miR-26a-5p weakened or abolished the reduction in inflammatory factors and chemokines induced by
SAT-EVs. Related studies have shown that miR-26a-5p alleviates sepsis-induced kidney injury”” and atherosclerosis®® by
interacting with the NF-kB axis. Resveratrol inhibited apoptosis of umbilical vein endothelial cells by increasing miR-
26a-5p levels.®' Moreover, miR-26a-5p can prevent cellular injury and apoptosis associated with ischemia-reperfusion
injury in cardiomyocytes.®> miR-26a-5p modulates CTGF to attenuate acute LPS-induced ARDS.®> These findings
suggest that miR-26a-5p can modulate the inflammatory response in tissue injury, which is consistent with the functional
characteristics of miR-26a-5p observed in this study. Our results indicated that miR-26a-5p extracted from SAT-EVs is
involved in the regulation of intercellular communication and receptor cell function. Furthermore, this study provides the
first evidence that miR-26a-5p in SAT-EVs regulates the dysregulated inflammatory response during ARDS progression.
Therefore, targeting miR-26a-5p could potentially treat ARDS and warrants further investigation.

Bioinformatics predictions and dual-luciferase reporter assays showed that miR-26a-5p was transferred via SAT-EVs to
directly regulate the expression of CHUK in receptor cells. CHUK, which encodes the subunit of the IkB kinase complex,
IKKo, is a crucial regulator required for the activation of the NF-kB signaling pathway.®* CHUK is involved in diverse
biological processes, including proliferation, apoptosis, inflammation, and immune responses.®>©” Downregulated levels of
CHUK were found to ameliorate colitis in mice®® and polarize microglia/macrophages towards an anti-inflammatory
phenotype.®” However, the relationship between CHUK and ARDS has not been sufficiently studied. In this study, the
results showed that LPS stimulation increased CHUK expression, which enhanced pulmonary permeability and release of
inflammatory cytokines and chemokines. Moreover, si-CHUK experiments and sequencing revealed that pro-inflammatory
factors associated with the NF-xB pathway, such as IkBa, P65, IL-1p, and PTGS2, were enriched and downregulated in the
si-CHUK group. In vivo and in vitro studies have shown that LPS treatment increased IkBo phosphorylation, the p-P65/P65
protein ratio, and protein levels of IL-1B3, iNOS, and PTGS2. Meanwhile, we downregulated the expression of CHUK by
upregulating its negative regulatory gene miR-26a-5p, resulting in a substantial decrease in the levels of pro-inflammatory
factors associated with CHUK. These findings suggest that CHUK contributes to uncontrolled inflammation in ARDS. At the
molecular level, CHUK activates phosphorylation and degradation of IxBa, triggering the release of NF-«B into the nucleus
to activate pro-inflammatory gene transcription. Therefore, CHUK may be a novel molecular target for the management of
ARDS, distinct from previously reported targets, such as HMGB17® or TLR4.”!

Given the high degree of purification and self-cleaning properties of the lung tissue, the application of EVs in the
treatment of ARDS is promising. The natural biocompatibility, high carrier capacity, and ease of engineering modifica-
tion of EVs make them suitable for personalized treatments. Compared to other tissue sources, SAT-EVs can be more
readily obtained in large quantities through liposuction, serving as an abundant and ethically sound source. Exosome
therapy is expected to be widely used in the clinical setting. This study has some limitations. However, the signaling
pathways mediating the protective effects of SAT-EVs in obesity have not yet been explored in detail. Pathways targeting
the genes of SAT-EVs were enriched in metabolic and immune processes, which warrant further investigation.

Conclusion

In conclusion, our findings indicate that SAT-EVs can protect against ARDS. SAT-EVs delivered miR-26a-5p, targeting
the CHUK/NF-«kB pathway, which decreased excessive inflammatory responses in pulmonary macrophages and reduced
the permeability of the alveolar capillary membrane (Figure 9). These findings offer a promising alternative for ARDS
treatment and underscore the therapeutic potential of SAT-EVs in acellular therapy, particularly by modulating immune
responses in ARDS.
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Figure 9 Schematic illustration of SAT-EVs—mediated regulation of ARDS via miR-26a-5p targeting the CHUK/NF-kB signaling pathway. SAT-EVs mitigate inflammation in
ARDS by delivering miR-26a-5p to macrophages. miR-26a-5p targets CHUK, thereby inhibiting the phosphorylation of IkB-a and preventing NF-kB nuclear translocation.
This pathway suppresses the expression of pro-inflammatory cytokines, including TNF-a, IL-1B, IL-6, and iNOS, ultimately alleviating the cytokine storm and attenuating
ARDS-related lung injury.
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