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Abstract
Acute lung injury (ALI) is a life-threatening condition characterized by severe pulmonary dysfunction, with alveolar 
type II epithelial cell (ACE-II) senescence playing a pivotal role in its progression. In this study, we developed pH/
reactive oxygen species (ROS) dual-responsive nanoparticles (GNPsanti-SP-C) for the targeted delivery of Growth 
Differentiation Factor 15 (GDF15) to counteract ACE-II senescence. These nanoparticles (NPs) effectively activate 
the AMP-activated protein kinase (AMPK)/Sirtuin 1 (SIRT1) signaling pathway, inducing the mitochondrial unfolded 
protein response (UPRmt) and reversing senescence-associated cellular dysfunction. GNPsanti-SP-C were systematically 
engineered and demonstrated robust pH/ROS sensitivity, efficient GDF15 release, and precise ACE-II targeting. 
In lipopolysaccharide (LPS)-induced ALI mouse model, GNPsanti-SP-C treatment significantly mitigated lung injury, 
reduced inflammatory responses, and enhanced pulmonary function, as evidenced by decreased inflammatory 
markers, lung edema, and improved histopathology. Single-cell transcriptomic and proteomic analyses revealed 
increased ACE-II cell populations, reduced expression of senescence markers, and upregulation of AMPK/SIRT1 
signaling. In vitro studies further demonstrated that UPRmt activation is associated with the NPs’ therapeutic 
effects, suggesting a potential role in their mechanism of action. These findings demonstrate the potential of 
GDF15-loaded dual-responsive NPs as an innovative strategy to address cellular senescence and alleviate ALI-
associated pulmonary damage.
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Introduction
Acute lung injury (ALI) is a severe respiratory disease 
caused by various factors, often characterized by acute 
inflammatory responses, damage to alveolar epithelial 
and endothelial cells, and ultimately leading to pulmo-
nary edema, hypoxemia, and respiratory failure [1–3]. 
The high incidence and mortality of Acute Respiratory 
Distress Syndrome (ARDS) make it a major global pub-
lic health issue, especially in intensive care units (ICUs), 
where its incidence can reach 30–40% [4, 5]. Despite 
some progress in the pathophysiology and clinical treat-
ment of ALI in recent years, effective therapeutic options 
for ALI remain limited, primarily relying on support-
ive therapies such as mechanical ventilation and fluid 
management, with no specific drugs that can effectively 

improve patient prognosis [6, 7]. Therefore, in-depth 
exploration of the pathogenesis of ALI and the identifica-
tion of new therapeutic targets and strategies is of great 
scientific and clinical significance [1, 8, 9].

Growth Differentiation Factor 15 (GDF15) is a stress-
response factor that is widely expressed in various tissues 
and cells and plays an important role in cellular stress, 
inflammatory responses, and metabolic regulation [10–
12]. Recent studies have shown that GDF15 has protec-
tive effects in various diseases, including cardiovascular 
diseases, neurodegenerative diseases, and metabolic 
disorders [13–15]. Specifically, in lung injury, research 
has found that GDF15 can alleviate lung tissue damage 
through anti-inflammatory and antioxidant mechanisms 
and can partially improve the pathological state of ALI 
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[16, 17]. Moreover, GDF15 has been found to regulate 
cellular senescence processes by activating intracellular 
signaling pathways, promoting cell survival, and main-
taining cell function [18]. However, the specific mecha-
nisms of GDF15 in ALI, particularly how it alleviates lung 
injury by regulating cellular senescence, remain underex-
plored and require further investigation [16, 19].

AMP-activated protein kinase (AMPK) and Sirtuin 1 
(SIRT1) are two important intracellular energy metabo-
lism pathways widely involved in energy metabolism, 
antioxidant stress, inflammatory responses, and cell sur-
vival [20]. The AMPK/SIRT1 pathway regulates the activ-
ity of various target proteins through phosphorylation 
and deacetylation, maintaining cellular homeostasis [21–
23]. In response to mitochondrial stress, the mitochon-
drial unfolded protein response (UPRmt) serves as an 
important cellular protective mechanism by enhancing 
the folding and degradation capacity of mitochondrial 
proteins to maintain normal mitochondrial function [24, 
25]. Research has shown that the AMPK/SIRT1 pathway 
plays a critical role in the activation of UPRmt, thereby 
regulating cellular aging and damage responses. There-
fore, studying the role of the AMPK/SIRT1 pathway in 
ALI, particularly its mechanism of regulating cellular 
senescence through UPRmt, holds significant scientific 
value.

In light of the above background, this study aims to 
explore the molecular mechanism by which pH/reac-
tive oxygen species (ROS) dual-responsive nanoparti-
cles (GNPsanti−SP−C) deliver GDF15, activate the AMPK/
SIRT1 pathway, and regulate the mitochondrial unfolded 
protein response (UPRmt) to slow down the senescence 
of alveolar type II epithelial cells (ACE-II cells) in ALI 
mice. We first synthesized and characterized pH/ROS-
responsive materials and further prepared dual-respon-
sive NPs loaded with GDF15. Through a series of in vitro 
and in vivo experiments, we validated the targeting, sta-
bility, and efficacy of these NPs. The results showed that 
GNPsanti−SP−C significantly activated the AMPK/SIRT1 
pathway, induced UPRmt, reduced ACE-II cell senes-
cence, and improved lung injury in ALI mice. Single-cell 
transcriptomic sequencing and proteomics analysis fur-
ther revealed the possible mechanisms of GDF15 in this 
process. In summary, GNPsanti−SP−C delivering GDF15 
through the AMPK/SIRT1 pathway and inducing UPRmt 
effectively slowed down ACE-II cell senescence and alle-
viated ALI pathological damage, providing a new strategy 
and theoretical basis for ALI treatment.

This study not only explores the mechanism of GDF15 
in ALI but also uncovers the critical role of the AMPK/
SIRT1 pathway. By constructing and optimizing pH/
ROS dual-responsive NPs, we achieved efficient delivery 
of GDF15, significantly improving its stability and tar-
geting in vivo. These findings provide a solid theoretical 

foundation for the further development of novel thera-
peutic strategies and are expected to advance the treat-
ment of ALI and other related diseases.

Materials and methods
Synthesis of pH-Responsive materials
To modify βcyclodextrin (βCD) with aldehyde functional 
groups, excess 2-methoxypropylene (MP) was used at 
room temperature, with pyridinium p-toluene sulfo-
nate (PTS) serving as a catalyst. Specifically, 4 g of βCD 
was dissolved in 80 mL of anhydrous dimethyl sulfoxide 
(DMSO), followed by the addition of 64 mg of PTS and 
16 mL of MP. After 3 h, about 1 mL of triethylamine was 
added to terminate the reaction. The resulting aldehyde-
modified βCD (MCD) was precipitated from water, col-
lected by centrifugation, and washed four times with 
deionized water. The remaining moisture was removed 
by freeze-drying to obtain a white powder.

Synthesis of ROS-Responsive materials
ROS-responsive βcyclodextrin derivatives (PCD) were 
chemically functionalized using 4-(hydroxymethyl) 
phenylboronic acid pinacol ester (PBAP; 702927, Sigma-
Aldrich, USA). The specific synthesis steps were as fol-
lows: 5.55  g of PBAP (23.6 mmol) was dissolved in 36 
mL of anhydrous dichloromethane (DCM; 270997, 
Sigma-Aldrich, USA), followed by the addition of 7.65 g 
of 1,1’-carbonyldiimidazole (CDI; 47.2 mmol; 21860, 
Sigma-Aldrich, USA). After a 30-minute reaction, 40 
mL of DCM was added to the mixture, and the resulting 
solution was washed three times with 30 mL of deionized 
water. The organic phase was further washed with a satu-
rated NaCl solution, dried over Na2SO4, and concen-
trated under a vacuum to obtain activated PBAP by CDI. 
Next, 250 mg of βcyclodextrin (0.22 mmol) and 1.52 g of 
activated PBAP by CDI (4.62 mmol) were dissolved in 20 
mL of anhydrous DMSO, followed by the addition of 0.8 g 
of 4-dimethylaminopyridine (DMAP; 6.55 mmol; 39405, 
Sigma-Aldrich, USA). The resulting mixture was stirred 
magnetically overnight at 20  °C. The final product was 
precipitated from 80 mL of deionized water, collected by 
centrifugation, thoroughly washed with deionized water, 
and collected after freeze-drying.

Materials characterization
The chemical structure of the synthesized materials was 
analyzed using hydrogen nuclear magnetic resonance 
(¹H NMR) spectroscopy on an Agilent DD2 600  MHz 
spectrometer. Fourier-transform infrared (FT-IR) 
spectra were recorded using a PerkinElmer Spectrum 
100  S FT-IR spectrometer to confirm functional group 
modifications.
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Preparation of GDF15 NPs
To prepare GDF15-loaded nanoparticles (GNPs), 50 mg 
of the carrier material and 1  mg of Growth Differen-
tiation Factor 15 (GDF15, HY-P77945, MCE, USA) were 
dissolved in 2 mL of organic solvent to form the organic 
phase. The aqueous phase was prepared by dispersing 
4 mg of phospholipid (P7443, Sigma-Aldrich, USA) and 
6  mg of 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy(polyethylene glycol)-2000] (DSPE-
PEG, 880136P, Sigma-Aldrich, USA) in 0.4 mL of ethanol, 
followed by the addition of 10 mL of deionized water 
and heating at 65  °C for 1  h. Subsequently, the organic 
phase was slowly added to the preheated aqueous solu-
tion while gently stirring. After vortexing for 3 min, the 
mixture was cooled to room temperature, incubated for 
2 h, and dialyzed with deionized water at 25 °C for 24 h. 
Finally, the solidified GDF15 protein-loaded NPs (GNPs) 
were harvested via freeze-drying. DCD NPs were pre-
pared using a 20:80 weight ratio blend of MCD and PCD.

The drug loading content and entrapment efficiency 
were calculated using the following formulas: Drug load-
ing content (%) = (Weight of GDF15 in NPs / Weight of 
GDF15-loaded NPs) * 100%; Entrapment efficiency (%) = 
(GDF15 content in NPs / Theoretical GDF15 content) * 
100%.

Preparation of GNPs targeting ACE-II cells
Initially, the anti-SP-C antibody (ab211326, Abcam, UK) 
was thiolated at its N-terminus using 2-iminothiolane 
in PBS (pH = 8.0) and purified by gel filtration through 
a PD-10 column. Subsequently, the thiolated anti-SP-C 
antibody (anti-SP-C-SH) was reacted with DSPE-PEG-
Mal (880126P, Sigma-Aldrich, USA) in PBS (pH = 6.5) at 
a protein-to-lipid molar ratio of 1:10 at room tempera-
ture for 3  h to obtain anti-SP-C–DSPE-PEG conjugate. 
The conjugation was achieved by co-incubating the anti-
SP-C–DSPE-PEG with GNPs at 37  °C for 1  h to obtain 
GNPs-anti-SP-C. The molar ratio of GNPs to anti-SP-C 
antibody was 2000:1.

Characterization of NPs
The size, particle size distribution, and zeta potential val-
ues of various NPs were measured in aqueous solution 
at 25  °C using a Malvern Zetasizer (Nano ZS90, Mal-
vern Instruments, UK). Transmission electron micros-
copy (TEM) imaging was conducted using a TECNAI-10 
microscope (Philips, The Netherlands) operating at 80 kV 
acceleration voltage. Scanning electron microscopy 
(SEM) was carried out on a FIB-SEM microscope (Cross-
beam 340, ZEISS), with samples being coated with plati-
num for 40 s before observation following freeze-drying.

Hydrolysis of NPs in various solutions
To evaluate the pH and ROS responsiveness of the NPs, 
hydrolysis tests were conducted in 0.01 M PBS solutions 
at pH 5, pH 6, or pH 7.4, with or without 1 mM hydro-
gen peroxide (H₂O₂). The solutions containing NPs were 
incubated at 37 °C for different time intervals, and their 
transmittance at 500 nm was recorded using UV-visible 
spectroscopy. Hydrolysis extent was calculated based on 
changes in transmittance values.

In vitro drug release profile
To evaluate the pH/ROS dual-responsive drug release 
profile, freshly prepared DCD NPs loaded with 5  mg 
of GDF15 protein were incubated at 37  °C in 8 mL of 
0.01 M PBS (at pH 5, pH 6, or pH 7.4), with or without 
1 mM H2O2, and agitated at 125  g. At predetermined 
time intervals, the aqueous solution containing NPs was 
centrifuged (19118  g), 5.0 mL of the release medium 
was withdrawn, and an equal volume of fresh medium 
was replenished. The samples were kept at -20  °C prior 
to measurement. The cumulative release of GDF15 was 
quantified using an Enzyme-Linked Immunosorbent 
Assay (ELISA) kit (MGD150, R&D Systems, USA). The 
release rates of all GDF15 samples were determined as 
the average of three replicate measurements.

Uptake of NPs by mouse lung epithelial cells MLE12
Mouse lung epithelial cells MLE12 were obtained from 
the American Type Culture Collection (ATCC, CRL-
2110, USA) and cultured in Dulbecco’s Modified Eagle 
Medium/Nutrient Mixture F-12 (DMEM/F-12) supple-
mented with 10% fetal bovine serum (FBS; 26140079, 
Thermo Fisher Scientific, USA) and 1% penicillin-strep-
tomycin (100 U/mL penicillin and 100  µg/mL strepto-
mycin; 15640055, Thermo Fisher Scientific, USA) in a 
5% CO2 humidified atmosphere at 37 °C in an incubator 
(BB15, Thermo Fisher Scientific, USA).

MLE12 cells were seeded at a density of 2 × 105 cells per 
well in 12-well plates. After 24 h, the culture medium was 
replaced with 1 mL of fresh medium containing 20  µg/
mL Cy5-labeled NPs, and the cells were then incubated 
at 37 °C for specified durations. Prior to observation, the 
cell nuclei were stained with DAPI. Fluorescent images 
were captured using an IX53 confocal laser scanning 
microscope (CLSM; LSM 510 META, Carl Zeiss AG). 
Likewise, a dose-dependent cellular uptake behavior was 
examined after 6 h of incubation.

Flow cytometry was used to quantitatively assess NP 
internalization. MLE12 cells were incubated with 1 mL of 
fresh medium containing 20 µg/mL Cy5-labeled NPs for 
various durations or with different doses of Cy5-labeled 
NPs for 6  h. Subsequently, the cells were digested, and 
the fluorescence intensity was determined using fluores-
cence-activated cell sorting (FACS).
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Extracellular cytotoxicity of NPs
MLE12 cells were seeded at a density of 1 × 104 cells per 
well in a 96-well plate and allowed to grow for 24 h. After 
removing the culture medium, the cells were treated 
with 100 µL of fresh medium containing different con-
centrations of GDF15-loaded GNPs and GNPsanti−SP−C, 
while cells treated only with fresh medium served as the 
control. After 24  h, the absorbance of each sample was 
measured at 450 nm using the Epoch microplate spectro-
photometer (Bio-Tek, Winooski, VT, USA). Cell relative 
viability was calculated based on the control group.

In vivo biodistribution study of NPs
Male C57BL/6 mice (6–8 weeks old, 18–22 g; Vital River, 
Beijing, China) were housed in specific pathogen-free 
(SPF) animal facilities for 1 week prior to the experi-
ment, maintaining constant humidity (45-50%) and tem-
perature (25–27 ℃), with a 12-hour light-dark cycle to 
acclimate to the experimental conditions. All animal pro-
cedures were approved by the Institutional Animal Care 
and Use Committee.

C57BL/6 mice (3 per group) were intranasally admin-
istered with 50 µL of sterile saline, Cy5/GNPs, or Cy5/
GNPsanti−SP−C in 50 µL of saline to observe the biodis-
tribution of NPs in the mice. After 2 days of treatment, 
the mice were euthanized, and their entire viscera were 
removed. The lungs, heart, spleen, liver, and kidneys were 
dissected and fixed in 10% formalin. Organ-specific Cy5 
fluorescence was detected using the IVIS-200 biolumi-
nescence imaging system (Perkin Elmer, Waltham, MA, 
USA).

Immunofluorescence staining
To investigate the colocalization of NPs and ACE-II cell 
marker ABCA3 in lung tissue, lung tissues treated with 
physiological saline, Cy5/GNPs, or Cy5/GNPsanti−SP−C 
physiological saline were dehydrated in 30% sucrose, 
embedded in O.C.T. (36309ES61, Leica, Shanghai, 
China), and sectioned into 6  μm frozen sections. The 
frozen sections were blocked in 3% BSA for 1 h and then 
incubated overnight with rabbit anti-ABCA3 primary 
antibody (1:200, ab99856, Abcam, UK). Subsequently, the 
sections were dual-stained for 1 h in the dark with goat 
anti-rabbit secondary antibody (Alexa Fluor® 488; 1:1000, 
ab150077, Abcam, UK).

For the assessment of cellular aging in ACE-II cells in 
lung tissue, lung tissue sections from each experimental 
group were prepared as frozen sections and incubated 
overnight with rabbit anti-ABCA3 (1:200, ab99856, 
Abcam, UK) or mouse anti-Cdkn2a (1:200, sc-1661, 
Santa Cruz, USA) primary antibodies. Subsequently, in 
the dark, the sections were dual-stained for 1 h with goat 
anti-rabbit secondary antibody (Alexa Fluor® 488) or goat 
anti-mouse secondary antibody (Cy3®; 1:500, ab97035, 

Abcam, UK). After washing, the sections were stained 
with DAPI (1:1000, Beyotime, Shanghai, China) for 
10  min, mounted using a mounting medium with anti-
fade reagent (S2100, Solarbio, Beijing, China), and then 
imaged using CLSM.

Construction of ALI mouse model
C57BL/6 mice were anesthetized by inhaling 3% isoflu-
rane (792632, Sigma Aldrich, USA). The skin and muscles 
were sequentially incised to expose the trachea, and a 
microsyringe was used to slowly inject 100 µL of 1 mg/
kg lipopolysaccharide (LPS, L4391, Sigma Aldrich, USA) 
into the lungs from the distal end of the trachea. Follow-
ing administration, mice were positioned vertically and 
gently rocked for 1  min to ensure an even distribution 
of LPS between the left and right lungs. The successful 
modeling was confirmed by the presence of moist rales 
in the lungs, followed by suturing. After 4 h of infection, 
each mouse was intravenously injected via the tail vein 
with 1 mg/kg GNPs or GNPsanti−SP−C. The administration 
was repeated every 24  h for a total of 3 doses. At 72  h 
post-infection, mice were anesthetized with isoflurane 
inhalation, arterial blood was collected from the descend-
ing aorta, and then the mice were euthanized to obtain 
lung tissue and bronchoalveolar lavage fluid (BALF) for 
subsequent analysis [26, 27].

Animal experimental groups (n = 6 per group): (1) 
Normal group (treated with physiological saline), 
Model group (LPS treated), GNPs group (GNPs treat-
ment after LPS infection), and GNPsanti−SP−C group 
(GNPsanti−SP−C treatment after LPS infection); (2) Model 
group (LPS treated, Compand C and EX527 solvent 
control DMSO), GNPsanti−SP−C group (GNPsanti−SP−C 
treatment after LPS infection, Compand C and EX527 
solvent control DMSO), GNPsanti−SP−C+Compand C 
group (GNPsanti−SP−C treatment after LPS infection with 
intraperitoneal injection of Dorsomorphin (Compand C) 
30 min before LPS treatment at a dose of 5 mg/kg [28], 
and GNPsanti−SP−C+EX527 group (GNPsanti−SP−C treat-
ment after LPS infection with intraperitoneal injection of 
EX527 30 min before LPS treatment at a dose of 5 mg/kg 
[29]. Compand C (HY-13418 A) and EX527 (HY-15452) 
were purchased from MCE (USA).

BALF analysis
To obtain BALF, the lungs were lavaged three times with 
1 mL of pre-cooled sterile phosphate-buffered saline 
(PBS) through the trachea, followed by centrifugation at 
1500 g for 5 min at 4  °C. The pelleted cellular sediment 
was resuspended in 0.5 mL PBS and counted using a 
hemocytometer after Wright-Giemsa staining. The levels 
of inflammatory cytokines in the supernatant were ana-
lyzed using ELISA.
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ELISA
The total protein concentration in BALF was measured 
using the BCA Protein Assay Kit (P0012S, Beyotime, 
Shanghai, China) to assess pulmonary vascular perme-
ability. Additionally, supernatants from cell cultures of 
each group were collected, and levels of interleukin-
1β (IL-1β; PI301, Beyotime, Shanghai, China) and IL-6 
(PI326, Beyotime, Shanghai, China) in BALF and cell cul-
ture supernatants were measured according to the ELISA 
kit instructions. The lactate dehydrogenase (LDH) activ-
ity in BALF and cell culture supernatants was determined 
using the LDH assay kit (MAK066-1, Sigma-Aldrich, 
USA).

Fresh lung tissue homogenates were prepared, and 
the levels of myeloperoxidase (MPO) in lung tissue were 
determined using the Mouse MPO ELISA kit (ab155458, 
Abcam, UK). Absorbance values were measured at 
450  nm using a microplate reader (Bio-Tek, Winooski, 
VT, USA) and analyzed using Origin 9.5 software.

Hematoxylin and Eosin (H&E) staining
For histological analysis of lung tissues, a portion of the 
lung was fixed in 4% paraformaldehyde (PFA) for 48  h, 
embedded in paraffin, and sectioned into 3  μm-thick 
slices for H&E staining. The sections were first dewaxed 
and rehydrated through a graded alcohol series. Hema-
toxylin staining was performed for 2  min, followed by 
a 10-second rinse in tap water and differentiation in 
1% hydrochloric acid ethanol for 10  s. After a 1-minute 
wash in distilled water, the sections were counterstained 
with eosin for 1 min, briefly rinsed in distilled water for 
10  s, dehydrated through an ascending alcohol series, 
cleared in xylene, and mounted using a neutral mounting 
medium.

Tissue morphology was observed under a light micro-
scope (XP-330, Shanghai Bingyu Optical Instrument Co., 
Ltd., Shanghai, China). Lung injury severity was inde-
pendently assessed by three pathologists blinded to the 
experimental groups. Injury was graded based on four 
key indicators: lung hemorrhage, neutrophil infiltration, 
pulmonary capillary congestion, and alveolar wall thick-
ening. The severity was classified on a scale of 0 to 4: 0, 
normal; 1, mild injury (< 25% damage per field); 2, mod-
erate injury (25-50% damage per field); 3, severe injury 
(50-75% damage per field); 4, very severe injury (> 75% 
damage per field). The score for each mouse was calcu-
lated as the average of five randomly selected areas.

Pulmonary Wet-to-Dry ratio
Fresh lung tissue was excised, and excess blood was 
removed before weighing to obtain the wet weight. The 
samples were then placed in an oven at 80  °C for 24  h 
until a constant dry weight was achieved. The pulmonary 

wet-to-dry ratio was calculated as an indicator of lung 
edema.

Pulmonary function measurements
Pulmonary function was evaluated using the Buxco Pul-
monary Function Testing System (Sharon, Connecticut, 
CT, USA). Key respiratory parameters, including airway 
resistance, lung compliance, and pulmonary ventilation, 
were measured to assess functional lung performance.

Arterial blood gas analysis
Arterial blood was collected from the descending aorta 
for the purpose of assessing lung gas exchange and acid-
base balance. Oxygen partial pressure (PaO2), carbon 
dioxide partial pressure (PaCO2), and total carbon diox-
ide (TCO2) levels were measured using an automated 
blood gas analyzer.

Single-Cell transcriptome sequencing (scRNA-seq)
One lung tissue sample from the Model group 
(untreated) and one from the GNPsanti−SP−C treatment 
group (treated) of mice were collected. The samples were 
digested using trypsin (9002-07-7, Sigma-Aldrich, USA) 
and processed into single-cell suspensions. Individual 
cells were captured using the C1 Single-Cell Auto Prep 
System (Fluidigm, Inc., South San Francisco, CA, USA). 
After cell capture, the cells were lysed within the chip, 
releasing mRNA, which was then reverse-transcribed 
to generate cDNA. The lysed and reverse-transcribed 
cDNA underwent pre-amplification within a microfluidic 
chip for subsequent sequencing. The amplified cDNA 
was used for library construction and subjected to sin-
gle-cell sequencing on the HiSeq 4000 Illumina platform 
(parameters: paired-end reads, read length 2 × 75  bp, 
approximately 20,000 reads per cell).

Data analysis was performed using the R software 
package “Seurat.” Data quality control was conducted 
based on criteria of 200 < nFeature_RNA < 5000 and 
percent.mt < 20, with a selection of the top 2000 highly 
variable genes. To reduce the dimensionality of the 
scRNA-Seq dataset, principal component analysis (PCA) 
was performed based on the top 2000 highly variable 
genes. The top 20 principal components were chosen for 
downstream analysis using the Elbowplot function in the 
Seurat package. Cell subpopulations were identified using 
the FindClusters function in Seurat with the default reso-
lution set at res = 1. Subsequently, the UMAP algorithm 
was applied to perform nonlinear dimensionality reduc-
tion on the scRNA-seq sequencing data. Marker genes 
for various cell subpopulations were selected using the 
Seurat package, and cell annotations were done by com-
bining known cell lineage-specific marker genes with the 
online database CellMarker. The “Limma” package in 
R was used to identify differentially expressed genes in 
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specific cell subpopulations (AT2 cells) between the two 
sample groups based on a significance level of p < 0.05.

Proteomic analysis
Total protein was extracted from lung tissues of untreated 
(n = 6) and treated (n = 6) mice, and quantified using the 
BCA method. Subsequently, after acetone precipitation 
and trypsin digestion, 100  µg peptide mixtures from 
each sample were labeled with Tandem Mass Tag (TMT) 
reagent (A44519, Thermo Fisher Scientific Inc., Waltham, 
MA, USA). The TMT-labeled peptides were fractionated 
by reverse-phase (RP) chromatography using an Agilent 
1260 Infinity II HPLC system (Agilent Technologies Inc., 
Santa Clara, CA, USA). Elution was monitored at 214 nm 
UV trace, collecting fractions every minute from 5 to 
50 min, which were then combined into 10 fractions and 
dried by vacuum centrifugation at 45 °C.

For LC-MS/MS analysis, Orbitrap Exploris 480 mass 
spectrometer (Thermo Fisher Scientific Inc., Waltham, 
MA, USA) was utilized, with the raw data processed and 
quantified using Max Quant software (version 1.5.6.0; 
Max-Planck-Institute of Biochemistry, Martinsried, Ger-
many). A reverse database search strategy was employed, 
with a peptide and protein false discovery rate of 1%. Pro-
teins with|log2FC|>1 and p-value < 0.05 were considered 
differentially expressed. Spearman correlation analysis 
was conducted to investigate the relationship between 
GDF15 and SIRT1 proteins.

GO and KEGG enrichment analysis
In this study, the differential gene expression in AT2 cells 
obtained from scRNA-seq analysis and the differential 
proteins identified through proteomic analysis were sub-
jected to Gene Ontology (GO) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) enrichment analyses 
using the “clusterProfiler,” “org.Mm.eg.db,” “enrichplot,” 
and “ggplot2” packages in R. GO enrichment analysis 
was carried out for the biological processes (BP), cellu-
lar components (CC), and molecular functions (MF), 
while KEGG enrichment analysis results were visualized 
using bubble plots and EMAP diagrams. The pairwise 
similarity of enriched terms was calculated using the Jac-
card similarity index (JC), and the results were visual-
ized in EMAP diagrams using the “ggplot2,” “igraph,” and 
“ggraph” packages.

Isolation of primary ACE-II cells
Primary ACE-II cells were isolated from the lung tissue 
of C57BL/6 mice. Initially, the lung tissues were perfused 
with dispase (17105041, Thermo Fisher Scientific, USA) 
and low-melting-point agarose (A9045, Sigma Aldrich, 
USA). Subsequently, the tissues were minced and the 
cell suspension was filtered through a 70 μm cell strainer 
(431751, Corning, USA) and then passed through a nylon 

mesh (20 μm pore size). The suspension was centrifuged 
at 130 g for 8 min at 4 °C. The cells were resuspended in 
5 mL of HEPES-buffered DMEM and plated on tissue 
culture dishes coated with CD45 and CD32 antibod-
ies, followed by a 1-hour incubation at 37  °C with 5% 
CO2. After centrifugation at 130  g for 8  min, the cells 
were resuspended in 1 mL of RBC lysis buffer and incu-
bated on ice for 1  min. The cells were then centrifuged 
at 400  g for 3  min at 4  °C and washed twice with PBS. 
Subsequently, the cells were resuspended in 250 µL of 
FACS buffer (PBS + 2% FBS) and incubated with 4 µL of 
biotinylated anti-EpCAM antibody (13-5791-82, Thermo 
Fisher Scientific, USA) for cell sorting and purification. 
Cell purity was evaluated by immunofluorescent stain-
ing using antibodies against the ACE-II cell marker Sp-C 
(1:40, ab211326, Abcam, UK) to assess cell purity (Figure 
S1).

Cell culture and experimental grouping
In the experimental utilization of ACE-II cells, the cells 
were cultured for 48 h in the ACE-II cell culture medium 
after seeding. The components of the ATII cell culture 
medium include DMEM (11966025), 2 mM L-glutamine 
(25030081), 100 U/mL penicillin and 100 µg/mL strepto-
mycin (15640055), 3.6  mg/mL glucose (A2494001), and 
10 mM HEPES (15630130), all purchased from Thermo 
Fisher Scientific (USA), and supplemented with 10% FBS.

Treated with Compand C (10 µM) [30] or EX527 (5 
µM) [31] for 30  min, then induced with 1  µg/mL LPS 
and further treated with GNPs containing 1 µM GDF15 
or GNPsanti-SP-C to establish an in vitro model of lung 
injury cells induced by LPS for 24  h. The specific cell 
experimental grouping was as follows: (1) Control group 
(treated with PBS), LPS group, GNPs group (treated 
with GNPs after LPS infection), and GNPsanti-SP-C group 
(treated with GNPsanti-SP-C after LPS infection); (2) LPS 
group (treated with LPS + Compand C and EX527 sol-
vent control DMSO), GNPsanti-SP-C group (treated with 
GNPsanti-SP-C after LPS infection + Compand C and 
EX527 solvent control DMSO), GNPsanti-SP-C + Com-
pand C group (treated with GNPsanti-SP-C after LPS infec-
tion + Compand C), GNPsanti-SP-C + EX527 group (treated 
with GNPsanti-SP-C after LPS infection + EX527).

JC-1 staining to assess mitochondrial membrane potential 
(MMP)
The conventional mitochondrial activity of cells can 
be evaluated by measuring changes in mitochondrial 
membrane potential. In a 6-well plate, 1 × 105 cells were 
seeded per well and incubated at 37  °C with 5% CO2 
for 20–30  min. Then, 2µM JC-1 dye (G1515, Service-
bio, China) was added to each well and incubated at 
37  °C with 5% CO2 for 15–30  min. Finally, the fluores-
cence intensity of the cultures (including controls) was 



Page 8 of 25Gao et al. Journal of Nanobiotechnology          (2025) 23:339 

immediately evaluated after replacing the dye with pre-
warmed PBS using an Invitrogen EVOS FL imaging 
system. The ratio of red areas (representing high MMP 
mitochondria) to green areas (representing total mito-
chondria) was calculated to evaluate the changes in MMP 
[32].

Flow cytometry to detect cell cycle
Approximately 5.5 × 105 logarithmic-phase primary ACE-
II and MLE12 cells were plated in 6-cm culture dishes 
with complete medium and allowed to adhere for 16  h, 
reaching < 30% confluence. Cells were then collected and 
fixed overnight in 70% ethanol at 4  °C. The fixed cells 
were washed twice with 1×PBS and stained with 0.5 mL 
FxCycle PI (propidium iodide)/RNase A staining solution 
(A10798, Thermo Fisher) for 30  min at room tempera-
ture. The cell suspension was analyzed by flow cytometry 
(BD FACSCelesta), and cell cycle distribution was ana-
lyzed using FlowJo software (BD Biosciences) [33].

Senescence-Associated βGalactosidase (SA-βGal) activity
According to the manufacturer’s instructions, fix the 
cells at room temperature for 20 min using a fixing solu-
tion (PBS solution containing 2% formaldehyde and 0.2% 
glutaraldehyde). After fixation, rinse the cells twice with 
PBS, followed by staining the cells with the senescence 
βgalactosidase staining kit (C0602, Beyotime, Shang-
hai, China) and incubating at 37  °C for 16  h. Wash the 
cells three times with PBS, then stain the cell nuclei with 
DAPI. Mount the coverslip and examine the fluorescence 
images of SA-βGal-positive cells at a magnification of 
200× under an IX53 fluorescent microscope.

Reverse transcription quantitative polymerase chain 
reaction (RT-qPCR)
Total RNA from tissues and cells was extracted using 
Trizol reagent (15596026, Invitrogen, Thermo Fisher Sci-
entific), and the concentration and purity of the extracted 
RNA were assessed using a Nanodrop 2000 spectropho-
tometer (1011U, Nanodrop, Thermo Fisher Scientific, 
USA). The RNA was reverse transcribed into cDNA fol-
lowing the instructions of the PrimeScript RT Reagent 
Kit (RR047A, Takara, Japan) at 42 ℃ for 30–50 min and 
then at 85 ℃ for 5 s. Subsequently, qRT-PCR analysis was 
performed using the Fast SYBR Green PCR Kit (RR820A, 
Takara, Japan) and the ABI PRISM 7300 RT-PCR system 
(Applied Biosystems) with the following cycling condi-
tions: initial denaturation at 95 ℃ for 5 min, followed by 
40 cycles of denaturation at 95 ℃ for 30 s, annealing at 
57 ℃ for 30 s, and extension at 72 ℃ for 30 s. Three rep-
licates were set up for each sample, with βactin serving 
as the internal control. The relative gene expression lev-
els were analyzed using the 2−ΔΔCt method, where ΔΔCt 
= (average Ct value of target gene in experimental group 

- average Ct value of reference gene in experimental 
group) - (average Ct value of target gene in control group 
- average Ct value of reference gene in control group). 
Each experiment was repeated three times. The primer 
sequences are listed in Table S1.

Western blot
Various cell and tissue samples were collected and lysed 
in RIPA buffer containing 1% PMSF (P0013B, Beyotime, 
Shanghai, China) on ice for 30 min at 14,000 g and 4 °C, 
followed by centrifugation to collect the supernatant. The 
protein concentration of the samples was determined 
using the BCA method. Subsequently, 50 µg of denatured 
protein was loaded after boiling in 5× loading buffer at 
100 °C for 10 min. Electrophoresis was performed using 
separating and concentrating gels, and then the target 
protein bands were transferred to a PVDF membrane 
(FFP28, Beyotime, Shanghai, China). The PVDF mem-
brane was blocked with 5% skimmed milk powder for 1 h 
at room temperature, followed by overnight incubation 
at 4  °C with primary antibodies against GDF15 (rabbit; 
1:5000, 27455-1-AP, Proteintech, Wuhan, China), SIRT1 
(rabbit; 1:3000, 13161-1-AP, Proteintech, Wuhan, China), 
p-AMPK (rabbit; 1:1000, 2535, Cell Signaling Technol-
ogy, USA), AMPK (rabbit; 1:1000, 2532, Cell Signaling 
Technology, USA), MTCO1 (rabbit; 1:1000, ab203912, 
Abcam, UK), ATP5A (rabbit; 1:1000, ab176569, Abcam, 
UK), ATF5 (rabbit; 1:2000, ab184923, Abcam, UK), ClpP 
(rabbit; 1:1000, 15698-1-AP, Proteintech, Wuhan, China), 
Lonp1 (rabbit; 1:1000, 15440-1-AP, Proteintech, Wuhan, 
China), HSP60 (rabbit; 1:1000, 4870, Cell Signaling Tech-
nology, USA), and βactin (rabbit; 1:1000, ab8226, Abcam, 
UK). After incubation, the membrane was washed with 
PBST and incubated with HRP-conjugated secondary 
anti-rabbit IgG (1:10000, BA1054, Bioss, Wuhan, China) 
at room temperature for 1 h, followed by six washes with 
PBST for 5 min each. ECL reagent was evenly applied to 
the membrane, which was then exposed in an Amersham 
Imager 600 (USA) and analyzed for grayscale using Image 
J. Each experiment was repeated thrice.

Statistical analysis
Statistical analysis of the research data was conducted 
using GraphPad Prism software (version 9.0, GraphPad 
Software, San Diego, CA, USA). Descriptive statistics 
were presented as means ± standard deviations. Initially, 
normality and homogeneity of variance tests were per-
formed. When the conditions of normal distribution 
and homogeneity of variance were met, between-group 
comparisons were carried out using independent t-tests. 
Multiple group comparisons were conducted through 
one-way analysis of variance (ANOVA) or repeated 
measures ANOVA, followed by Tukey’s post hoc test. A 



Page 9 of 25Gao et al. Journal of Nanobiotechnology          (2025) 23:339 

significance level of p < 0.05 was considered statistically 
significant.

Results
Development of GNPsanti−SP−C for GDF15 loading
To achieve pH responsiveness, we synthesized a pH-
responsive material (MCD) through the aldehyde con-
densation of βCD, and for ROS responsiveness, we 
combined the oxidation-sensitive PBAP with βCD to 
obtain a ROS-responsive material (PCD). Characteriza-
tion through FT-IR and 1  H NMR spectroscopy con-
firmed the successful synthesis of MCD and PCD (Figure 
S2A-B). Analysis of the 1  H NMR spectrum of MCD 
revealed a molar ratio of approximately 0.64 between 
cyclic and linear aldehydes, corresponding to an alde-
hyde condensation efficiency of around 88% (Figure 
S2C). The 1 H NMR spectrum of PCD indicated the pres-
ence of approximately 7 PBAP units per βCD molecule 
(Figure S2D). Subsequently, we employed an improved 
nano-precipitation/self-assembly method to fabricate 
different NPs, with phospholipids and DSPE-PEG used 
for NP stabilization. Successful formation of spheri-
cal NPs was confirmed through TEM imaging (Fig. 1A), 
with a relatively narrow size distribution observed across 
all NPs (Fig.  1B). All NPs exhibited negative ζ potential 
(Fig. 1C), with average hydrodynamic diameters ranging 
from 125 ± 2 to 183 ± 4 nm (Fig. 1D). These results dem-
onstrate the ease of preparation for MCD and PCD NPs, 
highlighting their favorable compatibility and prepara-
tion efficiency.

To demonstrate the pH/ROS dual responsiveness of 
the NPs, in vitro hydrolysis tests were conducted in PBS 

containing 1 mM H2O2 and at different pH values. Sig-
nificant rapid hydrolysis was observed for MCD NPs at 
pH 5 or pH 6, with minimal impact from the presence 
of H2O2 (Figure S2E). Regardless of the pH value, H2O2 
notably accelerated the hydrolysis of PCD NPs; in con-
trast, PCD NPs exhibited similar hydrolysis profiles at pH 
5, 6, or 7.4 (Figure S2F). The hydrolysis behavior of DCD 
NPs was influenced by both pH values and H2O2 (Figure 
S2G), indicating the excellent pH/ROS dual responsive-
ness of DCD NPs. Following 6–12 h of incubation in PBS 
(pH 7.4), DMEM, or 10% serum, no significant changes 
in the average hydrodynamic diameter were observed 
for DCD NPs (Fig. 1E), suggesting their good stability in 
various media.

GDF15 belongs to the transforming growth factor β 
superfamily and plays a protective role in various inflam-
matory diseases. Recent studies have shown that GDF15 
can prevent LPS-induced ALI, although the specific 
mechanisms remain unclear [34, 35]. Therefore, we pre-
pared GNPs based on DCD NPs. GNPs exhibited a nega-
tive ζ potential and an average hydrodynamic diameter 
of approximately 123 ± 2 nm (Fig. 1F-G). Further assess-
ment of GDF15 release revealed significantly acceler-
ated release in PBS at pH 5 or pH 6 compared to pH 7.4 
(Fig. 1H). The presence of 1 mM H2O2 greatly enhanced 
the rate of GDF15 release regardless of the pH variation. 
These results indicate that GNPs exhibit an excellent pH/
ROS dual-responsive drug release capability, aligning 
with the dual-responsive hydrolysis curves of the corre-
sponding nano-carriers.

Fig. 1  Characterization of NPs and Hydrolytic Behavior under Different Conditions. Note: (A) TEM images of MCD NPs, PCD NPs, and DCD NPs with scale 
bars set at 200 nm; (B) Size distribution curves of MCD NPs, PCD NPs, and DCD NPs; (C) Zeta potential values of MCD NPs, PCD NPs, and DCD NPs; (D) Aver-
age hydrodynamic diameter of MCD NPs, PCD NPs, and DCD NPs; (E) Changes in average hydrodynamic diameter of DCD NPs before and after cultivation 
in different solutions for varying durations; (F) Zeta potential values of GNPs; (G) Average hydrodynamic diameter of GNPs; (H) In vitro release profiles 
of GNPs in PBS solutions at pH 5, pH 6, or pH 7.4 (with or without 1 mM H2O2). Data are presented as mean ± SD, with the experiment repeated 3 times
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GNPs surface modified with Anti-SP-C antibodies exhibit 
excellent in vitro and in vivo targeting abilities
We conjugated anti-SP-C onto GNPs to obtain 
GNPsanti−SP−C (Fig.  2A). TEM and SEM observations 
revealed that GNPsanti−SP−C exhibited a spherical shape 
with a relatively narrow size distribution; the average 
hydrodynamic diameter was 132 nm, and the ζ potential 
was − 26.8 ± 0.2 mV (Fig.  2B-D). To validate the target-
ing ability of GNPsanti−SP−C, we first conducted in vitro 
cellular uptake experiments in mouse lung epithelial 
cells MLE12 using Cy5-labeled GNPs and GNPsanti−SP−C. 

Confocal microscopy observations and flow cytometry 
quantitative analysis indicated that the internalization of 
Cy5/GNPsanti−SP−C in MLE12 cells exhibited clear dose-
dependency (Fig.  2E-F) and time-dependency (Fig.  2E-
H). Furthermore, the internalization of Cy5/GNPsanti−SP−C 
in MLE12 cells was significantly increased compared to 
Cy5/GNPs (Fig. 2I), indicating that the modification with 
SP-C antibodies enhanced the cellular uptake of NPs by 
MLE12 cells.

In addition, we evaluated the impact of GNPs and 
GNPsanti−SP−C at different doses on cell viability, and the 

Fig. 2  Validation of In Vitro and In Vivo Targeting of NPs. Note: (A) Schematic illustration of GNPsanti−SP−C synthesis; (B-D) TEM (B), SEM (C), and size distri-
bution (D) of GNPsanti−SP−C, Scale bars = 200 nm; (E) Immunofluorescence detection of NPs uptake by MLE12 cells after incubation with different doses of 
Cy5/GNPsanti−SP−C for 6 h, Scale bars = 50 μm, Cy5: red; DAPI: blue; (F) Flow cytometric quantification of NPs internalization by MLE12 cells after incubation 
with different doses of Cy5/GNPsanti−SP−C for 6 h; (G) Immunofluorescence detection of NPs uptake by MLE12 cells after incubation with 20 µg/mL of Cy5/
GNPsanti−SP−C for different time periods, Scale bars = 50 μm, Cy5: red; DAPI: blue; (H) Flow cytometric quantification of NPs internalization by MLE12 cells 
after incubation with 20 µg/mL of Cy5/GNPsanti−SP−C for different time periods; (I) Immunofluorescence detection of NPs uptake by MLE12 cells after incu-
bation with Cy5/GNPsanti−SP−C and Cy5/GNPs for 6 h, Scale bars = 50 μm, Cy5: red; DAPI: blue; (J) Immunofluorescence detection of co-localization of NPs 
in lung tissue with ACE-II cell marker ABCA3, Scale bars = 20 μm, n = 3. Cy5: red; DAPI: blue; ABCA3: green. In panels E-H, ** indicates p < 0.01 compared to 
control (0 µg/mL or 0 h), and *** indicates p < 0.001 compared to control (0 µg/mL or 0 h); In panel I, ** indicates p < 0.01 compared to Cy5/GNPs; In panel 
J, ** indicates p < 0.01 compared to Cy5/GNPs group. Cell experiments were repeated three times
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results showed that NPs loaded with GDF15 exhibited 
low cytotoxicity, with a significant decrease in cell viabil-
ity only observed when the GDF15 dose exceeded 1 µM 
(Figure S3A-B), suggesting that GDF15-loaded NPs had 
low cytotoxicity at relatively low doses.

Next, the biodistribution of NPs in mice was observed. 
The relative fluorescence of each organ was measured 
using the IVIS imaging system. No fluorescence was 
detected in the lungs, hearts, or spleens of mice treated 
with saline, while slight spontaneous fluorescence was 
detected in the kidneys and livers. In contrast, very high 
levels of fluorescence were detected in the lungs of mice 
treated with Cy5/GNPs or Cy5/GNPsanti−SP−C, with the 
fluorescence in the lungs of the Cy5/GNPsanti−SP−C group 
being relatively stronger (Figure S3C). Furthermore, 
immunofluorescence co-localization analysis revealed 
no Cy5 fluorescence signal in the lung tissues of the 

saline-treated group, a significant Cy5 fluorescence signal 
in the lung tissues of the Cy5/GNPs-treated group with 
less co-localization signal with the ACE-II cell marker 
ABCA3, and a significantly enhanced Cy5 fluorescence 
signal in the lung tissues of the Cy5/GNPsanti−SP−C-treated 
group with a substantial increase in co-localization sig-
nal with the AEC2 marker, indicating the uptake of Cy5/
GNPsanti−SP−C by ACE-II cells (Fig. 2J).

These results demonstrate that Cy5/GNPsanti−SP−C pos-
sess excellent in vitro and in vivo targeting abilities, spe-
cifically targeting ACE-II cells.

The efficacy of GNPs and GNPsanti−SP−C in ameliorating lung 
injury in ALI mice
We further validated the therapeutic effects of NPs in an 
ALI mouse model. ALI was induced in mice through LPS 
administration (Fig. 3A). Histopathological analysis with 

Fig. 3  GNPsanti−SP−C Regulate ALI Lung Injury in Mice. Note: (A) Therapeutic Timeline of ALI Mouse Model; (B) Pathological Changes in Lung Tissues of 
Mice in Each Group Detected by H&E Staining, Scale bars = 50 μm; (C) LDH Activity in BALF of Mice in Each Group; (D) Lung Wet-to-Dry Weight Ratio of 
Mice in Each Group; (E) Total Protein Concentration in BALF of Mice in Each Group; (F-H) Evaluation of Lung Function in Mice of Each Group through 
Airway Resistance (F), Lung Compliance (G), and Lung Ventilation (H); (I-K) Arterial Blood Gas Analysis Measuring PaO2 (I), PaCO2 (J), and TCO2 (K); (L) 
ELISA Determination of Pro-inflammatory Cytokine IL-1β Levels in BALF of Mice in Each Group; (M) ELISA Determination of Pro-inflammatory Cytokine IL-6 
Levels in BALF of Mice in Each Group; (N) Total Cell Count in BALF of Mice in Each Group; (O) Detection of MPO Activity in Lung Tissues of Mice in Each 
Group by ELISA. ** indicates p < 0.01 compared to the Normal group, *** indicates p < 0.001 compared to the Normal group, # indicates p < 0.05 compared 
to the Model group, & indicates p < 0.05 compared to the GNPs group, with 6 mice in each group
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H&E staining revealed significant pathological changes 
in lung tissues of the Model group, including pulmonary 
structural damage, thickening of alveolar septa, promi-
nent infiltration of inflammatory cells, and interstitial and 
alveolar edema. Treatment with GNPs and GNPsanti−SP−C 
markedly alleviated the LPS-induced lung tissue dam-
age (Fig.  3B). Moreover, GNPs and GNPsanti−SP−C treat-
ment did not cause significant pathological damage to 
other organs of the mice (heart, liver, spleen, and kid-
neys) as evidenced in Figure S4. Evaluation of LDH activ-
ity showed an increase in the Model group, while GNPs 
and GNPsanti−SP−C treatment significantly reduced LDH 
activity (Fig. 3C). Lung edema was assessed by the lung 
wet-to-dry weight ratio (W/D) and total protein concen-
tration in BALF. Results indicated a significant increase in 
lung W/D ratio and BALF total protein concentration in 
the Model group compared to the Normal group, which 
were significantly reduced in the GNPs and GNPsanti−SP−C 
groups (Fig. 3D-E). Assessment of lung function through 
airway resistance, lung compliance, and lung ventilation 
showed increased airway resistance and decreased lung 
compliance and ventilation in the Model group. Treat-
ment with GNPs and GNPsanti−SP−C resulted in decreased 
airway resistance and increased lung compliance and 
ventilation (Fig.  3F-H). Arterial blood gas analysis 
revealed decreased PaO2 and increased PaCO2 and TCO2 
in the Model group, while GNPs and GNPsanti−SP−C treat-
ment increased PaO2 and decreased PaCO2 and TCO2 
(Fig. 3I-K). Notably, the effects of GNPsanti−SP−C in allevi-
ating lung tissue pathology, edema, and respiratory dys-
function were more pronounced compared to GNPs.

In addition, changes in the level of inflammation were 
assessed. Measurement of the pro-inflammatory cyto-
kines IL-1β and IL-6 levels in BALF showed a significant 
increase in IL-1β and IL-6 levels in the Model group. 
Treatment with GNPs and GNPsanti−SP−C led to a signifi-
cant decrease in IL-1β and IL-6 levels, with GNPsanti−SP−C 
exhibiting a more pronounced reduction (Fig.  3L-M). 
Evaluation of MPO activity and total cell count in BALF 
revealed a significant increase in both parameters in the 
Model group. Treatment with GNPs and GNPsanti−SP−C 
resulted in a significant decrease in total cell count and 
MPO activity, with GNPsanti−SP−C demonstrating a more 
substantial reduction (Fig. 3N-O).

These results collectively demonstrate that GNPs and 
GNPsanti−SP−C can improve lung injury in ALI mice, with 
GNPsanti−SP−C exhibiting superior therapeutic efficacy.

scRNA-seq analysis reveals the influence of GNPsanti−SP−C on 
the abundance of AT2 cells in ALI
To further elucidate the specific mechanisms by 
which GNPsanti−SP−C targets ACE-II (or AT2) cells and 
improves lung injury, we collected lung tissue from 
Model (untreated) and GNPsanti−SP−C-treated mice for 

scRNA-seq sequencing analysis. Initially, the data was 
integrated using the Seurat package. Most cells had a 
gene count (nFeature_RNA) < 5000, mRNA molecule 
count (nCount_RNA) < 20,000, and a mitochondrial 
gene percentage (percent.mt) < 20% (Figure S5A). Sub-
sequently, cells of low quality were removed based on 
the criteria of 200 < nFeature_RNA < 5000 and percent.
mt < 20%, resulting in an expression matrix of 8877 genes 
and 2657 cells. Correlation analysis of sequencing depth 
indicated that the filtered data had a correlation coeffi-
cient of r = -0.08 between nCount_RNA and percent.mt, 
and r = 0.93 between nCount_RNA and nFeature_RNA 
(Figure S5B), indicating good data quality post-filtering 
and readiness for further analysis.

After analyzing the filtered cells, we identified highly 
variable genes through variance in gene expression and 
selected the top 2000 variable genes for downstream 
analysis (Figure S5C). Cell cycle scoring was performed 
using the CellCycleScoring function to assess cell cycle 
status (Figure S5D), followed by data normalization. 
Next, PCA was conducted on the selected highly vari-
able genes for linear dimension reduction. A heatmap of 
the major relevant gene expressions for PC_1– PC_6 was 
presented (Figure S5E), along with the cell distribution in 
PC_1 and PC_2 (Figure S5F), revealing some batch effects 
among the samples. Batch correction was performed 
using the harmony package to enhance cell clustering 
accuracy (Figure S6A), and the ElbowPlot demonstrated 
that PCs 1–20 sufficiently represented information from 
the selected highly variable genes with significant ana-
lytical value (Figure S6B). The corrected results indicated 
effective elimination of batch effects (Figure S6C).

Subsequently, the UMAP algorithm was employed for 
non-linear dimension reduction on the top 20 princi-
pal components, and clustering at different resolutions 
was displayed using the clustree package (Figure S7). 
Through UMAP clustering analysis, all cells were catego-
rized into 16 cell clusters (Figure S6D-E). By identifying 
known cell lineage-specific marker genes from relevant 
literature and using the CellMarker online tool to find 
marker genes for various mouse cell types, the cells were 
annotated, revealing 9 cell types: AT2 cells, Endothelial 
cells, M1 Macrophages, Lipofibroblasts, Immune cells, 
Matrix fibroblasts, Brush cells (Tuft cells), B cells, and T 
cells (Fig. 4A-B). Clusters 0, 5, 7, 8, and 10 were identified 
as AT2 cells, clusters 1 and 2 as Immune cells, clusters 
3 and 13 as Lipofibroblasts, clusters 4 and 6 as Matrix 
fibroblasts, cluster 9 as Endothelial cells, cluster 11 as 
Brush cells (Tuft cells), cluster 12 as B cells, cluster 14 
as M1 Macrophages, and cluster 15 as T cells. Further-
more, a dot plot illustrating the expression of the 9 cell 
type-specific marker genes within the cell types was pre-
sented (Fig. 4C). Using a T-test, we observed a significant 
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increase in AT2 cell abundance in the treated group com-
pared to the untreated group (Fig. 4D).

These findings suggest that GNPsanti−SP−C can enhance 
the abundance of AT2 cells in ALI.

Single-cell RNA sequencing combined with proteomics 
reveals that GNPsanti−SP−C delivery of GDF15 May activate 
the AMPK/SIRT1 pathway involved in ALI cellular 
senescence process
In this study, we employed scRNA-seq in combination 
with proteomic analysis to delve into the potential molec-
ular mechanisms of how GNPsanti−SP−C deliver GDF15 in 
ALI (Fig. 5A). Initially, we performed a differential analy-
sis of AT2 cell marker genes obtained from scRNA-seq, 
identifying 109 differentially expressed genes (Fig.  5B). 
Subsequent Gene Ontology (GO) and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) enrichment analy-
ses of these 109 genes revealed their involvement in cell 
cytokine-mediated signaling pathways, cellular response 
to LPS, and other biological processes, exhibiting molec-
ular functions like chemokine receptor binding and NAD 
binding. Notably, these genes were significantly enriched 
in NF-kappa B, TNF, cell apoptosis, and cell senescence 
signaling pathways (Fig. 5C-D).

To further dissect the molecular landscape, we con-
ducted proteomic analysis on lung tissues from the 

untreated (Model) and GNPsanti−SP−C-treated groups, 
yielding a total of 172 differentially expressed proteins, 
with 158 upregulated and 14 downregulated proteins 
(Fig.  5E). The top 50 differentially expressed proteins 
were subjected to GO and KEGG enrichment analyses, 
which highlighted their involvement in I-kappaB kinase/
NF-kappa B signaling, mitochondrial protein localiza-
tion, and cellular senescence processes. These proteins 
act as components of the mitochondrial inner membrane 
and matrix, exerting molecular functions such as binding 
to cell cytokine receptors and NAD (Fig. 5F). Moreover, 
the KEGG analysis demonstrated enrichment in path-
ways like cytokine-cytokine receptor interaction, TNF 
signaling, cell apoptosis, cell senescence, and AMPK 
signaling (Fig.  5G). Collectively, these findings suggest 
that the delivery of GDF15 by GNPsanti−SP−C may engage 
in ALI processes associated with inflammatory signal-
ing pathways, cellular senescence, and AMPK-related 
pathways.

Further construction of the co-expression network 
for the top 10 differentially expressed proteins revealed 
that GDF15 and SIRT1 proteins were co-expressed 
in the treatment group, showing a significant correla-
tion (Fig.  5H). Furthermore, the proteomic differential 
analysis unveiled that compared to the untreated group, 
the treated group exhibited notably elevated expression 

Fig. 4  scRNA-seq Data Reveals the Impact of NPs Treatment on the Abundance of Various Cell Types in ALI. Note: (A) Visualization of cell annotations 
based on UMAP clustering; (B) Grouped visualization of cell annotations based on UMAP clustering; (C) Dot plot showing the expression of marker genes 
for 9 cell types across different cell subgroups, where darker red indicates higher average expression levels; (D) Stacked bar chart depicting the proportion 
of the 9 cell types in each sample group
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Fig. 5  scRNA-seq Combined with Proteomics Analysis Reveals the Potential Molecular Mechanism of GDF15 Involvement in ALI. Note: (A) The flowchart 
for screening GDF15 downstream pathways and targets by integrating scRNA-seq with proteomics analysis; (B) Volcano plot depicting differentially ex-
pressed marker genes in AT2 cells; (C-D) Enrichment analysis results of differentially expressed marker genes in AT2 cells for Gene Ontology (GO) (C) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (D). Larger circles represent a higher number of enriched genes, with colors ranging from 
red to blue indicating decreasing P.adjusted values, and thicker lines denote pairwise similarity where thicker lines signify higher similarity and vice versa; 
(E) Volcano plot showing differentially expressed proteins from proteomic analysis; (F-G) Enrichment analysis results for the top 50 differentially expressed 
proteins in AT2 cells for GO (F) and KEGG pathways (G), where larger circles represent a greater number of enriched genes, and colors from red to blue 
represent decreasing P.adjusted values; (H) Co-expression heatmap of GDF15 and SIRT1 proteins in the treatment group; (I) Violin plot depicting the 
differential expression of GDF15 and SIRT1 proteins in proteomic analysis, *** denotes p < 0.001, with 6 untreated and 6 treated samples; (J) Scatter plot 
showing the correlation between the expressions of GDF15 and SIRT1 proteins, *** denotes p < 0.001, with 6 untreated and 6 treated samples
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levels of GDF15 and SIRT1 proteins (Fig. 5I). Spearman 
correlation analysis further revealed a significant positive 
correlation between GDF15 and SIRT1 proteins (Fig. 5J). 
Existing literature has indicated that GDF15 serves as a 
biomarker for human cellular senescence and can acti-
vate the SIRT1 and AMPK signaling pathways [34, 36, 
37]. Drawing upon these bioinformatics analyses, we 
postulate that GNPsanti−SP−C-mediated delivery of GDF15 
may engage in the cellular senescence process of ALI by 
activating the AMPK/SIRT1 pathway.

GNPsanti−SP−C activation of the AMPK/SIRT1 pathway delays 
cellular senescence in ALI
Subsequently, we examined the alterations in protein 
expression of AMPK/SIRT1 signaling pathway proteins 
and cellular senescence factors during the ALI process 
and following NPs treatment. Initially, using Western 
blot analysis, we examined the expression of GDF15 and 
AMPK/SIRT1 signaling pathway proteins. The results 
revealed that in the Model group of mice lung tissues, 
there was a notable increase in GDF15 protein expression 
(consistent with existing literature [34]), while SIRT1 and 
p-AMPK protein expressions were significantly reduced, 
and p-AMPK/AMPK ratio was notably decreased. In 
contrast, the GNPs and GNPsanti−SP−C groups exhib-
ited significant increases in the expressions of GDF15, 
SIRT1, and p-AMPK proteins, along with an increase in 
p-AMPK/AMPK ratio. Notably, the GNPsanti−SP−C group 
showed a higher expression of SIRT1 and p-AMPK pro-
teins, as well as p-AMPK/AMPK ratio compared to the 
GNPs group (Fig. 6A-D).

Subsequent analysis involved the examination of senes-
cence markers and the expression of genes associated 
with senescence-related secretory phenotype (SASP). It 
was observed that in the Model group of mice lung tis-
sues, mRNA expressions of Cdkn2a, Cdkn1a, IL-8, and 
Mmp9 were significantly increased. Conversely, both 
GNPs and GNPsanti−SP−C groups exhibited a significant 
decrease in the mRNA expressions of these senescence-
related genes. Furthermore, the GNPsanti−SP−C group 
showed a more substantial decrease in the mRNA expres-
sions of these senescence-related genes compared to the 
GNPs group (Fig.  6E-H). Through immunofluorescence 
co-localization analysis, it was found that in the Model 
group, the senescence marker gene Cdkn2a co-localized 
with the ACE-II cell marker ABCA3. In comparison, 
the co-localization signals of Cdkn2a and ABCA3 were 
weakened in both the GNPs and GNPsanti−SP−C groups. 
Notably, the co-localization signal of Cdkn2a and ABCA3 
was significantly weaker in the GNPsanti−SP−C group com-
pared to the GNPs group (Fig. 6I).

Furthermore, in vitro cell models were established 
through LPS-induced MLE12 cells and primary ACE-
II cells to validate the findings. Results indicated a 

significant increase in LDH activity and levels of pro-
inflammatory cytokines IL-1β and IL-6 in the LPS 
group MLE12 and ACE-II cells. In contrast, both GNPs 
and GNPsanti−SP−C groups demonstrated a considerable 
reduction in LDH activity, IL-1β, and IL-6 levels. Addi-
tionally, the GNPsanti−SP−C group exhibited significantly 
lower LDH activity, IL-1β, and IL-6 levels compared 
to the GNPs group (Fig.  7A-C & Figure S8A-C). West-
ern blot analysis revealed that in the LPS group, GDF15 
protein expression was significantly elevated, while 
SIRT1 and p-AMPK protein expressions were nota-
bly decreased, and p-AMPK/AMPK ratio was reduced. 
Conversely, both GNPs and GNPsanti−SP−C groups dis-
played significant increases in the expression of GDF15, 
SIRT1, and p-AMPK proteins, as well as an increase in 
p-AMPK/AMPK ratio. Interestingly, the GNPsanti−SP−C 
group exhibited a higher expression of GDF15, SIRT1, 
and p-AMPK proteins, along with p-AMPK/AMPK 
ratio compared to the GNPs group (Fig. 7D-G & Figure 
S8D-G).

The assessment of cellular senescence revealed a sig-
nificant increase in SA-βgalactosidase-positive cells 
and mRNA expressions of Cdkn2a, Cdkn1a, IL-8, and 
Mmp9 in the LPS group. Conversely, both GNPs and 
GNPsanti−SP−C groups showed a notable decrease in 
SA-βgalactosidase-positive cells and mRNA expressions 
of Cdkn2a, Cdkn1a, IL-8, and Mmp9. Furthermore, the 
GNPsanti−SP−C group exhibited a more substantial reduc-
tion in SA-βgalactosidase-positive cells and mRNA 
expressions of Cdkn2a, Cdkn1a, IL-8, and Mmp9 com-
pared to the GNPs group (Fig. 7H-L & Figure S8H-L).

Cellular senescence has a significant impact on mito-
chondrial membrane potential. To evaluate the effect 
of GNPsanti−SP−C on cell mitochondria, we conducted 
JC-1 staining. The formation of JC-1 aggregates, marked 
by red fluorescence, indicates the presence of healthy 
polarized mitochondria. Conversely, JC-1 monomers, 
indicated by green fluorescence, suggest unhealthy depo-
larized mitochondria. After incubating the cells with 
200 nM JC-1 solution for 20  min, the ratio of red (rep-
resenting high MMP mitochondria) to green (represent-
ing total mitochondria) areas was calculated to assess 
changes in mitochondrial membrane potential (MMP) 
in each group. The results showed that after LPS treat-
ment, JC-1 monomers (green) significantly increased, 
and JC-1 aggregates (red) significantly decreased, indi-
cating a substantial change in mitochondrial depolar-
ization. In contrast, the GNPs and GNPsanti−SP−C groups 
showed a significant recovery of JC-1 aggregates (red) 
and a marked decrease in JC-1 monomers (green), sug-
gesting that GNPs and GNPsanti−SP−C could significantly 
slow down cellular senescence (Fig. 7M & Figure S8M).

To effectively assess the state of cellular senescence, we 
examined changes in the cell cycle of each group using 
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flow cytometry. The results showed that after LPS treat-
ment, the G0/G1 phase cell arrest significantly increased, 
and the S phase decreased, indicating that LPS treatment 
induces cellular senescence. In contrast, the GNPs and 
GNPsanti−SP−C groups showed a marked reduction in G0/
G1 phase cell arrest and a significant increase in the S 
phase, suggesting that these treatments significantly slow 
down cellular senescence (Fig. 7N & Figure S8N) [33].

These results collectively demonstrate that 
GNPsanti−SP−C activation of the AMPK/SIRT1 pathway 
effectively delays cellular senescence in ALI.

GNPsanti−SP−C induces UPRmt and alleviates LPS-Induced 
ACE-II cell senescence via activating AMPK/SIRT1 pathway
This study aims to investigate the impact of GNPsanti−SP−C 
on cellular senescence by modulating the AMPK/SIRT1 
pathway. Compand C and EX527 were utilized to inhibit 
AMPK and SIRT1, respectively. The Western blot anal-
ysis revealed that, compared to the LPS group, the 
GNPsanti−SP−C group exhibited a significant increase 
in the expression of SIRT1, p-AMPK protein, and the 
p-AMPK/AMPK ratio. Conversely, in comparison to 
the GNPsanti−SP−C group, the GNPsanti−SP−C+Compand 

Fig. 6  Regulation of AMPK/SIRT1 Signaling Pathway Proteins and Cellular Senescence Factors in Lung Tissues of ALI Mice by NPs. Note: (A) Western blot 
detection of GDF15 and AMPK/SIT1 signaling pathway proteins in lung tissues of ALI mice in each group; (B-D) Protein expression statistics of GDF15 (B) 
and SIRT1 (C) in each group, and p-AMPK/AMPK (D) statistical graph; (E-H) RT-qPCR detection of mRNA expression of senescence-related factors Cdkn2a 
(E), Cdkn1a (F), IL-8 (G), and Mmp9 (H) in each group; (I) Immunofluorescent colocalization detection of ACE-II cell senescence in lung tissues of each 
group, where red represents Cdkn2a and green represents ABCA3, Scale bars = 20 μm. Each group consisted of 6 mice. * indicates p < 0.05 compared to 
the Normal group, # indicates p < 0.05 compared to the Model group, & indicates p < 0.05 compared to the GNPs group
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C group displayed a notable reduction in SIRT1 expres-
sion, p-AMPK protein levels, and p-AMPK/AMPK ratio, 
while the GNPsanti−SP−C+EX527 group showed a decrease 
in SIRT1 protein expression (Fig. 8A-C & Figure S9A-C).

Analysis of LDH activity and inflammatory cytokine 
levels in the cells illustrated that, relative to the LPS 

group, the GNPsanti−SP−C group exhibited a substantial 
decrease in LDH activity, as well as a significant reduc-
tion in pro-inflammatory cytokines IL-1β and IL-6 levels. 
Moreover, compared to the GNPsanti−SP−C group, both the 
GNPsanti−SP−C+Compand C and GNPsanti−SP−C+EX527 
groups showed an increase in LDH activity alongside 

Fig. 7  Regulation of AMPK/SIRT1 Signaling Pathway Proteins and Cellular Senescence Factors in Primary ACE-II Cells Induced by LPS in the Presence 
of NPs. Note: (A) LDH activity assay in primary ACE-II cells in each group; (B-C) ELISA detection of IL-1β (B) and IL-6 (C) levels in the supernatant of each 
cell group; (D) Western blot analysis of GDF15 and AMPK/SIRT1 signaling pathway proteins in primary ACE-II cells in each group; (E-G) Statistical analysis 
of GDF15 (E) and SIRT1 (F) protein expression and p-AMPK/AMPK (G) in each group; (H) Cellular senescence detection in each group of primary ACE-II 
cells via SA-βGal staining, Scale bars = 50 μm; (I-L) RT-qPCR analysis of mRNA expression of senescence-related factors Cdkn2a (I), Cdkn1a (J), IL-8 (K), and 
Mmp9 (L) in each group. (M) Measurement of JC-1 levels in each group. JC-1 aggregates (red) indicate normal mitochondrial membrane potential, while 
JC-1 monomers (green) indicate depolarized mitochondrial membrane potential. (N) Measurement of cell cycle changes in each group. Cell experiments 
were repeated 3 times, * indicates p < 0.05 compared to the Control group, # indicates p < 0.05 compared to the LPS group, & indicates p < 0.05 compared 
to the GNPs group
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Fig. 8  The Impact of GNPanti−SP−C-induced AMPK/SIRT1 Pathway Regulation on Cellular Senescence in Primary ACE-II Cells. Note: (A) Western blot analysis 
of AMPK/SIRT1 signaling pathway protein expression in primary ACE-II cells in each group; (B-C) Protein expression of SIRT1 (B) and statistical analysis of 
p-AMPK/AMPK levels (C) in each group; (D) Measurement of LDH activity in primary ACE-II cells in each group; (E) ELISA assessment of IL-1β (B) and IL-6 
(C) levels in cell supernatants in each group; (F) Assessment of cellular senescence in primary ACE-II cells in each group using SA-βGal staining, Scale 
bars = 50 μm; (G) RT-qPCR analysis of mRNA expression of senescence-related factors in each group; (H-I) Western blot analysis of mitochondrial and 
nuclear protein expression in primary ACE-II cells in each group, as well as statistical analysis of the MTCO1/ATP5A ratio; (J-K) Western blot analysis of 
UPRmt-related protein expression in primary ACE-II cells in each group
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elevated levels of IL-1β and IL-6 cytokines (Fig. 8D-E & 
Figure S9D-E). Cell senescence assessment revealed that, 
in contrast to the LPS group, the GNPsanti−SP−C group dis-
played a remarkable decrease in SA-βgal positive cells, as 
well as mRNA expression of Cdkn2a, Cdkn1a, IL-8, and 
Mmp9. When compared to the GNPsanti−SP−C group, the 
GNPsanti−SP−C+Compand C and GNPsanti−SP−C+EX527 
groups exhibited a significant increase in SA-βgal posi-
tive cells and the mRNA expression of Cdkn2a, Cdkn1a, 
IL-8, and Mmp9 (Fig. 8F-G & Figure S9F-G).

Mitochondrial dysfunction is a hallmark of cell senes-
cence, with two crucial mechanisms involved: the UPRmt 
and mitochondrial-nuclear protein imbalance [38]. The 
imbalance between mitochondrial DNA (mtDNA) and 
nuclear DNA (nDNA) encoding OXPHOS subunits is 
termed mitochondrial-nuclear protein imbalance, which 
is associated with the activation of UPRmt [39]. There-
fore, we further examined the changes in UPRmt-related 
gene protein expressions and mitochondrial-nuclear pro-
tein imbalance. Western blot results exhibited a signifi-
cant increase in the protein expressions of ATF5, ClpP, 
Lonp1, and HSP60 in the GNPsanti−SP−C group compared 
to the LPS group, along with an increased ratio between 
mtDNA-encoded MTCO1 and nDNA-encoded ATP5A. 
Conversely, compared to the GNPsanti−SP−C group, both 
the GNPsanti−SP−C+Compand C and GNPsanti−SP−C+EX527 
groups showed a notable decrease in the protein expres-
sions of ATF5, ClpP, Lonp1, and HSP60, with a reduced 
MTCO1/ATP5A ratio (Fig. 8H-K & Figure S9H-K).

These findings collectively suggest that GNPsanti−SP−C 
can activate the AMPK/SIRT1 pathway, thereby induc-
ing UPRmt and ameliorating LPS-induced ACE-II cell 
senescence.

GNPsanti−SP−C induces mitoprotective effect by activating 
the AMPK/SIRT1 pathway to attenuate cellular senescence 
in ALI mice ACE-II cells
In this study, we further investigated the mechanism by 
which GNPsanti−SP−C alleviates cellular senescence in 
ALI mouse models. Histological analysis through H&E 
staining revealed that treatment with GNPsanti−SP−C 
significantly alleviated lung tissue damage induced by 
LPS, while mice in the GNPsanti−SP−C+Compound C and 
GNPsanti−SP−C+EX527 groups exhibited increased lung 
injury compared to the GNPsanti−SP−C group (Fig-
ure S10A). Evaluation of LDH activity showed a sig-
nificant reduction in LDH levels with GNPsanti−SP−C 
treatment, whereas the GNPsanti−SP−C+Compound C 
and GNPsanti−SP−C+EX527 groups had elevated LDH 
activity compared to the GNPsanti−SP−C group (Fig-
ure S10B). Moreover, the lung W/D ratio and total 
protein concentration in the BALF were significantly 
decreased in the GNPsanti−SP−C group compared to the 
GNPsanti−SP−C+Compound C and GNPsanti−SP−C+EX527 

groups, indicating exacerbated lung injury in the latter 
(Figure S10C-D). Assessment of lung function parameters 
including airway resistance, lung compliance, and ventila-
tion revealed that the GNPsanti−SP−C group had decreased 
airway resistance and increased lung compliance and 
ventilation compared to the GNPsanti−SP−C+Compound 
C and GNPsanti−SP−C+EX527 groups, which exhibited the 
opposite trend (Figure S10E-G). Arterial blood gas analy-
sis demonstrated an increase in PaO2 and a decrease in 
PaCO2 and TCO2 in the GNPsanti−SP−C group, while the 
GNPsanti−SP−C+Compound C and GNPsanti−SP−C+EX527 
groups showed reduced PaO2 and elevated PaCO2 and 
TCO2 levels compared to the GNPsanti−SP−C group (Figure 
S10H-J).

Furthermore, a significant decrease in inflamma-
tion levels was observed in the GNPsanti−SP−C group, 
as evidenced by markedly reduced levels of IL-1β and 
IL-6, total cell count, and MPO activity in the BALF. 
In contrast, the GNPsanti−SP−C+Compound C and 
GNPsanti−SP−C+EX527 groups exhibited a significant 
increase in IL-1β and IL-6 levels, total cell count, and 
MPO activity compared to the GNPsanti−SP−C group (Fig-
ure S10K-N). These findings suggest that inhibition of the 
AMPK/SIRT1 signaling pathway attenuates the protec-
tive effect of GNPsanti−SP−C against ALI in mice.

Western blot analysis demonstrated a significant 
increase in SIRT1 expression, p-AMPK protein lev-
els, and p-AMPK/AMPK ratio in the GNPsanti−SP−C 
group compared to the Model group. Conversely, the 
GNPsanti−SP−C+Compound C group showed reduced 
SIRT1 expression, p-AMPK protein levels, and p-AMPK/
AMPK ratio relative to the GNPsanti−SP−C group, while the 
GNPsanti−SP−C+EX527 group exhibited decreased SIRT1 
protein expression (Fig. 9A-C).

Analysis of cellular senescence revealed that 
mRNA expression levels of Cdkn2a, Cdkn1a, IL-8, 
and Mmp9 were significantly decreased in the 
GNPsanti−SP−C group compared to the Model group. 
However, the GNPsanti−SP−C+Compound C and 
GNPsanti−SP−C+EX527 groups showed a notable 
increase in the expression of these genes relative to the 
GNPsanti−SP−C group (Fig.  9D). Immunofluorescence 
co-localization analysis demonstrated a reduction in 
co-localization signals between the senescence marker 
gene Cdkn2a and ACE-II cell marker ABCA3 in the 
GNPsanti−SP−C group compared to the Model group. 
Conversely, the GNPsanti−SP−C+Compound C and 
GNPsanti−SP−C+EX527 groups exhibited enhanced co-
localization signals between Cdkn2a and ABCA3 com-
pared to the GNPsanti−SP−C group (Fig. 9E).

Previous studies have found that CTRP3 can activate 
the UPRmt signaling pathway through the SIRT1/ATF5 
axis to alleviate mitochondrial dysfunction and oxidative 
stress in pathological cardiac hypertrophy [40]. However, 
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there have been no studies linking GNPsanti−SP−C’s effects 
on UPRmt via the AMPK/SIRT1 pathway. Therefore, we 
further assessed the expression of UPRmt-related pro-
teins ATF5, ClpP, Lonp1, and HSP60 was significantly 
increased in the GNPsanti−SP−C group compared to the 
Model group. The ratio of MTCO1 encoded by mtDNA to 
ATP5A encoded by nDNA also increased. However, the 
GNPsanti−SP−C+Compound C and GNPsanti−SP−C+EX527 
groups showed a significant decrease in the expression of 
ATF5, ClpP, Lonp1, and HSP60, along with a reduction in 
the MTCO1/ATP5A ratio compared to the GNPsanti−SP−C 
group (Fig. 9F-I).

These results indicate that GNPsanti−SP−C can activate 
the AMPK/SIRT1 pathway to induce UPRmt and attenu-
ate ACE-II cell senescence, thereby alleviating ALI in 
mice.

Discussion
This study demonstrates that GNPsanti−SP−C can deliver 
GDF15 to activate the AMPK/SIRT1 pathway, induce 
UPRmt, and significantly attenuate ALI in mice by 
reducing senescence in ACE-II, thereby improving lung 
damage. Compared to previous studies, this research sys-
tematically reveals for the first time the protective mech-
anism of GDF15 in ALI, particularly its regulatory role in 
UPRmt through the AMPK/SIRT1 pathway. Additionally, 
this study employs an innovative pH/ROS-responsive 
nanoparticle technology to achieve precise targeting and 
efficient release of GDF15, overcoming limitations of tra-
ditional drug delivery methods and offering a new strat-
egy for ALI treatment.

GDF15, as a stress-responsive factor, exhibits signifi-
cant protective effects in various pathological conditions 

Fig. 9  The Impact of GNPsanti−SP−C on the AMPK/SIRT1 Pathway Regulation of Cell Senescence in ALI Mice. Note: (A) Expression of AMPK/SIRT1 pathway 
proteins in mouse lung tissues of each group was detected by Western blot; (B-C) Protein expression of SIRT1 (B) and statistical graph of p-AMPK/AMPK 
ratio (C) in each group; (D) mRNA expression of senescence-related factors in each group was measured by RT-qPCR; (E) Immunofluorescence co-
localization detection of ACE-II cells senescence in mouse lung tissues of each group, where red represents Cdkn2a and green represents ABCA3. Scale 
bars = 20 μm; (F-G) Expression of UPRmt-related proteins in MLE12 cells of each group was assessed by Western blot; (H-I) Expression of mitochondrial 
and nuclear proteins in MLE12 cells of each group was examined by Western blot, and statistical graph of MTCO1/ATP5A ratio. * denotes p < 0.05 com-
pared to the Model group, and # denotes p < 0.05 compared to the GNPsanti−SP−C group, with 6 mice per group
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[41, 42]. Previous studies have shown that GDF15 can 
alleviate lung tissue damage and improve the pathologi-
cal state of ALI through anti-inflammatory and antioxi-
dant mechanisms [43]. However, the short half-life and 
uneven distribution of GDF15 in vivo have restricted 
its clinical effectiveness [44, 45]. This study significantly 
enhances the stability and targeting of GDF15 in vivo by 
delivering it via NPs, thereby enhancing its therapeutic 
efficacy. Our results demonstrate that GNPsanti−SP−C not 
only efficiently delivers GDF15 but also enhances its bio-
logical function by activating the AMPK/SIRT1 pathway, 
thereby significantly reducing senescence in ACE-II cells 
and ALI pathology.

The AMPK/SIRT1 pathway plays a crucial role in cel-
lular energy metabolism and antioxidant stress. Previ-
ous studies have indicated that activation of the AMPK/
SIRT1 pathway can enhance cellular stress resistance, 
promote cell survival, and maintain functionality. In 
this study, we found that GDF15 significantly enhances 
UPRmt activity and alleviates LPS-induced senescence 
in ACE-II cells by activating the AMPK/SIRT1 pathway. 
This discovery reveals, for the first time, the key role of 
the AMPK/SIRT1 pathway in GDF15-mediated UPRmt 
regulation, expanding our understanding of the involve-
ment of the AMPK/SIRT1 pathway in cellular protection.

Nanoparticle technology has emerged as a promising 
drug delivery system, with widespread applications in 
targeted delivery and controlled release therapies [46]. 
Compared to traditional drug delivery methods, NPs 
offer advantages such as small particle size, large surface 
area, high drug loading capacity, and good biocompatibil-
ity [47, 48]. In this study, GNPsanti−SP−C were utilized to 
achieve precise drug release in the pathological environ-
ment of ALI, enhancing therapeutic efficacy while reduc-
ing side effects. Characterization and in vitro/in vivo 
experiments confirmed the excellent targeting and drug 
release properties of these NPs, laying the groundwork 
for future therapeutic research.

The UPRmt serves as a crucial cellular protective 
mechanism, playing a key role in maintaining mitochon-
drial function and cellular homeostasis [49, 50]. Prior 
studies have shown that UPRmt alleviates cellular stress 
and damage by enhancing the folding and degradation 
capacity of mitochondrial proteins [51, 52]. In this study, 
we discovered that through activation of the AMPK/
SIRT1 pathway, GDF15 significantly enhanced UPRmt 
activity, mitigating cellular senescence and ALI patholog-
ical damage in ACE-II cells. The AMPK/SIRT1 pathway 
helps repair damaged mitochondria and restores their 
normal function. This not only reduces cellular stress 
caused by mitochondrial dysfunction but also enhances 
cellular energy metabolism efficiency. Furthermore, 
through these mechanisms, the AMPK/SIRT1 pathway 
and UPRmt together likely reduce the accumulation of 

ROS within cells, decreasing oxidative stress damage and 
thus slowing cellular senescence. Therefore, by repair-
ing damaged mitochondria and reducing cellular senes-
cence, the AMPK/SIRT1 pathway and UPRmt cooperate 
to improve the function of type II alveolar epithelial cells 
(ACE-II cells), enhancing lung compliance and ventila-
tion capacity, and alleviating ALI symptoms. This finding 
supports the potential of UPRmt as a cellular protective 
target, offering new insights for ALI treatment.

In our study, the effectiveness of GNPsanti−SP−C in ALI 
treatment was systematically evaluated through in vivo 
and in vitro experiments. The results demonstrated 
that GNPsanti−SP−C significantly reduced lung injury in 
mice, improved lung function, decreased inflammatory 
responses, and cellular aging. These findings not only 
validate the potential of nanoparticle technology in ALI 
treatment but also provide crucial experimental evi-
dence for future clinical translation studies. However, 
issues concerning the safety, efficacy, and large-scale 
production of NPs still require further investigation and 
optimization.

By synthesizing GNPsanti−SP−C in this study, precise 
delivery and efficient release of GDF15 were achieved, 
revealing the induction of UPRmt through activation of 
the AMPK/SIRT1 pathway, thereby slowing down ACE-
II cell aging and alleviating ALI pathology. Our research 
results hold significant scientific importance and offer 
new strategies and theoretical basis for the clinical treat-
ment of ALI. Nonetheless, the study has certain limita-
tions, such as a limited sample size and potential risks 
associated with long-term nanoparticle exposure in vivo. 
Future research should focus on optimizing nanoparticle 
design, validating their effectiveness and safety in large 
animal models, and exploring their potential applications 
in other inflammatory lung diseases.

Conclusion
Based on the aforementioned results, we can prelimi-
narily draw the following conclusions: the GNPsanti−SP−C 
that we developed for targeting ACE-II cells can deliver 
GDF15, activate the AMPK/SIRT1 pathway, induce 
UPRmt, attenuate cellular senescence in ACE-II cells, 
thereby alleviating lung injury in mice (Fig. 10). The syn-
thesis of pH/ROS dual-responsive NPs (GNPsanti−SP−C), 
targeting ACE-II cells, has enhanced the targeted therapy 
effectiveness against ALI, making GNPsanti−SP−C a prom-
ising novel nanomedicine for treating ALI. Nonetheless, 
our study has certain limitations. Firstly, the dispar-
ity between in vitro and in vivo models may impact the 
actual application effectiveness of the NPs, necessitating 
further validation of their efficacy and safety in different 
animal models and humans. Secondly, this study primar-
ily focuses on short-term effects, without evaluating the 
potential toxicity and immune response associated with 
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long-term nanoparticle use. Subsequently, we will con-
duct additional research on the chronic toxicity of NPs 
and explore their application in various animal models 
to provide more theoretical foundations and insights for 
using GNPsanti−SP−C in clinical ALI treatment.
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between nCount_RNA and percent.mt, as well as between nCount_RNA 
and nFeature_RNA after filtering; (C) Variance analysis identifying highly 
variable genes, with red representing the top 2000 highly variable genes 
and black representing low variability genes. The names of the top 10 
highly variable genes are labeled; (D) Cell cycle states of each cell in 

Fig. 10  Molecular Mechanism Schematic of GDF15 Delivered by GNPsanti−SP−C Mediating the Regulation of UPRmt via the AMPK/SIRT1 Pathway Affecting 
ACE-II Cell Senescence in ALI Mice
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the scRNA-seq data, with S.Score indicating the S phase and G2M.Score 
indicating the G2/M phase; (E) Heatmap of the top 20 PC genes from PC_1 
to PC_6 in PCA, where yellow indicates upregulated expression and purple 
indicates downregulated expression; (F) Distribution of cells in PC_1 and 
PC_2 before batch correction, with each point representing a single cell.

Supplementary Material 6: Figure S6. Cellular Clustering of scRNA-seq 
Data. Note: (A) Diagram illustrating the batch correction process using 
Harmony, with the horizontal axis representing the number of interaction 
rounds. (B) Distribution of cells in PC_1 and PC_2 after Harmony batch 
correction, with each point representing a cell. (C) Distribution of standard 
deviations for PCs, where important PCs exhibit larger standard deviations. 
(D) Visualization of clustering results via UMAP, depicting the aggregation 
and distribution of cells, with each color representing a specific cluster. 
(E) Two-dimensional UMAP visualization of clustering results, showcasing 
the aggregation and distribution of cells from the untreated and treated 
groups, where blue represents the treated group and green represents the 
untreated group

Supplementary Material 7: Figure S7. UMAP Clustering Tree of scRNA-seq 
Data. Note: Clustering at different resolutions displayed using the Clustree 
package.

Supplementary Material 8: Figure S8. Regulation of AMPK/SIRT1 Signaling 
Pathway Proteins and Cellular Senescence Factors in NPs-treated LPS-in-
duced MLE12 Cells. Note: (A) LDH activity detection in MLE12 cell groups; 
(B-C) ELISA measurement of IL-β (B) and IL-6 (C) levels in cell supernatants; 
(D) Western blot analysis of GDF15 and AMPK/SIRT1 signaling pathway 
proteins in MLE12 cell groups; (E-G) statistical analysis of GDF15 (E), SIRT1 
(F) protein expression, and p-AMPK/AMPK ratio (G); (H) Detection of cel-
lular senescence in MLE12 cell groups using SA-β-Gal staining, with scale 
bars set at 50 μ-; (I-L) RT-qPCR analysis of mRNA expression of senescence-
related factors Cdkn2a (I), Cdkn1a (J), IL-8 (K), and Mmp9 (L). (M) JC-1 
staining to assess mitochondrial membrane potential in different groups. 
JC-1 aggregates (red) indicate normal mitochondrial membrane potential, 
while JC-1 monomers (green) indicate depolarized mitochondrial mem-
brane potential. (N) Cell cycle analysis in different groups. Cell experiments 
were repeated thrice, * indicates p < 0.05 compared to the Control group, 
# indicates p < 0.05 compared to the LPS group, % indicates p < 0.05 
compared to the GNPs group.

Supplementary Material 9: Figure S9. The Effect of GNPsanti-SP-C in Regu-
lating the AMPK/SIRT1 Pathway on Cellular Senescence in MLE12 Cells. 
Note: (A) Western blot analysis of AMPK/SIRT1 signaling pathway protein 
expression in each group of MLE12 cells; (B-C) Protein expression of SIRT1 
(B) and statistical analysis of p-AMPK/AMPK ratio (C) in each group; (D) 
LDH activity assay in each group of MLE12 cells; (E) ELISA assessment of 
IL-1μ and IL-6 levels in the cell culture supernatants of each group; (F) Se-
nescence evaluation in each group of MLE12 cells through SA-μ-Gal stain-
ing, with Scale bars set at 50 μm; (G) RT-qPCR analysis of mRNA expression 
of senescence-related factors in each group; (H-I) Western blot analysis 
of mitochondrial and nuclear protein expression in each group of MLE12 
cells, including statistical analysis of the MTCO1/ATP5A ratio; (J-K) Western 
blot assessment of UPRmt-related protein expression in each group of 
MLE12 cells. Cell experiments were conducted in triplicate, * indicates p 
< 0.05 compared to the LPS group, # indicates p < 0.05 compared to the 
GNPsanti-SP-C group.

Supplementary Material 10: Figure S10. Impact of GNPsanti−SP−C on ALI 
Mouse Lung Injury through the Regulation of the AMPK/SIRT1 Pathway. 
Note: (A) Histopathological changes in mouse lung tissues were examined 
by H&E staining, Scale bars = 50μm; (B) LDH activity in mouse BALF of each 
group; (C) Lung wet-to-dry weight ratio in each group of mice; (D) Total 
protein concentration in BALF of each group of mice; (E-G) Evaluation of 
lung function in each group of mice through airway resistance (E), lung 
compliance (F), and lung ventilation (G); (H-J) Arterial blood gas analyzer 
detection of PaO2 (H), PaCO2 (I), and TCO2 (J); (K-L) ELISA measurement 
of pro-inflammatory cytokines IL-1β (K) and IL-6 (L) levels in BALF of each 
group of mice; (M) Total cell count in BALF of each group of mice; (N) 
ELISA measurement of MPO activity in lung tissues of each group of mice. 
* indicates p < 0.05 compared to the Model group, # indicates p < 0.05 
compared to the GNPsanti−SP−C group, with 6 mice in each group
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